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The attached package contains background information prepared by the Food and Drug
Administration (FDA) for the panel members of the Pharmacy Compounding Advisory
Committee (advisory committee). We are bringing certain compounding issues to this advisory
committee to obtain the committee’s advice. The background package may not include all issues
relevant to the final regulatory recommendation and instead is intended to focus on issues
identified by the Agency for discussion by the advisory committee. The FDA background
package often contains assessments and/or conclusions and recommendations written by
individual FDA reviewers. Such conclusions and recommendations do not necessarily represent
the final position of the individual reviewers, nor do they necessarily represent the final position
of the Review Division, Office, or Agency.
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. Introduction

Section 503A of the Federal Food, Drug, and Cosmetic Act (FD&C Act) describes the
conditions that must be satisfied for human drug products compounded by a licensed
pharmacist in a State-licensed pharmacy or Federal facility, or by a licensed physician, to
be exempt from the following three sections of the FD&C Act: section 505 (concerning
the approval of drugs under new drug applications (NDAS) or abbreviated new drug
applications (ANDASs)); section 502(f)(1) (concerning the labeling of drugs with adequate
directions for use); and section 501(a)(2)(B) (concerning current good manufacturing
practice (CGMP) requirements).

A. Bulk Drug Substances That Can Be Used by Compounders
under Section 503A

One of the conditions that must be met for a compounded drug product to qualify for the
exemptions in section 503A of the FD&C Act is that a licensed pharmacist or licensed
physician compounds the drug product using bulk drug substances that meet one of the
following criteria:

(1) Comply with the standards of an applicable United States Pharmacopeia
(USP) or National Formulary (NF) monograph, if a monograph exists, and the
USP chapter on pharmacy compounding;

(2) If such a monograph does not exist, are drug substances that are components
of drugs approved by the Secretary; or

(3) If such a monograph does not exist and the drug substances are not
components of drugs approved by the Secretary, appear on a list developed by the
Secretary through regulations issued by the Secretary under subsection (c) of
section 503A.

(See section 503A(b)(1)(A)(i) of the FD&C Act.)

FDA is considering those substances nominated for inclusion on the list of bulk drug
substances that can be used to compound drug products under section 503A of the FD&C
Act (503A Bulks List). In the Federal Register of February 2019, FDA published notice
of a final rule establishing the criteria for evaluation of bulk drug substances for inclusion
on the 503A Bulks List (84 FR 4696):
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(1) The physical and chemical characterization of the substance;

(2) Any safety issues raised by the use of the substance in compounded drug
products;

(3) The available evidence of effectiveness or lack of effectiveness of a drug
product compounded with the substance, if any such evidence exists; and

(4) Historical use of the substance in compounded drug products, including
information about the medical condition(s) the substance has been used to treat
and any references in peer-reviewed medical literature.

In evaluating the candidates for the 503A Bulks List under these criteria, the Agency will
use a balancing test. Specifically, the Agency will consider each criterion in the context

of the others and to balance them, on a substance-by-substance basis, to decide whether a
particular substance is appropriate for inclusion on the list.

B. Withdrawn or Removed List

1. Process for Identifying Candidates for or Amendments to the
Withdrawn or Removed List

Under sections 503A and 503B of the FD&C Act, FDA is to develop a list of drugs that have
been withdrawn or removed from the market because they have been found to be unsafe or
not effective (the Withdrawn or Removed List (codified at 21 CFR § 216.24)).

The following outlines the process that has been and will be used in the future to identify
new candidates for this list, or to identify proposed amendments to the list, such as
removing an entry or amending an entry on the list to qualify it in some way because the
drug has been shown to be safe and effective for some use.

FDA stated in a final rule published in the October 7, 2016, Federal Register that FDA
intends to continue updating the Withdrawn or Removed List through notice and
rulemaking (see 81 FR 69668).

Process for Identifying Candidates For or Amendments to the List:

e FDA periodically reviews available information to identify and compile a list of
possible new candidate drugs that have been withdrawn or removed from the market
because they have been found to be unsafe or not effective. The information may
include, for example, Federal Register notices announcing withdrawal of approval of a
drug application for safety or effectiveness reasons, Federal Register notices
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announcing an Agency determination that a drug product was removed from sale for
reasons of safety or effectiveness, relevant FDA Alerts, FDA Drug Safety
Communications, FDA News Releases, Public Health Advisories, Dear Healthcare
Practitioner Letters, Citizen Petitions, and Sponsor letters.

e In addition, periodically, FDA reviews available information to determine whether any
new drug applications have been approved for a drug product containing as an active
ingredient any of the drugs on the list to determine whether any of the drug entries on
this list should be modified to account for this new safety and effectiveness
determination and approval. For example, if a drug has been approved in a new
formulation, indication, route of administration or dosage form since the list was last
revised, FDA might consider proposing a modification to the list to remove the drug
from the list or to exclude the particular formulation, indication, route of administration
or dosage form.

e Appropriate divisions within the Office of New Drugs (OND) then evaluate each
identified candidate or proposed modification using the available information about the
drug and prepare a review of the information that documents their recommendations as
to whether to include the drugs on the Withdrawn or Removed List or remove a drug or
modify an entry.

e We intend to propose regulations to revise the Withdrawn or Removed List periodically,
as appropriate, as we identify drugs that we tentatively determine should be listed.
We would also propose regulations when we tentatively determine that changes to the
status of drug products already on the list should result in a revision to their listing, for
example, if some version of a drug on the list has been approved for marketing.

2. Drugs Under Evaluation for the Withdrawn or Removed List

The Agency is considering “Lorcaserin hydrochloride: All drug products containing
lorcaserin hydrochloride” for inclusion on the Withdrawn or Removed List. See Tab 5 for
the background material that forms the basis for FDA’s proposal to include this drug on the
list.
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Il. Substances Nominated for Inclusion on the 503A Bulks List
(in order of discussion at the meeting)

A.

Enclomiphene Citrate (Tab 1)

1. Nominations (Tab 1a)

a.

Empower Pharmacy

2. FDA Evaluation (Tab 1b)

Glutathione (Tab 2)

1.

3.

Nominations (Tab 2a)

@ "o o0 o

Alliance for Natural Health USA

American Association of Naturopathic Physicians
American College for Advancement in Medicine
Integrative Medical Consortium

McGuff Compounding Services, Inc.

National Community Pharmacists Association
Professional Compounding Centers of America

Nomination Clarification (Tab 2b)

S o 0 0 T o

Alliance for Natural Health USA

American Association of Naturopathic Physicians
Integrative Medical Consortium

McGuff Compounding Services, Inc.

National Community Pharmacists Association
Professional Compounding Centers of America

FDA Evaluation (Tab 2c)

Ammonium Tetrathiomolybdate (Tab 3)

1. Nominations (Tab 3a)

a.

Pharmacy Solutions

2. FDA Evaluation (Tab 3b)
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D.  Ferric Subsulfate (Tab 4)

1. Nominations (Tab 4a)
a. Fagron
b. International Academy of Compounding Pharmacists

2. FDA Evaluation (Tab 4b)

I11. Lorcaserin Hydrochloride - Drug Considered for the
Withdrawn or Removed List

A.  Lorcaserin Hydrochloride (Tab 5)

1. FDA Evaluation (Tab 5a)

IVV. Points to Consider
A. June 8, 2021, a.m. session

Points for the PCAC to Consider Regarding Whether to
Include Certain Bulk Drug Substances on the 503A Bulks List

1. FDAis proposing that enclomiphene citrate NOT be included on the
503A Bulks List. Should enclomiphene citrate be placed on the list?

2. FDA is proposing that glutathione NOT be included on the 503A
Bulks List. Should glutathione be placed on the list?

B. June 8, 2022, p.m. session

Points for the PCAC to Consider Regarding Whether to
Include Certain Bulk Drug Substances on the 503A Bulks
List

1. FDA is proposing that ammonium tetrathiomolybdate NOT be
included on the 503A Bulks List. Should ammonium
tetrathiomolybdate be placed on the list?

2. FDA is proposing that ferric subsulfate solid or powder NOT be
included on the 503A Bulks List. Should ferric subsulfate solid or
powder be placed on the list?
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Points for the PCAC to Consider Regarding Whether to
Include Certain Bulk Drug Substances on the Withdrawn
and Removed L.ist

3. FDA is proposing that “Lorcaserin hydrochloride: All drug products
containing lorcaserin hydrochloride” be ADDED to the Withdrawn
or Removed List under sections 503A and 503B of the FD&C Act.
Do you agree?
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Tab 1

Enclomiphene Citrate



Tab la

Enclomiphene Citrate

Nominations



< | EmpoweR

o PHARMACY °

Division of Dockets Management (HFA-305)
Food and Drug Administration

Department of Health and Human Services
5630 Fishers Lane

Rm. 1061

Rockville, MD 20852

Re: Docket FDA-2015-N-3534

“Bulk Drug Substances That Can Be Used To Compound Drug Products in Accordance With Section 503A of
the Federal Food, Drug, and Cosmetic Act”

Dear Sir or Madam,

Empower Pharmacy appreciates the opportunity to address the FDA’s request for nominations of bulk drug

substances that may be used in accordance with section 503A.

We hereby nominate enclomiphine citrate for FDA’s consideration as a bulk drug substances that may be used under
Section 503A.

This active ingredient does not appear on an FDA-published list of drugs that present demonstrable difficulties for
compounding. In addition, it is not a component of a drug product that has been withdrawn or removed from the
market because the drug or components of the drug have been found to be unsafe or not effective.

Thank you for your consideration.

Respectfully submitted,

Shaun Noorian
CEO, Empower Pharmacy

Empower Pharmacy — 5980 W Sam Houston Pkwy N Ste 300, Houston, TX 77041 - Tel. (877) 562 8577 - Fax (832) 678 4419



Empower Pharmacy

5980 W Sam Houston Pkwy N
Ste 300, Houston TX 77041

(877) 563-8577
empowerpharmacy.com

What is the name of the nominated ingredient?

Is the ingredient an active ingredient that meets the
definition of “bulk drug substance” in § 207.3(a)(4)?
Is the ingredient listed in any of the three sections of

the Orange Book?

Were any monographs for the ingredient found in the

USP or NF monographs?

What is the chemical name of the substance?

What is the common name of the substance?

Does the substance have a UNIlI Code?

What is the chemical grade of the substance?

What is the strength, quality, stability, and purity of the

ingredient?

How is the ingredient supplied?

Is the substance recognized in foreign pharmacopeias
or registered in other countries?

Has information been submitted about the substance to
the USP for consideration of monograph development?

What dosage form(s) will be compounded using the bulk

drug substance?

What strength(s) will be compounded from the

nominated substance?

What are the anticipated route(s) of administration of the
compounded drug product(s)?

Are there safety and efficacy data on compounded
drugs using the nominated substance?

— EmpoweR

PHARMACY

Enclomiphene Citrate
Yes

No
No

Enclomiphene Citrate
Enclomiphene Citrate
J303A6U9Y6
Non-graded

Purity NLT 98%

Water content NMT 1%
Impurities NMT 2%
Z-isomer NMT 0.5%
Controlled room temperature storage
2 year expiry

Bulk powder

No

No

Capsules or Tablets
12.5 mg, 25 mg, 50 mg
Oral

Kim ED, McCullough A, Kaminetsky J. Oral enclomiphene citrate raises testosterone
and preserves sperm counts in obese hypogonadal men, unlike topical
testosterone: restoration instead of replacement. BJU Int. 2016 Apr;117(4):677-85.

Hill S, Arutchelvam V, Quinton R. Enclomiphene, an estrogen receptor antagonist
for the treatment of testosterone deficiency in men. IDrugs. 2009 Feb;12(2):109-19.

Wiehle RD, Fontenot GK, Wike J, Hsu K, Nydell J, Lipshultz L; ZA-203 Clinical Study
Group. Enclomiphene citrate stimulates testosterone production while preventing
oligospermia: a randomized phase Il clinical trial comparing topical testosterone.
Fertil Steril. 2014 Sep;102(3):720-7.

ClinicalTrials.gov. National Library of Medicine (U.S.). (2012, February). Safety Study
of Enclomiphene Citrate in the Treatment of Men With Secondary Hypogonadism.
Identifier NCT01534208. Retrieved November 19, 2007 from:
https://clinicaltrials.gov/ct2/show/NCT01534208



Has the bulk drug substance been used previously to
compound drug product(s)?

What is the proposed use for the drug product(s) to be
compounded with the nominated substance?

What is the reason for use of a compounded drug
product rather than an FDA-approved product?

Is there any other relevant information?

Yes

Enclomiphene Citrate is used to increase serum testosterone, LH and FS to normal
levels and maintain sperm concentrations within the normal range.

Wiehle R, Cunningham GR, Pitteloud N, et al. Testosterone Restoration by
Enclomiphene Citrate in Men with Secondary Hypogonadism: Pharmacodynamics
and Pharmacokinetics [published online ahead of print, 2013 Jul 12]. BJU Int.
2013;112(8):1188-1200.

Enclomiphene has been identified as the isomer in the non-racemic mixture found in
Clomiphene Citrate, that raises LH and FSH levels, with a shorter half-life. This
suggests that treatment with enclomiphene should have more favorable outcomes
in treating androgen deficient men with the goal of maintaining fertility, potentially
without the side effects associated with clomiphene citrate use and with a more
favorable impact on hypogonadal symptoms.

Rodriguez KM, Pastuszak AW, Lipshultz LI. Enclomiphene citrate for the treatment
of secondary male hypogonadism. Expert Opin Pharmacother. 2016;17(11):1561-
1567.

Earl JA, Kim ED. Enclomiphene citrate: A treatment that maintains fertility in men
with secondary hypogonadism. Expert Rev Endocrinol Metab. 2019 May;14(3):157-
165.

Helo S, Mahon J, Ellen J, Wiehle R, Fontenot G, Hsu K, Feustel P, Welliver C,
McCullough A. Serum levels of enclomiphene and zuclomiphene in men with
hypogonadism on long-term clomiphene citrate treatment. BJU Int. 2017
Jan;119(1):171-176.
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I. INTRODUCTION

Enclomiphene citrate was nominated for inclusion on the list of bulk drug substances that can be
used in compounding under section 503A of the Federal Food, Drug, and Cosmetic Act (FD&C
Act).! Enclomiphene citrate was evaluated for the following use: to increase serum testosterone,
luteinizing hormone (LH), and follicle-stimulating hormone (FSH) to normal levels in the
treatment of secondary hypogonadism.?

Enclomiphene citrate products proposed in the nomination are capsules or tablets for oral
administration in 12.5 mg, 25 mg, and 50 mg dosage strengths.

We have evaluated publicly available data on the physicochemical characteristics, safety,
effectiveness, and historical use in compounding of this substance. For the reasons discussed
below, we believe the evaluation criteria weigh against placing enclomiphene citrate on the list
of bulk drug substances that can be used to compound drug products in accordance with section
503A of the FD&C Act (503A Bulks List).

I1. EVALUATION CRITERIA

A. Is the substance well-characterized, physically and chemically, such that it is
appropriate for use in compounding?®

Databases such as FDA Mercado, PubMed, SciFinder, Google, the European Pharmacopoeia,
and USP/NF were searched for information on enclomiphene citrate. The information below
summarizes what FDA found in these databases.

Enclomiphene citrate is also called (E)-clomiphene citrate, trans-clomiphene citrate, Androxal,
Clomiphene B citrate, Enclomid, and EnCyzix. It has CAS number 7599-79-3, and its chemical
name is (E)-2-(4-(2-chloro-1,2-diphenylvinyl)phenoxy)-N,N-diethylethan-1-amine, 2-
hydroxypropane-1,2,3-tricarboxylate (1:1). It has the chemical structure as shown in Figure 1
below:

! Nomination from Empower Pharmacy (Document ID: FDA-2015-N-3534-0281) can be accessed at
https://www.regulations.gov/document/FDA-2015-N-3534-0281.

2 Enclomiphene citrate was nominated for the use, “...to increase serum testosterone, LH and FS [follicle-
stimulating hormone, FSH] to normal levels and maintain sperm concentrations within the normal range.”

For reasons detailed in Section 11.C.1., FDA evaluated it for the use listed above.

3 Among the conditions that must be met for a drug compounded using bulk drug substances to be eligible for the
exemptions in section 503A of the FD&C Act is that the bulk drug substances are manufactured by an establishment
that is registered under section 510 of the FD&C Act and that each bulk drug substance is accompanied by a valid
certificate of analysis. Sections 503A(b)(1)(A)(ii) and (iii). A bulk drug substance is deemed to be adulterated if the
methods used in, or the facilities or controls used for, its manufacture, processing, packing, or holding do not
conform to or are not operated or administered in conformity with current good manufacturing practice. Section
501(a)(2)(B).



https://www.regulations.gov/document/FDA-2015-N-3534-0281

Figure 1: Chemical Structure of Enclomiphene Citrate®
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Enclomiphene citrate is a white to off-white or pale-yellow powder and is slightly hygroscopic.
It has melting range of about 146-150°C. Enclomiphene citrate is slightly soluble in water and
chloroform, freely soluble in methanol, sparingly soluble in alcohol, and practically insoluble in
ether.

Currently, there is no compendial monograph for enclomiphene citrate. However, a USP
compendial monograph for clomiphene citrate, which is a mixture of trans-clomiphene citrate
(enclomiphene citrate) and cis-clomiphene citrate (i.e. zuclomiphene citrate or zuclomifene
citrate), is available.® Based on the USP monograph, the content of enclomiphene citrate in
clomiphene citrate is in the range of about 50% to 70%. Clomiphene citrate is an active
ingredient of an approved drug product.

1. Stability of the API and likely dosage forms

As per recommended storage conditions in the USP monograph, clomiphene citrate is stable
when stored at controlled room temperature and protected from light. Since enclomiphene
citrate is one constituent of clomiphene citrate geometric isomeric mixture, it is expected to be
stable when stored under the same or similar storage conditions.

2. Probable routes of API synthesis

Enclomiphene citrate can be made by separation from the mixture of geometric isomers trans-
clomiphene citrate and cis-clomiphene citrate using binaphthyl-phosphoric acid, which is well
documented in the US patent US 1,036,212 and is depicted in Figure 2 below. The mixture of
two isomers, clomiphene citrate, has a USP monograph and is the active ingredient in an
approved drug product.

4 NIH U.S. National Library of Medicine PubChem. https://pubchem.ncbi.nlm.nih.gov/compound/Enclomiphene-
citrate. Accessed Nov 24, 2021.

5 USP-NF Website. https://www.uspnf.com/. Accessed Nov 24, 2021.

& See Orange Book: Clomiphene Citrate, 50 mg tablets, Par Pharmaceutical Inc, approved on August 30, 1999.
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm. Accessed Nov 24, 2021.
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Figure 2: Enclomiphene Citrate Chemical Synthesis
cl | O

o/\/N\/

% SN // cl O
\\ O
O N oo — O
e OO o/\/N\/
N

Cl

N %
sReUDY ooon

0 Enclomiphene Citrate
Ho)fo

Clomiphene Citrate

3. Likely impurities’

The impurity profile of enclomiphene citrate is expected to be similar to that of clomiphene
citrate as outlined in USP monograph. In addition, residual cis-clomiphene citrate, binaphthyl-
phosphoric acid and solvents used in the manufacturing process would be likely impurities in the
drug substance enclomiphene citrate.

4. Toxicity of those likely impurities

Impurities are unlikely to be toxic if they are controlled according to relevant ICH guidelines and
the USP monograph for clomiphene citrate.

5. Physicochemical characteristics pertinent to product performance, such as particle
size and polymorphism

Enclomiphene citrate can be characterized by common analytical tools and techniques.
Enclomiphene citrate is slightly soluble in water. Therefore, particle size and polymorphism of
the drug substance may be critical for solid oral dosage forms.

6. Any other information about the substance that may be relevant, such as whether the
API is poorly characterized or difficult to characterize

None.

" This evaluation contains a non-exhaustive list of potential impurities in the bulk drug substance and does not
address fully the potential safety concerns associated with those impurities. The compounder should use the
information about the impurities identified in the certificate of analysis accompanying the bulk drug substance to
evaluate any potential safety and quality issues associated with impurities in a drug product compounded using that
bulk drug substance taking into account the amount of the impurity, dose, route of administration, and chronicity of
dosing.



Conclusions: In summary, enclomiphene citrate is a well-characterized small molecule, and is
expected to be stable under ordinary storage conditions when protected from light in the
proposed dosage form.

B. Are there concerns about the safety of the substance for use in compounding?
1. Nonclinical Assessment

The following databases were consulted in preparation of this section: PubMed, PubChem,
Embase, SCOPUS Web of Science, ToxNet, GRAS Notices database, NIH dietary supplement
database, LactMed, LiverTox, Google, and Google Scholar. The majority of the data described
in this section are captured from the publicly available European Medicines Agency (EMA)
2018 report on enclomiphene citrate (referred to in that document as enclomifene) (the EMA
2018 report).® The EMA 2018 report reviewed clinical and nonclinical data in support of the
“treatment of hypogonadotrophic hypogonadism (secondary hypogonadism) in adult men with a
body mass index (BMI) >25 kg/m? wishing to preserve testicular function and spermatogenesis.”
The EMA 2018 report did not recommend approval of enclomiphene citrate for the sought
treatment. Only data not found in the EMA 2018 report will be referenced.

a. General pharmacology of the drug substance

Enclomiphene citrate is a selective estrogen receptor modulator (SERM) which acts by blocking
the estrogenic suppression of the hypothalamic-pituitary-gonadal (HPG) axis. As a result, the
pituitary secretes more LH and FSH, and this stimulates the testes to produce more testosterone.
In the baboon, administration of enclomiphene resulted in a significant increase in circulating
testosterone, suggesting potential utility of enclomiphene citrate for the treatment of secondary
hypogonadism (Rodriguez et al. 2016).

The secondary pharmacodynamic (PD) effects of enclomiphene and its isomer, zuclomifene,
were evaluated in an ovariectomized mouse model. The uterotrophic response of the treated
mice was limited to minor macroscopic effects in both isomer treatment groups (dilation of
uterine glands and increase in mean uterine weights).

b. Pharmacokinetics (PK)/Toxicokinetics (TK)

In a single dose PK study in mice, absorption of enclomiphene was rapid. The time to reach
maximum levels (Tmax) after a single oral dose of 40 mg/kg, was 1 hour (data not shown).
Similar data were obtained in the 26-week rat study where absorption of enclomiphene
citrate was rapid, and the plasma levels of enclomiphene (Cmax and AUCo-24) increased with
increasing doses on all sampling days (days 1, 14, 90, and 180). The maximum exposure to
enclomiphene (Cmax) on Day 1 was greater than proportional compared to the administered
dose but became proportional in the mid and high-dose groups on Days 14, 90, and 180
(Table 1).

8 The 2018 EMA Assessment Report is available to the public at:
https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf.
Accessed Apr 18, 2022.



https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf

Table 1: Pharmacokinetics of Enclomiphene in Rats Administered Enclomiphene
Citrate Orally for 6 Months (EMA 2018)

Dose Cosx  Tom AUCa 24 ta

(mg."kg-"}ia}‘) Day {ng/ml.y (hr) (ng-_h:me) r2 {hr)
0.5 1 3.82 L 8.2
14 22.1 4 85.7

90 10.8 1 46.1 49X 7T 59
180G 9.31 2 48.1

5 - 1 42.6 ] 307 UQEE 32

14 136 | 694 0.9548 2.9

90 157 1 1,046 0.9239 3.7

150 165 2 9949 09779 4.5

140 1 133 i T26 0.9825 3.1

14 270 1 1,931 0,950 ] 3.2

90 259 a4 2496 Q09770 4.3

180 3 1 .2. 105 0.9925 52 |

A comparison between the maximum exposure (Cmax) to enclomiphene and its metabolites in
the rat and humans following oral exposure is shown below (Table 2). The data indicate that
enclomiphene Cmax was higher in the rat than in humans. In addition, the levels of
enclomiphene metabolites (4-OH, desethyl and 4-OH desethyl enclomiphene) were
statistically significantly (marked with a * in the table below) decreased compared to
enclomiphene citrate in the rat but not in humans.

Table 2: Oral Cmax Levels of Enclomiphene and its Metabolites in Rats and Humans

Cpa: in Rat | Cpoc in Human
Analyte 180 days 25 mg daily | Overage
10 mg/kg/day 12 weeks
Enclomifene 319 5.79 55.1
4-OH enclomifene 47.9% 3.42 14
Desethyl enclomifene 23.9% 2.58 9.3
4-OH desethyl enclomifene 9.90* 1.75 5.7

Enclomiphene was widely distributed in tissues and organs following a single oral dose
administered to mice and was selectively associated with melanin-containing tissues.
Elimination was essentially complete by 72 hours except for retention in melanin containing

tissues.



c. Acute toxicity®

The oral lethal dose (LDso) of the isomeric mixture of enclomiphene citrate and
zuclomiphene is reported to be 1700 mg/kg in mice and 5750 mg/kg in rats.

d. Repeat dose toxicity©
Pivotal repeat dose toxicity studies have been conducted in rats and dogs.

Rat:

In a 26-week oral study in the rat, a no adverse effect level (NOAEL) could not be assigned due
to drug-related toxicities that were recorded at all dose levels (0.5, 5, and 10 mg/kg/day).

Test article-related findings included reduced body weight associated with reduced food
consumption, organ weight decreases (prostate gland, pituitary gland, and epididymides), and
histopathological findings (prostate, testes, seminal vesicles, and kidneys).

e The prostate glands, seminal vesicles, and coagulating glands - atrophy (minimal to
severe, all dose levels).

e Leydig cell - atrophy and depletion in the testes (minimal, all dose levels).

e Preputial glands - subacute inflammation (0.5 and 10 mg/kg/day); abscess formation
(minimal to mild, 0.5 and 5 mg/kg/day).

¢ Kidneys - tubular dilatation and minimal tubular mineralization (minimal to mild, all
dose levels).

Doag:

In a 9-month oral dog study (2, 10, and 40 which was reduced to 20 mg/kg/day due to
morbidities associated with the 40 mg/kg/day dose treatment), a NOAEL of 2 mg/kg/day
was reported. Toxicities included organ weight changes (adrenal/liver/prostate gland), and
delayed onset in puberty which was also evident in high-dose animals and correlated with
changes noted in testes and epididymides. Deaths in high dose animals were related to
hepatotoxicity. Ophthalmic abnormalities (cataracts) were widely reported among mid- and
high dose treated males. A peer review of the eyes collected from the 9-month toxicity
study concluded that these changes consisted of minimal lens fiber swelling. The peer
reviewers also agreed that there was no progression in the lens fiber swelling between the
interim 13-week necropsy and the terminal 9-month necropsy. There was no evidence of
fiber fragmentation, lenticular disorganization, or lenticular epithelial proliferation. Another
dog study was conducted which concluded that no lenticular lesions were seen in either the
control group or at the highest dose of 10 mg/kg (representing 6 times the clinical safety
margin) of enclomiphene citrate.

9 Acute toxicity refers to adverse effects observed following administration of a single dose of a substance, or
multiple doses given within a short period (approximately 24 hours). Endpoints captured in acute toxicity studies
usually include mortality and gross clinical observations. Acute toxicity data are usually superseded by data
obtained from longer term toxicity studies.

10 Repeated-dose toxicity studies consist of in vivo animal studies that seek to evaluate the toxicity of the test
substance by observing the changes that emerge in clinical observations, clinical chemistry, gross pathology, and
histology endpoints when the test substance is repetitively administered daily for a predetermined period of time.



e. Genotoxicity!

A standard battery was conducted to assess the genotoxic potential of enclomiphene citrate.
Under the conditions of the studies reported, no genotoxicity was reported (EMA 2018).
Clomiphene citrate, which is a mixture of trans-clomiphene citrate (enclomiphene citrate)
and cis-clomiphene citrate (zuclomiphene citrate), was associated with a significant increase
in chromosomal aberrations and micronuclei in cultured human lymphocytes (Yilmaz et al.

2014).
Table 3:  Genotoxicity of Enclomiphene (EMA 2018 report unless noted)
Type of test / study Test system Concentrations
ID/ Results
GLP status
Gene mutations in S. typhimurium Enclomiphene citrate or Negative
bacteria (Ames test) | (TA1535, TA1537, | Zuclomiphene citrate:
TA98, TA100)
ZN01-100 6.7, 10, 33, 67, 100, 333,
+/-S9 667, 1000, 3333 and 5000
GLP ug/plate
L5178Y Tk+/- Mouse | L5178Y cell line +/- 500, 1500, 5000 pg/ml Negative
Lymphoma Forward S9
Mutation Assay
769285 (21984)
GLP
In Vivo Rat Bone CD-1 mice 250, 500, and 1000 mg/kg Negative
Marrow and administered via oral
Micronucleus gavage
Assay
769290 (22008) GLP
Chromosomal Cultured human

aberrations and
micronuclei (Yilmaz
et al. 2014)

lymphocytes

0.40, 0.80, 1.60, and
3.20pg/ml clomiphene citrate

Positive (p < 0.01
and p <0.001)

1 The genotoxicity assessment battery usually consists of a gene mutagenicity assay (for single dose trials) and a
variety of clastogenicity/genotoxicity assays. To support multiple dose administration in humans, additional
genotoxicity testing assessment is usually conducted to detect chromosomal damage in mammalian systems.




f. Developmental and reproductive toxicity*?

A mouse oral fertility study did not have adverse effects on mating or fertility in either males or
females at 40 or 100 mg/kg/day. The high dose of 200 mg/kg/day resulted in mortality in all
males. Among lower dose groups, changes in sperm parameters, as well as increased resorptions
and post-implantation loss were seen (NOAEL 100 mg/ml).

g. Carcinogenicity®

In a 26-week oral transgenic mouse carcinogenicity study (10, 50, 100, and 200 mg/kg/day
enclomiphene), most high dose treated animals died prematurely (100 and 200 mg/kg).

The cause of death was attributed to necrosis and inflammation of the intestines. Among
surviving animals, a decrease in body weight gain was seen (statistically significant and
dose-proportional in both sexes). Necropsy showed gross changes in the spleen, ovaries, seminal
vesicles, skin, testes, thymus and uterus. An increased incidence of testicular interstitial cell
adenomas was also seen. The study was considered negative because the findings were not
dose-related and did not reach statistical significance compared to controls.

A 2-year oral rat carcinogenicity study (0, 0.0125, 0.025, and 0.05 mg/kg/day) did not show any
gross pathological changes among enclomiphene-treated rats. A reduction in weight gain was
seen in the enclomiphene-treated groups (both sexes) along with a decrease in food consumption,
which was associated with prolonged survival over the control group. A dose-related increase in
the incidence and severity of centrilobular hepatocellular vacuolation was seen in males at the
highest dose tested. The incidence of tumors was not increased among rats treated with
enclomiphene citrate compared to controls. The study was considered negative.

Conclusions: The nonclinical toxicity profile of enclomiphene citrate reflects its exaggerated
pharmacological action as a selective estrogen receptor modulator. When tested via the oral
route of administration in rats and dogs, enclomiphene citrate showed dose-related findings
including reduced body weight, reduced food consumption, organ weight decreases (prostate
gland, pituitary gland, and epididymides), and histopathological findings (prostate, testes,
seminal vesicles, liver, and kidneys). Enclomiphene citrate was not genotoxic or carcinogenic
under the conditions of the conducted studies.

12 Developmental and reproductive toxicity studies are usually designed to assess the potential adverse effects in
humans of both sexes and include females from various age groups that will be exposed to the proposed substance.
Developmental toxicity or teratogenicity refers to adverse effects (can include embryo-fetal mortality, structural
abnormalities, functional impairment, or alterations to growth) and can occur in pups either as a result of the
exposure of their parents to the substance, prior to the pups’ birth, or by direct exposure of the pups to the substance
after birth.

13 Studies that assess cancer risk in animals are used as predictive tools to evaluate the potential for drugs to result in
tumors when used by humans on a chronic basis. Carcinogenicity studies are conducted if the clinical use is
expected to be continuous for a minimum of 6 months of life, or if intermittent clinical use is expected to total

6 months or more of life.



2. Human Safety

The following databases were consulted in the preparation of this section: PubMed,
ClinicalTrials.gov, Embase, FDA Adverse Event Reporting System (FAERS), professional
healthcare organization websites, and various online clinical references and websites.

a. Pharmacokinetic data

Oral enclomiphene citrate is rapidly absorbed and has a half-life of approximately 10 hours
(Wiehle et al. 2014b). According to the EMA 2018 report, it is metabolized by CYP2D6, and its
main metabolite appears to be 4-OH enclomiphene formed primarily by CYP2D6 and to a lesser
extent by CYP2B6. It is also metabolized to desethyl enclomiphene by CYP3A4 and CYP3AD5;
this is then further metabolized to 4-OH desethyl enclomiphene, primarily by CYP2D6.

EMA concluded that available PK data for enclomiphene citrate are considered incomplete and
additional information would be required to exclude the possibility of a uniqgue human metabolite
of significance (EMA 2018). Maximum serum concentration occurs 2-3 hours after
administration. Absorption is increased by the presence of food. Excretion is 61.5% in feces
and 8.2% in urine (Earl and Kim 2019).

A randomized, single-blind, two-center phase Il trial published by Wiehle et al. (2013) enrolled
48 men with secondary hypogonadism!# to determine the PK and PD profiles of enclomiphene
citrate. Forty-four of the 48 enrolled men completed the study, after being randomized to receive
enclomiphene citrate 6.25 mg (n=12), enclomiphene citrate 12.5 mg (n=7), enclomiphene citrate
25 mg (n=12), or transdermal testosterone (AndroGel®) (n=13) daily for 6 weeks. Patients in
the enclomiphene citrate arms underwent PK assessment at 6 weeks after taking a single oral
dose of enclomiphene citrate (6.25 mg, 12.5 mg, and 25 mg). Individual and overall PK profiles
showed a rapid rise of the drug and first order elimination (see Figure 3).

14 For definition and further discussion of secondary hypogonadism, see Section I1.C.1. and Appendix 1 of this
evaluation.
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Figure 3: Pharmacokinetics of Enclomiphene Citrate (Wiehle et al. 2013)

Fig. 4 Pharmacokinetics of serum enclomiphene citrate. After 6 weeks of
continuous oral dosing af various dosages of enclomiphene citrate,
serum samples were obtained at various time points for the assessment
of serum drug levels. The levels of serum enclomiphene citrate are given
for subjects faking 6.25 mg (filed diamonds). 12.5 mg (filed circles), and
25 mg (filled squares) of study drug.
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Calculations of the mean area under the curve showed that the value for the 25 mg dose was
about 4.5 times higher than for 12.5 mg, and 7.5 times higher than for the 6.25 mg dose.

There was evidence of accumulation of enclomiphene citrate in the serum as serum levels did not
return to baseline 24 hours after drug administration.

A randomized, placebo-controlled trial of 52 men with secondary hypogonadism published by
Wiehle et al. (2014b) evaluated the safety, efficacy, and pharmacokinetics of enclomiphene
citrate as an alternative to topical testosterone. Patients received oral enclomiphene citrate

12.5 mg (n=10), enclomiphene citrate 25 mg (n=11), or enclomiphene citrate 50 mg (n=11);
topical testosterone gel (Androgel® 1% (5 g)) (n=10); or oral placebo (n=10) daily for 14 days
(there was no topical placebo arm). All patients completed the initial study, and patients who
requalified for the study based on testosterone levels were crossed over to receive open-label
topical testosterone (Androgel® 1% (10 g)) daily for 14 days under an amended protocol (n=10).
Only patients randomized to enclomiphene citrate or placebo arms were double-blinded.

Mean peak concentration (Cmax) increased on days 1 and 14 in a greater than dose proportional
manner from 12.5 mg to 25 mg, and a less than dose proportional manner from 25 mg to 50 mg.
Mean plasma concentration time profiles for enclomiphene citrate 25 mg and 50 mg were similar
and were higher than the 12.5 mg group following single dose administration and after 14 days.
The authors proposed that this might suggest tachyphylaxis as the uptake may become saturated
between the 25 and 50 mg doses, and that higher doses may not be indicated. The authors
observed that a non-dose-dependent steady-state level was maximal at the 25 mg dose.

The authors concluded that the study suggests a “rapid but not immediate onset of action which
is not lost for 7-10 days” following enclomiphene citrate treatment and supports further study of
enclomiphene citrate in larger trials.
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The EMA 2018 report reviewed PK studies which indicated higher exposure for hepatic and
renally-impaired patients than for healthy subjects. EMA discussed that in patients with
moderate hepatic and renal impairment, the consequences of higher plasma enclomiphene citrate
concentrations on the cardiac/vascular system, ophthalmic system, breast and reproductive
system, and bone in the context of chronic treatment is not known, and stated that further
characterization of the PK profile was needed to inform the need for any dose adjustments in
those with renal and hepatic impairment (EMA 2018). Of note, the label of the FDA-approved
clomiphene citrate tablet, which is a mixture of two geometric isomers [cis (zuclomiphene) and
trans (enclomiphene)], specifies it is only indicated in patients with normal liver function and
contains a contraindication for use in patients with liver (hepatic) disease or a history of liver
dysfunction. The label does not provide information for patients with renal disease.®

b. Reported adverse reactions (FAERS)
The Office of Surveillance and Epidemiology conducted a search of the FAERS database for
reports of adverse events (AEs) for enclomiphene citrate through October 13, 2021. The search
retrieved no reports.

c. Clinical trials assessing safety
Adverse Events Reported in Clinical Trials:

We found clinical trials in the medical literature that evaluated the safety of oral enclomiphene
citrate in humans. AEs in trials that reported safety outcomes are summarized below.

In two parallel, randomized, double-blind, double-dummy, placebo-controlled, multi-center
phase Il trials (ZA-304 and ZA-305) published by Kim et al. (2016), 256 overweight men aged
18 to 60 years with secondary hypogonadism were treated for 16 weeks with oral enclomiphene
citrate 12.5 mg (n=43), enclomiphene citrate 12.5 mg up-titrated to 25 mg (n=42), topical
testosterone gel (n=85), or placebo (n=86), to determine the effects of treatment on serum total
testosterone, LH, FSH, and sperm counts. There were 53 (21%) men who had AEs considered
by the investigators to be possibly, probably, or definitely related to the study drug (no details
provided in the publication); none of these were severe or serious, and there was no difference in
AEs between treatment groups. There were 2 deaths and 11 patients discontinued

(2- enclomiphene citrate 25 mg, 1- testosterone gel and 8- placebo or testosterone gel arm (not
specified further in publication)). The following are AEs (1 each) reported per treatment arm,
and no details were provided except where indicated:

e Enclomiphene citrate 25 mg:
- high hematocrit or hemoglobin - patient discontinued due to AE
- high prostate-specific antigen (PSA) level - patient discontinued due to AE
- psoriatic arthropathy (severe AE)
- depression (severe AE)

15 See prescription label for clomiphene citrate tablets, ANDA 075528. NIH DailyMed.
https://dailymed.nlm.nih.gov/dailymed/druglnfo.cfm?setid=be399623-6400-475d-93d3-1dedd4d43017.
Accessed Jan 11, 2022.
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e Enclomiphene citrate 12.5 mg:
- death (fatal road traffic accident) - no details provided, unrelated per investigator
- death (cerebrovascular accident) - ischemic stroke in a 59-year-old man with a history
of type 2 diabetes, obesity, atrial fibrillation, sleep apnea, nephrolithiasis, and
hyperlipidemia, treated with enclomiphene citrate 12.5 mg for 34 days. Per
investigators, the cause of death was highly unlikely to be the study drug because of
his many risk factors and limited exposure to the study drug.
- hypertriglyceridemia (severe AE)
- anxiety (severe AE)
e Testosterone gel:
- high hematocrit or hemoglobin — patient discontinued due to AE
- arthropod bite (severe AE)
- coronary bypass (severe AE, no details provided)
e Placebo: muscle spasms (severe AE)

Per authors, changes in PSA and hematocrit seen with both enclomiphene citrate and testosterone
gel are secondary to increases in total testosterone.

(Wiehle et al. 2014a) A randomized, placebo-controlled phase 11B trial (ZA-203) compared oral
enclomiphene citrate and topical testosterone gel in 124 men with secondary hypogonadism and
evaluated change in testosterone, FSH, and LH levels over a 3-month dosing period. Men with a
morning serum testosterone level of <250 ng/dL were randomized to receive enclomiphene
citrate 12.5 mg (n=29), enclomiphene citrate 25 mg (n=33), 1% topical testosterone gel
(Testim®) (n=33), or oral placebo (n=29). Patients randomized to enclomiphene citrate or
placebo arms were double-blinded. Investigators noted two mild to moderate AEs experienced
by two patients in the enclomiphene citrate 25 mg group that led to discontinuation of the study
and were considered possibly related to the study drug:

e inability to climax and loss of sensation during intercourse and
e mild nausea and mild dry heaving.

One patient in the enclomiphene citrate 25 mg group experienced mild hives, which was
considered probably not related to the study drug.

Wiehle et al. (2014b) published a randomized, placebo-controlled trial of 52 men with secondary
hypogonadism. Patients received oral enclomiphene citrate 12.5 mg (n=10), enclomiphene
citrate 25 mg (n=11), or enclomiphene citrate 50 mg (n=11); topical testosterone gel (Androgel®
1% (5 g)) (n=10); or oral placebo (n=10) daily for 14 days (no topical placebo arm). The study
aimed to evaluate safety, efficacy, and pharmacokinetics of enclomiphene citrate as an
alternative to topical testosterone. All patients completed the initial study, and patients who
requalified for the study based on testosterone levels were crossed over to receive open-label
topical testosterone (Androgel® 1% (10 g)) daily for 14 days under an amended protocol (n=10).
Only patients randomized to enclomiphene citrate or placebo arms were double-blinded.
Treatment-emergent AEs were reported in 9 to 20% of patients and were similar among active
treatment and placebo groups. No serious AEs were reported in patients receiving enclomiphene
citrate. AEs reported in each group included (1 patient each):
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Enclomiphene citrate 12.5 mg: mildly increased estradiol;

Enclomiphene citrate 25 mg: mild sinus headache;

Enclomiphene citrate 50 mg: moderate headache;

Topical testosterone (5 g): near syncopal episode which was related to sick sinus
syndrome, and not study medication per investigators (serious AE); and

e Placebo: mild headache.

We found clinical trials on enclomiphene citrate in men with secondary hypogonadism on
ClinicalTrials.gov that reported AEs in the posted study results.® These are not discussed in
further detail because we did not find corresponding publications and causality assessment of
AEs is not provided on ClinicalTrials.gov. However, one safety study from ClinicalTrials.gov
was cited by the nominator (Empower Pharmacy) and is briefly described below.

An open-label, non-randomized phase 111 safety study (ZA-300), completed in 2013, evaluated
the safety profile of enclomiphene citrate in 499 men ages 18 to 65 with secondary
hypogonadism (ClinicalTrials.gov ID: NCT01534208). Patients were assigned to receive oral
enclomiphene citrate 25 mg (n=283) or enclomiphene citrate 12.5 mg which could be increased
to 25 mq if indicated!’ (n=216) daily for 26 weeks. AE data were collected from first
administration of the study drug until 8 weeks after the end of treatment (8 months total).
There were 15 patients with reports of serious AEs, 6 in the enclomiphene citrate 12.5 mg and
9 in the enclomiphene citrate 25 mg group.

The following are the serious AEs reported:

e Enclomiphene citrate 12.5 mg (1 report e Enclomiphene citrate 25 mg (1 report
each): each unless noted):
- Bradycardia - Atrial flutter
- Chest pain - Cholelithiasis
- Biliary colic - Diverticulitis (2)
- Transient ischemic attack (TIA) - Food poisoning
- Seminoma - Kidney infection
- Dyspnea - Pulmonary embolism (PE)
- Knee arthroplasty - Cellulitis (2)
- Deep vein thrombosis (DVT) - DVT

- Hypotension

6 NIH U.S. National Library of Medicine. www.ClinicalTrials.gov, search term “enclomiphene citrate” and
“enclomiphene.” Accessed Nov 3, 2021.
17 parameters to increase the dose were not specified on ClinicalTrials.gov.
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Non-serious AEs reported were:

e Enclomiphene citrate 12.5 mg: e Enclomiphene citrate 25 mg:
- Hot flush (2) - Hot flush (9)
- Upper respiratory tract infection (URI) - URI(27)
(26) - Influenza (5)
- Influenza (7) - Sinusitis (6)
- Sinusitis (7) - Muscle spasms (12)
- Muscle spasms (10) - Headache (23)
- Headache (12) - Dizziness (5)
- Dizziness (6) - Pollakiuria (5)

- Pollakiuria (daytime urinary
frequency) (6)

d. Other safety information

Adverse Event and Safety Information from European Medicines Agency:

In addition to the information above, we found safety information from the EMA. As mentioned
above, in 2018, the EMA evaluated enclomiphene (also spelled enclomifene, proposed trade
name EnCyzix)*8 for marketing authorization to treat secondary hypogonadism. The EMA’s
Assessment Report concluded that the safety of the product was not sufficiently demonstrated.*®
The EMA documented the following summary of AES in the “Unfavourable effects” section of
the report:

“In terms of adverse events, the most frequently reported treatment emergent adverse
events were headache, hot flushes, nausea and muscle spasms. The most common
adverse events leading to discontinuation were blurred vision, muscle spasm, headache
and aggression.

A number of adverse events that are known to be associated with testosterone
replacement therapy were reported in the enclomifene clinical studies. These include
venous thromboembolic events, cardiac disorders, increased haematocrit and PSA
[prostate-specific antigen], eye disorders and psychiatric disorders. These events were
reported with a higher frequency for enclomifene treated patients compared to the
placebo group.

Four cases of thromboembolic events were reported, with one fatality occurring due to
this. In contrast, no events were reported in patients treated with testosterone or placebo,
even though the treated population included in these trials at an increased risk for such
events.

18 International Non-proprietary Name/Common Name Enclomiphene; Active substance Enclomiphene citrate.
The finished product was presented as capsules containing 8.5 mg or 17 mg of enclomiphene (as citrate) as active
substance. Phase I11 clinical trials evaluated enclomiphene citrate dosage strengths of 12.5 mg and 25 mg.

19 The 2018 EMA Assessment Report of EnCyzix is available to the public at:
https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf.
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The incidence of cardiac events in the enclomifene group was also slightly increased
when compared to patients treated with testosterone (0.9% vs 0.7%).”

EMA noted that it was unclear if the thromboembolic events occurred due to increased
testosterone and resulting increased erythropoiesis, increased estradiol levels, co-morbid
conditions such as obesity, or risks associated with the drug class. Of note, the FDA-approved
clomiphene citrate tablet, which is a mixture of geometric isomers [cis (zuclomiphene) and trans
(enclomiphene)], lists pulmonary embolism and retinal thrombosis in the Postmarketing Adverse
Events section of its label.°

Ophthalmic abnormalities (cataracts) were reported in nonclinical studies, and therefore eye
examinations were conducted during phase Il and phase 111 trials. EMA concluded that the
available data did not provide conclusive evidence that use of enclomiphene was associated with
development of new or progression of existing cataracts, but recommended that ocular safety
monitoring be included in a Risk Management Plan to collect additional data.

The EMA also concluded that the PK data for enclomiphene were incomplete and further
characterization of the PK profile was needed to inform the need for dose adjustments in elderly
patients, patients with renal and hepatic impairment, and poor CYP2D6 metabolizers; and to
exclude the possibility of a unique human metabolite of significance.

e. Availability of alternative approved therapies that may be as safe or safer

There are drug products approved by FDA (listed below) for the treatment of male patients who
have hypogonadism (low testosterone levels) caused by certain medical conditions that are
considered to be safe treatment. Products approved for secondary hypogonadism (also called
hypogonadotropic hypogonadism) include testosterone products and chorionic gonadotropin.

Testosterone

Testosterone has been approved in the United States since the 1950s as replacement therapy in
men for conditions associated with a deficiency or absence of endogenous testosterone.?:
Example available formulations?? of testosterone for various routes of administration include:

20 See prescription label for clomiphene citrate tablets, ANDA 075528. NIH DailyMed.
https://dailymed.nlm.nih.gov/dailymed/druginfo.cfm?setid=be399623-6400-475d-93d3-1dedd4d43017.
Accessed Jan 11, 2022.

21 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.

22 Orange Book. https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm, search term “testosterone.” Accessed
Nov 2, 2021.
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e Topical — gels (AndroGel®)?, patches (ANDRODERM®)?*, and axillary solutions
(Testosterone topical solution)?®

Intranasal — gel (Natesto®)?®

Oral — capsules (JATENZO®)?

Subcutaneous implantation - implant pellets (TESTOPEL®)?®

Injections — intramuscular (Testosterone Cypionate)?® and subcutaneous (XYOSTED®)¥®

Testosterone products are indicated for replacement therapy in males for conditions associated
with a deficiency or absence of endogenous testosterone. Labeling lists the following indications
and usage:

e Primary hypogonadism (congenital or acquired):® testicular failure due to conditions
such as cryptorchidism, bilateral torsion, orchitis, vanishing testis syndrome,
orchiectomy, Klinefelter's syndrome, chemotherapy, or toxic damage from alcohol or
heavy metals. These men usually have low serum testosterone concentrations and
gonadotropins (FSH, LH) above the normal range.

e Hypogonadotropic hypogonadism (congenital or acquired): gonadotropin or
luteinizing hormone-releasing hormone (LHRH) deficiency or pituitary-hypothalamic
injury from tumors, trauma, or radiation. These men have low testosterone serum
concentrations but have gonadotropins in the normal or low range.

23 See prescription label for AndroGel® (testosterone gel) 1.62% for topical use, NDA 022309/S-20. Drugs@FDA,
https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

24 See prescription label for ANDRODERM® (testosterone transdermal system), for topical use, NDA 020489/S-36.
Drugs@FDA. https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

5 See prescription label for Testosterone topical solution, ANDA 205328. NIH DailyMed.
https://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=7227ab2f-c8ef-4bab-92ab-3092182abcc9. Accessed
Nov 2, 2021.

26 See prescription label for NATESTO® (testosterone) nasal gel, NDA 205488/S-2. Drugs@FDA.
https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

27 See prescription label for JATENZO® (testosterone undecanoate) capsules, for oral use, NDA 206089.
Drugs@FDA. https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

28 See prescription label for TESTOPEL®- testosterone pellet, ANDA 205328. NIH DailyMed.
https://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=03b9c0b1-5884-11e4-8ed6-0800200c9a66. Accessed
Nov 2, 2021.

29 See prescription label for Testosterone Cypionate injection, ANDA 210362. NIH DailyMed.
https://dailymed.nlm.nih.gov/dailymed/druginfo.cfm?setid=78d55bad-4a5b-4e21-aeb8-a4c6346208be. Accessed
Nov 2, 2021.

30 See prescription label for XYOSTED® (testosterone enanthate) injection, for subcutaneous use,

NDA 209863/S-2. Drugs@FDA. https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

31 Congenital, referring to conditions that are present at birth, regardless of their causation. Acquired, denoting a
disease, predisposition, or abnormality that is not inherited. See: Medical Dictionary. https://medical-
dictionary.thefreedictionary.com/. Accessed Nov 10, 2021.
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Human Chorionic Gonadotropin

Human chorionic gonadotropin (HCG) is a non-testosterone product approved for use in select
cases of hypogonadotropic hypogonadism (hypogonadism secondary to a pituitary deficiency) in
males.®> HCG can simultaneously raise serum testosterone and restore spermatogenesis.

Conclusions: Based on available clinical information, we conclude that safety concerns for
enclomiphene citrate include cardiac and thromboembolic events, as reported adverse events in
clinical trials included bradycardia, atrial flutter, hypotension, deep vein thrombosis, pulmonary
embolism, and ischemic stroke; elevated estradiol; increased prostate-specific antigen; and
increased hematocrit. Pharmacokinetic data are also limited, including information on dose
adjustments for patients with renal or hepatic impairment. There are currently available FDA-
approved therapies indicated for male patients with hypogonadism; these products meet
established criteria for safety and efficacy and are labeled accordingly to inform safe use of the
product.

C. Are there concerns about whether a substance is effective for a particular use?

The following databases were consulted in the preparation of this section: PubMed,
ClinicalTrials.gov, Embase, professional healthcare organization websites, and various online
clinical references and websites. In addition to a comprehensive review of pertinent information
from these databases, this section provides a brief overview of male hypogonadism and treatment
(see Appendix 1 for additional information), relevant regulatory history, and a discussion of the
proposed use of enclomiphene citrate.

1. Background

Male hypogonadism results from failure of the testis to produce physiological concentrations of
testosterone and/or a normal number of spermatozoa due to pathology in the HPG axis (Bhasin et
al. 2018). Hypogonadism is classified as primary or secondary (Hill et al. 2009; Basaria 2014):

e Primary hypogonadism: dysfunction arising from the level of the testes; characterized by
low serum testosterone levels and spermatogenesis, resulting in elevated levels of
gonadotropins (high LH and FSH) in a stimulatory effort (hypergonadotropic
hypogonadism).

e Secondary hypogonadism: dysfunction arising from the level of hypothalamus or
pituitary; testosterone levels and spermatogenesis are low, with low or inappropriately
normal gonadotropin levels (hypogonadotropic hypogonadism).

Diagnosis of male hypogonadism is based on assessment of signs and symptoms, and low
morning total testosterone levels on at least two occasions (Bhasin et al. 2018). Laboratory
definitions of low testosterone level vary; for example, the American Urologic Association

32 See information from package insert label for chorionic gonadotropin, BLA 017067/S-57. Drugs@FDA,
https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Oct 10, 2021.

33 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.
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(AUA)* recommends total testosterone level below 300 ng/dL to diagnose low testosterone
(Mulhall et al. 2018), while the Endocrine Society® suggests a lower limit of 264 ng/dL
(Bhasin et al. 2018). Measurement of gonadotropin levels (FSH and LH) helps to differentiate
between primary and secondary hypogonadism (Bhasin et al. 2018).%

Signs and symptoms of hypogonadism vary depending on age of onset, severity of testosterone
deficiency, androgen sensitivity, and previous use of testosterone-replacement therapy.

Clinical manifestations with post-pubertal onset of hypogonadism may include decreased libido,
decreased spontaneous erections, decrease in testicular volume, gynecomastia, hot flashes,
decreased bone mass, height loss, decreased pubic or axillary hair, decreased muscle mass, and
decreased energy and motivation (Basaria 2014).

Treatment of hypogonadism depends in part on the underlying etiology of the condition and on
the patient’s goals for immediate fertility.3” Direct androgen replacement with testosterone is the
only treatment option in primary hypogonadism (Hill et al. 2009). The focus of our subsequent
discussion is on secondary hypogonadism. Products approved for the treatment of secondary
hypogonadism include testosterone products and human chorionic gonadotropin. Secondary
hypogonadism is often managed with testosterone (Rodriguez et al. 2016). However, because
testosterone can impair spermatogenesis, there has been interest in developing non-testosterone
alternatives for men with secondary hypogonadism, such as gonadotropins (e.g., chorionic
gonadotropin) and SERMs like enclomiphene citrate.

There are no FDA-approved drug products containing enclomiphene citrate as the active
ingredient. Repros Therapeutics, Inc. (Repros) submitted new drug application (NDA) 207959,
enclomiphene citrate 12.5 mg and 25 mg oral capsules, for the proposed treatment of secondary
hypogonadism in fertile men (men with more than 15 million sperm/ mL), younger than 60 years
of age with a BMI over 25 kg/m?.3® This NDA was to be discussed during an FDA advisory
committee meeting scheduled for November 2015; however, it was cancelled due to questions
that arose late in the review regarding the bioanalytical method validation that could affect

34 The American Urological Association is a urologic association with a mission to promote the highest standards of
urological clinical care through education, research, and the formulation of health care policy
(https://www.auanet.org/about-us/about-the-aua). Accessed Sep 20, 2021.

% The Endocrine Society is a not-for-profit organization representing basic, applied, and clinical interests in
endocrinology (https://rarediseases.org/organizations/endocrine-society/). The society is devoted to advancing
hormone research, excellence in the clinical practice of endocrinology, broadening understanding of the critical role
hormones play in health, and advocating on behalf of the global endocrinology community
(https://www.endocrine.org/about-us). Accessed Aug 20, 2021.

3 Reference range for FSH in an adult male is 1.5 - 12.4 mlU/mL. Reference range for LH in an adult male is 1.7 -
8.6 mIU/mL. See: Follicle-stimulating Hormone (FSH). Labcorp. https://www.labcorp.com/tests/004309/follicle-
stimulating-hormone-fsh. Accessed Nov 10, 2021. Luteinizing Hormone (LH). Labcorp.
https://www.labcorp.com/tests/004283/luteinizing-hormone-lh. Accessed Nov 10, 2021.

37 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.

38 Notice of announcement of advisory committee meeting to discuss NDA 207959 can be found at
https://www.regulations.gov/document/FDA-2015-N-0001-0074.
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interpretability of certain pivotal study data.*® In December 2015, Repros announced that it
received a Complete Response Letter from FDA informing the company that the design of
Phase 111 studies was no longer adequate to demonstrate clinical benefit and recommending that
the company conduct an additional Phase 111 study or studies to support approval in the target
population. FDA also noted concerns regarding study entry criteria, titration, and bioanalytical
method validation in the Phase Il program.*® Earl and Kim (2019) referred to the trials
submitted under the NDA and stated that although the Phase 111 trials demonstrated significant
improvements with enclomiphene on serum testosterone levels and preservation of sperm
concentrations compared to AndroGel® 1.62%, this primary endpoint was determined to be an
insufficient basis for FDA-approval. The authors added that at question was the issue of
demonstration of clinical benefit. FDA placed a particular emphasis on the lack of measurable
symptomatic improvement.

In December 2016, the Bone, Reproductive and Urologic Drugs Advisory Committee
(BRUDAC) met to discuss appropriate clinical trial design features, including acceptable
endpoints for demonstrating clinical benefit, for drugs intended to treat secondary hypogonadism
while preserving or improving testicular function.** Three drug companies, including Repros,
collaborated to present their views on clinical trial design features. The meeting discussion did
not focus on the benefit/risk assessment or safety profiles of individual drugs, although
enclomiphene citrate was discussed as an example of a product being investigated to treat
secondary hypogonadism.*?

During the BRUDAC December 2016 meeting, committee members were asked, “For products
intended to treat men with hypogonadism attributed to obesity, is raising serum testosterone
concentrations into the normal range for young, healthy eugonadal men and preservation of
spermatogenesis, as assessed by maintenance of sperm concentrations, sufficient for establishing
evidence of clinical benefit?” A majority of the committee voted that raising testosterone
concentrations and maintaining spermatogenesis is not sufficient evidence of clinical benefit.*3
Additionally, a majority of the committee voted that raising the sperm concentration for men

39 Repros Therapeutics Announces Cancellation of FDA Advisory Committee Meeting to Review Enclomiphene for
the Treatment of Secondary Hypogonadism. U.S. Securities and Exchange Commission (SEC) Web site. Available
at https://www.sec.gov/Archives/edgar/data/897075/000117184315005822/newsrelease.htm. Accessed Aug 3,
2021.

40 Repros Therapeutics Receives Complete Response Letter From FDA for Enclomiphene. SEC Web site. Available
at https://www.sec.gov/Archives/edgar/data/897075/000117184315006596/newsrelease.htm. Accessed

Aug 3, 2021.

41 See Summary Minutes of the Bone, Reproductive and Urologic Drugs Advisory Committee (BRUDAC) Meeting
December 6, 2016, available at https://wayback.archive-
it.org/7993/20170403223743/https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Repro
ductiveHealthDrugsAdvisoryCommittee/ucm507639.htm.

42 See BRUDAC Transcript, December 6, 2016, available at https://wayback.archive-
it.org/7993/20170403223743/https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Repro
ductiveHealthDrugsAdvisoryCommittee/ucm507639.htm.

43 See Summary Minutes of the Bone, Reproductive and Urologic Drugs Advisory Committee (BRUDAC) Meeting
December 6, 2016, available at https://wayback.archive-
it.org/7993/20170403223743/https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Repro
ductiveHealthDrugsAdvisoryCommittee/ucm507639.htm.
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with “non-classic”** secondary hypogonadism and azoospermia*® or oligospermia®® above a
specific threshold would not provide evidence of clinical benefit, and that pregnancy outcomes
would be needed.

In 2016, Renable Pharma Limited applied to the EMA for marketing authorization of
enclomiphene. The proposed therapeutic indication was for, “treatment of hypogonadotropic
hypogonadism (secondary hypogonadism) in adult men aged <60 years with a BMI >25 kg/m?
which has been confirmed by clinical features and biochemical tests in patients which have not
responded to diet and exercise.” On January 25, 2018, EMA published an Assessment Report
issuing a negative opinion and recommending the refusal of the authorization. The EMA
determined that the safety and efficacy of the product was not sufficiently demonstrated.*’

Proposed Use
Enclomiphene citrate was nominated for the use, “to increase serum testosterone, LH and FS

[follicle-stimulating hormone, FSH] to normal levels and maintain sperm concentrations within
the normal range.” The proposed use describes a proposed action (i.e., increase serum
testosterone, LH, and FSH), without specifying a medical condition in which the substance might
be used. However, the primary condition in which this action would be applicable is for
secondary hypogonadism (see above in Section 11.C.1 and Appendix 1 to this evaluation memo
for information on male hypogonadism). The publications submitted by the nominator all refer
to enclomiphene citrate use in the condition of secondary hypogonadism. For example, the
publication by Wiehle et al. (2013), which is cited by the nominator in the “proposed use”
section of the nomination, states that, “[e]nclomiphene citrate is proposed for the treatment of
some men who have secondary hypogonadism, especially that caused by dysfunctional, but
reversible hypothalamus/pituitary activity. These men present with low total testosterone and
low or inappropriately normal gonadotropin levels (LH and FSH).” Therefore, our evaluation
focuses on the use of enclomiphene citrate in secondary hypogonadism, also known as
hypogonadotropic hypogonadism.

The proposed use included the wording “maintain sperm concentrations within the normal
range”; however, the clinical benefit of a “normal range” is unclear. A lower reference limit
(fifth percentile) for sperm concentration of 15 million per mL is suggested by the World Health
Organization (WHO) (Cooper et al. 2009).%® It is important to note that sperm concentrations
and other parameters assessed on semen analysis evaluate aspects of testicular function and are
not tests of fertility. A man can have a normal semen analysis but still be infertile because of
other sperm abnormalities that may either require further clinical and laboratory assessments or

44 “Non-classic” hypogonadism, which is also called functional hypogonadism, is not associated with an intrinsic
defect of the HPG axis. See Appendix 1 to this evaluation memo for additional information.

45 Azoospermia, complete absence of sperm in the semen. See: Medical Dictionary, https://medical-
dictionary.thefreedictionary.com/azoospermia, accessed Dec 27, 2021.

46 Oligospermia, a subnormal concentration of spermatozoa in the penile ejaculate. See: Medical Dictionary,
https://medical-dictionary.thefreedictionary.com/oligospermia, accessed Dec 27, 2021.

47 The 2018 EMA Assessment Report of EnCyzix is available to the public at:
https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf.

8 |ower reference limit values were generated from men whose partners had time-to-pregnancy <12 months.

21


https://medical-dictionary.thefreedictionary.com/azoospermia
https://medical-dictionary.thefreedictionary.com/azoospermia
https://medical-dictionary.thefreedictionary.com/oligospermia
https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf

to date be undetected.*® One study found that 12% of infertile men and only 41% of fertile men
had normal sperm parameters according to the WHO reference criteria (Boeri et al. 2020).

FDA issued a guidance for industry in May 2018 to provide recommendations for establishing
clinical effectiveness for drugs intended to treat male hypogonadotropic hypogonadism
associated with obesity and other conditions that do not cause structural disorders of the
hypothalamus or pituitary.®® This guidance incorporates advice FDA received at the BRUDAC
December 2016 meeting on hypogonadotropic hypogonadism. In the guidance, FDA states that
changes in semen parameters alone are not sufficient for establishing efficacy of these drugs,
since the intent of the drug is to improve fertility, and improvement in semen parameters does
not ensure fertility. Therefore, we evaluated the following use, “To increase serum testosterone,
luteinizing hormone (LH), and follicle-stimulating hormone (FSH) to normal levels in the
treatment of secondary hypogonadism,” and we did not evaluate “maintain sperm concentrations
within the normal range” as part of the proposed use.

Finally, enclomiphene citrate was nominated for oral use. Searches performed for this
evaluation did not find any information on the use of enclomiphene citrate by other routes of
administration.

2. Reports of trials, clinical evidence, and anecdotal reports of effectiveness, or lack of
effectiveness, of the bulk drug substance

Published clinical trials and publications of enclomiphene citrate:

The nomination for enclomiphene citrate made reference to three publications evaluating
efficacy of enclomiphene citrate (Wiehle et al. 2013; Wiehle et al. 2014a; and Kim et al. 2016).
Our search of published medical literature retrieved two additional studies on enclomiphene
citrate (Kaminetsky et al. 2013; Wiehle et al. 2014b). We discuss the studies in chronological
order.

Kaminetsky et al. (2013) conducted a proof-of-principle, randomized, open-label, active-control,
two-center phase 1B trial of enclomiphene citrate in 12 men with secondary hypogonadism who
had been using a topical testosterone therapy for at least 6 months. After discontinuing topical
testosterone, serum testosterone levels were checked following a 7-14 day washout period; men
with levels <300 ng/dL>! were then randomized to receive daily oral enclomiphene citrate 25 mg
(n=7) or topical testosterone gel (n=5) for 6 months. The trial aimed to evaluate the difference
in changes in hormone levels and seminal parameters between enclomiphene citrate and topical
testosterone gel treatment. After 6 months of treatment, serum total testosterone levels were
545 + 269 ng/dL for the testosterone gel and 525 + 256 ng/dL for enclomiphene citrate groups.
LH and FSH increased in men in the enclomiphene citrate group at 3 and 6 months (values not
listed in text). Two of the men who received enclomiphene citrate did not have total testosterone

49 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.

%0 See final guidance for industry entitled, Establishing Effectiveness for Drugs Intended to Treat Male
Hypogonadotropic Hypogonadism Attributed to Nonstructural Disorders at
https://www.regulations.gov/document/FDA-2017-D-6759-0004.

51 The AUA recommends using a total testosterone level below 300 ng/dL to diagnose low testosterone (Mulhall et
al. 2018).
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levels exceed 300 ng/dL after 3 or 6 months of treatment, suggesting a lack of efficacy in these
patients. The authors theorized that these two men may have had undisclosed primary
hypogonadism or were insensitive to enclomiphene citrate. While the authors concluded that
enclomiphene citrate increased testosterone stating that the concomitant changes in LH and FSH
suggested normalization of endogenous testosterone production, enclomiphene citrate failed to
increase testosterone levels in a subset of patients. The authors state that the low number of men
in this trial clearly limits the conclusions that can be drawn, and another trial in a larger number
of men would be conclusive.

In a randomized, single-blind, two-center, phase 11 study, Wiehle et al. (2013) evaluated the
effects of three different oral dosage strengths of enclomiphene citrate and transdermal
testosterone on 24-hour LH and total testosterone, in men ages 18 to 65 with low morning
testosterone levels (defined in the study as <350 ng/dL) and low or normal LH (<12 IU/L).
Forty-four of the 48 enrolled men completed the 6-week study, after being randomized to receive
enclomiphene citrate 6.25 mg (n=12), enclomiphene citrate 12.5 mg (n=7), enclomiphene citrate
25 mg (n=12), or transdermal testosterone (AndroGel®) (n=13). Patients underwent a 24-hour
assessment of total testosterone, LH, and FSH at week 0 and week 6. Mean testosterone levels
increased in all treatment groups at 6 weeks. The percentage of patients with a mean total
testosterone concentration >350 ng/dL at 6 weeks in each group was as follows:

Enclomiphene citrate 6.25 mg: 50%
Enclomiphene citrate 12.5 mg: 57%
Enclomiphene citrate 25 mg: 100%
Transdermal testosterone: 85%

In the transdermal testosterone group, investigators observed greater variability in serum
testosterone levels, with a higher percentage of samples with serum total testosterone <300 ng/dL
or >1000 ng/dL, and a higher range of total testosterone concentration. LH levels increased in all
enclomiphene citrate groups (see Figure 4 below).

23



Figure 4. Effect of Enclomiphene Citrate and Transdermal Testosterone Treatment on
LH Levels (Wiehle et al. 2013)

Fig. 7 Time course of effects on LH.The levels of serum LH are shown
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(open sguares), enclomiphene cifrate 12.5 mg (green sguares),
enclemiphene cifrate 25 mg (red squaras) or fransdermal tesfosterone
(orange friangles)

0 -
18 -

16 ~

Serum LH IU/L
=
T

rl_:
o
[*]
S
=)
-]

Study Weeks

FSH levels increased in the enclomiphene citrate groups. The authors concluded that
enclomiphene citrate increased serum total testosterone into normal range, and increased LH and
FSH above the normal range, with the effects on LH and total testosterone persisting for at least
7 days after cessation of treatment.

Wiehle et al. (2014a) published a randomized, placebo-controlled, parallel, multi-center phase
11B trial (ZA-203) to determine the effect of oral enclomiphene citrate in men with secondary
hypogonadism. Men with a morning serum testosterone level of <250 ng/dL were randomized to
receive enclomiphene citrate 12.5 mg (n=29), enclomiphene citrate 25 mg (n=33), 1% topical
testosterone gel (Testim®) (n=33), or oral placebo (n=29). Patients randomized to enclomiphene
citrate or placebo arms were double-blinded. The study population had either discontinued
previous testosterone treatment for at least 6 months or had never been treated. Seventy-three of
the 124 patients enrolled completed the study. The primary endpoint was the change in morning
total testosterone level from baseline to the end of the 3-month dosing period. Changes in LH
and FSH levels from baseline to month 3 were secondary endpoints.

Total testosterone level increased in all active treatment groups. LH and FSH levels increased in
both enclomiphene citrate groups, and decreased in the topical testosterone group. According to
the authors, estradiol and dihydrotestosterone increased with statistical significance in all three
active treatment arms. Estradiol remained elevated compared to baseline with statistical
significance after 1 month of enclomiphene citrate discontinuation. The authors concluded that
enclomiphene citrate reverses low serum total testosterone levels and inappropriately low normal
serum LH levels, while a topical testosterone product increases testosterone equally well but
suppresses LH and FSH. According to the authors, the limitations of this study were several and
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included that all hormone values were determined by immunologic-based assays, and the authors
state they realize that liquid chromatography mass spectrometry assay are replacing older assays.
Future phase 111 studies would benefit from more men enrolled.

In a randomized, placebo-controlled trial, 52 men ages 18-75 with low (<250 ng/dL) or
borderline-low (250-350 ng/dL) serum testosterone were randomized to receive oral
enclomiphene citrate 12.5 mg (n=10), enclomiphene citrate 25 mg (n=11), enclomiphene citrate
50 mg (n=11), topical testosterone gel (Androgel® 1% (5 g)) (n=10), or oral placebo (n=10)
daily for 14 days (there was no topical placebo arm) (Wiehle et al. 2014b). The study aimed to
evaluate safety, efficacy, and pharmacokinetics of enclomiphene citrate (referred to as Enclomid
in Table 4) as an alternative to topical testosterone. All patients completed the initial study, and
patients who requalified for the study based on testosterone levels were crossed over to receive
open-label topical testosterone (Androgel® 1% (10 g)) daily for 14 days under an amended
protocol (n=10). Patients randomized to enclomiphene citrate or placebo arms were double-
blinded. Testosterone levels and other hormones including LH, FSH, and estradiol were
measured at baseline and after 2 weeks. Serum total testosterone levels after 14 days increased
with statistical significance in active treatment groups, as seen in the Table 4 below:

Table 4: Serum Total Testosterone at Baseline Day 1 and Day 15 (Wiehle et al. 2014b)

Total serum testosterone (ng/dL) results

Topical Topical
Enclomid Enclomid Enclomid testosterone testosterone Placebo

Parameter 125mg (n=10) 25mg (n=11) 50mg (n=11) 1% 5¢ (n=10) 1% 10g (n=10) (m=10)
Screening mean (SD) 220.8 (54.8) 2442 (55.4)  255.6 (59.9)  234.2 (65.7) 264.4 (103.1)  267.9 (57.7)
Day 1 mean (SD) 2429 (102.4) 2732 (63.7) 295.2 (109.6) 260.8 (90.9) 2456 (103.4)  301.3(72.7)
Day 15 mean (SD) 411.5 (219.4) 520.1 (160.3) 589.5 (172.5) 473.0 (289.3)  608.1 (322.8)  300.1 (108.6)
Day 15 change (SD) 168.6 (145.8) 2469 (141.2) 294.3 (192.4) 212.2 (264.6) 362.5(398.6) —1.20(73.7)
p-Value vs. baseline p=0.0053 p=0.0002 p=0.0005 p=0.0428 p=0.0183 p=0.9601
p-Value vs. placebo p=0.0041 p<0.0001 p=0.0004 p=0.0437 p=0.0183

Follow-up mean (SD) 351.8 (140.9) 458.0 (104.0) 579.3 (136.9) 256.0 (124.1)  354.1 (273.5)  276.2 (86.5)

The increase in total testosterone was sustained through the follow-up visit 7-10 days after
discontinuation of enclomiphene citrate. LH and FSH levels increased with statistical
significance in all enclomiphene citrate groups compared to baseline and placebo. The authors
concluded that treatment with enclomiphene citrate promoted normalization of endogenous
testosterone pathways and increased testosterone, LH, and FSH.

In two parallel, randomized, double-blind, double-dummy, placebo-controlled, multi-center
phase I11 trials (ZA-304 and ZA-305) published by Kim et al. (2016), 256 overweight men aged
18 to 60 years with secondary hypogonadism were treated for 16 weeks with oral enclomiphene
citrate 12.5 mg (n=43), enclomiphene citrate 12.5 mg that was up-titrated to 25 mg at week 4 if
total testosterone was <450 ng/dL (n=42), topical testosterone gel (Androgel® 1.62%) (n=85), or
placebo (n=86). Study objectives were to compare the effects of treatment on total testosterone,
LH, FSH, and sperm counts. Inclusion criteria included men with early morning serum total
testosterone <300 ng/dL and low or inappropriately normal LH (<9.4 IU/L). Total testosterone
levels increased in all active treatment groups. LH and FSH increased in the enclomiphene
citrate groups and decreased in the topical testosterone group. After cessation of treatment, total
testosterone levels in the pooled enclomiphene citrate groups remained higher than baseline for
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at least 7 days, while in the topical testosterone group levels decreased. The authors concluded
that enclomiphene citrate consistently increased total testosterone to normal levels, increased LH
and FSH, and maintained sperm concentration in the normal range. Authors acknowledged that
study limitations included the lack of patient-reported outcomes (PROs) evaluated, the lack of
actual pregnancy or live birth data, and the short-term duration of the study compared to the
length of therapy seen in clinical practice.

A review by Rodriguez et al. (2016) states that enclomiphene citrate, while incompletely studied,
is effective in ameliorating testosterone deficiency. The authors note that weaknesses among
studies include sample size and lack of comparisons with other SERMs, and that further work to
determine the symptomatic benefits of enclomiphene is needed.

Earl and Kim (2019) examined the available literature on the trans-isomer enclomiphene.

Their review of the literature included the five clinical trials described above (Kaminetsky et al.
2013, Wiehle et al. 2013, Wiehle et al. 2014a, Wiehle et al. 2014b, and Kim et al. 2016).

The publication discusses the following points:

e Clomiphene citrate exists as a mixture of both the cis-isomer (zuclomiphene) and the
trans-isomer (enclomiphene). According to the authors, the literature has suggested that
most of the beneficial effects of clomiphene are due to the trans-isomer enclomiphene;
zuclomiphene contributes little to the intended outcomes. The authors note that
enclomiphene maintains the androgenic benefit of clomiphene citrate without the
undesirable estrogen agonist effects attributable to zuclomiphene, while also stating in the
review that the effects of zuclomiphene, “...are not fully understood.”

e Per authors, enclomiphene has been shown to preserve sperm concentration when
compared with exogenous testosterone replacement. Note that as discussed in Section
I1.C.1. of this evaluation, FDA does not consider that changes in semen parameters alone
are sufficient for establishing efficacy of drugs intended to treat functional secondary
hypogonadism, since the intent of the drug is to improve fertility, and improvement in
semen parameters does not ensure fertility.

e The authors state, “[a]lthough the evidence is weak at best, early studies suggest that the
side effect profile is not significantly worse than testosterone replacement therapy or
clomiphene citrate. ldeally, future research will more clearly delineate and confirm this
hypothesis.” Note that FDA-approved therapies for secondary hypogonadism, such as
testosterone products which are discussed in Section 11.B.2., meet established criteria for
safety and are labeled accordingly to inform safe use of the product.

e The authors conclude that phase Il and phase Il trials have shown that enclomiphene
achieves comparable testosterone levels to transdermal testosterone replacement therapy
while increasing physiologic production of LH and FSH; these effects persist for some
time even after the cessation of therapy. According to the authors, this illustrates that
enclomiphene acts through the restoration of the physiologic hypothalamic-pituitary-
gonadal axis. The authors also state that further studies are necessary to fully
characterize the impact on the subjective symptoms of hypogonadism, as well as to fully
characterize the potential adverse effect profile.
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A search of ClinicalTrials.gov retrieved several completed studies that posted results.>
These are not discussed in further detail because we did not find corresponding publications and
data analysis is not provided on ClinicalTrials.gov.

Considerations on Establishing Effectiveness of Therapy

It is important to note that while studies may demonstrate an increase in testosterone levels with
enclomiphene citrate treatment in the study populations above, the clinical meaningfulness of
this increase remains unclear. In an FDA guidance for industry (May 2018) which provides
recommendations for establishing clinical effectiveness for drugs intended to treat male
hypogonadotropic hypogonadism attributed to nonstructural disorders of the hypothalamus or
pituitary, FDA notes that it is unclear whether low testosterone concentrations in this population
are inappropriately low and whether increasing testosterone in these men confers clinical
benefit.>® % Since serum testosterone is not a validated surrogate endpoint for establishing
efficacy in these patients, trials should show that a drug provides clinically meaningful
improvement in at least one symptom or sign of hypogonadism, in addition to increasing serum
testosterone. The guidance also notes that PRO instruments may play a central role in
establishing efficacy because they provide direct evidence of how patients feel or function.

It should be noted that enclomiphene citrate trials described above did not evaluate improvement
in hypogonadal symptoms or quality of life using validated metrics. A review by Rodriguez et
al. (2016) notes, “...a paucity of data examining the symptomatic benefits of SERMs in
hypogonadal men exists.” As discussed above, Kim et al. (2016) acknowledge that a lack of
evaluated PROs was a limitation of the phase Il trials ZA-304 and ZA-305. The EMA 2018
Report concluded that, “...although the results of the clinical studies suggest that testosterone
levels are increased after administration of enclomifene, there is no evidence that enclomifene
provides clinically meaningful benefits on the typical symptoms and signs of secondary
hypogonadism especially as validated PRO measures were not studied and patients were not
specifically recruited into the studies based on signs and symptoms of secondary
hypogonadism.”®® EMA also concluded that normalizing testosterone levels in the patient
population included in the clinical trials was not considered sufficient to conclude translation
into clinically meaningful benefits for patients with secondary hypogonadism.

Therefore, while studies may demonstrate that administration of enclomiphene citrate increases
testosterone levels, this increase does not equate to evidence of clinical effectiveness, as
increasing testosterone in these individuals is not a clear clinically relevant endpoint.

These trials did not assess signs or symptoms of hypogonadism, patient reported outcomes, or
fertility outcomes.

52 NIH U.S. National Library of Medicine. www.ClinicalTrials.gov, search term “enclomiphene citrate” and
“enclomiphene”. Accessed Nov 3, 2021.

%3 See final guidance for industry entitled, Establishing Effectiveness for Drugs Intended to Treat Male
Hypogonadotropic Hypogonadism Attributed to Nonstructural Disorders at
https://www.regulations.gov/document/FDA-2017-D-6759-0004.

% The guidance incorporates advice FDA received at a December 2014 advisory committee meeting on the
appropriate indicated population for testosterone therapy and a December 2016 advisory committee meeting on
hypogonadotropic hypogonadism.

5 The 2018 EMA Assessment Report of EnCyzix is available to the public at:
https://www.ema.europa.eu/en/documents/assessment-report/encyzix-epar-public-assessment-report_en.pdf.
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3. Whether the product compounded with this bulk drug substance is intended to be used
in a serious or life-threatening disease

Enclomiphene citrate has been evaluated to increase serum testosterone, LH and FSH to normal
levels in the treatment of secondary hypogonadism. Low testosterone is a potentially serious
medical condition that may result in reduced male fertility, sexual dysfunction, decreased muscle
formation and bone mineralization, disturbances of fat metabolism and cognitive dysfunction.>®

4. Whether there are any alternative approved therapies that may be as effective or
more effective

There are FDA-approved products indicated for testosterone deficiency, which include
testosterone products (in various dosage forms) and chorionic gonadotropin as described in
Section 11.B.2.e., Section 11.C.1., and Appendix 1.

There are several FDA-approved drugs that have been used off-label to treat secondary
hypogonadism, such as SERMs like clomiphene citrate. However, there are no data to prove that
off-label therapies may be as effective or more effective.

Conclusions: We conclude that there is insufficient information to support the effectiveness of
enclomiphene citrate for the proposed use. While studies may suggest that treatment with
enclomiphene citrate may increase testosterone levels, with a concurrent increase in LH and FSH
levels, it is unclear whether increasing testosterone concentrations alone in men with secondary
hypogonadism equates to clinical effectiveness or confers clinical benefit. Clinical trials did not
demonstrate that enclomiphene citrate provides clinically meaningful improvement in symptoms
or signs of hypogonadism. There are currently FDA-approved therapies with established
efficacy for the proposed use.

D. Has the substance been used historically in compounding?

The following databases were consulted in preparation of this section: PubMed, Natural
Medicines, European Pharmacopoeia, Japanese Pharmacopoeia, UpToDate, Micromedex, and
Google.

1. Length of time the substance has been used in pharmacy compounding

The nominator did not provide historical use data. Literature shows that enclomiphene citrate,
previously referred to as trans-clomiphene, was studied in humans as early as 1969 for a variety
of conditions including polycystic ovarian syndrome, primary ovarian failure, post-steroid
amenorrhea, anovulatory cycles, and uterine synechiae (Charles et al. 1969).

Although enclomiphene citrate has been studied for several decades, there is insufficient
information available to determine how long enclomiphene citrate has been used specifically in
pharmacy compounding.

%6 European Association of Urology (EAU) Guidelines on Male Hypogonadism. EAU Website.
https://uroweb.org/quideline/male-hypogonadism/. Accessed Nov 12, 2021.
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2. The medical condition(s) it has been used to treat

According to literature, enclomiphene citrate has been studied for its effects on follicular
development, ovulation induction, and secondary hypogonadism (Glasier et al. 1989; Gupta and
Kriplani 2013; and Wiehle et al. 2014b); however, the source of the drug product used in these
studies is not specified, making it is unclear whether the enclomiphene citrate was compounded.

In Glasier et al. (1989), the authors examined follicular development in women awaiting donor
insemination. The women received oral clomiphene citrate and, following a washout period,
received either the “En or the Zu isomer” [enclomiphene or zuclomiphene, respectively].

In Gupta and Kriplani (2013), the authors examined the effects of enclomiphene citrate and
clomiphene citrate on ovulation induction in “women with unexplained infertility.” The women
were randomized to receive either oral enclomiphene citrate or clomiphene citrate “from cycle
day 3today 7.”

In the 2014 trial by Wiehle et al., the authors examined enclomiphene citrate in patients with
secondary hypogonadism. Patients received either oral enclomiphene citrate, topical testosterone
gel, or an oral placebo.

In a 2018 review article by Gupta and Khanna, the authors discussed oral enclomiphene citrate
use in studies related to the above conditions as well as briefly reviewed enclomiphene use in
“hypogonadism,” “male infertility,” and “syndrome X.”°’

Enclomiphene citrate use has been discussed on the websites of medical clinics and
compounding pharmacies in the United States. For example, one medical clinic website states
“Enclomiphene citrate is often suggested as treatment dysfunctional hypothalamus and pituitary
function, which occurs in some males who are suffering from secondary hypogonadism.””®

In addition, a compounding pharmacy discussed the use of enclomiphene citrate oral capsules
“in the process of treating male hypogonadism” in one of their catalogs.>®

57 Syndrome X is the co-occurrence of metabolic risk factors for both type 2 diabetes and cardiovascular disease,
also called metabolic syndrome or insulin resistance syndrome. See: Metabolic syndrome (insulin resistance
syndrome or syndrome X). UpToDate. www.uptodate.com. Subscription required; Accessed Nov 30, 2021.

%8 Enclomiphene Citrate Alternative to HCG. Florida Alternative Medicine and Weight Loss.
https://flalternativemeds.com/enclomiphene-citrate-alternative-to-hcg/. Accessed Nov 30, 2021.

%9 See Tailor Made Compounding Catalog 2021. https://imcwec.bpl.fyi/wp-content/uploads/2021/11/TMC_Fall-
Catalog.pdf. Accessed Nov 30, 2021.
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3. How widespread its use has been

According to FDA outsourcing facility product reporting data from January 2017 to June 2021,
there were no reported compounded drug products containing enclomiphene citrate.®

Insufficient data are available from which to draw conclusions about the extent of use of
enclomiphene citrate in compounded drug products within and outside of the United States.

4. Recognition of the substance in other countries or foreign pharmacopeias

A search of the European Pharmacopeia (10th Edition, 10.7) and the Japanese Pharmacopeia
(17" Edition) did not show any monograph listings for enclomiphene citrate.

In January 2018, enclomiphene citrate (brand name “EnCyzix”) was denied marketing
authorization by the EMA’s Committee of Medicinal Products for Human Use. The Committee
stated that the studies performed did not examine if the drug product “would improve symptoms
such as bone strength, weight, gain, impotence, and libido” and that “there is a risk of venous
thromboembolism.”%!

Conclusions: Enclomiphene citrate has been studied for several decades primarily for its use in
ovulation induction and secondary hypogonadism. It has been advertised by clinics and
compounding pharmacies in the U.S.; however, there is insufficient information about the length
and extent of its use in the U.S. There is also insufficient information about its use in
compounding internationally. Enclomiphene citrate is not recognized in the European or
Japanese pharmacopeias.

1. RECOMMENDATION

We have balanced the criteria described in Section Il above to evaluate enclomiphene citrate
for the 503A Bulks List. After considering the information currently available, a balancing of
the criteria weighs against enclomiphene citrate being placed on that list based on the
following:

1. Enclomiphene citrate is a well-characterized small molecule and is expected to be stable
under ordinary storage conditions when protected from light.

2. The nonclinical toxicity profile of enclomiphene citrate reflects its exaggerated
pharmacological action as a selective estrogen receptor modulator. When tested in rats
and dogs, enclomiphene citrate showed dose-related findings including reduced body
weight, reduced food consumption, organ weight decreases (prostate gland, pituitary

8 The Drug Quality and Security Act, signed into law on November 27, 2013, created a new section 503B in the
Federal Food, Drug, and Cosmetic Act. Under section 503B, a compounder can become an outsourcing facility.
Outsourcing facilities are required to provide FDA with a list of drugs they compounded during the previous six-
month period upon initial registration and in June and December each year. This retrospective information does not
identify drugs that outsourcing facilities intend to produce in the future.

81 EnCyzix. European Medicines Agency. https://www.ema.europa.eu/en/medicines/human/EPAR/encyzix.
Accessed Nov 30, 2021.
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gland, and epididymides), and histopathological findings (prostate, testes, seminal
vesicles, and kidneys). Enclomiphene citrate was not genotoxic or carcinogenic under
the conditions of the conducted studies.

Based on available clinical information, we conclude that safety concerns for
enclomiphene citrate include cardiac and thromboembolic events, as reported adverse
events in clinical trials included bradycardia, atrial flutter, hypotension, deep vein
thrombosis, pulmonary embolism, and ischemic stroke; elevated estradiol, increased
prostate-specific antigen, and hematocrit. Pharmacokinetic data are also limited,
including information on dose adjustments for patients with renal or hepatic impairment.
There are currently available FDA-approved therapies indicated for male patients with
hypogonadism; these products meet established criteria for safety and efficacy and are
labeled accordingly to inform safe use of the product.

3. There is insufficient information to support the effectiveness of enclomiphene citrate for
the proposed use. While studies may suggest that treatment with enclomiphene citrate
may increase testosterone levels, with a concurrent increase in LH and FSH levels, it is
unclear whether increasing testosterone concentrations alone in men with secondary
hypogonadism equates to clinical effectiveness or confers clinical benefit. Clinical trials
did not demonstrate that enclomiphene citrate provides clinically meaningful
improvement in symptoms or signs of hypogonadism. There are currently FDA-
approved therapies with established efficacy for the proposed use.

4. Enclomiphene citrate has been studied for several decades primarily for its use in
ovulation induction and secondary hypogonadism. It has been advertised by clinics and
compounding pharmacies in the U.S.; however, there is insufficient information about the
length and extent of its use in the U.S. There is also insufficient information about its use
in compounding internationally.

Based on this information the Agency has considered, a balancing of the four evaluation criteria
weighs against enclomiphene citrate being added to the 503A Bulks List.
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APPENDIX 1: MALE HYPOGONADISM



Background, classification, clinical features, and etiology

The hypothalamic-pituitary-testicular axis, also referred to as the hypothalamic-pituitary-gonadal
(HPG) axis, regulates testosterone synthesis (Majzoub and Sabanegh 2016). The hypothalamus
releases gonadotropin-releasing hormone, which stimulates the release of the pituitary
gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH). LH stimulates
testicular Leydig cells to produce testosterone. FSH, in conjunction with intratesticular
testosterone, stimulates spermatogenesis by acting on testicular Sertoli cells and seminiferous
tubules. Testosterone is metabolized to dihydrotestosterone and estradiol. Estradiol (an estrogen
hormone) and testosterone provide negative feedback at the level of the hypothalamus and
pituitary to inhibit gonadotropin secretion (Basaria 2014) (see Figure 5 below).

Figure 5: The Hypothalamic-Pituitary-Gonadal Axis (Majzoub and Sabanegh 2016)
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Figure 1 The hypothalamopituitary gonadal axis. GnRH,
gonadotropin releasing hormone; GnH, gonadotropin hormone;
LH, luteinizing hormone; FSH, follicle stimulating hormone;
DHT, dihydrotestosterone.

Male hypogonadism is a clinical syndrome that results from failure of the testis to produce
physiological concentrations of testosterone and/or a normal number of spermatozoa due to
pathology in the HPG axis (Bhasin et al. 2018). Hypogonadism is classified as primary or
secondary (Hill et al. 2009; Basaria 2014):

e Primary hypogonadism: dysfunction arising from the level of the testes; characterized by
low serum testosterone levels and spermatogenesis, resulting in elevated levels of
gonadotropins (high LH and FSH) in a stimulatory effort (hypergonadotropic
hypogonadism).

e Secondary hypogonadism: dysfunction arising from the level of hypothalamus or
pituitary; testosterone levels and spermatogenesis are low, with low or inappropriately
normal gonadotropin levels (hypogonadotropic hypogonadism).



Signs and symptoms of hypogonadism vary depending on age of onset, severity of testosterone
deficiency, androgen sensitivity, and previous use of testosterone-replacement therapy.

Clinical manifestations with post-pubertal onset of hypogonadism may include decreased libido,
decreased spontaneous erections, decrease in testicular volume, gynecomastia, hot flashes,
decreased bone mass, height loss, decreased pubic or axillary hair, decreased muscle mass, and
decreased energy and motivation (Basaria 2014). The most sensitive symptoms supporting a
diagnosis of hypogonadism are erectile dysfunction and decreased libido (Rodriguez et al. 2016).

Both primary and secondary hypogonadism can be classified as organic (caused by intrinsic
pathology such as congenital, structural, or destructive disorders) or functional (not associated
with an intrinsic defect of the HPG axis) (Bhasin et al. 2018); potential causes are listed in the
table below. Causes of primary and secondary hypogonadism can also be differentiated by
congenital or acquired etiologies.

Table 5:  Causes of Primary and Secondary Hypogonadism (Bhasin et al. 2018)

Table 1. Classification of Hypogonadism and
Causes of Primary and Secondary Hypogonadism

Primary Hypogonadism Secondary Hypogonadism
ORGANIC

KS Hypothalamic/pituitary tumor

Cryptorchidism, myotonic Iron overload syndromes
dystraphy, anorchia Infiltrative/destructive disease

Some types of cancer of hypothalamus/pituitary
chemotherapy, testicular Idiopathic hypogonadotropic
irradiation/damage, hypogonadism
orchidectomy

Orchitis

Testicular trauma, torsion
Advanced age

FUNCTIONAL
Medications (androgen Hyperprolactinemia
synthesis inhibitors) Opioids, anabolic steroid
End-stage renal disease® use, glucocorticoids

Alcohol and marijuana abuse®

Systemic illness?

Nutritional deficiency/excessive
exercise

Severe obesity, some sleep
disorders

Organ failure (liver, heart,
and lung)?

Comorbid illness associated
with aging®

“Combined primary and secondary hypogonadism, but classified to
usual predominant hormonal pattern. Adapted with permission from
Bhasin et al. (7)

Note: KS, Klinefelter Syndrome

Functional causes of secondary hypogonadism, such as obesity and aging, have garnered
increasing attention. The European Male Aging Study, a large, population-based study, found
men with a high Body Mass Index over 25 kg/m? are more likely to have secondary
hypogonadism, and concluded that obesity is the most powerful predictor of low testosterone due
to HPG dysregulation (Tajar et al. 2010). Additionally, in recent years, testosterone use
increased markedly among middle-aged and elderly men for a controversial condition sometimes
referred to as ‘andropause,’ ‘late-onset hypogonadism,’ or ‘age-related hypogonadism.’

This condition refers to men who have low serum testosterone concentrations for no apparent



reason other than advancing age, and who experience non-specific symptoms that could be
consistent with the low testosterone concentrations but could also result from aging or
comorbidities, such as decreases in energy level, sexual function, bone mineral density, muscle
mass and strength, and increases in fat mass. Serum concentrations of testosterone decrease as
men age, and can fall below the lower limit of the normal range for younger, healthy men.
Whether these signs and symptoms are a clinical consequence of this age-related decline in
endogenous testosterone is unclear, and the clinical benefit of replacing or supplementing
testosterone in these older men has not been clearly established.5

Diagnosis

Diagnosis of male hypogonadism is based on assessment of signs and symptoms, and low
morning total testosterone levels on at least two occasions (Bhasin et al. 2018). Laboratory
definitions of low testosterone level vary; for example, the American Urologic Association
(AUA)® recommends total testosterone level below 300 ng/dL to diagnose low testosterone
(Mulhall et al. 2018), while the Endocrine Society®* suggests a lower limit of 264 ng/dL (Bhasin
et al. 2018). Serum total testosterone is the best screening test; however, because 40% of
testosterone is bound to sex-hormone-binding globulin (SHBG), free or bioavailable testosterone
should be measured if abnormalities in SHBG are suspected.®® Measurement of gonadotropin
levels (FSH and LH) helps to differentiate between primary and secondary hypogonadism
(Bhasin et al. 2018). Reference ranges for FSH and LH levels in adult males are:

e FSH:1.5-12.4 mIU/mL5%®
e LH:1.7-8.6miU/mL®

Treatment of hypogonadism

Treatment of hypogonadism depends in part on the underlying etiology of the condition and on
the patient’s goals for immediate fertility.®® Direct androgen replacement with testosterone is the
only treatment option in primary hypogonadism (Hill et al. 2009). The focus of our subsequent
discussion is on secondary hypogonadism. Products approved for the treatment of secondary
hypogonadism include testosterone products and human chorionic gonadotropin. Secondary
hypogonadism is often managed with testosterone (Rodriguez et al. 2016). However, because

62 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.

8 The American Urological Association is a urologic association with a mission to promote the highest standards of
urological clinical care through education, research, and the formulation of health care policy
(https://www.auanet.org/about-us/about-the-aua). Accessed Sep 20, 2021.

% The Endocrine Society is a not-for-profit organization representing basic, applied, and clinical interests in
endocrinology (https://rarediseases.org/organizations/endocrine-society/). The society is devoted to advancing
hormone research, excellence in the clinical practice of endocrinology, broadening understanding of the critical role
hormones play in health, and advocating on behalf of the global endocrinology community
(https://www.endocrine.org/about-us). Accessed Aug 20, 2021.

8 Conditions that can alter concentrations of SHBG in serum include aging, obesity, thyroid disease, diabetes, HIV,
exogenous administration of glucocorticoids, androgens, and progestins (Basaria 2014).

% Follicle-stimulating Hormone (FSH). Labcorp. https://www.labcorp.com/tests/004309/follicle-stimulating-
hormone-fsh. Accessed Nov 10, 2021.

67 _uteinizing Hormone (LH). Labcorp. https://www.labcorp.com/tests/004283/luteinizing-hormone-lh. Accessed
Nov 10, 2021.

% See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.
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testosterone can impair spermatogenesis, there has been interest in developing non-testosterone
alternatives for men with secondary hypogonadism who desire to maintain fertility, such as
gonadotropins (e.g., chorionic gonadotropin) and estrogen receptor modulators. These
treatments are discussed in additional detail below.

Testosterone Replacement Therapy

Testosterone has been approved in the United States since the 1950s as replacement therapy
(often referred to as testosterone replacement therapy (TRT)) in men for conditions associated
with a deficiency or absence of endogenous testosterone.®® A clinical practice guideline from the
Endocrine Society recommends testosterone therapy in hypogonadal men to induce and maintain
secondary sex characteristics and correct symptoms of testosterone deficiency (Bhasin et al.
2018). Available formulations of testosterone include transdermal gels and patches, axillary
solutions, implant pellets, nasal gels, oral capsules, and intramuscular and subcutaneous
injections.”® However, exogenous testosterone treatment inhibits the HPG axis, decreasing LH
and FSH and decreasing spermatogenesis. Most men who discontinue testosterone replacement
will have a return of normal sperm production within one year (Crosnoe et al. 2013). The
Endocrine Society recommends against starting testosterone therapy in patients who desire
fertility in the near term (Bhasin et al. 2018).

Gonadotropins

In men with secondary hypogonadism who desire fertility, gonadotropin therapy is the treatment
of choice (Corona et al. 2015). Human chorionic gonadotropin (HCG) is the only FDA-
approved non-testosterone treatment for testosterone deficiency in men (Krzastek and Smith
2020).”* HCG functions as an LH analog that stimulates endogenous testosterone production and
initiates spermatogenesis, but concurrent use of FSH may be required to induce spermatogenesis
(Majzoub and Sabanegh 2016). If no sperm are detected by semen analysis after six months of
treatment with HCG, an FSH product can be added to the regimen. Several recombinant FSH
products (e.g., Follistim®'2, Gonal-F®3) are approved by the FDA for induction of
spermatogenesis.”* Additionally, the combination of lower doses of HCG while on testosterone
replacement has been evaluated as an alternative approach to preserve fertility (Majzoub and
Sabanegh 2016).

Estrogen Receptor Agonists/Antagonists

Selective estrogen receptor modulators act as estrogen receptor agonists in some tissues and
antagonists in others. Some of these products are believed to block the negative feedback effect
of estradiol at the level of the hypothalamus/pituitary gland, increasing FSH and LH secretion

% See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.

0 Orange Book. https://www.accessdata.fda.gov/scripts/cder/ob/search_product.cfm, search term “testosterone.”
Accessed Nov 2, 2021. See Section 11.B.2.e. for links to sample labels.

"1 See information from package insert label for chorionic gonadotropin, BLA 017067/S-57. Drugs@FDA,
https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Oct 6, 2021.

72 See information from label for FOLLISTIM AQ, BLA 021211/S-11. Drugs@FDA,
https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

73 See information from label for GONAL-F (follitropin alfa for injection), for subcutaneous use, BLA 020378/S-75.
Drugs@FDA, https://www.accessdata.fda.gov/scripts/cder/daf/. Accessed Nov 2, 2021.

4 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.
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and stimulating endogenous testosterone production. These products have been of interest as an
alternative to TRT because they do not suppress the HPG axis and should, therefore, not inhibit
spermatogenesis (Rambhatla et al. 2016). However, the HPG axis needs to be relatively intact so
that sufficient FSH and LH can be produced and so that the testes can sufficiently respond.
Therefore, such products are unlikely to be useful in men with primary hypogonadism or in those
with organic hypogonadism. Instead, there is interest in using such therapies for the treatment of
men with functional causes of secondary hypogonadism, such as obesity.” These therapies
include compounds such as clomiphene citrate and enclomiphene citrate.

5 See FDA Briefing Information For The December 6, 2016 Meeting of the Bone, Reproductive and Urologic
Drugs Advisory Committee (BRUDAC). https://www.fda.gov/media/101582/download.
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September 30, 2014

VIA ELECTRONIC SUBMISSION

Division of Dockets Management [HFA-305]
Food and Drug Administration

5630 Fishers Lane, Room 1061

Rockville, MD 20852

Re: Bulk Drug Substances That May Be Used To Compound Drug Products in
Accordance With Section 503A of the Federal Food, Drug, and Cosmetic Act;
Revised Request for Nominations

Docket No. FDA-2013-N-1525
Dear Sir/Madam:

The Alliance for Natural Health USA (“ANH-USA”) submits this comment on the
Notice: “Bulk Drug Substances That May Be Used To Compound Drug Products in
Accordance With Section 503A of the Federal Food, Drug, and Cosmetic Act; Revised
Request for Nominations” published in the Federal Register of July 2, 2014 by the Food and
Drug Administration (“FDA” or the “Agency”).

ANH-USA appreciates this opportunity to comment on the list of bulk drug
substances that may be used to compound drug products pursuant to Section 503A of the
FD&C Act (“FDCA”), 21 U.S.C. §353a (hereinafter the “503A List”). This list of ingredients is
crucial to patients who require compounded substances, in particular those substances
that are available only across state lines. ANH-USA therefore write to request that the
Agency:

A) Extend the deadline for nominations by at least 90 days;

B) Maintain the 1999 List; and

C) Accept the ingredients set forth herein and in the attached submissions as
nominations for inclusion in the 503A List.

“Promoting sustainable health and freedom of healthcare choice through good science and good law”



As discussed in detail below, in the interest compiling a comprehensive 503B List,
more time is needed to provide the required information. This will benefit both FDA, by
reducing the subsequent number of petitions for amendments, and consumers, by allowing
continued access to important substances.

Organizational Background of Commenter Alliance for Natural Health USA

ANH-USA is a membership-based organization with its membership consisting of
healthcare practitioners, food and dietary supplement companies, and over 335,000
consumer advocates. ANH-USA focuses on the protection and promotion of access to
healthy foods, dietary nutrition, and natural compounded medication that consumers need
to maintain optimal health. Among ANH-USA’s members are medical doctors who
prescribe, and patients who use, compounded medications as an integral component of
individualized treatment plans.

ANH-USA’s Request and Submissions Regarding Docket No. FDA-2013-N-1525

A) Extend the deadline for nominations by at least 90 days

This revised request for nominations follows the initial notice published in the
Federal Register of December 4, 2013. Like the initial notice, this revised request provides
only a 90 day response period. However, FDA is requiring more information than it sought
originally and yet providing the same amount of time for the submission of nominations.
The September 30, 2014 deadline for such a complex and expansive request is
unreasonably burdensome and woefully insufficient.

The task set forth by FDA to nominate bulk drug substances for the 503A List places
an undue burden on those who are responding. The Agency requires highly technical
information for each nominated ingredient, including data about the strength, quality and
purity of the ingredient, its recognition in foreign pharmacopeias and registrations in other
countries, history with the USP for consideration of monograph development, and a
bibliography of available safety and efficacy data, including any peer-reviewed medical
literature. In addition, FDA is requiring information on the rationale for the use of the bulk
drug substance and why a compounded product is necessary.

For the initial request for nomination, it was estimated that compiling the necessary
information for just one nominated ingredient would require five to ten hours. With the
revised request requiring more information, the time to put together all of the data for a
single nomination likely will be higher. Given that it is necessary to review all possible
ingredients and provide the detailed support, or risk losing important therapeutic
ingredients, this task requires more time than has been designated by the Agency. While
ANH-USA recognizes there will be additional opportunities to comment and petition for
amendments after the 503A List is published, the realities of substances not making the list
initially makes this request for more time imperative. For example, if a nomination for a
substance cannot be completed in full by the current September 30, 2014 deadline, doctors
and patients will lose access to such clinically important substances and face the



administrative challenges in obtaining an ingredient listing once the work of the advisory
committee is completed. There is no regulatory harm in providing additional time to
compile a well-researched and comprehensive initial 503A List.

B) Rescind the withdrawal of the ingredient list published on January 7, 1999

In the revised request for nomination, the Agency references in a footnote its
withdrawal of the proposed ingredient list that was published on January 7, 1999. ANH-
USA argued against this in its March 4, 2014 comment and would like to reiterate its
opposition to the withdrawal. There is no scientific or legal justification to require
discarding the work that lead to the nominations and imposing the burden on interested
parties to begin the process all over again.

C) Accept the ingredients set forth herein and in the attached submissions as
nominations for inclusion in the 503A List

ANH-USA submits the following ingredients for nomination for the 503B list:

1. The attached Excel spreadsheets for 21 nominated ingredients prepared
by IACP in support of its petition for the nomination of these ingredients;
and

2. The submissions for Copper Hydrosol and Silver Hydrosol from Natural
Immunogenics Corp.,! with their Canadian Product Licenses as proof of
safety and efficacy.

In conclusion, Alliance for Natural Health USA requests that FDA provide a more
realistic time frame, adding at least 90 days to the current deadline; rescind the withdrawal
of the ingredient list published on January 7, 1999; and accept the ingredient nominations
for approval for use.

Sincerely,

, Fa P
J///MA CliSor
Gretchen DuBeau, Esq.

Executive and Legal Director
Alliance for Natural Health USA

1 As of October 1, 2014, the address for Natural Immunogenics Corp. will be 7504
Pennsylvania Ave., Sarasota, FL 34243.
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Column A—What information is requested?

Column B—Put data specific to the nominated substance

What is the name of the nominated ingredient?

Reduced L-glutathione

Is the ingredient an active ingredient that meets the definition of “bulk
drug substance” in § 207.3(a)(4)?

Yes. Glutathione disulfide is a component of FDA-approved product.

Is the ingredient listed in any of the three sections of the Orange Book?

Glutathione disulfide is a component of a FDA-approved irrigation product.

Were any monographs for the ingredient found in the USP or NF
monographs?

There is a Dietary Supplement monograph in the USP for this substance

What is the chemical name of the substance?

2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-ylamino]-5-oxo, (S);
N-(N-L- -Glutamyl-L-cysteinyl)glycine;
Glycine, N-(N-L-gamma-glutamyl-L-cysteinyl)

What is the common name of the substance?

Reduced L-glutathione

Does the substance have a UNII Code?

GAN16C9B8O

What is the chemical grade of the substance?

Dietary Supplement grade

What is the strength, quality, stability, and purity of the ingredient?

A valid Certificate of Analysis accompanies each lot of raw material received.
This bulk drug substance is a generally recognized as safe (GRAS) dietary supplement.

How is the ingredient supplied?

Glutathione is supplied as a white crystalline powder

Is the substance recognized in foreign pharmacopeias or registered in
other countries?

EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances
(EINECS No. 200-725-4).
Canada: Listed on Canadian Domestic Substance List (DSL).
China: Listed on National Inventory.
Japan: Listed on National Inventory (ENCS).
Korea: Listed on National Inventory (KECI).
Philippines: Listed on National Inventory (PICCS).

Australia: Listed on AICS.

Has information been submitted about the substance to the USP for
consideration of monograph development?

A Dietary Supplement monograph for this bulk drug substance is available in the
USP.

What dosage form(s) will be compounded using the bulk drug
substance?

Injection, inhalation

What strength(s) will be compounded from the nominated substance?

Strengths can range from 60 mg/mL (up to 1.89/30 mL) to 200 mg/mL (up to 6 g/30 mL) in
various sizes of multiple dose or preservative free vials.

What are the anticipated route(s) of administration of the compounded
drug product(s)?

Intravenous, intramuscular or inhalation
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Are there safety and efficacy data on compounded drugs using the
nominated substance?

Mol Aspects Med. 2009;30(1-2):1-12.[PubMed 18796312]

2. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J
Nutr. 2004;134(3):489-492.[PubMed 14988435]

3. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond CL. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem. 2009;390(3):191-214.[PubMed 19166318]

4. Micke P, Beeh KM, Buhl R. Effects of long-term supplementation with whey proteins on plasma glutathione
levels of HIV-infected patients. Eur J Nutr. 2002;41(1):12-18.[PubMed 11990003]

5. Simoni RD, Hill RL, Vaughan M. The discovery of glutathione by F. Gowland Hopkins and the beginning of
biochemistry at Cambridge University. J Biol Chem. 2002;277(24):e13.

6. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003;66(8):1499-1503.[PubMed 14555227]

7. Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's disease. FASEB J.
2009;23(10):3263-3272.[PubMed 19542204]

8. Pocernich CB, Butterfield DA. Elevation of glutathione as a therapeutic strategy in Alzheimer disease.

Has the bulk drug substance been used previously to compound drug
product(s)?

Yes

What is the proposed use for the drug product(s) to be compounded
with the nominated substance?

Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose for
inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a primary
intracellular antioxidant that is essential to life. It is useful to prevent radiation injury before radiation
treatment is started. It helps reduce the side effects of chemotherapy treatments. It can prevent or
reverse alcohol induced fatty liver cirrhosis, hepatitis, and liver lesions. It inhibits chemical induced
carcinogenesis. It improves prognosis of stroke victims. It has been used in patients with COPD or
chronic lung disease to improve lung functions and minimize oxygen-dependency. It is one of the
main anti-oxidation protocols in children with Autistic Syndrome Disorder. Generally, It is useful in
any condition where there is a risk for oxidative stress/damage.

What is the reason for use of a compounded drug product rather than
an FDA-approved product?

Various liver disease protocols can include anti-viral agents, chemotherapy, lactulose, beta
blockers, diuretics, and antibiotics. Cancer treatments protocols include surgery,
chemotherapy, and radiation. Stroke treatments can include aspirin, TPA, and more
invasive procedures depending upon the acute nature of the symptoms. Glutathione would
be used in conjunction with the above protocols to reduce the intensity of symptoms of the
disease processes, and to reduce the severity of the side effects of the pharmaceutical
protocols. There are no FDA-approved drug products including Reduced L-glutathione for
injection, inhalation.
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appears much more attractive than a foreign chemical with possible toxic side effects,
acute and chronic. Most or all patients with Autistic Syndrome Disorder receives

glutathione therapy. 20-30
% of patients with COPD or chronic lung disease may benefit from inhaled glutathione as
an adjuvant therapy. Libyan J Med. 2014 Jun 12;9:23873. doi:

10.3402/ljm.v9.23873. eCollection 2014.

Oxidative stress and lung function profiles of male smokers free from COPD compared to
those with COPD: a case-control study.

Ben Moussa S1, Sfaxi 12, Tabka Z3, Ben Saad H4, Rouatbi S3.

Author information 1Service of Physiology and Functional Explorations, Farhat HACHED
Hospital, Sousse, Tunisia; bm.syrine@gmail.com.2Service of Physiology and Functional
Explorations, Farhat HACHED Hospital, Sousse, Tunisia.3Service of Physiology and
Functional Explorations, Farhat HACHED Hospital, Sousse, Tunisia; Laboratory of
Physiology, Faculty of Medicine of Sousse, University of Sousse, Sousse,
Tunisia.4Service of Physiology and Functional Explorations, Farhat HACHED Hospital,
Sousse, Tunisia; Laboratory of Physiology, Faculty of Medicine of Sousse, University of
Sousse, Sousse, Tunisia; Research Unit: Secondary Prevention after Myocardial
Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.

Abstract

BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive
pulmonary disease (COPD) are beginning to be understood. However, conclusions about
the role of blood or lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke
and to evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-
years (PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical
activity score was determined. Blood sample levels of malondialdehyde (MDA), protein-cys
SH (PSH), and Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO)
and plethysmographic measurements were performed. Correlation coefficients (r)

Is there any other relevant information? evaluated the association between oxidative stress markers and independent variables
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September 30, 2014

Division of Dockets Management (HFA-305)
Food and Drug Administration

Department of Health and Human Services
5630 Fishers Lane, Room 1061

Rockville, MD 20852

Re: Docket FDA-2013-N-1525

“Bulk Drug Substances That May Be Used to Compound Drug Products in Accordance
With Section 503A of the Federal Food, Drug, and Cosmetic Act; Revised Request for
Nominations”

To Whom It May Concern:

The American Association of Naturopathic Physicians (AANP) appreciates the opportunity to
address the FDA’s request for nominations of bulk drug substances that may be used to
compound drug products that are neither the subject of a United States Pharmacopeia (USP) or
National Formulary (NF) monograph nor components of FDA-approved drugs.

This is a significant issue for our members and their patients. AANP strongly supports efforts to
ensure that the drug products dispensed to patients are safe and effective.

Background: AANP Submissions to Date

On January 30, 2014, we submitted comments to Docket FDA-2013-D-1444, “Draft Guidance:
Pharmacy Compounding of Human Drug Products Under Section 503A of the Federal Food,
Drug, and Cosmetic Act; Withdrawal of Guidances” relating to congressional intent in crafting
HR 3204. These comments highlighted the fact that, for compounding pharmacies subject to
Section 503A, Congress intended that States continue to have the authority to regulate the
availability of safely compounded medications obtained by physicians for their patients. As we
further noted, compounded medications that are formulated to meet unique patient needs,
and that can be administered immediately in the office, help patients receive the products their
physicians recommend and reduce the medical and financial burden on both the patient and



doctor that restrictions on office use would impose. Such medications, we emphasized, provide
a unique benefit to patients and have an excellent track record of safety when properly
produced and stored.

AANP also (on March 4, 2014) nominated 71 bulk drug substances. We identified 21 more
where we did not have the capacity to research and present all the necessary documentation
within the timeframe the Agency was requiring. We estimated, at that time, that at least 6
hours per ingredient would be needed to do so — time that our physician members simply do
not have in their day-to-day business of providing patient care. Thus, AANP sought a 90-day
extension to more completely respond to the Agency’s request.

In this renomination, we have narrowed our focus to 42 bulk drug substances that are most
important for the patients treated by naturopathic doctors. Twenty-one of these bulk drug
substances are formally nominated in the attachments as well as noted by name in this letter.
Given the limitations imposed by the fact that our physician members spend the majority of
their day providing patient care, however, AANP again found that the span of time the Agency
provided for renominations was insufficient to prepare the documentation needed for the
remaining 21 bulk drug substances.

We now request that FDA extend the deadline for which comments are due by 120 days, so
that we may provide this further documentation. We have determined that as much as 40
hours per ingredient will be needed to do so — time that our physician members simply do not
have in their day-to-day business of providing patient care. Thus, AANP respectfully seeks an
additional 120-day period for the purpose of gathering this essential information.

Naturopathic Medicine and Naturopathic Physicians

A word of background on our profession is in order. AANP is a national professional association
representing 4,500 licensed naturopathic physicians in the United States. Our members are
physicians trained as experts in natural medicine. They are trained to find the underlying cause
of a patient’s condition rather than focusing solely on symptomatic treatment. Naturopathic
doctors (NDs) perform physical examinations, take comprehensive health histories, treat
ilinesses, and order lab tests, imaging procedures, and other diagnostic tests. NDs work
collaboratively with all branches of medicine, referring patients to other practitioners for
diagnosis or treatment when appropriate.

NDs attend 4-year, graduate level programs at institutions recognized through the US
Department of Education. There are currently 7 such schools in North America. Naturopathic
medical schools provide equivalent foundational coursework as MD and DO schools. Such
coursework includes cardiology, neurology, radiology, obstetrics, gynecology, immunology,
dermatology, and pediatrics. In addition, ND programs provide extensive education unique to
the naturopathic approach, emphasizing disease prevention and whole person wellness. This
includes the prescription of clinical doses of vitamins and herbs and safe administration via oral,
topical, intramuscular (IM) and intravenous (IV) routes.



Degrees are awarded after extensive classroom study and clinical training. In order to be
licensed to practice, an ND must also pass an extensive postdoctoral exam and fulfill annual
continuing education requirements. Currently, 20 states and territories license NDs to practice.

Naturopathic physicians provide treatments that are effective and safe. Since they are
extensively trained in pharmacology, NDs are able to integrate naturopathic treatments with
prescription medications, often working with conventional medical doctors and osteopathic
doctors, as well as compounding pharmacists, to ensure safe and comprehensive care.

Characteristics of Patients Seen by Naturopathic Physicians

Individuals who seek out NDs typically do so because they suffer from one or more chronic
conditions that they have not been able to alleviate in repeated visits to conventional medical
doctors or physician specialists. Such chronic conditions include severe allergies, asthma,
chronic fatigue, chronic pain, digestive disorders (such as irritable bowel syndrome), insomnia,
migraine, rashes, and other autoimmune disorders. Approximately three-quarters of the
patients treated by NDs have more than one of these chronic conditions. Due to the fact that
their immune systems are often depleted, these individuals are highly sensitive to standard
medications. They are also more susceptible to the numerous side effects brought about by
mass-produced drugs.

Such patients have, in effect, fallen through the cracks of the medical system. This is why they
seek out naturopathic medicine. Safely compounded medications — including nutritional,
herbal, and homeopathic remedies — prove efficacious to meet their needs every day in
doctors’ offices across the country. Such medications are generally recognized as safe (GRAS),
having been used safely for decades in many cases. As patients’ immune function improves,
and as they work with their ND to improve their nutrition, get better sleep, increase their
exercise and decrease their stress, their health and their resilience improves. This is the ‘multi-
systems’ approach of naturopathic medicine — of which compounded drugs are an essential
component.

Bulk Drug Substances Nominated at this Time

Notwithstanding the concerns expressed and issues highlighted in the foregoing, AANP
nominates the following 21 bulk drug substances for FDA’s consideration as bulk drug
substances that may be used in pharmacy compounding under Section 503A. Thorough
information on these substances is presented in the spreadsheets attached with our comments.
The documentation is as complete and responsive to the Agency’s criteria as we can offer at
this time.

The bulk drug substances nominated are:

Acetyl L Carnitine



Alanyl L Glutamine
Alpha Lipoic Acid
Artemisia/Artemisinin
Boswellia

Calcium L5 Methyltetrahydrofolate
Cesium Chloride
Choline Chloride
Curcumin

DHEA

Dicholoroacetic Acid
DMPS

DMSA

Germanium Sesquioxide
Glutiathone
Glycyrrhizin
Methylcobalamin

MSM

Quercitin

Rubidium Chloride
Vanadium

As explained above, we did not have sufficient opportunity to provide all the required
information for many of the bulk drug substances identified as essential for treating the
patients of naturopathic doctors. AANP wishes to specify these 21 ingredients so that we may,
with sufficient opportunity to carry out the extensive research required, provide the necessary
documentation to support their nomination. The additional bulk drug substances include:

7 Keto Dehydroepiandrosterone
Asparagine

Calendula

Cantharidin

Choline Bitartrate
Chromium Glycinate
Chromium Picolinate
Chrysin

Co-enzyme Q10
Echinacea

Ferric Subsulfate

Iron Carbonyl

Iscador

Pantothenic Acid
Phenindamine Tartrate
Piracetam
Pterostilbene



Pyridoxal 5-Phosphate
Resveratrol

Salicinium

Thymol lodide

AANP Objects to Unreasonable Burden

AANP believes it necessary and proper to lodge an objection to FDA’s approach, i.e., the
voluminous data being required in order for bulk drug substances to be considered by the
Agency for approval. FDA is placing the entire burden of documentation of every element in
support of the clinical rationale and scientific evidence on already overtaxed health
professionals. Given that many of the persons most knowledgeable about and experienced in
the application of compounded medications are either small business owners or busy clinicians,
and given the extent and detail of information on potentially hundreds of ingredients as sought
by FDA, this burden is unreasonable. The approach has no basis in the purpose and language of
the Drug Quality and Security Act (“Act”) — particularly for drugs that have been safely used for
years, not only with the Agency’s implicit acceptance, but without any indication of an
unacceptable number of adverse patient reactions.

The volume of data being required in this rulemaking is contrary to the manner in which FDA
has approached such reviews in the past. For example, to accomplish the Drug Efficacy Study
Implementation (DESI) program, the Agency contracted with the National Academy of
Science/National Research Council (NAS/NRC) to make an initial evaluation of the effectiveness
of over 3,400 products that were approved only for safety between 1938 and 1962. Unlike the
compounding industry, most pharmaceuticals under review were manufactured by
pharmaceutical companies with the resources to seek regulatory approvals. The FDA’s analysis
of the costs of regulatory compliance did not appear to include an examination of the impacts
on the industry. The initial or continuing notice for nominations did not analyze this under the
Executive Regulatory Flexibility Act (5 U.S.C. 601-612) nor the Unfunded Mandates Reform Act
of 1995 (Pub. L. 104-4).

The burden on respondents to this current rulemaking is further aggravated by the FDA’s
complete absence of consideration of the harm that will be caused if needed drugs are
removed from the market. The “Type 2" errors caused by removing important agents from
clinical use could far exceed the “Type 1" errors of adverse reactions, particularly given the
strong track record of safely compounded medications. The infectious contamination that gave
rise to the Act has little to do with the process set out by FDA for determining which ingredients
may be compounded. Yet the Agency has offered little consideration of the respective risks and
benefits of its approach. Based on the fact that compounding pharmacies and physicians are
carrying the full burden of proof, as well as how much time it is likely to take for the process of
documentation and evaluation to conclude, the Agency itself may well find that it has caused
more harm to patients’ clinical outcomes than provided a bona fide contribution to patient
safety.



Conclusion
AANP appreciates the Agency’s consideration of the arguments and objection presented herein,
the request for an extension of time to gather the documentation that FDA is seeking, and the

nominations made and referenced at this time.

We look forward to continued dialogue on these matters. As AANP can answer any questions,
please contact me (jud.richland@naturopathic.org; 202-237-8150).

W
Jud Richland, MPH

Chief Executive Officer

Sincerely,


mailto:jud.richland@naturopathic.org
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Column A—What information is requested?

Column B—Put data specific to the nominated substance

What is the name of the nominated ingredient?

Reduced L-glutathione

Is the ingredient an active ingredient that meets the definition of “bulk
drug substance” in § 207.3(a)(4)?

Yes. Glutathione disulfide is a component of FDA-approved product.

Is the ingredient listed in any of the three sections of the Orange Book?

Glutathione disulfide is a component of a FDA-approved irrigation product.

Were any monographs for the ingredient found in the USP or NF
monographs?

There is a Dietary Supplement monograph in the USP for this substance

What is the chemical name of the substance?

2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-ylamino]-5-oxo, (S);
N-(N-L- -Glutamyl-L-cysteinyl)glycine;
Glycine, N-(N-L-gamma-glutamyl-L-cysteinyl)

What is the common name of the substance?

Reduced L-glutathione

Does the substance have a UNII Code?

GAN16C9B8O

What is the chemical grade of the substance?

Dietary Supplement grade

What is the strength, quality, stability, and purity of the ingredient?

A valid Certificate of Analysis accompanies each lot of raw material received.
This bulk drug substance is a generally recognized as safe (GRAS) dietary supplement.

How is the ingredient supplied?

Glutathione is supplied as a white crystalline powder

Is the substance recognized in foreign pharmacopeias or registered in
other countries?

EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances
(EINECS No. 200-725-4).
Canada: Listed on Canadian Domestic Substance List (DSL).
China: Listed on National Inventory.
Japan: Listed on National Inventory (ENCS).
Korea: Listed on National Inventory (KECI).
Philippines: Listed on National Inventory (PICCS).

Australia: Listed on AICS.

Has information been submitted about the substance to the USP for
consideration of monograph development?

A Dietary Supplement monograph for this bulk drug substance is available in the
USP.

What dosage form(s) will be compounded using the bulk drug
substance?

Injection, inhalation

What strength(s) will be compounded from the nominated substance?

Strengths can range from 60 mg/mL (up to 1.89/30 mL) to 200 mg/mL (up to 6 g/30 mL) in
various sizes of multiple dose or preservative free vials.

What are the anticipated route(s) of administration of the compounded
drug product(s)?

Intravenous, intramuscular or inhalation
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Are there safety and efficacy data on compounded drugs using the
nominated substance?

Mol Aspects Med. 2009;30(1-2):1-12.[PubMed 18796312]

2. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J
Nutr. 2004;134(3):489-492.[PubMed 14988435]

3. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond CL. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem. 2009;390(3):191-214.[PubMed 19166318]

4. Micke P, Beeh KM, Buhl R. Effects of long-term supplementation with whey proteins on plasma glutathione
levels of HIV-infected patients. Eur J Nutr. 2002;41(1):12-18.[PubMed 11990003]

5. Simoni RD, Hill RL, Vaughan M. The discovery of glutathione by F. Gowland Hopkins and the beginning of
biochemistry at Cambridge University. J Biol Chem. 2002;277(24):e13.

6. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003;66(8):1499-1503.[PubMed 14555227]

7. Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's disease. FASEB J.
2009;23(10):3263-3272.[PubMed 19542204]

8. Pocernich CB, Butterfield DA. Elevation of glutathione as a therapeutic strategy in Alzheimer disease.

Has the bulk drug substance been used previously to compound drug
product(s)?

Yes

What is the proposed use for the drug product(s) to be compounded
with the nominated substance?

Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose for
inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a primary
intracellular antioxidant that is essential to life. It is useful to prevent radiation injury before radiation
treatment is started. It helps reduce the side effects of chemotherapy treatments. It can prevent or
reverse alcohol induced fatty liver cirrhosis, hepatitis, and liver lesions. It inhibits chemical induced
carcinogenesis. It improves prognosis of stroke victims. It has been used in patients with COPD or
chronic lung disease to improve lung functions and minimize oxygen-dependency. It is one of the
main anti-oxidation protocols in children with Autistic Syndrome Disorder. Generally, It is useful in
any condition where there is a risk for oxidative stress/damage.

What is the reason for use of a compounded drug product rather than
an FDA-approved product?

Various liver disease protocols can include anti-viral agents, chemotherapy, lactulose, beta
blockers, diuretics, and antibiotics. Cancer treatments protocols include surgery,
chemotherapy, and radiation. Stroke treatments can include aspirin, TPA, and more
invasive procedures depending upon the acute nature of the symptoms. Glutathione would
be used in conjunction with the above protocols to reduce the intensity of symptoms of the
disease processes, and to reduce the severity of the side effects of the pharmaceutical
protocols. There are no FDA-approved drug products including Reduced L-glutathione for
injection, inhalation.

20f3



503A renomination template Federal Register, Vol 79, No. 127 / Wed, Jul 2, 2014 / Notices

appears much more attractive than a foreign chemical with possible toxic side effects,
acute and chronic. Most or all patients with Autistic Syndrome Disorder receives

glutathione therapy. 20-30
% of patients with COPD or chronic lung disease may benefit from inhaled glutathione as
an adjuvant therapy. Libyan J Med. 2014 Jun 12;9:23873. doi:

10.3402/ljm.v9.23873. eCollection 2014.

Oxidative stress and lung function profiles of male smokers free from COPD compared to
those with COPD: a case-control study.

Ben Moussa S1, Sfaxi 12, Tabka Z3, Ben Saad H4, Rouatbi S3.

Author information 1Service of Physiology and Functional Explorations, Farhat HACHED
Hospital, Sousse, Tunisia; bm.syrine@gmail.com.2Service of Physiology and Functional
Explorations, Farhat HACHED Hospital, Sousse, Tunisia.3Service of Physiology and
Functional Explorations, Farhat HACHED Hospital, Sousse, Tunisia; Laboratory of
Physiology, Faculty of Medicine of Sousse, University of Sousse, Sousse,
Tunisia.4Service of Physiology and Functional Explorations, Farhat HACHED Hospital,
Sousse, Tunisia; Laboratory of Physiology, Faculty of Medicine of Sousse, University of
Sousse, Sousse, Tunisia; Research Unit: Secondary Prevention after Myocardial
Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.

Abstract

BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive
pulmonary disease (COPD) are beginning to be understood. However, conclusions about
the role of blood or lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke
and to evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-
years (PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical
activity score was determined. Blood sample levels of malondialdehyde (MDA), protein-cys
SH (PSH), and Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO)
and plethysmographic measurements were performed. Correlation coefficients (r)

Is there any other relevant information? evaluated the association between oxidative stress markers and independent variables
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September 30, 2014

Division of Dockets Management (HFA-305)
Food And Drug Administration

Department of Health and Human Services
5630 Fishers Lane, Room 1061

Rockville, MD 20852

Re: Docket FDA-2013-N-1525

“Bulk Drug Substances That May Be Used to compound Drug Products in Accordance With Section 503B of Federal Food, Drug,
Drug, and Cosmetic Act; Revised Request for Nominations”

To Whom It May Concern:

The American College for Advancement in Medicine (ACAM) is a prominent and active medical education organization involved in
instructing physicians in the proper use of oral and intravenous nutritional therapies for over forty years. We have also been
involved in clinical research sponsored by the National Heart Lung and Blood Institute. We have a strong interest in maintaining
the availability of compounded drug products.

We appreciate the opportunity to address the FDA’s request for nominations of bulk drug substances that may be used by
compounding facilities to compound drug products. To meet what appear to be substantial requirements involved in this
submittal, the FDA has given compounding pharmacists (in general a small business operation) and physicians very limited time
to comply with onerous documentation. The Agency has requested information for which no single pharmacy or physician
organization can easily provide in such a contracted time frame. As such this time consuming process requires significant
coordination from many practicing professionals for which adequate time has not been allotted.

This issue is of great importance and has the potential to drastically limit the number of available compounded drugs and drug
products thus limiting the number of individualized treatments that compounded medicines offer to patients.

ACAM and its physician members have not had the time to collect, review and assess all documentation necessary to submit for
the intended list of compounded drugs required to assure all patient therapies are represented in our submission. We
respectfully seek an additional 120 day period to educate and coordinate our physicians on the issue at hand and to gather the
essential information necessary to provide the Agency with the most comprehensive information. In an attempt to comply with
the current timeframe established, a collaborative effort resulted in the attached nominations prepared for bulk drug substances
that may be used in pharmacy compounding under Section 503B.



380 Ice Center Lane, Suite A

A' :AM Bozeman, Montana 59718
American College for Toll-free 800-LEAD.OUT (532.3688)
Advancement in Medicine F: 406-587-2451
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It is not clear whether the current submission will be the final opportunity to comment or communicate with the Agency. Will a
deficiency letter be provided if the initial nomination information was inadequate or will a final decision to reject a nominated
substance be made without the opportunity to further comment? ACAM respectfully requests that the FDA issue a deficiency
letter should the submitted documentation for a nomination be considered inadequate.

Sincerely,

Neal Speight, MD

(Immediate Past President) for

Allen Green, MD

President and CEO

The American College for Advancement in Medicine
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Column A—What information is requested?

Column B—Put data specific to the nominated substance

What is the name of the nominated ingredient?

Reduced L-glutathione

Is the ingredient an active ingredient that meets the definition of “bulk
drug substance” in § 207.3(a)(4)?

Yes. Glutathione disulfide is a component of FDA-approved product.

What is the chemical name of the substance?

2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-ylamino]-5-oxo, (S);
N-(N-L- -Glutamyl-L-cysteinyl)glycine;
Glycine, N-(N-L-gamma-glutamyl-L-cysteinyl)

What is the common name of the substance? Glutathione
Does the substance have a UNII Code? GAN16C9B80O
What is the chemical grade of the substance? Dietary Supplement grade

What is the strength, quality, stability, and purity of the ingredient?

A valid Certificate of Analysis accompanies each lot of raw material received.
This bulk drug substance is a generally recognized as safe (GRAS) dietary supplement.

How is the ingredient supplied?

Glutathione is supplied as a white crystalline powder

Is the substance recognized in foreign pharmacopeias or registered in
other countries?

EINECS: This product is on the European Inventory of Existing Commercial Chemical
Substances (EINECS No. 200-725-4).
Canada: Listed on Canadian Domestic Substance List (DSL).
China: Listed on National Inventory.
Japan: Listed on National Inventory (ENCS).
Korea: Listed on National Inventory (KECI).
Philippines: Listed on National Inventory (PICCS).
Australia: Listed on AICS.

Has information been submitted about the substance to the USP for
consideration of monograph development?

A Dietary Supplement monograph for this bulk substance is available in the USP.
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What medical condition(s) is the drug product compounded with the
bulk drug substances intended to treat?

Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose
for inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a
primary intracellular antioxidant that is essential to life. It is useful to prevent radiation
injury before radiation treatment is started. It helps reduce the side effects of
chemotherapy treatments. It can prevent or reverse alcohol induced fatty liver cirrhosis,
hepatitis, and liver lesions. It inhibits chemical induced carcinogenesis. It improves
prognosis of stroke victims. It has been used in patients with COPD or chronic lung
disease to improve lung functions and minimize oxygen-dependency. It is one of the main
anti-oxidation protocols in children with Autistic Syndrome Disorder. Generally, It is useful
in any condition where there is a risk for oxidative stress/damage.

Are there other drug products approved by FDA to treat the same
medical
condition?

There are various FDA-approved liver disease protocols can include anti-viral agents,
chemotherapy, lactulose, beta-blockers, diuretics, and antibiotics. Cancer treatments
protocols include surgery, chemotherapy, and radiation. Stroke treatments can include
aspirin, TPA, and more invasive procedures depending upon the acute nature of the
symptoms.

If there are FDA-approved drug products that address the same medical
condition, why is there a clinical need for a compounded drug

product?

Provide a justification for clinical need, including an estimate of the size of the
population that would need the compounded drug.

Glutathione would be used in conjunction with the above protocols to reduce the intensity
of symptoms of the disease processes, and to reduce the severity of the side effects of the
pharmaceutical protocols. If a chemotherapeutic agent, and/or a radiation protocol, causes
symptomology from oxidative stress, glutathione may be useful to prevent the severity of
these side effects. Since glutathione naturally occurs in the liver, a boost in glutathione can
help preserve liver function in patients undergoing intense hepatic disease protocols.

Most or all patients with Autistic Syndrome Disorder receives glutathione therapy. 20 - 30
% of patients with COPD or chronic lung disease may benefit from inhaled glutathione as
an adjuvant therapy.
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Are there safety and efficacy data on compounded drugs using the
nominated substance?

1. Forman HJ, Zhang H, Rinna A. Glutathione: overview of its protective roles, measurement, and biosynthesis.
Mol Aspects Med. 2009;30(1-2):1-12.[PubMed 18796312]

2. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J
Nutr. 2004;134(3):489-492.[PubMed 14988435]

3. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond CL. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem. 2009;390(3):191-214.[PubMed 19166318]

4. Micke P, Beeh KM, Buhl R. Effects of long-term supplementation with whey proteins on plasma glutathione
levels of HIV-infected patients. Eur J Nutr. 2002;41(1):12-18.[PubMed 11990003]

5. Simoni RD, Hill RL, Vaughan M. The discovery of glutathione by F. Gowland Hopkins and the beginning of
biochemistry at Cambridge University. J Biol Chem. 2002;277(24):e13.

6. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003;66(8):1499-1503.[PubMed 14555227]

7. Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's disease. FASEB J.
2009;23(10):3263-3272.[PubMed 19542204]

8. Pocernich CB, Butterfield DA. Elevation of glutathione as a therapeutic strategy in Alzheimer disease.
Biochim Biophys Acta. 2012;1822(5):625-630.[PubMed 22015471]

9. Hauser RA, Lyons KE, McClain T, Carter S, Perimutter D. Randomized, double-blind, pilot evaluation of
intravenous glutathione in Parkinson's disease. Mov Disord. 2009;24(7):979-983.[PubMed 19230029]

10. Okun MS, Lang A, Jankovic J. Reply: Based on the available randomized trial patients should say no to
glutathione for Parkinson's disease. Mov Disord. 2010;25(7):961-962; author reply 962-963.[PubMed
20461816]

11. Naito Y, Matsuo K, Kokubo Y, Narita Y, Tomimoto H. Higher-dose glutathione therapy for Parkinson's
disease in Japan: is it really safe? Mov Disord. 2010;25(7):962; author reply 962-963.[PubMed 20131395]

12. Berk M, Ng F, Dean O, Dodd S, Bush Al. Glutathione: a novel treatment target in psychiatry. Trends
Pharmacol Sci. 2008;29(7):346-351.[PubMed 18538422]

13. Lavoie S, Murray MM, Deppen P, et al. Glutathione precursor, N-acetyl-cysteine, improves mismatch
negativity in schizophrenia patients. Neuropsychopharmacology. 2008;33(9):2187-2199.[PubMed 18004285]
14. Balendiran GK, Dabur R, Fraser D. The role of glutathione in cancer. Cell Biochem Funct. 2004;22(6):343-
352.[PubMed 15386533]

15. Singh S, Khan AR, Gupta AK. Role of glutathione in cancer pathophysiology and therapeutic interventions.
J Exp Ther Oncol. 2012;9(4):303-316.[PubMed 22545423]

16. Zhang ZJ, Hao K, Shi R, et al. Glutathione S-transferase M1 (GSTM1) and glutathione S-transferase T1
(GSTT1) null polymorphisms, smoking, and their interaction in oral cancer: a HUGE review and meta-analysis.
Am J Epidemiol. 2011;173(8):847-857.[PubMed 21436184]

17. Miko Enomoto T, Johnson T, Peterson N, Homer L, Walts D, Johnson N. Combination glutathione and
anthocyanins as an alternative for skin care during external-beam radiation. Am J Surg. 2005;189(5):627-630;
discussion 630-631.[PubMed 15862509]

18. Raza A, Galili N, Smith S, et al. Phase 1 multicenter dose-escalation study of ezatiostat hydrochloride
(TLK199 tablets), a novel glutathione analog prodrug, in patients with myelodysplastic syndrome. Blood.

If there is an FDA-approved drug product that includes the bulk drug
substance nominated, is it necessary to compound a drug product
from the bulk drug substance rather than from the FDA-approved
drug product?

There are no FDA-approved drug products including Reduced L-glutathione for injection,
inhalation.

What dosage form(s) will be compounded using the bulk drug
substance?

Injection, inhalation
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What strength(s) will be compounded from the nominated substance?

Strengths can range from 60 mg/mL (up to 1.8g/30 mL) to 200 mg/mL (up to 6 g/30 mL) in
various sizes of multiple dose or preservative free vials.

What are the anticipated route(s) of administration of the compounded
drug product(s)?

Injection, inhalation

Has the bulk drug substance been used previously to compound drug
product(s)?

Yes

Is there any other relevant information?

appears much more attractive than a foreign chemical with possible toxic side effects,
acute and chronic. Reduced L-glutathione is produced by the liver for detoxification
purposes. This therapy appears much more attractive than a foreign chemical with
possible toxic side effects, acute and chronic. Most or all patients with Autistic Syndrome

Disorder receives glutathione therapy. 20 - 30 % of
patients with COPD or chronic lung disease may benefit from inhaled glutathione as an
adjuvant therapy. Libyan J Med. 2014 Jun 12;9:23873. doi:

10.3402/ljm.v9.23873. eCollection 2014.

Oxidative stress and lung function profiles of male smokers free from COPD compared to
those with COPD: a case-control study.

Ben Moussa S1, Sfaxi 12, Tabka Z3, Ben Saad H4, Rouatbi S3.

Author information 1Service of Physiology and Functional Explorations, Farhat HACHED
Hospital, Sousse, Tunisia; bm.syrine@gmail.com.2Service of Physiology and Functional
Explorations, Farhat HACHED Hospital, Sousse, Tunisia.3Service of Physiology and
Functional Explorations, Farhat HACHED Hospital, Sousse, Tunisia; Laboratory of
Physiology, Faculty of Medicine of Sousse, University of Sousse, Sousse,
Tunisia.4Service of Physiology and Functional Explorations, Farhat HACHED Hospital,
Sousse, Tunisia; Laboratory of Physiology, Faculty of Medicine of Sousse, University of
Sousse, Sousse, Tunisia; Research Unit: Secondary Prevention after Myocardial
Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.

Abstract

BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive
pulmonary disease (COPD) are beginning to be understood. However, conclusions about
the role of blood or lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke
and to evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-
years (PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical
activity score was determined. Blood sample levels of malondialdehyde (MDA), protein-cys
SH (PSH), and Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO)
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September 30, 2014

Division of Dockets Management (HFA-305)
Food and Drug Administration

Department of Health and Human Services
5630 Fishers Lane, Room 1061

Rockville, MD 20852

Re: Docket FDA-2013-N-1525

Bulk Drug Substances That May Be Used To Compound Drug Products in Accordance With
Section 503A of the Federal Food, Drug and Cosmetic Act, Concerning Outsourcing
Facilities; Request for Nominations.

To Whom It May Concern:

The Integrative Medicine Consortium (IMC) appreciates the opportunity to address the Food and
Drug Administration’s request for the submission of ingredients to be listed as allowed for
compounding by compounding pharmacies pursuant to Section 503A of the Food Drug and
Cosmetic Act. IMC represents the interests of over 6,000 medical and naturopathic physicians and
their patients. As we noted in our submission of March 4, 2014, we know from extensive experience
that the appropriate availability of compounded drugs offers significant clinical benefits for patients
and raise certain objections to the manner in which the FDA is proceeding on these determinations.

First, we note that we are in support of and incorporate by reference the comments and proposed
ingredients submitted by our member organization, the American Association of Naturopathic
Physicians (AANP), as well as the International Association of Compounding Pharmacists (IACP),
and the Alliance for Natural Health-USA (ANH-USA). We also write on behalf of the Academy of
Integrative Health and Medicine (AIHM), a merger of the American Holistic Medical Association
and the American Board of Integrative and Holistic Medicine.

We also write to raise objections to:
A) The ingredient submission process the FDA is following on this docket, which places the burden
entirely on small industry and practicing physicians to review and support ingredient nominations

rather than devoting Agency resources to the task.

B) The withdrawal of approval for bulk ingredients that had been previously allowed until the
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process is completed, leaving a void whose harm far outweighs the risks presented by these
ingredients.

C) The lack of findings of the economic impact of this regulation with regard to the Executive
Regulatory Flexibility Act (5 U.S.C. 601-612) or the Unfunded Mandates Reform Act of 1995 (Pub.
L. 104-4).

Further, we write to ask that FDA:

D) Keep the record open for an additional 120 days for the submission of additional materials.
E) Address the outstanding issues we raised in our submission of March 4, 2014.

F) Accept the attached nominations.

G) Accept allergenic extracts as a class without requiring individual nominations and approval.

Commenter Organizational Background: The Integrative Medicine Consortium

The Integrative Medicine Consortium (IMC) began in 2006 when a group of Integrative Medicine
leaders joined together to give a common voice, physician education and support on legal and
policy issues. Our comment is based on the collective experience of over 6,000 doctors from the
following seven organizations:

American Academy of Environmental Medicine (AAEM) www.aaemonline.org
American Association of Naturopathic Physicians (AANP) www.naturopathic.org
American College for Advancement in Medicine (ACAM) www.acam.org
International College of Integrative Medicine (ICIM) www.icimed.com

International Hyperbaric Medical Association (IHMA)
www.hyperbaricmedicalassociation.org

International Organization of Integrative Cancer Physicians (IOIP) www.ioipcenter.org

The IMC has been involved in the assessment of risk as applied to the integrative field generally,
including participation in the design of malpractice policies suited to the practice of integrative care
along with quality assurance efforts for the field such as initiating the move toward developing a
professional board certification process. IMC and its member organizations have collectively held
over a hundred conferences, attended by tens of thousands of physicians, in which clinical methods
that involve the proper use of compounded drugs are a not infrequent topic and subject to Category
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| CME credit. Our collective experience on these matters is thus profound, well-credentialed and
well-documented.

IMC Objections and Requests Regarding Docket FDA-2013-N-1525

A) The ingredient submission process the FDA is following on this docket, inappropriately places
the burden entirely on small industry and practicing physicians to review and support ingredient
nominations rather than devoting Agency resources to the task.

We wish to lodge our objection to FDA’s approach to its data collection about drugs that will be
placed on the list of permitted ingredients. The FDA is placing the entire burden of documentation
of every element in support of the clinical rationale and scientific evidence on already overtaxed
health professionals. Given that many of those knowledgeable and experienced in compounded
pharmaceuticals are either small businesses or busy physicians, and given the significant quality and
quantity of information on potentially hundreds of ingredients requested by FDA, this burden is
unreasonable. This approach has no basis in the purpose and language of the Drug Quality and
Security Act (“Act”), particularly for drugs that have been in use for years, not only with FDA’s at
least implicit acceptance, but without any indication of an unacceptable level of adverse reactions.

This is contrary to the manner in which FDA has approached such reviews in the past. For example,
to accomplish the Drug Efficacy Study Implementation (DESI) program, FDA contracted with the
National Academy of Science/National Research Council (NAS/NRC) to make an initial evaluation
of the effectiveness of over 3,400 products that were approved only for safety between 1938 and
1962. Unlike the compounding industry, most pharmaceuticals under review were manufactured by
pharmaceutical companies with the resources to seek regulatory approvals.

B) The withdrawal of approval for bulk ingredients that had been previously allowed until the
process is completed, leaving a void whose harm far outweighs the risks presented by these
ingredients.

Given that the Act arose from Good Manufacturing Practice violations and not concern for any
specific drug ingredient, the requirement that ingredients not the subject of a USP monograph or a
component of approved drugs be withdrawn pending these proceedings has no legislative basis or
rationale. The hiatus in availability and inappropriate shift of burden to the compounding industry is
further aggravated by the complete absence of consideration by the FDA of the harm caused by the
removal of needed drugs from practice. The “Type 2" errors caused by removing important agents
from clinical use could far exceed the “Type 1" errors of adverse reactions, particularly given the
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track record in this industry. This is particularly true given that the infectious contamination that
gave rise to the Act has little to do with the approval process for which ingredients may be
compounded. Yet FDA has offered little consideration of the respective risks and benefits of its
approach, and with pharmacies and physicians carrying the full burden of proof and the time
expected for the advisory process to conclude, the FDA will likely itself cause more patient harm
than provide a contribution to safety.

C) The lack of findings of the economic impact of this regulation with regard to the Executive
Regulatory Flexibility Act (5 U.S.C. 601-612) or the Unfunded Mandates Reform Act of 1995 (Pub.
L. 104-4).

The FDA’s analysis of the costs of regulatory compliance did not appear to include an examination
of the impacts on the industry. The initial or continuing notice for nominations did not analyze this
under the Executive Regulatory Flexibility Act (5 U.S.C. 601-612) nor the Unfunded Mandates
Reform Act of 1995 (Pub. L. 104-4). While the FDA made this assessment for “Additions and
Modifications to the List of Drug Products That Have Been Withdrawn or Removed From the
Market for Reasons of Safety or Effectiveness,” 79 FR 37687, in which 25 drugs were added to the
list of barred drugs, it has not done so for the much broader issue of upending the compounding
pharmaceutical industry, which bears costs both in preparation of detailed submissions on
potentially hundreds of ingredients, loss of sales of ingredients no longer approved, the economic
consequence to physicians of not being to prescribe these drugs, and the economic impacts of health
difficulties and added expense that will result from the withdrawal of drugs from clinical use. The
Agency needs to address these concerns.

D) Extend the deadline for which comments are due by 120 days.

IMC’s March 4, 2014 submission, along with AANP and ANH-USA nominated 71 bulk drug
substances. IMC identified 21 more where we did not have the capacity to research and present all
the necessary documentation within the timeframe the Agency was requiring.* We had determined
that at least 6 hours per ingredient would be needed to do so, time that our physician members
simply do not have in their day-to-day business of providing patient care. Thus, IMC sought a 90

! For example, other nominations would include 7 Keto Dehydroepiandrosterone; Asparagine;
Calendula; Cantharidin; Choline Bitartrate; Chromium Glycinate; Chromium Picolinate; Chrysin;
Co-enzyme Q10; Echinacea; Ferric Subsulfate; Iron Carbonyl; Iscador; Pantothenic Acid;
Phenindamine Tartrate; Piracetam; Pterostilbene; Pyridoxal 5-Phosphate; Resveratrol; Thymol
lodide.
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day extension to more completely respond to the Agency's request.

In the renomination, we have narrowed our focus to the attached 21 bulk drug substances given
restraints on available resources. These bulk drug substances are documented in the attachment.
Given the limitations imposed by the fact that our physician members spent the majority of their
day providing patient care, however, we have found that the span of time the Agency provided for
renominations was insufficient.

We now request that FDA extend the deadline for which comments are due by at least 120 days, so
that we may provide additional documentation. The FDA can certainly begin work on those
nominations it has received, but nominations should remain open. We have determined that as much
as 40 hours per ingredient will be needed to do, particularly given the lack of resources being
offered by the Agency, time that our physician members simply do not have in their day-to-day
business of providing patient care. Thus, IMC respectfully seeks an additional 120 day period - if
not greater - for the purpose of gathering this essential information. If such an extension is not
granted, we will explore the prospect of submitting a Citizen's Petition along with AANP and other
interested parties.

E) Address the outstanding issues we raised in our submission of March 4, 2014.

In our submission of March 4, 2014, we raised a number of additional considerations, in particular
citing a number of monographs, compendia and other authoritative sources that should be
considered proper sources for authorized compounding in addition to the U.S. Pharmacopeia. We
urge FDA to reach this issue as a means of allowing substances in long use on the market without
undue delay or ambiguity.

F) Accept the attached nominations.

Notwithstanding the concerns expressed and issues highlighted in the foregoing, IMC nominates the
bulk drug substances in the attachment for FDA's consideration as bulk drug substances that may be
used in pharmacy compounding under Section 503A.

G) Accept allergenic extracts as a class without requiring individual nominations and acceptance.

In addition, we ask the FDA clarify its view of, and accept as appropriate for use, the category of
materials that have been long used in the compounding of allergenic extracts for immunotherapy.
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This should particularly be the case where such substances are compounded in manner consistent,
where appropriate under its terms, with USP Monograph 797. Given both long-standing safe use,
the nature of the materials and methods of clinical use,” and the safety assurances contained in this
monograph, we believe that individual nominations and approval should not be imposed upon this
form of treatment.

As explained above, we did not have sufficient opportunity to provide all the required information
for many of the bulk drug substances identified as essential for treating patients. IMC wishes to
identify these additional ingredients so that we may, with sufficient opportunity to carry out the
extensive research required, provide the necessary documentation to support their nomination.

Sincerely,

W/Z; 7%
/

Michael J. Cronin, N.D.
Chair, Integrative Medical Consortium

Enclosures:
Nominations

2 Such as environmental and body molds, dust mites, grasses, grass terpenes, weeds, trees,

foods, as well as hormone, neurotransmitter, and chemical antigens that are used in various forms of
immunotherapy and desensitization.
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Column A—What information is requested?

Column B—Put data specific to the nominated substance

What is the name of the nominated ingredient?

Reduced L-glutathione

Is the ingredient an active ingredient that meets the definition of “bulk
drug substance” in § 207.3(a)(4)?

Yes. Glutathione disulfide is a component of FDA-approved product.

Is the ingredient listed in any of the three sections of the Orange Book?

Glutathione disulfide is a component of a FDA-approved irrigation product.

Were any monographs for the ingredient found in the USP or NF
monographs?

There is a Dietary Supplement monograph in the USP for this substance

What is the chemical name of the substance?

2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-ylamino]-5-oxo, (S);
N-(N-L- -Glutamyl-L-cysteinyl)glycine;
Glycine, N-(N-L-gamma-glutamyl-L-cysteinyl)

What is the common name of the substance?

Reduced L-glutathione

Does the substance have a UNII Code?

GAN16C9B8O

What is the chemical grade of the substance?

Dietary Supplement grade

What is the strength, quality, stability, and purity of the ingredient?

A valid Certificate of Analysis accompanies each lot of raw material received.
This bulk drug substance is a generally recognized as safe (GRAS) dietary supplement.

How is the ingredient supplied?

Glutathione is supplied as a white crystalline powder

Is the substance recognized in foreign pharmacopeias or registered in
other countries?

EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances
(EINECS No. 200-725-4).
Canada: Listed on Canadian Domestic Substance List (DSL).
China: Listed on National Inventory.
Japan: Listed on National Inventory (ENCS).
Korea: Listed on National Inventory (KECI).
Philippines: Listed on National Inventory (PICCS).

Australia: Listed on AICS.

Has information been submitted about the substance to the USP for
consideration of monograph development?

A Dietary Supplement monograph for this bulk drug substance is available in the
USP.

What dosage form(s) will be compounded using the bulk drug
substance?

Injection, inhalation

What strength(s) will be compounded from the nominated substance?

Strengths can range from 60 mg/mL (up to 1.89/30 mL) to 200 mg/mL (up to 6 g/30 mL) in
various sizes of multiple dose or preservative free vials.

What are the anticipated route(s) of administration of the compounded
drug product(s)?

Intravenous, intramuscular or inhalation
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Are there safety and efficacy data on compounded drugs using the
nominated substance?

Mol Aspects Med. 2009;30(1-2):1-12.[PubMed 18796312]

2. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J
Nutr. 2004;134(3):489-492.[PubMed 14988435]

3. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond CL. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem. 2009;390(3):191-214.[PubMed 19166318]

4. Micke P, Beeh KM, Buhl R. Effects of long-term supplementation with whey proteins on plasma glutathione
levels of HIV-infected patients. Eur J Nutr. 2002;41(1):12-18.[PubMed 11990003]

5. Simoni RD, Hill RL, Vaughan M. The discovery of glutathione by F. Gowland Hopkins and the beginning of
biochemistry at Cambridge University. J Biol Chem. 2002;277(24):e13.

6. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003;66(8):1499-1503.[PubMed 14555227]

7. Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's disease. FASEB J.
2009;23(10):3263-3272.[PubMed 19542204]

8. Pocernich CB, Butterfield DA. Elevation of glutathione as a therapeutic strategy in Alzheimer disease.

Has the bulk drug substance been used previously to compound drug
product(s)?

Yes

What is the proposed use for the drug product(s) to be compounded
with the nominated substance?

Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose for
inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a primary
intracellular antioxidant that is essential to life. It is useful to prevent radiation injury before radiation
treatment is started. It helps reduce the side effects of chemotherapy treatments. It can prevent or
reverse alcohol induced fatty liver cirrhosis, hepatitis, and liver lesions. It inhibits chemical induced
carcinogenesis. It improves prognosis of stroke victims. It has been used in patients with COPD or
chronic lung disease to improve lung functions and minimize oxygen-dependency. It is one of the
main anti-oxidation protocols in children with Autistic Syndrome Disorder. Generally, It is useful in
any condition where there is a risk for oxidative stress/damage.

What is the reason for use of a compounded drug product rather than
an FDA-approved product?

Various liver disease protocols can include anti-viral agents, chemotherapy, lactulose, beta
blockers, diuretics, and antibiotics. Cancer treatments protocols include surgery,
chemotherapy, and radiation. Stroke treatments can include aspirin, TPA, and more
invasive procedures depending upon the acute nature of the symptoms. Glutathione would
be used in conjunction with the above protocols to reduce the intensity of symptoms of the
disease processes, and to reduce the severity of the side effects of the pharmaceutical
protocols. There are no FDA-approved drug products including Reduced L-glutathione for
injection, inhalation.
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appears much more attractive than a foreign chemical with possible toxic side effects,
acute and chronic. Most or all patients with Autistic Syndrome Disorder receives

glutathione therapy. 20-30
% of patients with COPD or chronic lung disease may benefit from inhaled glutathione as
an adjuvant therapy. Libyan J Med. 2014 Jun 12;9:23873. doi:

10.3402/ljm.v9.23873. eCollection 2014.

Oxidative stress and lung function profiles of male smokers free from COPD compared to
those with COPD: a case-control study.

Ben Moussa S1, Sfaxi 12, Tabka Z3, Ben Saad H4, Rouatbi S3.

Author information 1Service of Physiology and Functional Explorations, Farhat HACHED
Hospital, Sousse, Tunisia; bm.syrine@gmail.com.2Service of Physiology and Functional
Explorations, Farhat HACHED Hospital, Sousse, Tunisia.3Service of Physiology and
Functional Explorations, Farhat HACHED Hospital, Sousse, Tunisia; Laboratory of
Physiology, Faculty of Medicine of Sousse, University of Sousse, Sousse,
Tunisia.4Service of Physiology and Functional Explorations, Farhat HACHED Hospital,
Sousse, Tunisia; Laboratory of Physiology, Faculty of Medicine of Sousse, University of
Sousse, Sousse, Tunisia; Research Unit: Secondary Prevention after Myocardial
Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.

Abstract

BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive
pulmonary disease (COPD) are beginning to be understood. However, conclusions about
the role of blood or lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke
and to evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-
years (PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical
activity score was determined. Blood sample levels of malondialdehyde (MDA), protein-cys
SH (PSH), and Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO)
and plethysmographic measurements were performed. Correlation coefficients (r)

Is there any other relevant information? evaluated the association between oxidative stress markers and independent variables
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Department of Health and Human Services COMPOUNDING
5630 Fishers Lane, Room 1061 PHARMACY

Rockville, MD 20852 SERVICES, INC.

Re: Docket FDA-2013-N-1525

“Bulk Drug Substances That May Be Used to Compound Drug Products in
Accordance With Section 503A of the Federal Food, Drug, and Cosmetic Act;
Revised Request for Nominations”

To Whom It May Concern:

McGuff Compounding Pharmacy Services, Inc. (McGuff CPS) appreciates the
opportunity to address the FDA’s request for nominations of bulk drug substances
that may be used by compounding facilities to compound drug products.

Request for Extension

The Agency has indicated the majority of compounding pharmacies are small
businesses. McGuff CPS is a small business and has found that the requirements
to assemble the requested documentation have been particularly onerous. The
Agency has requested information for which no one particular pharmacy, MCGUFE
physician or physician organization can easily assemble and must be sought
through coordination with the various stakeholders. To collect the information

COMPOUNDING

required is a time consuming process for which many practicing professionals PHARMACY

have indicated that the time allotted for comment to the Docket has been too SERVICES

limited.

This is an issue of great importance which will limit the number of available 2921 W. MacArthur Bivd.
compounded drugs products available to physicians and, therefore, will limit the it A

number of individualized treatments to patients. McGuff CPS and physician
stakeholders have not had the time to collect, review, and collate all
documentation necessary to submit the intended list of compounded drugs
required to assure all patient therapies are represented in our submission. McGuff TOLL FREE: 877.444.1133
CPS respectfully seeks an additional 120 day period for the purpose of R —
coordinating the various stakeholders and gathering the essential information
necessary to provide the Agency with the most comprehensive information.

Santa Ana, CA 92704-6929

TOLL FREE FAX:
877.444.1155
FAX: 714.438.0520

1 EMAIL: answers@mcguff.com

WEBSITE: www.mcguff.com



The Agency has not announced the process of follow on communication or failure e.g. what
happens if a nominated substance needs more detailed information of a particular nature? Will
the whole effort be rejected or will a “deficiency letter” be issued to the person or organization
that submitted the nomination? The Agency issues “deficiency letters” for NDA and ANDA
submissions and this appears to be appropriate for compounded drug nominations. McGuff CPS
respectfully requests the FDA issue “deficiency letters” to the person or organization that
submitted the nomination so that further documentation may be provided.

Nominations

To comply with the current time limits established by the Docket, attached are the nominations
prepared to date for bulk drug substances that may be used in pharmacy compounding under
Section 503A.

Sincerely,

W/;/W /f/%//

/1
Ronald M. McGuff

President/CEO

McGuff Compounding Pharmacy Services, Inc.
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Column A—What information is requested?

Column B—Put data specific to the nominated substance

What is the name of the nominated ingredient?

Reduced L-glutathione

Is the ingredient an active ingredient that meets the definition of “bulk
drug substance” in § 207.3(a)(4)?

Yes. Glutathione disulfide is a component of FDA-approved product.

Is the ingredient listed in any of the three sections of the Orange Book?

Glutathione disulfide is a component of a FDA-approved irrigation product.

Were any monographs for the ingredient found in the USP or NF
monographs?

There is a Dietary Supplement monograph in the USP for this substance

What is the chemical name of the substance?

2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-ylamino]-5-oxo, (S);
N-(N-L- -Glutamyl-L-cysteinyl)glycine;
Glycine, N-(N-L-gamma-glutamyl-L-cysteinyl)

What is the common name of the substance?

Reduced L-glutathione

Does the substance have a UNII Code?

GAN16C9B8O

What is the chemical grade of the substance?

Dietary Supplement grade

What is the strength, quality, stability, and purity of the ingredient?

A valid Certificate of Analysis accompanies each lot of raw material received.
This bulk drug substance is a generally recognized as safe (GRAS) dietary supplement.

How is the ingredient supplied?

Glutathione is supplied as a white crystalline powder

Is the substance recognized in foreign pharmacopeias or registered in
other countries?

EINECS: This product is on the European Inventory of Existing Commercial Chemical Substances
(EINECS No. 200-725-4).
Canada: Listed on Canadian Domestic Substance List (DSL).
China: Listed on National Inventory.
Japan: Listed on National Inventory (ENCS).
Korea: Listed on National Inventory (KECI).
Philippines: Listed on National Inventory (PICCS).

Australia: Listed on AICS.

Has information been submitted about the substance to the USP for
consideration of monograph development?

A Dietary Supplement monograph for this bulk drug substance is available in the
USP.

What dosage form(s) will be compounded using the bulk drug
substance?

Injection, inhalation

What strength(s) will be compounded from the nominated substance?

Strengths can range from 60 mg/mL (up to 1.89/30 mL) to 200 mg/mL (up to 6 g/30 mL) in
various sizes of multiple dose or preservative free vials.

What are the anticipated route(s) of administration of the compounded
drug product(s)?

Intravenous, intramuscular or inhalation
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Are there safety and efficacy data on compounded drugs using the
nominated substance?

Mol Aspects Med. 2009;30(1-2):1-12.[PubMed 18796312]

2. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its implications for health. J
Nutr. 2004;134(3):489-492.[PubMed 14988435]

3. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond CL. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem. 2009;390(3):191-214.[PubMed 19166318]

4. Micke P, Beeh KM, Buhl R. Effects of long-term supplementation with whey proteins on plasma glutathione
levels of HIV-infected patients. Eur J Nutr. 2002;41(1):12-18.[PubMed 11990003]

5. Simoni RD, Hill RL, Vaughan M. The discovery of glutathione by F. Gowland Hopkins and the beginning of
biochemistry at Cambridge University. J Biol Chem. 2002;277(24):e13.

6. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003;66(8):1499-1503.[PubMed 14555227]

7. Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's disease. FASEB J.
2009;23(10):3263-3272.[PubMed 19542204]

8. Pocernich CB, Butterfield DA. Elevation of glutathione as a therapeutic strategy in Alzheimer disease.

Has the bulk drug substance been used previously to compound drug
product(s)?

Yes

What is the proposed use for the drug product(s) to be compounded
with the nominated substance?

Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose for
inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a primary
intracellular antioxidant that is essential to life. It is useful to prevent radiation injury before radiation
treatment is started. It helps reduce the side effects of chemotherapy treatments. It can prevent or
reverse alcohol induced fatty liver cirrhosis, hepatitis, and liver lesions. It inhibits chemical induced
carcinogenesis. It improves prognosis of stroke victims. It has been used in patients with COPD or
chronic lung disease to improve lung functions and minimize oxygen-dependency. It is one of the
main anti-oxidation protocols in children with Autistic Syndrome Disorder. Generally, It is useful in
any condition where there is a risk for oxidative stress/damage.

What is the reason for use of a compounded drug product rather than
an FDA-approved product?

Various liver disease protocols can include anti-viral agents, chemotherapy, lactulose, beta
blockers, diuretics, and antibiotics. Cancer treatments protocols include surgery,
chemotherapy, and radiation. Stroke treatments can include aspirin, TPA, and more
invasive procedures depending upon the acute nature of the symptoms. Glutathione would
be used in conjunction with the above protocols to reduce the intensity of symptoms of the
disease processes, and to reduce the severity of the side effects of the pharmaceutical
protocols. There are no FDA-approved drug products including Reduced L-glutathione for
injection, inhalation.
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appears much more attractive than a foreign chemical with possible toxic side effects,
acute and chronic. Most or all patients with Autistic Syndrome Disorder receives

glutathione therapy. 20-30
% of patients with COPD or chronic lung disease may benefit from inhaled glutathione as
an adjuvant therapy. Libyan J Med. 2014 Jun 12;9:23873. doi:

10.3402/ljm.v9.23873. eCollection 2014.

Oxidative stress and lung function profiles of male smokers free from COPD compared to
those with COPD: a case-control study.

Ben Moussa S1, Sfaxi 12, Tabka Z3, Ben Saad H4, Rouatbi S3.

Author information 1Service of Physiology and Functional Explorations, Farhat HACHED
Hospital, Sousse, Tunisia; bm.syrine@gmail.com.2Service of Physiology and Functional
Explorations, Farhat HACHED Hospital, Sousse, Tunisia.3Service of Physiology and
Functional Explorations, Farhat HACHED Hospital, Sousse, Tunisia; Laboratory of
Physiology, Faculty of Medicine of Sousse, University of Sousse, Sousse,
Tunisia.4Service of Physiology and Functional Explorations, Farhat HACHED Hospital,
Sousse, Tunisia; Laboratory of Physiology, Faculty of Medicine of Sousse, University of
Sousse, Sousse, Tunisia; Research Unit: Secondary Prevention after Myocardial
Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.

Abstract

BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive
pulmonary disease (COPD) are beginning to be understood. However, conclusions about
the role of blood or lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke
and to evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-
years (PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical
activity score was determined. Blood sample levels of malondialdehyde (MDA), protein-cys
SH (PSH), and Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO)
and plethysmographic measurements were performed. Correlation coefficients (r)

Is there any other relevant information? evaluated the association between oxidative stress markers and independent variables
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Division of Dockets Management (HFA-305)
Food and Drug Administration

5630 Fishers Lane, rm. 1061

Rockville, MD 20852

Re: Docket No.: FDA-2013-N-1525: Bulk Drug Substances That May Be Used To Compound Drug
Products in Accordance With Section 503A of the Federal Food, Drug and Cosmetic Act; Revised
Request for Nominations

Dear Sir or Madam:

The National Community Pharmacists Association (NCPA) is writing today to nominate specific bulk
drug substances that may be used to compound drug products, although they are neither the subject of a
United States Pharmacopeia (USP) or National Formulary (NF) monograph nor components of FDA-
approved drugs. As the FDA considers which drugs nominated will be considered for inclusion on the
next published bulk drugs list, NCPA is committed to working with the FDA and other interested
stakeholders on these critical issues.

NCPA represents the interests of pharmacist owners, managers and employees of more than 23,000
independent community pharmacies across the United States. Independent community pharmacies
dispense approximately 40% of the nation’s retail prescription drugs, and, according to a NCPA member
survey, almost 89% of independent community pharmacies engage in some degree of compounding.

Regarding specific nominations, NCPA would like to reference the attached spreadsheet as our formal
submission of bulk drug substances (active ingredients) that are currently used by compounding
pharmacies and are not, to the best of our knowledge, the subject of a USP or NF monograph nor are
components of approved products.

All nominated substances on the attached spreadsheet are active ingredients that meet the definition of
“bulk drug substance” to the best of our knowledge, and we have searched for the active ingredient in all
three sections of the Orange Book, and the substances did not appear in any of those searches,
confirming that the substance is not a component of any FDA-approved product. In addition, we have
searched USP and NF monographs, and the substances are not the subject of such monographs to our
best knowledge.

100 Daingerfield Road
Alexandria, VA 22314-2888
(703) 683-8200 PHONE
(703) 683-3619 FAX

THE VOICE OF THE COMMUNITY PHARMACIST



Regarding the request for chemical grade information pertaining to the submitted ingredients, NCPA
would like to stress that chemical grades of bulk active products vary according to manufacturing
processes, and products are often unassigned. When compounding products for patient use, pharmacists
use the highest grade ingredients available, typically USP/NF, USP/GenAR, ACS, or FCC, among
others, depending on the chemical. The same standard applies for all of the bulk active ingredients
submitted on the attached list.

Related to rationale for use, including why a compounded drug product is necessary, NCPA would like
to stress that many of the attached listed products are unavailable commercially in traditional dosage
forms and must therefore be compounded using bulk ingredients. For other listed products, the use of
bulk ingredients allows compounders to create an alternate dosage form and/or strength for patients who
are unable to take a dosage form that is commercially available.

NCPA would like to strongly recommend that FDA institute a formal process by which the list is
updated and communicated to the compounding community. We would recommend an annual process
that can be anticipated and acted upon in order to ensure maximum understanding and adherence to the
list. The FDA should issue such request via The Federal Register and review and consider all updates to
the list with the Pharmacy Compounding Advisory Committee (PCAC). No changes to the list should
occur without the input and review of the PCAC.

NCPA is very disappointed that despite a call for nominations to the PCAC which we submitted in
March 2014, no appointments have been made nor has the Committee been formed to do the work that
Congress requires of the Agency. Without formation of this Committee, FDA is unable to consult the
Committee regarding the submitted lists. NCPA strongly recommends that FDA consult with the PCAC
related to every single submission the Agency receives in relation to FDA-2013-N-1525. It is only
through complete consultation with the PCAC that each substance can be appropriately evaluated.

NCPA is committed to working with the FDA and other stakeholders regarding these important matters.
We appreciate your consideration of our comments.

Sincerely,

& %
~—
Steve Pfister

Senior Vice President, Government Affairs

Attachment



Ingredient Name

Glutathione

Chemical Name

N-(N-L-gamma-glutamyl{ Glutathione

L-cysteinyl)glycine

UNII Code

GAN16C9B8O

From PCCA
Certificate of
Analysis:
99.1% Assay;
From PCCA
MSDS: 100%
by weight and
stable.

Ingredient
Format(s)

Powder

Recognition in
Pharmacopeias

EP, not yet
submitted to USP
(Disulfide - salt
form -isin 2 FDA-
approved
products)

Bibliographies on Safety and
Efficacy Data

Capsules/troches
, cream/gel,
solution,
suppositories

Capsules/Troche
s:25-500mg,
Cream/gel: 1-
20%, Solution: 1-
20%,
Suppositories:
25-500mg

Oral, sublingual,
topical, injection,
ophthalmic, nasal
spray, rectal

Main PA, et al. The potential
role of the antioxidant and
detoxification properties of
glutathione in autism spectrum
disorders: a systematic review
and meta-analysis. Nutr Metab
(Lond). 012 Apr 24;9:35.
[http://www.ncbi.nlm.nih.gov/
pubmed/22524510] ; Kern JK,
et al. A clinical trial of
glutathione supplementation
in autism spectrum disorders.
Med Sci Monit. 2011
Dec;17(12):CR677-82.
[http://www.ncbi.nlm.nih.gov/
pubmed/22129897]; Prousky J.
The treatment of pulmonary
diseases and respiratory-
related conditions with inhaled
(nebulized or aerosolized)
glutathione. Evid Based
Complement Alternat Med.
2008 Mar;5(1):27-35.
[http://www.ncbi.nlm.nih.gov/
pubmed/18317545]

Final Compounded Formulation
Clinical Rationale and History of
Past Use

An antioxidant supplement used
in Autism Spectrum Disorders,
Antineoplastic Toxicity, COPD &
Lung Disorders, Heavy Metal
Poisoning
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September 30, 2014
Submitted electronically via www.regulations.gov

Division of Dockets Management (HFA-305)
Food and Drug Administration

Department of Health and Human Services
5630 Fishers Lane, Rm. 1061

Rockville, MD 20852

[Docket No. FDA-2013-N-1525]

Re: FDA-2013-N-1525; List of Bulk Drug Substances That May Be Used in Pharmacy Compounding in
Accordance with Section 503A

Dear Sir or Madam:

PCCA respectfully submits the following list of nineteen chemicals to be considered for the List of Bulk
Drug Substances that may be used in Pharmacy Compounding in accordance with Section 503A.

PCCA provides its more than 3,600 independent community compounding pharmacy members across
the United States with drug compounding ingredients, equipment, extensive education, and consulting
expertise and assistance.

Regarding the specific nominations, we would like to reference the attached spreadsheet and point out
a couple of facts regarding our research. To the best of our knowledge, all items submitted:

- Do not appear in any of the three sections of the Orange Book.
- Do not currently have a USP or NF monograph.
- Meet the criteria of a “bulk drug substance” as defined in § 207.3(a)(4).

In regards to the request for chemical grade information, we would like to point out that many of the
items submitted do not currently have a chemical grade. PCCA believes that pharmacists should use the
highest grade chemical available on the market for all aspects of pharmaceutical compounding and we
continue to actively source graded chemicals from FDA-registered manufacturers. However, in the
current marketplace, some graded chemicals cannot be obtained for various reasons. PCCA actively
tests all products received to ensure they meet our required standards to ensure our members receive
the highest quality chemicals possible.

We would like to echo the concerns, voiced by NCPA and others in our industry, the strong
recommendation to formalize the process by which the list is updated and communicated to the
pharmacy industry. We also recommend an annual process to ensure understanding and adherence to
the list. All submissions and updates to the list should be reviewed by the Pharmacy Compounding
Advisory Committee (PCAC) and no changes to the list should occur with input and review by the PCAC.

PCCA USA: 9901 S. Wilcrest Drive Houston, Texas 77099 | 800.331.2498 (f) 800.874.5760 | www.pccarx.com
PCCA Canada: 744 Third Street London, ON Canada N5V 5J2 | 800.668.9453 (f) 800.799.4537 | www.pccarx.ca
PCCA Australia: Unit 1, 73 Beauchamp Road Matraville NSW 2036 Australia | 02.9316.1500 (f) 02.9316.7422 | www.pccarx.com.au



®PCCA

We are also dismayed in the fact that no appointments have been made to the PCAC despite the call for
nominations closing in March 2014. Without these appointments, FDA is unable to consult the
Committee regarding this list, as outlined in the Act. PCCA, along with industry partners, strongly
recommends that the FDA consult with the PCAC related to every single submission the Agency received
in relation to FDA-2013-N-1525.

We appreciate this opportunity to submit this list for consideration and we look forward to continuing to
work with the FDA in the future on this and other important issues as they relate to the practice of

pharmacy compounding.

Sincerely,

7

4

Aaron Lopez John Voliva, R.Ph.
Senior Director of Public Affairs Director of Legislative Relations
PCCA PCCA

PCCA USA: 9901 S. Wilcrest Drive Houston, Texas 77099 | 800.331.2498 (f) 800.874.5760 | www.pccarx.com
PCCA Canada: 744 Third Street London, ON Canada N5V 5J2 | 800.668.9453 (f) 800.799.4537 | www.pccarx.ca
PCCA Australia: Unit 1, 73 Beauchamp Road Matraville NSW 2036 Australia | 02.9316.1500 (f) 02.9316.7422 | www.pccarx.com.au



PCCA Submission for Docket No. FDA-2013-N-1525: Bulk Drug Substances That May Be Used To Compound Drug Products in Accordance
With Section 503A of the Federal Food, Drug and Cosmetic Act; Revised Request for Nominations

Ingredient Name
Is it a "bulk drug substance"

Is it listed in the Orange Book

Does it have a USP or NF Monograph

Chemical Name

Common Name(s)

UNII Code
Chemical Grade

Strength, Quality, Stability, and Purity

How supplied
Recognition in foreign pharmcopeias or registered in other countries

Submitted to USP for monograph consideration
Compounded Dosage Forms

Compounded Strengths

Anticipated Routes of Administration

Glutathione
Yes

Yes - salt form (Glutathione Disulfide) is contained in two FDA
approved products - Endosol Extra (Application Number
N020079) & BSS Plus (Application Number N018469)

No

N -(N -I-y-Glutamyl-I-cysteinyl)glycine

Glutathione

GAN16C9B8O
N/A

Assay, Description, Melting Point, Solubility; Example of PCCA
Certificate of Analysis for this chemical is attached.

Powder

EP monograph; USP Dietary Supplement monograph;
Available in sixteen countries

No

Capsule/Troches, Cream/Gel, Solution, Suppository
Capsule/Troche: 25 — 500 mg; Cream / Gel: 1-20%; Solution: 1-
20%; Suppository: 25 - 500 mg

Oral, Sublingual, Topical, Injection, Ophthalmic, Nasal Spray,
Rectal



Saftey & Efficacy Data

Kern JK, et al. A clinical trial of glutathione supplementation in
autism spectrum disorders. Med Sci Monit. 2011
Dec;17(12):CR677-82.
[http://www.ncbi.nlm.nih.gov/pubmed/22129897]

Main PA, et al. The potential role of the antioxidant and
detoxification properties of glutathione in autism spectrum
disorders: a systematic review and meta-analysis. Nutr Metab
(Lond). 2012 Apr 24;9:35.
[http://www.ncbi.nlm.nih.gov/pubmed/22524510]

Prousky J. The treatment of pulmonary diseases and
respiratory-related conditions with inhaled (nebulized or
aerosolized) glutathione. Evid Based Complement Alternat
Med. 2008 Mar;5(1):27-35.
[http://www.ncbi.nlm.nih.gov/pubmed/18317545]

Bagnato GF. Effect of inhaled glutathione on airway response
to 'Fog' challenge in asthmatic patients. Respiration. 1999 Nov-
Dec;66(6):518-21.
[http://www.ncbi.nlm.nih.gov/pubmed/10575337]

Cascinu S, et al. Neuroprotective effect of reduced
glutathione on oxaliplatin-based chemotherapy in advanced
colorectal cancer: a randomized, double-blind, placebo-
controlled trial. J Clin Oncol. 2002 Aug 15;20(16):3478-83.
[http://www.ncbi.nlm.nih.gov/pubmed/12177109]



Used Previously to compound drug products

Proposed use

Reason for use over and FDA-approved product

Autism Spectrum Disorders, Antineoplastic Toxicity, COPD &
Lung Disorders, Heavy Metal Poisoning

Autism Spectrum Disorders, Antineoplastic Toxicity, COPD &
Lung Disorders, Heavy Metal Poisoning

Treatment failures and/or patient unable to take FDA
approved product



Other relevant information - Stability information

Unless other studies performed / found: Capsule/Troche: USP
<795> recommendation of BUD for nonagqueous formulations
— “no later than the time remaining until the earliest
expiration date of any APl or 6 months, whichever is earlier.
Topical: USP <795> recommendation of BUD for water
containing topical formulations — “no later than 30 days."
Injection/Ophthalmic: USP <797> recommendations for high
risk level compounded sterile products



PCCA USA

8801 South Wilcrest Drive
Houston, Tx 77098
Tel:2681.833.6848

Faxc 281.033.6827

PCCA Canada

744 Third Street
London, ON N5V 5J2
Tel: 800.868.9453
Faxc 510.455.0800

PCCA Australia

Unit 1, 73 Beauchamp Road
Matraville, NSW 2036

Tel: 02.8316.1500

Fax: 02.0316.7422

CERTIFICATE OF ANALYSIS

PRODUCT: GLUTATHIONE (L) REDUCED

ITEM NUMBER:  30-2284 CAS: T0-18-5

LOT NUMEBER: C160619 MW: 307.3300000000

MFG. DATE: 02142013 FORMULA:  C10H17M306S

EXPIRATION: 02132015

TEST SPECIFICATIONS RESULTS

Arsenic ==1 ppm 1 ppm
<=1ppm

Assay == 598.0 % 991 %

Description pass pass

White powder

WHITE POWDER OR CRYSTALLINE POWDER, ODORLESS

Heavy metals <=5 ppm S ppm
<=5 ppm

Identification pass pass
iR

Iron <=5 ppm S ppm
<=5 ppm

Lead Acetate pass pass
Positive

Loss on Drying ==05% 0.1%

Melting point

Minhydrin Test

Optical Rotation

Residue on Ignition

Solubility

Solution

pass celsius

pass

Positive

-17.5-15.5 degrees
==0.1%

pass

FREELY SOLUBLE IN WATER; SPARINGLY SOLUBLE IN ALCOHOL

pass
Clear Solution

pass celsius
187.7C

pass

-16.3 degrees
0.01 %

pass

pass

QC APPROVED
PRINT DATE: 3/3/2014
PAGE: 10f1

The above test results have been obtained by our supplier or in our quality control laboratory.
This analysis is not to be construed as a warranty. expressed or implied.
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Alliance for Natural Health USA
35925 Piedmont Road NE

Building 6, Suite 310

Atlanta, GA 30305

c'25’0001 \o

email: office@anh-usa.org
g tel: 800.230.2762
3 Lot 902.803.5119

alliance for a0° fax: 202.315.5837
.anh-usa.
natural health R
USA ANH-USA is a regional office of ANH-Intl

March 2, 2018

Toni Hallman, MS, BSN, RN

LT USPHS

Project Manager, PCAC
CDER/OC/OPRO

10903 New Hampshire Avenue
Building 51, Room 3249

Silver Spring, MD 20903

RE: Docket FDA-2015-N-3534
Dear Ms. Hallman:

The Alliance for Natural Health USA (ANH-USA) is responding to FDA’s questions regarding
the nomination of Reduced L-glutathione for inclusion on the 503A bulk drug substances
list.

ANH-USA is an independent, nonprofit watchdog organization of more than 550,000 members
nationally that protects consumer access to natural health services, practitioners, and resources.
Safely compounded medications, as provided by integrative physicians, fulfill an important
clinical need for many of our members. These are patients who have not found relief for
their health conditions through conventional means. Such patients often have an adverse
reaction to mass-manufactured drugs, and require a more individualized treatment
regimen.

Before providing our responses, we wish to object to what has apparently evolved into a
new request for a disease indication rather than simply a use for the ingredient. The
implication is that FDA approval will be based upon a disease indication when functional
and nutraceutical uses have substantial clinical value and are plainly lawful under the Food,
Drug, and Cosmetic Act.

Responses:

“Promoting sustainable health and freedom of healthcare choice through good science and good law”



Q1. Does Alliance for Natural Health USA still want to pursue review by the FDA and
consideration by the PCAC of glutathione for inclusion on the 503A bulks list?

A. Yes

Q2. Please submit in writing the disease state(s) or health condition(s) that you are
proposing for FDA’s review, the dosage form and strength/concentration proposed for
each use, and clinical, if available and other scientific articles in support of each use. If this
information is not submitted for a proposed use, FDA does not intend to review the
nominated substance for that use.

A. ANH-USA cites the responses of the American Association of Naturopathic
Physicians, the Integrative Medicine Consortium, the Professional Compounding
Centers of America, and McGuff Compounding Pharmacy, all of which possess
the necessary expertise on these matters.

Q3. Glutathione is unlikely to be stable under ordinary storage conditions when
compounded as a solution, cream, or gel, which are among the nominated dosage forms.
Please provide any information available about how these issues are addressed for
compounded products.

A. ANH-USA cites the responses of McGuff Compounding Pharmacy and the
Professional Compounding Centers of America, which possess the necessary
expertise on this matter.

ANH-USA appreciates the FDA’s and its Pharmacy Compounding Advisory Committee’s
(PCAC) consideration of this further information in support of the nomination of
glutathione for inclusion on the 503A bulk drug substances list. We would like to reiterate
that the Agency’s original request asked only for ingredients’ proposed use, not the disease
condition or indication.

If you have further questions, please contact me.

Sincerely,

Michael Jawer
Deputy Director

Email: mike@anh-usa.org
Phone: 240-396-2171



mailto:mike@anh-usa.org

March 2, 2018

VIA EMAIL
toni.hallman@fda.hhs.gov

Toni Hallman, MS, BSN, RN

LT USPHS

Project Manager, PCAC

CDER/OC/OPRO

Food and Drug Administration

10903 New Hampshire Ave., Bldg 51, Rm 3249
Silver Spring, MD 20903

Re:  Response to Requests for More Information on Nominations for Glutathione
Docket FDA-2015-N-3534

Dear LT. Hallman:

| write on behalf of the American Association of Naturopathic Physicians (“AANP”) and its
partner in these submissions, the Integrative Medicine Consortium (“IMC”) in response to your
requests for more information about the nominations of the above-named ingredient. It is correct
that IMC and AANP maintain this nomination as an ingredient that should be placed on the
503A positive list.

Enclosed please find our submission regarding glutathione in which we address the questions
raised for today’s date. We are also in support of submissions made by co-nominators the
Pharmacy Compounding Centers of America, Alliance for Natural Health and McGuff
Compounding Pharmacy including assessments of stability.

Continuing Objection as to Insufficient Notice

IMC and AANP appreciate that FDA is seeking additional information as it weighs this
nomination, but we maintain our continuing objection to the lack of sufficient notice to properly
prepare and fully appraise FDA of the information it seeks to be able to make a proper decision
that has tremendous implications for patient care.

The American Association of Naturopathic Physicians
818 18h St, NW — Washington, DC 20006
Toll Free: 866-538-2267 — Fax: 202-237-8152
www.naturopathic.org



American Association of Naturopathic Physicians and Integrative Medicine Consortium
Response to Requests for More Information on Nomination for Glutathione

FDA Docket 2015-N-3534

March 2, 2018

Page 2

Continuing Objection Over Apparent Exclusion of Functional Uses

We also continue our objection to the question about the use for these ingredients which, in the
case of glutathione, asks for the “diseases or health conditions” for which its use is proposed.
This request inappropriately narrows allowed use. As we noted in our letter of January 26, 2018
regarding alpha-lipoic acid, methylcobalamin and choline chloride, incorporated herein by
reference, the law also provides for approval for functional benefits. In addition to our previous
citations, we note that the relevant Guidance Document defines “[a] bulk drug substance is
defined as meaning ‘the same as active pharmaceutical ingredient as defined in 21 CFR §
207.1(b).” See 21 CFR § 207.3. Active pharmaceutical ingredient is defined as “any substance
that is intended for incorporation into a finished drug product and is intended to furnish
pharmacological activity or other direct effect in the diagnosis, cure, mitigation, treatment, or
prevention of disease, or fo affect the structure or any function of the body...” (Emphasis added.)
Interim Policy on Compounding Using Bulk Drug Substances Under Section 503 A of the Federal
Food, Drug, and Cosmetic Act: Guidance for Industry, January 2017 at 2.

Glutathione is a particular case-in-point; as the attached bibliography and materials show, it has a
number of functional uses that are widely considered by the community of naturopathic,
integrative and functional medicine physicians as having highly critical and needed functional
uses. Its ability to address oxidative stress is well-documented and is a valid clinical end-point in
and of itself, as demonstrated by significant literature describing not only the role of oxidative
stress in numerous disease conditions but also in supporting and maintaining metabolic and
immune functions that may be precursors to as well as components of illness or in sustaining
wellness. With the functional effects demonstrated clinically and in the literature, and the
importance of these effects noted in numerous disease conditions, the need to then meet an
additional burden of showing randomized clinical trials on each and every condition would not
only be an improperly high threshold but one that is plainly legally unnecessary given that a
functional use, by itself and without more, is sufficient to sustain the nomination.

We have provided some of the referenced articles in full text. Please contact me if further
information would be helpful.

Sincerely,

(Ut Dot

Alan Dumoff



Submission of American Association of Naturopathic Physicians and Integrative Medicine
Consortium; Response to Requests for More Information on Nomination for Glutathione
FDA Docket 2015-N-3534

March 2, 2018

Cancer Treatment; Enhancement of Treatment and Alleviation of Adverse Chemotherapy
Effects

Traverso N, Ricciarelli R, Nitti M at al. Role of glutathione in cancer progression and
chemoresistance. Oxid Med Cell Longev. 2013;2013:972913. May 20.

Bohm S, Oriana S, Spatti G at al. Dose intensification of platinum compounds with glutathione
protection as induction chemotherapy for advanced ovarian carcinoma. Oncology.
1999;57(2):115-20.

Tew KD. Glutathione-Associated Enzymes In Anticancer Drug Resistance. Cancer Res. 2016
Jan 1;76(1):7-9. doi: 10.1158/0008-5472.CAN-15-3143. Epub 2016 Jan 3.

Meijerman |, Beijnen JH, Schellens JH. Combined action and regulation of phase Il enzymes and
multidrug resistance proteins in multidrug resistance in cancer. Cancer Treat Rev. 2008
Oct;34(6):505-20. Epub 2008 Apr 14.

Cascinu S., et al. Neuroprotective effect of reduced glutathione on oxaliplatin-based
chemotherapy in advance colorectal cancer: a randomized, double-blind, placebo-controlled trial.
J Clin Oncol. Aug 15, 2002; @0(16):3478-34383.

J. F. Smyth, A. Bowman, T. Perren, P.Wilkinson, R. J. Prescott, K.J. Quinn & M. Tedeschi.
Glutathione reduces the toxicity and improves quality of life of women diagnosed with ovarian
cancer treated with cisplatin: Results of a doubleblind, randomised trial. Annals of Oncology 8:
569-573, 1997.

Frank P. T. Hamers, Jan H. Brakkee, Ennio Cavalietti, Michele Tedeschi, Laura Marmonti,
Gabriella Pezzoni, Jan P. Neijt, and Willem H. Gispen. Reduced glutathione protects against
cisplatin-induced neurotoxicity in rats. Cancer Research 53. 544-549. February 1, 1993.

Ping Chen, Jennifer Stone, Garrett Sullivan, Jeanne A. Drisko Qi Chen. Anti-cancer effect of
pharmacologic ascorbate and its interaction with supplementary parenteral glutathione in
preclinical cancer models. Free Radical Biology and Medicine

Volume 51, Issue 3, 1 August 2011, Pages 681-687.
https://doi.org/10.1016/j.freeradbiomed.2011.05.031

Balendiran GK, Dabur R, Fraser D. The role of glutathione in cancer. Cell Biochem Funct.
2004;22(6):343-352.[PubMed 15386533]

Singh S, Khan AR, Gupta AK. Role of glutathione in cancer pathophysiology and therapeutic


https://www.sciencedirect.com/science/journal/08915849
https://www.sciencedirect.com/science/journal/08915849/51/3
https://doi.org/10.1016/j.freeradbiomed.2011.05.031

interventions. J Exp Ther Oncol. 2012;9(4):303-316.[PubMed 22545423]

Zhang ZJ, Hao K, Shi R, et al. Glutathione S-transferase M1 (GSTML1) and glutathione S-
transferase T1 (GSTT1) null polymorphisms, smoking, and their interaction in oral cancer: a
HUGE review and meta-analysis. Am J Epidemiol. 2011;173(8):847-857.[PubMed 21436184]

Miko Enomoto T, Johnson T, Peterson N, Homer L, Walts D, Johnson N. Combination
glutathione and anthocyanins as an alternative for skin care during external-beam radiation. Am J
Surg. 2005;189(5):627-630; discussion 630-631.[PubMed 15862509]

Raza A, Galili N, Smith S, et al. Phase 1 multicenter dose-escalation study of ezatiostat
hydrochloride (TLK199 tablets), a novel glutathione analog prodrug, in patients with
myelodysplastic syndrome. Blood. 2009;113(26):6533-6540.[PubMed 19398716]

Oriana S, Bohm S, Spatti G, Zunino F, Di Re F. A preliminary clinical experience with reduced
glutathione as protector against cisplatin-toxicity. Tumori. 1987;73(4):337-40.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list
_uids=3 660470 2.

Di Re F, Bohm S, Oriana S, Spatti GB, Zunino F. Efficacy and safety of high-dose cisplatin and
cyclophosphamide with glutathione protection in the treatment of bulky advanced epithelial
ovarian cancer. Cancer Chemother Pharmacol. 1990;25(5):355-60.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list
_uids=2 306797 3.

Bohm S, Battista Spatti G, Di Re F, Oriana S, Pilotti S, Tedeschi M, et al. A feasibility study of
cisplatin administration with low-volume hydration and glutathione protection in the treatment of
ovarian carcinoma. Anticancer Res. 1991;11(4):1613-6.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list
_uids=1 746919 4.

Di Re F, Bohm S, Oriana S, Spatti GB, Pirovano C, Tedeschi M, et al. High-dose cisplatin and
cyclophosphamide with glutathione in the treatment of advanced ovarian cancer. Ann Oncol.
1993;4(1):55-61.
http://www.ncbi.nim.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&Ilist
_uids=8 435364 6.

Milla P, Airoldi M, Weber G, Drescher A, Jaehde U, Cattel L. Administration of reduced
glutathione in FOLFOX4 adjuvant treatment for colorectal cancer: effect on oxaliplatin
pharmacokinetics, Pt-DNA adduct formation, and neurotoxicity. Anticancer Drugs.
2009;20:396-402. [PMID: 19287306]

Leal AD, Qin R, Atherton PJ, Haluska P, Behrens RJ, Tiber CH, Watanaboonyakhet P, Weiss M,
Adams PT, Dockter TJ, Loprinzi CL; Alliance for Clinical Trials in Oncology.
Cancer. 2014 Jun 15;120(12):1890-7. [PMID:24619793]



Pulmonary Disease

Lamson DW, Brignall MS. The use of nebulized glutathione in the treatment of emphysema: a
case report. Altern Med Rev. 2000 Oct;5(5):429-31.

Prousky J. The treatment of pulmonary diseases and respiratory-related conditions with inhaled
(nebulized or aerosolized) glutathione. Evid Based Complement Alternat Med. 2008
Mar;5(1):27-35.

Reynaert NL. Glutathione biochemistry in asthma. Biochim Biophys Acta.
2011;1810(11):1045-1051.[PubMed 21281701]

Peripheral Obstructive Arterial Disease

Arosio, E, De Marchi, S, Zannoni, M at al. Effect of Glutathione Infusion on Leg Arterial
Circulation, Cutaneous Microcirculation, and Pain-Free Walking Distance in Patients With
Peripheral Obstructive Arterial Disease: A Randomized, Double-Blind, Placebo-Controlled
Trial. Mayo Clinic Proc. August 2002 (77:8) 754—759.

Parkinson’s Disease

Sechi G, Deledda MG, Bua G at al. Reduced intravenous glutathione in the treatment of early
Parkinson's disease. Prog Neuropsychopharmacol Biol Psychiatry. 1996 Oct;20(7):1159-70.

Otto, M, Magerus, T, Langland, J. The Use of Intravenous Glutathione for Symptom
Management of Parkinson's Disease: A Case Report. Alternative Therapies in Health &
Medicine. Dec2017, (23)7, 88-92.

Martin HL, Teismann P. Glutathione—a review on its role and significance in Parkinson's
disease. FASEB J. 2009;23(10):3263-3272.[PubMed 19542204]

Hauser RA, Lyons KE, McClain T, Carter S, Perlmutter D. Randomized, double-blind, pilot
evaluation of intravenous glutathione in Parkinson's disease. Mov Disord. 2009;24(7):979-
983.[PubMed 19230029]

Infectious Disease, particularly Tuberculosis and HIV; Immune Enhancement
Ly J, Lagman M, Saing T et al. Liposomal Glutathione Supplementation Restores TH1 Cytokine
Response to Mycobacterium tuberculosis Infection in HIV-Infected Individuals. J Interferon

Cytokine Res. 2015 Nov;35(11):875-87. Epub. 2015 Jul 2.

Ellen De Bruyne, Richard Ducatelle, Dennis Foss, Margaret Sanchez, Myrthe Joosten, Guangzhi
3



Zhang, Annemieke Smet, Frank Pasmans, Freddy Haesebrouck, & Bram Flahoul. Oral
glutathione supplementation drastically reduces Helicobacter induced gastric pathologies. Nature
Scientific Reports. 02 February 2016.

Valdivia A, Ly J, Gonzalez L, Hussain P, Saing T, Islamoglu H, Pearce D, Ochoa

C, Venketaraman V. Restoring cytokine balance in HIV-positive individuals with low CD4 T
cell counts. AIDS Res Hum Retroviruses. 2017 Sep;33(9):905-918. doi:
10.1089/A1D.2016.0303. Epub 2017 May 10. Pubmed 28398068

Perricone C, De Carolis C, Perricone R. Glutathione: a key player in autoimmunity. Autoimmun
Rev. 2009;8(8):697-701.[PubMed 19393193]

Glutathione supplementation improves macrophage functions in HIV. Morris D, Guerra C,
Khurasany M, Guilford F, Saviola B, Huang Y, et al. J Interferon Cytokine Res. 2013;33(5):270-
9. PMID: 23409922 http://www.ncbi.nlm.nih.gov/pubmed/23409922

Restoring cytokine balance in HIV Positive Individuals with Low CD4 T Cell Counts. Valdivia
A, Ly J, Gonzalez L, Hussain P, Aing T, Islamoglu H, et al. AIDS Res Hum Retroviruses. 2017.
http://www.ncbi.nlm.nih.gov/pubmed/28398068

Characterization of Dendritic Cell and Regulatory T Cell Functions against Mycobacterium
tuberculosis Infection. Morris D, Gonzalez B, Khurasany M, Kassissa C, Luong J, Kasko S, et al.
Biomed Res Int. 2013;2013:402827. PMCID: 3676983.
http://www.ncbi.nlm.nih.gov/pmc/articlessPMC3676983/

An elucidation of neutrophil functions against Mycobacterium tuberculosis infection. Morris D,
Nguyen T, Kim J, Kassissa C, Khurasany M, Luong J, et al. Clin Dev Immunol.
2013;2013:959650. PMCID: 3838815. http://www.ncbi.nlm.nih.gov/pubmed/24312131

Liposomal Glutathione Supplementation Restores TH1 Cytokine Response to Mycobacterium
tuberculosis Infection in HIVInfected Individuals. Ly J, Lagman M, Saing T, Singh MK, Tudela
EV, Morris D, et al. J Interferon Cytokine Res. 2015;35(11):875-87. PMCID: 4642835.
http://www.ncbi.nlm.nih.gov/pubmed/26133750

Mercury and Cadmium Toxicity

Patrick L. Mercury toxicity and antioxidants (partl): role of glutathione and alpha-lipoic acid in
the treatment of mercury toxicity. Altern Med Rev. Dec 2002; 7(6):456-471.

James P.K. Rooney. The role of thiols, dithiols, nutritional factors and interacting ligands in the
toxicology of mercury. Toxicology 234 (2007) 145-156.

Hyo-wook Gil, Eun-jung Kang, Kwon-hyun Lee, Jong-oh Yang, Eun-young Lee and Sae-yong
4
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Prevention after Myocardial Infarction, Faculty of Medicine of Sousse, Sousse, Tunisia.
BackGROUND: The mechanisms of smoking tobacco leading to chronic obstructive pulmonary
disease (COPD) are beginning to be understood. However, conclusions about the role of blood or
lung oxidative stress markers were disparate.

AIMS: To investigate the oxidative stress in blood or lung associated with tobacco smoke and to
evaluate its effect on pulmonary function data and its relation with physical activity.

METHODS: It is a case-control study. Fifty-four male-smokers of more than five pack-years
(PY) and aged 40-60 years were included (29 Non-COPD, 16 COPD). Physical activity score
was determined. Blood sample levels of malondialdehyde (MDA), protein-cys-SH (PSH), and
Glutathione (GSH) were measured. Fractional exhaled nitric oxide (FeNO) and
plethysmographic measurements were performed. Correlation coefficients (r) evaluated the
association between oxidative stress markers and independent variables (plethysmographic data
and physical activity score).

RESULTS: Non-COPD (48 £ 6 years) and COPD (49 + 5 years) groups had similar tobacco
consumption patterns, that is, 27 = 14 PY versus 30 £ 19 PY, respectively. Compared to the
Non-COPD group, the COPD group had significantly lower levels of GSH and PSH, that is,
mean + SE were 40 + 6 versus 25 £ 5 pg/mL and 54 + 10 versus 26 + 5 pg/g of hemoglobin,
respectively. However, MDA level and FeNO values were similar. In the COPD group, none of
the oxidative stress markers was significantly correlated with plethysmographic data or physical
activity score. In the Non-COPD group, GSH was significantly correlated with physical activity
score (r = 0.47) and PSH was significantly correlated with total lung capacity (TLC) (r = -0.50),
residual volume (r = 0.41), and physical activity score (r = 0.62). FeNO was significantly
correlated with TLC of the COPD group (r = -0.48).

CONCLUSION: Compared to the Non-COPD group, the COPD group had a marked decrease in
blood antioxidant markers (GSH and PSH) but similar blood oxidant (MDA) or lung (FeENO)
burden.



Gluathione Comments Sent into AANP
Comments from Physicians about Current and Historical Uses

“Glutathione (typically at 60 to 200 mg/ml for IV administration, or 60 to 300 mg per dose for
inhalation) is a tripeptide synthesized from Glycine, Glutamic acid and Cysteine. It is a primary
intracellular antioxidant that is essential to life. It is useful to prevent radiation injury before
radiation treatment is started. It helps reduce the side effects of chemotherapy treatments. It can
prevent or reverse alcohol induced fatty liver cirrhosis, hepatitis, and liver lesions. It inhibits
chemical induced carcinogenesis. It improves prognosis of stroke victims. It has been used in
patients with COPD or chronic lung disease to improve lung functions and minimize oxygen-
dependency. It is one of the main anti-oxidation protocols in children with Autistic Syndrome
Disorder. Generally, it is useful in any condition where there is a risk for oxidative
stress/damage.

Various liver disease protocols can include anti-viral agents, chemotherapy, lactulose, beta-
blockers, diuretics, and antibiotics. Cancer treatments protocols include surgery, chemotherapy,
and radiation. Stroke treatments can include aspirin, TPA, and more invasive procedures
depending upon the acute nature of the symptoms. Glutathione would be used in conjunction
with the above protocols to reduce the intensity of symptoms of the disease processes, and to
reduce the severity of the side effects of the pharmaceutical protocols. There are no FDA-
approved drug products including Reduced L-glutathione for injection, inhalation.

"Reduced L-glutathione is produced by the liver for detoxification purposes. This therapy
appears much more attractive than a foreign chemical with possible toxic side effects, acute and
chronic. Most or all patients with Autistic Syndrome Disorder receives glutathione therapy.

“There is no alternative to reduced glutathione, either by injection or nebulization, for patients
who require effective physiological antioxidant activity for treating COPD, asthma and many
other conditions including those related to unintended consequences of radiation therapy and
certain types of chemo-therapy.

W Bruce Milliman, ND
Naturopathic Academy of Naturopathic Physicians
(NAPCP-Founding President)”

“GSH has been very important in the successful 1V treatment of neurodegenerative disorders like
Parkinson's and age related cognitive decline as well as toxicity rehabilitation from adverse
reactions to quinolones such as Cipro, as well as environmental toxicity/heavy metal
accumulation (over consumption of fish containing mercury, etc) detoxification treatments.

Angela Agrios, ND
Palisades Natural Medicine”
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“I have used L-glutathione (L-GSH) IV to support detoxification as this is our bodies most
powerful antioxidant, specifically in people who are detoxifying from drug/etoh use and heavy
metal/chemical/mold exposures. 1000-2000 mg gwk GSH 1V in Parkinson's disease has
improved symptoms regardless if they are using carbidopa-levodopa or other pharmaceuticals to
improve symptoms. In addition to IV GSH | typically add in oral GSH.

Audrey Schenewerk, ND, MS”

“About five years ago I had a cancer patient who almost died from the effects of conventional
cancer treatments. This patient was able to continue those treatment after beginning bi-weekly
then weekly 2 grams doses of IV Glutathione.

About eight years ago, a woman brought her autistic daughter in. She was working with another
MD who as best I recall had her on an infrequent regimen of three chelating agents, DMPS,
NAC and one other which I believe was Calcium Disodium EDTA, plus a bi-weekly
IM/subcutaneous shot of 5 mg methylcobalamin. This child developed into a very artistic and
energetic young woman.”

“We use Glutathione quite frequently in our clinic. We typically use it in our Lyme, chronic
fatigue and multiple chemical sensitivity patients.

Typical dose is 1-2 grams in an IV push 1-2 times/week for 6-8 weeks.

As far as results the most promising ones were from those patients who had acute chemical
exposures. One patient is a man who services pools for a living. He was exposed to some
chlorinated chemicals and immediately developed SOB, irritability and hives. He came in that
evening of exposure and was given a nutritional IV followed by 2 grams of glutathione. He
immediately felt less agitated and had less labored breathing. He continued to do 2 more
glutathione 1V's at 2g 1x/week and was also placed on oral glutathione. He has no residual side
effects from his exposure.

| have 2 current pts. with Cipro toxicity who 1-4x/month receive an IV push of glutathione at 1-
2g. They both notice less neurological symptoms and brain fog after their 1V's.

Another usage of glutathione is before and after surgery to mitigate the side effects many
experience from anesthesia. We typically give 1-2g 1-4x before surgery and 1-2g 1-2x/week for
2-4 weeks after surgery which allows most to recover from the brain fog and "spaciness” they
report after anesthesia.

Jennifer Wicher, N.D.
Synergy Natural Medicine”
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“Reduced Glutathione: GSH has been very important in the successful IV treatment of
neurodegenerative disorders like Parkinson's and age related cognitive decline as well as toxicity
rehabilitation from adverse reactions to quinolones such as Cipro, as well as environmental
toxicity/heavy metal accumulation (over consumption of fish containing mercury, etc)
detoxification treatments.

Dr. Angela Agrios, ND

California Licensed Naturopathic Doctor (ND)”
An Example of Many Patient Experiences
Hello,

I'm a patient of Dr. Andria Orlowski, a Phoenix naturopath. She encouraged me to share my
experiences with you concerning ingredients under review by FDA.

| have struggled with chronic illness that has resisted conventional medical diagnosis and caused
a wide range of symptoms for the last 25 years of my life.

... I suffer from a variety of food and chemical sensitivities. Exposure to fragrances makes me
sick, so does eating food that contains chemical additives. | have found that taking supplemental
reduced L-Glutathione helps me rapidly to overcome symptoms in such a case. Glutathione
supplements are a lifesaver for me when | have to travel by air, and forced to breathe jet fuel
pollution and the chemical fragrances of the other travelers for an extended period of time.
Without taking Glutathione, such exposure results in headaches, nausea, rapid heartbeats,
abdominal pain, joint pain and breathing difficulties.

Thanks to a supplemental program including these ingredients, I am a functioning and active
member of society.

You have my permission to share this information.
Sincerely.

R. Boerner
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Neuroprotective Effect of Reduced Glutathione on
Oxaliplatin-Based Chemotherapy in Advanced
Colorectal Cancer: A Randomized, Double-Blind,
Placebo-Controlled Trial

By Stefano Cascinu, Vincenzo Catalano, Luigi Cordella, Roberto Labianca, Paolo Giordani, Anna Maria Baldelli,
Giordano D. Beretta, Emilio Ubiali, and Giuseppina Catalano

Purpose: We performed a randomized, double-
blind, placebo-controlled trial to assess the efficacy of
glutathione (GSH) in the prevention of oxaliplatin-in-
duced neurotoxicity.

Patients and Methods: Fifty-two patients treated
with a bimonthly oxaliplatin-based regimen were ran-
domized to receive GSH (1,500 mg/m? over a 15-
minute infusion period before oxaliplatin) or normal
saline solution. Clinical neurologic evaluation and elec-
trophysiologic investigations were performed at base-
line and after four (oxaliplatin dose, 400 mg/m?2), eight
(oxaliplatin dose, 800 mg/m?2), and 12 (oxaliplatin
dose, 1,200 mg/m?) cycles of treatment.

Results: At the fourth cycle, seven patients showed
clinically evident neuropathy in the GSH arm, whereas
11 patients in the placebo arm did. After the eighth
cycle, nine of 21 assessable patients in the GSH arm
suffered from neurotoxicity compared with 15 of 19 in

XALIPLATIN, A new cytotoxic agent from the dia-
minocyclohexane platinum family, has a spectrum of
activity and toxicity different from that of cisplatin and
carboplatin, and it has demonstrated a lack of cross-
resistance with other platinum compounds.® The role of
oxaliplatin in colorectal cancer has been well established. In
combination with fluorouracil (5FU), it represents an effec-
tive first-line therapy, and its addition to 5FU regimens also
represents an active salvage therapy.>® Furthermore, a
combination of oxaliplatin and 5FU has proven beneficial in
enabling surgical removal of hepatic resections in patients
with previously unresectable liver metastases.® The coming
years will probably expand the therapeutic potential of
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the placebo arm. With regard to grade 2 to 4 National
Cancer Institute common toxicity criteria, 11 patients
experienced neuropathy in the placebo arm compared
with only two patients in the GSH arm (P = .003). After
12 cycles, grade 2 to 4 neurotoxicity was observed in
three patients in the GSH arm and in eight patients in
the placebo arm (P = .004). The neurophysiologic inves-
tigations (sural sensory nerve conduction) showed a
statistically significant reduction of the values in the
placebo arm but not in the GSH arm. The response rate
was 26.9% in the GSH arm and 23.1% in the placebo
arm, showing no reduction in activity of oxaliplatin.

Conclusion: This study provides evidence that GSH is
a promising drug for the prevention of oxaliplatin-
induced neuropathy, and that it does not reduce the
clinical activity of oxaliplatin.

J Clin Oncol 20:3478-3483. © 2002 by American
Society of Clinical Oncology.

oxaliplatin in several other cancers, such as breast, ovarian,
non-small-cell lung, prostate, and stomach cancers.”®
The most common toxicity resulting from oxaliplatin
therapy is neurotoxicity. There are two distinct types of
neurotoxicity. There are cold-sensitive paresthesias, which
are unique among the platinum complexes studied to date.
They occur a low total cumulative doses, are aways
reversible, and do not require discontinuation of therapy.
However, thereis also a peripheral sensory neuropathy with
symptoms similar to those seen with cisplatin. This form of
neurotoxicity is the most important for its clinical implica-
tions. The risk of developing severe disturbance of neuro-
logic function is related to the cumulative dose, generally
becoming a clinical problem when the cumulative dose
approximates 800 mg/m?. It is reversible, but it may last for
several months and can even require discontinuation of
treatment.’® The mechanism of neurotoxicity induced by
platinum drugs has been proposed to involve the accumu-
lation of platinum within the peripheral nervous system,
especially in the dorsal root ganglia™ However, unlike the
case with cisplatin, for oxaliplatin it seems that the greater
retention of platinum is due to a slower clearance rather than a
greater accumulation of oxaliplatin.'® These data suggest that a
strategy optimal for reducing the neurotoxicity associated with
oxaliplatin may be the use of agents such as glutathione
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(GSH), which is able to prevent the initial accumulation of
platinum adducts in the dorsal root ganglia.™®

Clinical trials conducted to assess the neuroprotective
efficacy of GSH in patients treated with cisplatin reported a
lower incidence of neurotoxicity compared with placebo,
without any negative interference in oncolytic activity.***’
On the basis of these premises, to assess the efficacy of GSH
in preventing oxaliplatin-induced neuropathy, a double-
blind, placebo-controlled trial was performed in patients
with advanced colorectal cancer. All were treated with the
same oxaliplatin-based regimen and were given either GSH
or placebo.

PATIENTS AND METHODS

Patients with a histologically verified advanced colorectal carcinoma
were dligible for the study. Other eligibility criteria included Eastern
Cooperative Oncology Group performance status of O to 2 and normal
bone marrow function (leukocyte count > 4,000/uL, platelet count >
100,000/pL), liver function (serum bilirubin < 1.5 mg/dL), renal
function (creatinine < 1.5 mg/dL), and cardiac function (stable heart
rhythm, no active angina, and no clinical evidence of congestive heart
failure). Previous chemotherapy with 5FU, adjuvant or not, was
dlowed. Patients were excluded if they had established clinical neuropa-
thy, diabetes mellitus, acoholic disease, other neurologic disease, or brain
involvement. Patients who received vitamin B,, Bg, or B,, supplements or
who followed other vitamin diets were also excluded.

Informed consent was obtained from all participants after the nature
of the study had been fully explained. The protocol was approved by
the ingtitutional review board.

The chemotherapeutic regimen consisted of oxaliplatin 100 mg/m?
onday 1, given asa2-hour infusion in 250 mL of dextrose 5%, concurrent
with 6-S-sterecisomer of leucovorin 250 mg/m? as a 2-hour infusion
followed by a 24-hour infusion of 5FU 1,500 mg/m?/d for 2 consecutive
days. Therapy was repeated every 2 weeks. GSH was given a a dose of
1,500 mg/m? in 100 mL of normal sdine over a 15-minute period
immediately before each oxdiplain administration, while norma saline
solution was administered to placebo-randomized patients. Routine anti-
emetic prophylaxis with dexamethasone 8 mg and 5-hydroxytryptamine-3
receptor antagonist was used for both treatment arms.

Response was evaluated after four cycles of therapy according to the
standard World Health Organization criteria.®® Patients who showed
responsive or stable disease received four further cycles of chemother-
apy. Toxicity was assessed after every 2-week cycle using the National
Cancer Ingtitute’'s (NCI) common toxicity criteria (CTC).™® Chemo-
therapy was delayed until recovery if the neutrophil count decreased to
less than 1,500/uL or the platelet count decreased to less than
100,000/pL. 5FU and oxaliplatin doses were reduced when NCI CTC
grade 3 diarrhea, dermatitis, or stomatitis occurred. In the case of NCI
grade 2 sensory neuropathy, the oxaliplatin dose was reduced to 75%
of the previous dose; in the case of NCI grade 3 sensory neuropathy,
oxaliplatin was omitted from the regimen until recovery. Patients who
experienced NCI CTC grade 4 toxicity, apart from alopecia, were
withdrawn from the study.

A complete standardized neurologic examination, including an
evaluation of strength and deep tendon reflexes, was performed by the
neurologists (L.C. and E.U.) involved in the study. Special care was
devoted to the presence of symptoms of peripheral nervous system
involvement and to the assessment of position and vibratory sensations.
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The degree of neurotoxicity was expressed according to the NCI
CTC.* The neurophysiologic evaluation was based on the bilateral
determination with surface electrodes of the sensory nerve conduction
in the sural nerves. All neurophysiologic examinations were performed
under constant conditions of skin temperature (34°C). The same
examiners, blinded with respect to the group to which each patient
belonged, aways performed the neurologic and electrophysiologic
evaluations. All the patients were examined before entry onto the study
and after four, eight, and 12 cycles of chemotherapy within 2 weeks of
the end of treatment.

The study was defined as a double-blind, randomized, phase 111 trial
inwhich at least 25 patients were assigned to each of the two treatment
arms. The sample size was determined to detect a 40% difference in the
occurrence of grade 2 to 4 (NCI CTC) neurotoxicity between the two
treatment arms, with alpha and beta errors of 0.05 and 0.1, respectively.
Grade 2 to 4 toxicities were chosen because, in our experience, these
degrees seem to impair the quality of life of patients.

Using cards from a computer-generated list in sealed envelopes,
randomization was performed by a person not involved in the care or
evaluation of the patients. The personnel who evaluated the efficacy
and tolerability of the treatment did not know the drug administered
because administration was performed by other staff members.

Analysis of variance with repeated measures and a supplementary
two-sided paired t test were used to compare the neurophysiologic
results of the two groups after four cycles (oxaliplatin cumulative dose,
400 mg/m?) and eight cycles (oxaliplatin cumulative dose, 800 mg/m?)
of chemotherapy. A x? test with Yates correction and the Wilcoxon
test were used to assess the difference in terms of clinical neurotoxicity
between the two groups, both as overall incidence and as ascore.® This
score was derived from the sum of the degree of the worst neurologic
toxicity, according to the NCI scale, for each patient divided by the
number of assessable patients for each dose step (400 mg/m?, 800
mg/m?, and 1,200 mg/m?).

RESULTS

Fifty-two patients were entered onto the study: 26 were
assigned to the placebo arm and 26 to the GSH arm. The
patients characteristics are listed in Table 1. Twelve pa-
tients in the placebo arm and 11 in the GSH arm received a
5FU/leucovorin regimen as adjuvant treatment. Seventeen
patients in the placebo arm and 19 in the GSH arm were
treated with 5FU and leucovorin asfirst-line treatment at the
time of relapse. At baseline, the distribution of the other
clinicopathologic variables was comparable between the
two groups, except for a magjor incidence of women in the
GSH arm (P = .09). No patient was excluded from the
study, and an intention-to-treat analysis was performed.

In the placebo arm, seven patients did not complete the
second step of treatment (eight cycles): five showed pro-
gressive disease, and two patients complained of persistent
grade 3 or 4 neurotoxicity. In the GSH arm, five patients did
not complete the treatment: four showed progressive dis-
ease, and one refused further therapy without clinical signs
of neurotoxicity or disease progression.

In the placebo arm, a total of 172 cycles were adminis-
tered (median, eight); the median dose-intensity of oxali-
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Table 1. Patient Characteristics
Placebo Arm GSH Arm

No. of patients 26 26
Age, years

Median 65 65

Range 50-76 40-77
Sex male/female 19/7 12/14
ECOG performance status

0 20 17

1 6 9
Primary site

Colon 15 12

Rectum 11 14
Site of metastases

Liver 18 16

Abdomen 8 10

Peritoneum 4 3

Lung 10 6

Lymph nodes 3 5

Others 3 1
No. of sites

1 9 14

>2 17 12
Previous treatment

No 9 6

Yes 17 19
Adjuvant therapy

No 14 15

Yes 12 11

Abbreviation: ECOG, Eastern Cooperative Oncology Group.

platin was 38.8 mg/m?wk, and the median cumulative dose
of oxaliplatin was 783 mg/m?. In the GSH arm, a total of
175 cycles was administered (median, eight); the median
dose-intensity of oxaliplatin was 39.2 mg/m?wk, while the
median cumulative dose of oxaliplatin was 782 mg/m?. The
reduced dose-intensity of oxaliplatin was mainly due to
neurotoxicity in the placebo arm and to other toxicities in
the GSH arm. No statistical difference in number of cycles,
dose-intensity, or cumulative dose of oxaliplatin between
the two groups was observed. At baseline, no patient
suffered from clinical neuropathy in either arm.

Table 2.

CASCINU ET AL

At the time of the second neurologic examination (four
cycles), seven patients had a clinical neuropathy (grade 1 or
2) in the GSH arm (27%; 95% confidence interval [CI],
9.8% to 44%) compared with 11 patients in the placebo arm
(42%; 95% Cl, 23% to 61%) (Table 2).

After eight cycles of chemotherapy, nine patients (43%;
95% Cl, 22% to 64%) had clinical neuropathy in the GSH
arm (score, 0.52) compared with 15 patients (79%; 95% ClI,
60% to 80%) in the placebo arm (score, 1.68) (P = .04).
Remarkably, the incidence of moderate to severe (grade 2 to
4 NCI CTC) clinical neurotoxicity was present in 11 of 19
assessable patients (58%; 95% CI, 35% to 80%) in the
placebo arm, compared with only two of 21 assessable
patients (9.5%; 95% CI, 0% to 22%) in the GSH arm (P =
.003). Furthermore, grade 3 or 4 neurotoxicity was not
present in the GSH arm, while it was reported in five
patients (26%) in the placebo arm (P = .01).

Only 18 patients received 12 cycles of treatment, 10 in the
GSH arm and eight in the placebo am. Grade 2 to 4
neurotoxicity was observed in only three patients in the GSH
arm and in eight patients in the placebo arm (P = .004).

The most frequent neurologic symptoms were distal
paresthesia, numbness in the legs, and ataxia, while the
physical examinations generally showed decrease or loss of
deep tendon reflexes.

The neurophysiologic evaluation showed that no changes
in mean latency and sensory amplitude potentials of sural
nerves occurred in the GSH and placebo arms after four
cycles of chemotherapy. On the contrary, after eight cycles
of chemotherapy in the GSH arm, no changes in mean
latency and sensory amplitude potentials of the sural nerves
had occurred; in the placebo arm, these parameters were
significantly affected (Tables 3 and 4). Patients did not
continue to receive GSH after oxaliplatin had been stopped,
and none of the patients experienced a rebound of their
neurologic symptoms.

The other chemotherapy toxicities are reported in
Table 5. There were no chemotherapy-related deaths. The
main toxicities were neutropenia, diarrhea, stomatitis,

Clinical Evaluation of Neurotoxicity

Neurotoxicity NCI NCTC Alfter 4 Cycles

After 8 Cycles After 12 Cycles

Grade Placebo (n = 26)* GSH (n = 26)* Placebo (n = 19)* GSH (n = 21)* Placebo (n = 8)* GSH (n = 10)*
0 15 19 4 12 - 1
1 9 6 4 7 - 6
2 2 1 6 2 2 2
3 - - 4 - 4 1
4 - - 1 - 2 -
Score - - 1.68 0.52 3 1.3

*Number of assessable patients.
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Table 3. Electrophysiologic Results in the Placebo Arm

Sural Nerve Basal After 4 Cycles P After 8 Cycles P
Latency, msec 3.07 £0.33 2.90 = 0.69 NS 3.19+1.70 .03
SAP, uV 10.98 = 6.92 9.80 = 5.35 NS 7.20 = 5.05 .05
CV, m/sec 45.91 = 4.59 44.03 = 10.19 NS 39.33£11.66 .01

Abbrevidations: SAP, sensory amplitude potential; CV, conduction velocity; NS, not significant.

nausea and vomiting, and transient hepatic failure. They
were generally mild, and no statistically significant
difference in incidence and severity of toxicities was
found between the two groups (Table 5).

No complete response was observed in either arm. A
partial response was observed in seven patients (26.9%;
95% CI, 9.8% to 43.9%) in the GSH group and in six
patients (23.1%; 95% CI, 6.8% to 39.2%) in the placebo
arm, for an overall response rate of 25.0% (95% Cl, 13.2%
to 36.7%) (Table 6).

After a median overall follow-up period of 11.5 months
(range, 3 to 30 months), the median progression-free sur-
vival was 7 months (range, 2 to 12 months) for patients in
the GSH arm and 7 months (range, 2 to 16 months) for those
in the placebo arm. Median survival time was 16 months
and 17 months in the GSH and placebo arms, respectively.

DISCUSSION

The mechanism of neurotoxicity induced by platinum
drugs has been proposed to involve the accumulation of
platinum within the peripheral nerve system.***2 The major
site of damage seems to be the dorsal root ganglia, which is
consistent with the platinum accumulation studies. In fact,
biodistribution studies have shown that the platinum con-
centrations are greater in the dorsal root gangliafollowed by
the dorsa root and peripheral nerves.* Damage to the
dorsal root ganglia seems to result in axonopathy of periph-
eral nerves, especialy in the large myelinated fibers respon-
sible for sensory nerve conduction. In a rat model, the
sciatic nerves showed marked axona atrophy and a de-
crease in the number of large sensory axons, whereas the
motor axons remained unaffected.”

The neurotoxicity associated with oxaliplatin issimilar in
nature to that associated with cisplatin. However, unlike the
case with cisplatin, the pathologic presence of oxaliplatin in

the dorsal root ganglia is due to a relative slower clearance
of the drug rather than to an increased accumulation.*®
These data suggest that an optimal strategy for reducing the
neurotoxicity associated with oxaliplatin may be the use of
agents such as GSH, which may be able to prevent theinitial
accumulation of platinum adducts in dorsal root ganglia.*®

A major role of GSH in the prevention of platinum-
induced neurotoxicity has been suggested by recent exper-
imental findings. Park et al*? showed that reactive oxygen
species generated by platinum compounds play an impor-
tant role in platinum-induced neuronal apoptotic cell death
via activation of the p53 signaling pathway. Preincubation
of nerves from a mouse dorsal root ganglion with N-acetyl-
cysteine, a precursor of GSH, blocks or attenuate the
accumulation of p53 protein in response to platinum,
resulting in a block of platinum-induced apoptosis and in a
neuroprotective effect.?® Finally, preclinical and clinical
experiences provided evidence that GSH was effective for
the prevention of cisplatin-induced neurotoxicity without
reducing the clinical activity of cisplatin.***"

On the basis of these premises, we performed this
double-blind, placebo-controlled, randomized trial using the
same GSH schedule as reported in our previous work.™® Our
results indicate that GSH can exert a beneficial effect on
oxaliplatin neurotoxicity. In fact, we have shown that GSH
given concurrently with oxaliplatin is able to reduce the
symptoms and signs of neuropathy significantly. In addi-
tion, neurophysiologic investigations based on the evalua-
tion of latency and amplitude of the sensory nerve conduc-
tion, the most common indexes impaired in platinum
neuropathy, supported the neuroprotective effects of GSH.

These findings may have important clinical implications.
In fact, in several cases, despite good clinical activity,
treatment with oxaliplatin must be discontinued because of
the onset of neurotoxicity. The concomitant use of GSH

Table 4. Electrophysiologic Results in the GSH Arm

Sural Nerve Basal After 4 Cycles P After 8 Cycles P
Latency, msec 2.98 +0.97 3.17 £0.76 NS 3.08 £ 0.99 NS
SAP, uVv 9.09 = 6.34 10.89 = 7.89 NS 8.71 = 5.50 NS
CV, m/sec 39.87 = 13.0 39.48 = 13.04 NS 39.13 = 11.63 NS

Abbreviations: SAP, sensory amplitude potential; CV, conduction velocity; NS, not significant.
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Table 5. Worst Grade of Toxicity by Each Patient (absolute numbers) Table 6. Tumor Response and Survival

Toxicity (NCI CTC)/Grade Placebo Arm GSH Arm GSH Arm Placebo Arm
Anemia Patients enrolled, n 26 26

1/2 2 5 CR 0 0

3/4 0 0 PR, % 26.9 23.1
Neutropenia SD, % 57.7 53.8

172 7 7 PD, % 15.4 23.1

3/4 . 4 1 OR, % 269 23.1
Thrombocyloperiia 95% Cl, % 9.8-43.9 6.8:39.2

;Z (5) g PFS, months 7+ 7

Survival, months 16 17

Nausea

1/2 9 10 Abbreviations: CR, complete response; PR, partial response; SD, stable

3 0 0 disease; PD, progressive disease; OR, overall response; PFS, progressive-free
Vomiting survival.

1/2 7 10

3/4 0 0
Diarrhea Regarding toxicity and possible interference with oxali-

1/2 6 6 platin antitumor activity by GSH, as previously reported in

3/4 0 2 . . 8 . .
Stomatiis other studies on cisplatin, we did not observe either.

1/2 6 6 The results we achieved with this double-blind, placebo-

3/4 0 0 controlled trial have provided evidence indicating that GSH

may alow the administration of an effective treatment for a
more prolonged time. In fact, in the placebo arm, none of
the patients could receive further oxaliplatin treatment
because of the development of neurotoxicity; in the GSH
arm, seven patients did not develop any sign of clinica
neurotoxicity and could continue on treatment. In the
coming years, there will be an expanding use of oxaliplatin
in several other cancers as well asin the adjuvant setting, as
indicated by two ongoing randomized trials in colon cancer
in Europe (Multicenter International Study of Oxaliplatin
5FU-LV in the Adjuvant Treatment of Colon Cancer
[MOSAIC] trial) and the United States (National Surgical
Adjuvant Breast and Bowel Project C-07), oxaliplatin-
induced neuropathy will be a growing, relevant clinical
problem.

is a promising drug for the prevention of oxaliplatin-
induced neuropathy. Other attempts to reduce neurotoxicity
associated with oxaliplatin included the development of
regimens alternating the combination of oxaliplatin/5FU
with 5FU aone in order to allow a long-term period of
treatment but reducing the total cumulative dose of oxali-
platin, or the use of other possible chemoprotectants, such
as gabapentin. Preliminary data with this drug seem to be
promising.?® In seven patients, neuropathy disappeared and
did not recur with additional chemotherapeutic courses.
However, in some patients, increased doses of gabapentin
were needed; so far, a prolonged administration of this drug
may be precluded because of its potential side effects. In
contrast, the lack of toxicity and interference with oxalipla-
tin activity, aswell asitslow economic cost, makes GSH an
ideal new drug for the prevention of oxaliplatin-induced
neuropathy in colorectal cancer patients.
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Glutathione (GSH) plays an important role in a multitude of cellular processes, including cell differentiation, proliferation, and
apoptosis, and disturbances in GSH homeostasis are involved in the etiology and progression of many human diseases including
cancer. While GSH deficiency, or a decrease in the GSH/glutathione disulphide (GSSG) ratio, leads to an increased susceptibility to
oxidative stress implicated in the progression of cancer, elevated GSH levels increase the antioxidant capacity and the resistance to
oxidative stress as observed in many cancer cells. The present review highlights the role of GSH and related cytoprotective effects
in the susceptibility to carcinogenesis and in the sensitivity of tumors to the cytotoxic effects of anticancer agents.

1. Introduction

Reactive oxygen species (ROS) are physiologically produced
by aerobic cells [1] and their production increases under con-
ditions of cell injury [2]. Physiological levels of ROS mediate
crucial intracellular signaling pathways and are essential for
cell survival. However, an excess of ROS formation generates
cell damage and death. To prevent the irreversible cell
damage, the increase of ROS induces an adaptive response,
consisting in a compensatory upregulation of antioxidant
systems, aimed to restore the redox homeostasis [3].

Oxidative stress has long been implicated in cancer
development and progression [4], suggesting that antioxidant
treatment may provide protection from cancer [5]. On other
hand, prooxidant therapies, including ionizing radiation and
chemotherapeutic agents, are widely used in clinics, based
on the rationale that a further oxidative stimulus added to
the constitutive oxidative stress in tumor cells should, in
fact, cause the collapse of the antioxidant systems, leading
to cell death [6]. However, this latter approach has provided
unsatisfactory results in that many primary tumors overex-
press antioxidant enzymes at very high levels, leading to a
resistance of cancer cells to drug doses [7].

Among the enzymatic systems involved in the mainte-
nance of the intracellular redox balance, a main role is played

by GSH [8] that participates, not only in antioxidant defense
systems, but also in many metabolic processes [9].

Elevated GSH levels are observed in various types of
tumors, and this makes the neoplastic tissues more resistant
to chemotherapy [10, 11]. Moreover, the content of GSH in
some tumor cells is typically associated with higher levels
of GSH-related enzymes, such as y-glutamylcysteine ligase
(GCL) and y-glutamyl-transpeptidase (GGT) activities, as
well as a higher expression of GSH-transporting export
pumps [11, 12]. Therefore, it is not surprising that the GSH
system has attracted the attention of pharmacologists as
a possible target for medical intervention against cancer
progression and chemoresistance.

The main research in this field has been aimed at deplet-
ing GSH by a specific inhibition of GCL, a key enzyme of
GSH biosynthesis. In this context, buthionine sulfoximine
(BSO) is the most popular GSH-depleting agent studied in
both preclinical and early clinical trials, but limitation on
its availability has led to a search for alternatives [13, 14].
Recently, GSH analogues have been employed in order to
sensitize tumors to cytotoxic effects of anticancer agents, by
depleting GSH-related cytoprotective effects [15].

However, during the last decade, a new approach for the
regulation of GSH-utilizing enzymes has emerged. It is also
evident that many of the antioxidant enzymes are induced
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by GSH depletion at the transcriptional level which involves
the binding of the nuclear factor (erythroid-derived 2)-like
2 (Nrf2) transcription factor to the antioxidant response
element (ARE) in the promoter region of the genes encoding
GCL and glutathione S-transferases [16].

2. GSH Biosynthesis

Glutathione (GSH) is a tripeptide formed by glutamic acid,
cysteine, and glycine. The glutamic acid forms a particular
gamma-peptic bond with cysteine by its gamma glutamyl
group. Two forms of GSH are possible: the reduced form
(GSH) which represents the majority of GSH, reaching
millimolar concentration in the intracellular compartment,
and the oxidized form (GSSG) that is estimated to be less
than 1% of the total GSH. Intracellularly, the majority of
GSH is found in the cytosol (about 90%), while mitochondria
contain nearly 10% and the endoplasmic reticulum contains
a very small percentage [17].

The synthesis of GSH from its constituent amino acids
involves two ATP-requiring enzymatic steps: (1) the first step
is rate-limiting and catalyzed by GCL which is composed
of two subunits: one catalytic (GCLC) and one modifier
(GCLM):

MgATP

y-glutamylcysteine

MgADP + Pi

(2) The second step is catalyzed by GSH synthetase (GS)
[19]:

MgATP  MgADP + Pi
T+ (@D oo
y-glutamylcysteine GSH

Although GS is generally thought not to be important
in the regulation of GSH synthesis, accumulating evidence
suggests that GS may play an important role, atleast in certain
tissues and/or under stressful conditions [20].

However, under normal physiological conditions, the rate
of GSH synthesis is largely determined by two factors, that is,
cysteine availability and GCL activity. Cysteine is normally
derived from the diet, protein breakdown and in the liver,
from methionine via transsulfuration (conversion of homo-
cysteine to cysteine). Cysteine differs from other amino acids
because its sulthydryl form, cysteine, is predominant inside
the cell whereas its disulfide form, cystine, is predominant
outside the cell [21].

3. Glutathione Functions

The chemical structure of GSH determines its potential func-
tions, and its broad distribution among all living organisms
reflects its important biological role. A major function of GSH
is the detoxification of xenobiotics and some endogenous
compounds. These substances are electrophiles and form
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conjugates with GSH, either spontaneously or enzymatically,
in reactions catalyzed by GSH-S-transferases (GST) [22].
Human GSTs are divided into two distinct family mem-
bers: the membrane-bound microsomal and cytosolic family
members. The conjugates formed are usually excreted in the
bile, but can also undergo modification to mercapturic acid.

Another important GSH function is the maintenance of
the intracellular redox balance and the essential thiol status
of proteins [21].

The reaction with the protein is as follows:

Protein-SSG + GSH «— Protein-SH + GSSG. (1)

The equilibrium of this reaction depends on the con-
centrations of GSH and GSSG. The reversible thiolation
of proteins is known to regulate several metabolic pro-
cesses including enzyme activity, transport activity, signal
transduction and gene expression through redox-sensitive
nuclear transcription factors such as AP-1, NF-kappaB (NF-
kB) and p53 [21, 23]. In fact, DNA-binding activity of
transcription factors often involves critical Cys residues, and
the maintenance of these residues in a reduced form, at
least in the nuclear compartment, is necessary [24]. AP-1
is a transcription factor related to tumor promotion [25],
and its DNA-binding activity can be diminished if Cys-
252 is oxidized [26]. Tumor suppressor p53, known as the
“guardian of the genome,” contains 12 Cys residues in its
amino acid sequence [27], and oxidation of some of these
inhibits p53 function [28]. Moreover, GSH performs an
antioxidant function (Figure 1).

In addition, storage of cysteine is one of the most
important functions of GSH because cysteine is extremely
unstable extracellularly and rapidly autooxidizes to cystine in
a process that produces potentially toxic oxygen-free radicals
[29]. The y-glutamyl cycle allows GSH to be the main source
of cysteine (Figure 2).

4. Role of GSH in Regulating Cancer
Development and Growth

In many normal and malignant cells, increased GSH level is
associated with a proliferative response and is essential for cell
cycle progression [30, 31]. The molecular mechanism of how
GSH modulates cell proliferation remains largely speculative.
A key mechanism for GSH’s role in DNA synthesis relates
to the maintenance of reduced glutaredoxin or thioredoxin,
which is required for the activity of ribonucleotide reductase,
the rate-limiting enzyme in DNA synthesis [32].
Furthermore, in liver cancer and metastatic melanoma
cells, GSH status is correlated with growth [33-35] and
it has also been demonstrated that a direct correlation
between GSH levels associated with cellular proliferation and
metastatic activity exists [33]. In fact, intrasplenic inoculation
of B16 melanoma (B16M) cells into C57BL/6] syngenic mice
induced metastatic foci formation by colonizing different
organs. However, the number and size of metastases were
much higher when B16M cells with high GSH content were
inoculated in vivo [33]. A high percentage of tumor cells with
high GSH content were able to survive in the presence of
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FIGURE 1: Antioxidant function of GSH. The hydrogen peroxide, produced during the aerobic metabolism, can be metabolized in the cytosol
by GSH peroxidase (GPx) and catalase in peroxisomes. In order to prevent oxidative damage, the GSSG is reduced to GSH by GSSG reductase
at the expense of NADPH, forming a redox cycle [17]. Organic peroxides can be reduced both by GPx and GSH-transferase (GST). In extreme
conditions of oxidative stress, the ability of the cell to reduce GSSG to GSH may be less, inducing the accumulation of GSSG within the cytosol.
In order to avoid a shift in the redox equilibrium, the GSSG can be actively transported out of the cell or react with protein sulthydryl groups
(PSH) and form mixed disulfides (PSSG).
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FIGURE 2: y-Glutamyl cycle. In the y-glutamyl cycle, GSH is released from the cell and the ectoenzyme GGT transfers the y-glutamyl moiety
of GSH to an amino acid (aa, the best acceptor being cysteine), forming y-glutamyl-aa and cysteinyl-glycine. The y-glutamyl-amino acid can
then be transported back into the cell and once inside can be further metabolized to release the aa and 5-oxoproline, which can be converted
to glutamate and used for GSH synthesis. Cysteinyl-glycine is broken down by dipeptidase (DP) to generate cysteine and glycine. Once inside
the cell, the majority of cysteine is incorporated into GSH, some being incorporated into protein, and some degraded into sulfate and taurine
[18].

the nitrosative and oxidative stress, thereby representing the As previously reported, GSH is effluxed by cells through
main task force in the metastatic invasion [36]. Therefore, =~ GGT-mediated metabolism, allowing a “GSH-cycle” to take
it is plausible that maintenance of high intracellular levels  place, which is implicated in tumor development [39]. In
of GSH could be critical for the extravascular growth of  fact, GGT-positive foci were found in animals exposed to
metastatic cells. Moreover, maintenance of mitochondrial  prooxidant carcinogens, suggesting the hypothesis of GGT
GSH homeostasis may be a limiting factor for the survival  as an early marker of neoplastic transformation [40, 41].
of metastatic cells in the immediate period following intra- ~ Moreover, increased levels of GGT have been observed in
sinusoidal arrest and interaction with activated vascular cancers of the ovaries [42], colon [43], liver [44], melanoma
endothelial cells. Mitochondrial dysfunction is a common [45], and leukemias [46]. In studies on melanoma cells in

event in the mechanism leading to cell death [37], and,  vitro and in vivo, elevated GGT activity has been found
recently, it has been found to be an essential step for the killing ~ to accompany an increased invasive growth [45, 47, 48],
of non-small-cell lung (NSCLC) carcinomas which are resis- and a positive correlation has been described between GGT

tant to conventional treatments [38]. Thus, the impairmentof =~ expression and unfavourable prognostic signs in human
GSH uptake by mitochondria may be important to sensitize ~ breast cancer [49].

invasive cancer cells to prooxidant compounds capable of The prooxidant activity of GGT has also recently been
activating the cell death mechanism. shown to promote the iron-dependent oxidative damage of



DNA in GGT-transfected melanoma cells, thus potentially
contributing to genomic instability and an increased muta-
tion risk in cancer cells [50]. GGT/GSH-dependent prooxi-
dant reactions has been shown to exert an antiproliferative
action in ovarian cancer cells [51], while other studies in U937
lymphoma cells have shown that basal GGT-dependent pro-
duction of hydrogen peroxide can represent an antiapoptotic
signal [52]. The modulatory effects of GGT-mediated prooxi-
dant reactions could contribute to the resistance phenotype
of GGT-expressing cancer cells by regulating both signal
transduction pathways involved in proliferation/apoptosis
balance, as well as by inducing protective adaptations in the
pool of intracellular antioxidants.

5. GSH Depletion as an Experimental
Approach to Sensitize
Tumor Cells to Therapy

Cancer cell lines containing low GSH levels have been
demonstrated to be much more sensitive than control cells
to the effect of irradiation [18]. In fact, GSH depletion
obtained by BSO, the irreversible inhibitor of GCL, is the
most frequently used approach and it is associated with many
chemotherapeutic agents [53-57]. However, molecular sig-
naling of BSO-induced apoptosis is poorly understood, and,
recently, it has been demonstrated that in different leukaemia
and lymphoma cells, the death receptor-mediated apoptotic
pathway, induced by arsenic trioxide plus BSO, is triggered
via JNK activation [58]. Moreover, in neuroblastoma cells
susceptible to BSO treatment, DNA damage and apoptosis
was triggered via PKC-§ activation and ROS production [59,
60].

In fact, BSO in combination with melphalan [14, 61],
is currently undergoing clinical evaluation in children
with neuroblastoma (NCT00002730; NCT00005835) and in
patients with persistent or recurrent stage III malignant
melanoma (NCT00661336). Recently, it has been demon-
strated that a combination of azathioprine with BSO is useful
for localized treatment of human hepatocellular carcinoma
[62].

Therefore, BSO clinical use is restricted by its short
half-life, with the consequent need for prolonged infusions
resulting in its nonselective effect of GSH depletion on both
normal and malignant cells [63].

6. Role of GSH in Chemoresistance

The increase in GSH levels, GCL activity and GCLC gene
transcription is associated with drug resistance in tumor cells
[64, 65].

The increase in GSH is a major contributing factor to drug
resistance by binding to or reacting with, drugs, interacting
with ROS, preventing damage to proteins or DNA, or by
participating in DNA repair processes. In melanoma cells,
GSH depletion and GGT inhibition significantly increased
cytotoxicity via oxidative stress [66]. In addition, it has
been demonstrated that GGT-overexpressing cells were more
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resistant to hydrogen peroxide [67] and chemotherapics, such
as doxorubicin [68], cisplatin [64], and 5-fluorouracil [69].

Moreover, it has been found that the human multidrug
resistance protein (MRP), a member of the superfamily of
ATP-binding cassette membrane transporters, can lead to
resistance to multiple classes of chemotherapeutic agents [70,
71]. Several studies have shown coordinated overexpression
of GCLC and MRP in drug-resistant tumor cell lines, in
human colorectal tumors and in human lung cancer speci-
mens after platinum exposure [70, 71].

Three mechanisms have been proposed for the role of
GSH in regulating cisplatin (CDDP) resistance: (i) GSH may
serve as a cofactor in facilitating MRP2-mediated CDDP
efflux in mammalian cells; (ii) GSH may serve as a redox-
regulating cytoprotector based on the observations that many
CDDP-resistant cells overexpress GSH and y-GCS; and (iii)
GSH may function as a copper (Cu) chelator.

Moreover, overexpression of specific GSTs can also affect
chemoresistance, whereas polymorphisms that decrease GST
activity are associated with a high risk of developing can-
cer [72]. An elevated expression of GSTs, combined with
high GSH levels, can increase the rate of conjugation and
detoxification of chemotherapy agents, thus reducing their
effectiveness [73]. In addition to the transferase function,
GSTs have been shown to form protein-protein interactions
with members of the mitogen activated protein (MAP)
kinases. By interacting directly with MAPKSs, including c-Jun
N-terminal kinase 1 (JNK1) and apoptosis signal-regulating
kinase 1 (ASK1), GSTs bind the ligand in a complex structure,
preventing interactions with their downstream targets [74].
Many anticancer agents induce apoptosis via activation of
MAP kinases, in particular JNK and p38 [75, 76]. This novel,
nonenzymatic role for GSTs has direct relevance to the GST
overexpressing phenotypes of many drug-resistant tumors.
As an endogenous switch for the control of intracellular
signaling pathways, an elevated expression of GST can alter
the balance of kinases during drug treatment, thereby causing
a potential selective advantage for tumor growth.

The promoter regions encoding GSTs and yGCL possess
binding sites for transcriptional regulators such as NF-kB,
AP-1, AP-2, and the Nrf2/Kelch-like ECH-associated protein
1 (Keapl) system. After exposure to oxidative stimuli, Nrf2
dissociates from Keapl, its negative regulator, and translo-
cates into the nucleus where it heterodimerizes with small
Maf proteins [77] and binds to antioxidant responsive ele-
ment (ARE) sequences, triggering a cytoprotective adaptative
response. This response is characterised by upregulation of
several cytoprotective and detoxification genes, including
ferritin, GSH-S-reductase (GSR), GST, GCLM, and GCLC,
phase-I drug oxidation enzyme NAD(P)H:quinone oxidore-
ductase 1 (NQO1), MRP, and heme oxygenase-1 (HO-1) [78,
79].

However, in numerous types of cancer, Nrf2 is upregu-
lated and takes on a protumoral identity since the above-cited
cytoprotective genes, not only give tumors an advantage, but
also lead to drug resistance [80-82].

To date, numerous mutations have been found of both
Keapl and Nrf2 in various human cancers resulting in the
constitutive expression of prosurvival genes. Most of Nrf2
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somatic mutations have led to the impairment of their recog-
nition site for Keapl, which then has led to the continuous
activation of Nrf2. Moreover, it has been observed that the
prognosis of patients with either Nrf2 or Keapl mutations is
much lower than patients with no mutation [83].

Among Nrf2-regulated genes, HO-1 is the most well
known as a stress protein that can have both antioxidative and
anti-inflammatory effects [84]. It catalyzes the rate-limiting
step in the catabolism of the prooxidant heme to carbon
monoxide, biliverdin, and free iron [85].

Recent experimental evidence has shown the involve-
ment of HO-1 in cancer cell biology. On one hand, HO-
1 protects healthy cells from transformation into neoplastic
cells by counteracting ROS-mediated carcinogenesis and, on
the other hand, HO-1 protects cancer cells, enhancing their
survival and their resistance to anticancer treatment [86].
In addition, high levels of HO-1 have been observed in
various human solid tumors, such as renal [87], prostatic [88],
and pancreatic cancers [89]. Moreover, HO-1 expression in
tumor cells can be further increased by anticancer treatments
(chemo-, radio-, and photodynamic therapy) [90], and it has
been hypothesized that HO-1 and its products may have an
important role in the development of a resistant phenotype.
In this context, it has been recently demonstrated that BSO
and/or the inhibition of the Nrf2/HO-1 axis is able to increase
the sensitivity of neuroblastoma cells to etoposide [91, 92].

7. Therapeutic Potential of GSH and
GSH-Modulating Agents

The modulation of the GSH-based antioxidant redox system
(GRS), the major determinant of the cellular redox status
[93], might represent a promising therapeutic strategy for
overcoming cancer cell progression and chemoresistance.

However, GSH itself cannot be administered clinically
with any effect, and for this reason, a variety of precursors or
chemically modified analogues have been generated in order
to mimic glutathione’s various physiological or pharmaco-
logical effects. N-acetylcysteine (NAC; Mucomyst) represents
the earlier GSH analogue, and YM737, a monoester of GSH,
recently discovered, has been favourably compared to NAC
[94]. Another GSH analogue approach is cysteine-substituted
S-nitrosoglutathione [95].

Since abundant levels of GST [96] have been identified
in resistant tumors, GSH analogues, that differentially inhibit
GST isoforms, have been developed. Telcyta (TLK-286) is
a GSH analogue utilized in combination with cytotoxic
chemotherapies such as platinum, taxanes, and anthracy-
clines in a variety of tumors with very high levels of
glutathione S-transferase pi-1-gene (GST-P1-1) [97]. Telintra
(TLK199) is another small molecule inhibitor of GST-P1-1
developed for the potential prevention of myelosuppression
in blood diseases, namely, myelodysplastic syndrome [98].
After a phase 1 clinical trial [99] and a phase 2 using an oral
formulation, TLK199 appeared to be well tolerated and with
some eflicacy in the myeloplastic syndrome treatment [100].

In addition, the implication of GGT activity in the
resistance phenotype of cancer cells suggests a potential use of
GGT inhibitors associated with chemotherapeutics in order

to deplete intracellular GSH and/or to inhibit extracellular
drug detoxification. Different GGT inhibitors are known
[101-103], but, unfortunately, these molecules are toxic and
cannot be used in humans.

Moreover, drugs that target S-glutathionylation have
direct anticancer effects since they act on a wide range of
signalling pathways [57]. Among the agents that mediate their
effects through S-glutathionylation, NOV-002 has been most
extensively studied, with a phase III trial (NCT00347412)
completed in advanced NSCLC [104], and data available from
phase II trials in breast and ovarian cancers [105]. NOV-
002 is a product containing oxidized glutathione that alter
the GSH : GSSG ratio and induces S-glutathionylation [106].
NOV-002-induced S-glutathionylation has been shown to
have inhibitory effects on proliferation, survival, and invasion
of myeloid cell lines and significantly increased the efficacy of
cyclophosphamide chemotherapy in a murine model of colon
cancer [107].

In a randomized phase II trial, NOV-002 in combination
with standard chemotherapy has shown promising effects in
patients with stage ITIb/IV of NSCLC [108]. Positive results
were also obtained from a phase II trial in patients with
neoadjuvant breast cancer therapy [109].

Other therapeutic agents include phenolic antioxidants
(a-napthoflavone, butylated hydroxyanisole, and tert-butyl
hydroquinone), synthetic antioxidants (ethoxyquin, oltipraz,
and phorbol esters), triterpenoid analogue (oleanolic acid
derivatives, sesquiterpenes), and isothiocyanates (sulfor-
aphane). Sulforaphane (SF) is the strongest natural inducer
of Nrf2 and phase II detoxifying enzymes and it has a potent
anticarcinogenic and chemopreventive effect by inducing
apoptosis and cell cycle arrest [110].

On the other hand, the inhibition of Nrf2 signaling might
be employed to enhance the sensitization of chemoresistant
tumors to cytotoxic agents, and in this context, it has
recently been reported that brusatol, a compound found in
a plant extract, acts as inhibitor of this pathway and may
exhibit therapeutic utility [111]. Another effective approach to
increasing cancer cell sensitivity to chemotherapeutic drugs
would be to silence both Nrf2 and Keapl simultaneously [112].
Related to Nrf2, a potential target for redox chemotherapy is
HO-1. HO-1 inhibitors, including zinc protoporphyrin and
more soluble pegylated derivatives (PEG-ZnPP), have been
successfully used to improve chemosensitization of cancer
cells [113]. Moreover, HO-1 inhibitors administered intra-
venously, displayed cytotoxic activity in a murine hypoxic
solid tumor model [114].

Moreover, disulfiram (DSF) does not cause depletion of
total GSH, but shifts the ratio of GSH/GSSG towards the
oxidized state. DSF induces apoptosis of human melanoma
cells [115], and this apoptogenic effect has encouraged ongo-
ing clinical phase I/II studies in human metastatic melanoma
(NCT00256230).

Arsenic trioxide (As,0O;) is a prooxidant chemothera-
peutic compound combined with agents that deplete cellular
GSH [116]. As,O received FDA approval in 2000 for the
treatment of nonacute promyelocytic leukemia and is used
in patients who have relapsed or are refractory to first-line
intervention using retinoid and anthracycline chemotherapy.



As, O inhibits GPx and mitochondrial respiratory func-
tion that leads to increased ROS leakage contributing to
antileukemia activity. Another piece of evidence suggests that
the irreversible inhibition of thioredoxin reductase is the
key mechanism underlying As,O-induced breast cancer cell
apoptosis [117]. Importantly, As,O; sensitivity is associated
with low levels of GSH in cancer cells and GSH depletion,
obtained by BSO or ascorbate treatment, contributes to sen-
sitizing cells toward apoptosis [118]. The potentiation of As,O
chemotherapeutic efficacy using BSO was demonstrated in an
orthotopic model of prostate cancer metastasis [119].

8. Conclusions

The modulation of cellular GSH is a double-edged sword,
both sides of which have been exploited for potential ther-
apeutic benefits [120]. Enhancing the capacity of GSH and
its associated enzymes, in order to protect cells from redox-
related changes or environmental toxins, represents a persis-
tent aim in the search for cytoprotective strategies against
cancer. On the contrary, the strategy of depleting GSH and
GSH-related detoxification pathways is aimed at sensitizing
cancer cells to chemotherapy, the so-called chemosensitiza-
tion [121]. In this context, it has been reported that GSH
and GSH enzyme-linked system may be a determining factor
for the sensitivity of some tumors to various chemother-
apeutic agents. In particular, GST is a relevant parameter
for chemotherapy response, and it may be utilized as a
useful biomarker for selecting tumors potentially responsive
to chemotherapeutic regimens.

However, the attempts to deplete GSH have been limited
by the nonselective effects of BSO and have stimulated the
research of new GCL inhibitors.

Since it is well known that GSH depletion leads to
the upregulation of antioxidant genes, many of which are
under Nrf2 control and, that in several types of tumors,
Nrf2 is constitutively activated [122, 123], a new and indirect
approach for cancer therapy may be used to modulate
the Nrf2-ARE pathway. Based on this, Nrf2 creates a new
paradigm in cytoprotection, cancer prevention, and drug
resistance.

In summary, the involvement of GSH in the carcino-
genesis and in the drug resistance of tumor cell is clear,
but further studies, aimed at understanding the GSH-driven
molecular pathways, might be crucial to design new thera-
peutic strategies to fight cancer progression and overcome
chemoresistance.
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Abstract

Sechi GianPietro, Maria G. Deledda, Guido Bua, Wanda M. Satta, Giovanni A.
Deiana, Giovanni M. Pes, and Giulio Rosati: Reduced intravenous glutathione in
the treatment of early Parkinson’s Disease. Prog. Neuro-Psychopharmacol &
Biol. Psychiat. 1996. 20, pp. 1159-1170

1. Several studies have demonstrated a deficiency in reduced glutathione
(GSH) in the nigra of patients with Parkinson's Disease (PD). In particular,
the magnitude of reduction in GSH seems to parallel the severity of the
disease. This finding may indicate a means by which the nigra cells could
be therapeutically supported.

2. The authors studied the effects of GSH in nine patients with early,
untreated PD. GSH was administered intravenous, 600 mg twice daily, for
30 days, in an open label fashion. Then, the drug was discontinued and a
follow-up examination carried-out at 1-month interval for 2-4 months.
Thereafter, the patients were treated with carbidopa-levodopa.

3. The clinical disability was assessed by using two different rating scale
and the Webster Step-Second Test at baseline and at 1-month interval for
4-6 months. All patients improved significantly after GSH therapy, with a
42% decline in disability. Once GSH was stopped the therapeutic effect

) lasted for 2-4 months.

4, Our data indicate that in untreated PD patients GSH has symptomatic
efficacy and possibly retards the progression of the disease.

- Keywords: Parkinson’s Disease; reduced glutathione.

* Abbreviations: Columbia University Rating Scale (CURS); Parkinson’s Disease
(PD); Patients Global Impressions (PGI); reduced glutathione (GSH); resting
i tremor (RT); Webster Step-Second Test (W.S.S.T.).
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Introduction

The mechanisms underlying dopamine cells death in the zona compacta of
substantia nigra in Parkinson’s disease (PD) remain unclear. However, current
concepts of this process indicate that free radicals generated by oxidation
reactions may play a key role (Jenner et al., 1992). Indeed, in postmortem
tissues from patients with PD there is evidence for inhibition of complex 1 of
the mitochondrial respiratory chain, altered iron metabolism and decreased
levels of reduced giutathione (GSH) (Riederer et al., 1989, Jenner, 1993). Of
these defence mechanisms implicated in the prevention of free-radical-
induced tissue damage, only the reduction in the levels of GSH in substantia
nigra appears to be specific to PD (Jenner, 1993, Sian et al, 1994) and,
noteworthy, this reduction has been also found in cases of incidental Lewy
body disease (presymptomatic PD) (Perry et al., 1982, Sian et al., 1992). In
particular, the magnitude of reduction in GSH seems to parallel the severity of
PD and, in advanced stages, in the nigra, GSH s virtually undetectable
(Riederer et al., 1989). In addition, data from animal studies have shown that
an induced GSH depletion in mice produces morphological changes in nigral
dopamine neurons resembling those seen in normal aging and in MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) neurotoxicity (McNeil et al.,
1986). These observations have led us to determine the effect of intravenous
(i.v.) GSH in patients with early, untreated PD.

Methods

Patients

After giving informed consent, 9 consecutive patients with idiopathic PD
were enrolled in the study. There were 6 men and 3 women, age 66 + 9 years
(mean + SD) (range, 49 to 77); Hoehn and Yahr stage of parkinsonism 2 + 0.9

{mean + SD) (range 1 to 4), with a disability duration of 13 + 4.5 months (mean |

* 8D) (range, 8 to 24). The patients were considered eligible for the study,
provided that they had not been treated previously with any antiparkinsonian

drug or other agents active on the central nervous system including deprenyl or
vitamin E. The patients with dementia
depression (Hamilton Rating Scale) were excluded.

Procedures

GSH was administered i.v. 800 mg in 250 ml saline, as 1-hour infusion,
twice daily, at 8.00 A.M. and 4.00 P.M, for 30 days, in an open label fashion. The
patients were assessed at baseline and 30 days after the treatment. Then, GSH

(Mini-Mental State Examination), or :
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was discontinued and, if the patient status improved, a follow-up examination
was carried-out at 1-month interval, until the patient's clinical status
returned to baseline, or when the patient felt he or she was worsened.
Thereafter, the patients were treated with carbidopa-levodopa ( 25-250 mg ),
half-tablet three times daily, and a new examination carried-out after 30
days, about two hours after the intake of the drug.

Assessments

On each visit, the clinical disability was assessed according to a modified
Columbia University Rating Scale (CURS) (Yahr et al., 1969), and to the Webster
Step-Second Test (W.S.S.T.) (scoring method: time in seconds to stand and walk
a prescribed course and sit again) (Webster, 1968). N

The subscores evaluated at the modified CURS were: speech, hypomimia,
tremor at rest, action or postural tremor of hands, rigidity, fi.ng'er taps, harfd
movements, pronation and supination of hands, foot taping, arising from chair,
posture, gait, balance and hypokinesia. -

For the W.S.S.T., three sequential trials were performed for each patient, at
baseline and at each control, with a fixed intertrial interval of 15 s. In the
tabulation of the results the authors used the mean (+ SD) of the three W.S.S.T.
values obtained, for each patient, at the beginning of the experiment and after
each of the trial periods. . .

Clinical response was also self assessed by patients according to Patients
Global Impressions (PGl) (Guy, 1976). This scale (ranging from 1 >= very .much
better, to 7 = very much worse) was used to assess the change m's'eventy of
the disease from the beginning of the study and from the previous visit.

All patients were evaluated by the same examiner throughout the study:'On
each examination, they were observed over two consecutive days. In av.:idutlon,
in patients with tremor, at baseline and at each examination, at approximately
the same time of day, tremograms were recorded using an accelerometer
transducer attached to the index finger of the hand and rec?rded on an EEG
polygraph. Tremor frequency (in Hertz) and visual mean amplitude (mean'value
of tremor estimated visually in microvolts) were measured from the tracings.

Laboratory Assessments

The following laboratory tests were performed at entry and after 30 days of
GSH therapy: routine blood chemistries, liver function tests, 'blood counts,
urinalysis and E'CG, A chest X-ray and a brain CT, performed without contrast,
were conducted in all patients before study entry.
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11 .P.
D 1 api osture, gai alance and
1a_Analysi 7 4 pronation and supination of hands, foot taping, posture, gait, balanc
ata Analysis :

= hypokinesia (from p < 0.02, to p < 0.007).

Student’s t test for paired samples. A nonparametric statistical method was
used to compare clinical parkinsonian scores {Wilcoxon Matched-pairs Signed-

ranks Test) and the PGI (McNemar's Test). In addition, the sums of clinical >

parkinsonian scores for each patient, at baseline, were correlated either with - Busint L

the percent improvement calculated through the same scale, or with the ~ .~ o \WW‘M&/«WW
percent improvement at W.S.S.T. after GSH therapy. The percentage of change W”’ \,»WH‘ -

was calculated by the following formula: gt It ol ot

prestudy value - treatment value / prestudy value x 100 = % change. The leval e ,.,,,_,,.%Wv-wmmwm
of significance was p < 0.05.

resting tremor, left arm: after 30 days of LV. glwtethione (600 mg twice dally).

Results - | N
1 C: IM\_M‘WW&W‘/ ]
All 9 patients enrolled completed the study. There were no serious X

resting tremor, left wrm: after 60 days of glutathione withdrawal.
complications from iv infusion of GSH. Two patients during the third week of

i.v GSH treatment had fever (axillary, peak temperature, 38.2°C), erithemia of

the skin, irritation and hardness at injection site, likely due to infusion B —“MWWWMWW%MW
thrombophiebitis. The irritation and fever cleared up after 5 days of antibiotic resting trmor, et am: afier 30 days of Sinemet (L-dopa 250 mg, carbidopa 25 my), hali-tbler, three times daily.

and antiphlogistic therapy. Patient 6 after completion of the wash-out period =

suffered a thigh-bone fracture. GSH did not induce clinically significant

changes in any laboratory test compared with basal conditions. The brain CTs

showed a mild cortical atrophy in two patients and no definite abnormalities .

in seven of them. The frequency of resting tremor (RT) was 5 to & Hz. in patient ; A)
1, the mean amplitude of RT, compared with the baseline period, was reduced, - _ : recordings in patient 1, at base_ ine 3
approximately, by 50% after GSH therapy, and by 25% after carbidopa-levodopa ° Fig 1. He;;tr:f etr::rtévpey r;;trl‘ngr}ectjr:ecmegr glutathior?e (B): 60 days aﬂeer.m:,dJ:ré::
(Fig 1). No definite variations in the mean amplitude of RT were noted in the ° g? r:zft‘:e: glutathione (C); and 30 days after‘carb|dopa-(ljevodopa (B):

other patients, in the various sequences of treatment, with respect to calibration is 200 microvolts; horizontal scale is 1 second.

baseline, or to the wash-out period. At W.S.S.T. all patients improved

I C'O' H m r improvement was noted aﬂel Calbldopa-levodopa, with lespect to
( ) A si ilar i p

from Tables, the
instead, after levodopa-carbidopa, only five patients improved significantly, the wash-out period (from p < 0.04, to p <d Oiﬁl).vgfuesseert;f W.S.8.T., after
with respect to the wash-out period (from p < 0.02, to p < 0.01). (Tabie 1). in ; values of the modified CURS scores an line values after 2.6 + 0.7 months
our opinion, for the dosages of levodopa-carbidopa and GSH used, the transient withdrawal of GSH therapy, reached ?he bas?ﬁ':ient between total CURS scores
improvement induced by these drugs was roughly comparable. The total scores (range, 2 to 4 months). The (?orrelatlon coe lculated through the same scale,
for parkinsonian disability (modified CURS) were significantly lower either at baseline, and the percent m"fprov.ement cac' 3 is shown the correlation
after GSH therapy, with respect to baseline (p < 0.007 ), or after levodopa- after GSH therapy, is shown in Fig 2. In Fig b’ eline and the percent
carbidopa with respect to the wash-out period (p < 0.01). (Table 2). A coefficient between total CURS scores t:tra as The slope of this late
significant improvement after GSH therapy, with respect to baseline, of improvement at the W.S.S.T. after GSH the _pyo. 6813; p = 0.0433), while
modified CURS subscores, was evidenced for speech, hypomimia, rigidity, correlation is significantly different than zero (r = 0. ,

the correlation shown in Fig 2 is non-significant.
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| Table 1

| Webster Step-Second Test (W.8.8.T): Scoring Method: Time in Seconds to Stand and Walk a Prescribed
f Course and Sit Again (mean + 8D, of 3 sequential trials).

W.SS.T. W.S.ST. % Wash-out WSST. After WSST. After %
Patient At Baseline After GSH Improv.; (months) Wash-out Lev.+DCI Improv.,

443 £ 115 39.7 + 0.58* 10
51.7 + 0.8 49.4 + 1.0* 4.5
25.0 + 0.1 22,7 £ 1.1* 9

450 £ 1.2 39.6 + 1.9 12
520 £ 1.2 48.2 + 13" 7
243 + 0.6 24.0 £ 0.1 1

1 46.8 + 1.6 41.2 = 0.3* 12 3 455+ 0.86 43.0 £ 0.5** 5.5 S
2 58.7 + 0.6 57.2 £ 0.6* 3 4 65.7 £ 1.1 63.7 £ 11 3 ¢
3 34.0 + 0.1 33.0 £ 0.5* 3 3 37.7+0.58 347 + 0.57* 8 g
4 34.3 £ 0.5 33.3 t 0.3* 3 2 427 £ 0.58 42.0 %05 2 8
5 59.0 + 1.8 52.0 + 1.8* 12 2 51.2+£ 0.3 50.0 £ 0.1** 2.5 8
! 6 32.9 £ 4.3 256 t 1.5* 22 2 323+ 26 -
: 7 2
8 2
9 3

Lev.+DCI=Levodopa+Decarboxylase Inhibitor; W.S.8.T. values after GSH
W.S.8.T. values after Lev.+DCl were co

(Student's t Test for paired samples).

were compared with baseline:
mpared with the wash-out period; *p<0.05; **p<0.01; ***p<0.02

Table 2

i i i i 's Disease Treated
Modified Columbia University Rating Scale: Total Scores in 9 Patients with Parkinson's Disea

with GSH (600 mg/day, I.V.) or Levodopa (375 mg/day + DCI, per os).

T.Scores %
i 3 % Wash-out T.Scores —
D o Ao, B Improv.y (months) After Wash-out After Lev.+DCl p 2 %
Patient T. Scores After GSH p :
40 3 24 14 42 %
1 P 3 16 3 81 g
75 4 o 2
: oo ; 31 3 27 20 o
p P 2 18 7 61 é
15 7 53 2 i o3 -
g 35 17 51 2 30 1 5 :
4] 42 26 38 2 42 » a3
7 20 15 25 2 21 9 >
31 19 39 2 32 P e
g 34 25 27 3 35 = T
Mean + SD 27 +10 16 + 8* 42+16 26+07 27+8 15

= 4 ibi = | SC e8] . SCOleS Values afte GS” VV.e|e
LeV +DC Le Odopa+DeCa|boX lase Ir I||b|t0 1 T. SCOIQS IOta ores T ) | :
' I \|/ Ii N S Va‘ues after LGV.+DCI were COI|Ipaled Wlth the WaSll-Oul pel Od
Ccor lpaled wit base ne, I. SCOIe

*p<0.007; **p<0.01; (Wilcoxon Matched-pair Signed-ranks Test).

G911
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Total scores of PGl were significantly lower either after GSH therapy, with
respect to wash-out period (or, baseline) (p < 0.0039) or after levodopa-

5 8o ! T T - carbidopa, with respect to the wash-out pericd (p < 0.0039), where, no

‘3 70 _' significant difference was found at PGl between GSH therapy and levodopa-

%’ A ' carbidopa. One patient (n.9) with a marked sialorrhea, reported the

* sob : disappearance of this symptom after GSH therapy. After withdrawal of GSH the

g ) benefit lasted for about 3 months. Levodopa-carbidopa therapy was ineffective

o soL S . on sialorrhea in the same patient.

]

= .

E 40 . | f Discussion

g .

g_ 30 . i The crucial observation, that in idiopathic PD the magnitude of reduction in

E . . GSH in substantia nigra seems to parellel the severity of the disease, may

® 2010 210 3:0 ‘.0 indicate a means by which the nigra cells could be therapeutically supported
50 (Riederer et al., 1989).

Total Scores of CURS at Baseline

GSH and the Blood-Brain Barrier

Fig 2. Cgrrelation coefficient between total CURS scores at baseline and the GSH is a tripeptide (gamma-glutamyl-cysteinyl—glycine) which in
percent improvement calculated through the same scale after therapy with physiological conditions is believed to be extracted In minimal amount at the
reduced glutathione (r= - 0.5027; p=n.s.). . . : - o
blood-brain barrier (Carnford et al., 1978). In addition, as it is a naturally
occurring peptide, the possibility exists that there may be a breakdown of
25 T T T glutathione in plasma by peptidases, as in other tissues and at blood-brain
barrier itself (Meister and Tate, 1976). Therefore, its ciinical value as a
therapeutic agent, if administered by a peripheral route, should be minimal.
However, since recent investigations support the concept of a selective
transcytosis for many peptides across an intact blood-brain barrier (Pardridge,
1986), and since the finding that in idiopathic PD the locus coeruleus, which
helps to preserve the integrity of blood-brain barrier functions, is damaged
(Tomonaga, 1983, Harik and McGunigal, 1984), the authors administered GSH as
1-hour infusion two times daily for 30 days in PD patients, to investigate a
possible therapeutic effect of this peptide, after peripheral administration.
Actually, recent experimental evidences have shown blood-brain extraction of
circulating GSH in a brain perfusion mode!, and the transcytosis of intact GSH

% Improvement at WSST after GSH

010 2lo 3'0 4'0 50 into the brain parenchyma without breakdown (Ziokovic et al., 1994).
Total Scores of CURS at Baseline Effects of intravenous GSH_in Parkinson’s Disease
Fig 3. Correlation coefficient between total CURS scores at baseline and the The results of our open study indicate that in PD this peptide given i.v. may
percent improvement at the W.S.S.T. after therapy with reduced glutathione reach its specific target in the brain (i.e, the nigra cells) and may have a

(r=0.6813; p=0.0433). significant beneficial effect on several parkinsonian signs. In particular, as
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shown in Fig 3, the therapeutic effect of GSH on hypokinesia appears to be
correlated to the severity of the symptom. This peptide was also effective in
reducing the RT in one patient, but failed in other four. In this patient, GSH
apparently improved the RT more than levodopa-carbidopa. in our opinion, since
the dosages of levodopa-carbidopa and GSH used are not comparable, to draw
this conclusion is incorrect. Once GSH was stopped the therapeutic effect
lasted for 2-4 months. This finding, in our opinion, is a strong evidence against
a placebo effect and this may indicate a protective effect of the drug on the
rate of progression of PD. However, this does not necessarily exclude a
symptomatic effect of GSH. These concepts are supported by the results of two
double-blind studies on the use of selegine, or bromocriptine versus placebo in
PD (Teychenne et al., 1982, Myllyld et al., 1992). Indeed, in these studies, the
mean CURS scores in the placebo group returned to baseline after about 1-
month, and the symptomatic effect of bromocriptine, once stopped, did not last
for more than four weeks (Teychenne et al., 1982, Myllyla et al., 1992).

Hypothetical Mechanisms Underlying the Therapeutic Effect of GSH

The mechanism underlying the therapeutic effect of GSH in PD is unknown.
According to the most basic neurochemical abnormality in the brain of PD
patients (i.e., the marked loss of dopamine in the nigrostriatal neuron system)
(Ehringer and Hornykiewiez, 1960), an action of GSH at dopaminergic synapses
(presynaptically or postsynaptically) can be hypothesized. In particular, based
on the theoretical notion that decreasing the oxidative load in substantia nigra
may slow disease progression, it would seem that GSH, because of its
antioxidant properties (e.g., reduced formation of hydrogen peroxide), may be
able to protect the striatonigral cells and foster dopaminergic activity
(Jenner, 1993). Recent evidences of giutamate uptake inhibition by oxygen free
radicals in rat cortical astrocytes fit this hypothesis (Volterra et al., 1994).
Another important biological function that has been ascribed to glutathione is
the role in transiocation of amino acids, and possibly also peptide, across cell
membranes (Meister and Tate, 1976). This function may be important for the
transport of substrate and specific proteic neurotrophic factors into the
dopaminergic neurons of the substantia nigra (Tooyama et al., 1993). Given the
reduction in the levels of GSH in cells of substantia nigra, in PD this function
is likely impaired. A replacement therapy with exogenous GSH may contribute

to its reinstatement. A controlled study of this peptide for the treatment of PD
seems warranted.

g
3
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Conclusion

The findings indicate that in PD GSH given i.v. may reach its specific target
in the brain (i.e., the nigra cells), it has a significant beneficial effect on
several parkinsonian signs and possibly retards the progression of the disease.
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Abstract: The objective of this study was to evaluate the
safety, tolerability, and preliminary efficacy of intravenous
glutathione in Parkinson’s disease (PD) patients. This was a
randomized, placebo-controlled, double-blind, pilot trial in
subjects with PD whose motor symptoms were not
adequately controlled with their current medication regimen.
Subjects were randomly assigned to receive intravenous glu-
tathione 1,400 mg or placebo administered three times a
week for 4 weeks. Twenty-one subjects were randomly
assigned, 11 to glutathione and 10 to placebo. One subject
who was assigned to glutathione withdrew from the study for
personal reasons prior to undergoing any postrandomization
efficacy assessments. Glutathione was well tolerated and
there were no withdrawals because of adverse events in ei-

ther group. Reported adverse events were similar in the two
groups. There were no significant differences in changes in
Unified Parkinson’s Disease Rating Scale (UPDRS) scores.
Over the 4 weeks of study medication administration,
UPDRS ADL + motor scores improved by a mean of 2.8
units more in the glutathione group (P = 0.32), and over the
subsequent 8 weeks worsened by a mean of 3.5 units more in
the glutathione group (P = 0.54). Glutathione was well toler-
ated and no safety concerns were identified. Preliminary effi-
cacy data suggest the possibility of a mild symptomatic
effect, but this remains to be evaluated in a larger
study. © 2009 Movement Disorder Society

Key words: glutathione; Parkinson’s disease; treatment;
antioxidant; neuroprotection; UPDRS

Glutathione is a tripeptide of glutamate, cysteine,
and glycine, that plays multiple roles in the brain.' It
serves as an important central nervous system antioxi-
dant, clears free radicals including superoxide radicals,
hydroxyl radicals, nitric oxide, and carbon radicals,2’3
and helps clear hydrogen peroxide.* In addition, gluta-
thione helps maintain the cellular redox state of protein

thiols and low-molecular-weight antioxidants such as
vitamin E and ascorbate.” Recent evidence suggests
that glutathione can also act as a neurotransmitter and
neurohormone.’

In Parkinson’s disease (PD), glutathione is reduced
by 40-50%."'" This reduction is specific within the
brain to the substantia nigra’ and correlates with

Additional Supporting Information may be found in the online
version of this article.
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disease severity.'® In contrast to PD, glutathione is not
decreased in multiple system atrophy or progressive
supranuclear palsy, despite nigral neuronal loss.*® In
incidental Lewy body disease, glutathione is substan-
tially decreased even as nigral cell loss is modest, and
complex I activity is not significantly decreased,'” sug-
gesting that the reduction of glutathione is a very early
event in PD.

In vitro experiments indicate that prolonged deple-
tion of glutathione results in selective impairment of
mitochondrial complex I activity.'* To the extent that
mitochondrial dysfunction impairs dopaminergic func-
tion, it is possible that glutathione replacement could
provide symptomatic benefit in PD. There is also inter-
est in glutathione as a possible neuroprotective agent.
In a genetically engineered mouse line, glutathione
depletion resulted in mitochondrial complex I inhibi-
tion, followed by age-related nigrostriatal neurodegen-
eration.'* In addition, deficiency of glutathione peroxi-
dase enhanced MPTP toxicity in a mouse knockout
model,'>  whereas pretreatment with  glutathione
reduced MPTP toxicity in mouse brain slices.'®

There have been few studies of glutathione as a
treatment for PD. Sechi et al.'” reported a 42% decline
in PD disability with 600 mg glutathione administered
intravenously twice daily for 30 days. The therapeutic
effect was observed to last for 2 to 4 months. We per-
formed a randomized, placebo-controlled, double-blind,
pilot evaluation of the tolerability, safety, and prelimi-
nary efficacy of intravenous glutathione (1,400 mg)
administered three times a week for 4 weeks compared
with placebo in PD patients. This regimen was chosen
because of its anecdotal use in clinical practice.

PATIENTS AND METHODS

This was a 12-week, randomized, parallel group,
double-blind, placebo-controlled pilot study. Eligible
patients were those with a diagnosis of PD (with at
least two of three cardinal signs—rest tremor, bradyki-
nesia, and rigidity) whose motor symptoms were not
adequately controlled on their current medication regi-
men. Inclusion criteria included Hoehn and Yahr Stage
I[I-IV and Mini Mental State Examination score of
>24. Subjects were on a stable regimen of antiparkin-
sonian medications for at least 1 month prior to study
entry. Exclusion criteria included prior exposure to glu-
tathione, atypical parkinsonism, use of neuroleptics,
history of a seizure, or drug addiction. All subjects
provided written informed consent prior to study par-
ticipation.

Movement Disorders, Vol. 24, No. 7, 2009

After screening and baseline evaluations, subjects
were randomly assigned 1:1 to receive 1,400 mg gluta-
thione or placebo diluted in 10 mL of normal saline
and administered by intravenous push over 10 minutes
on Monday, Wednesday, and Friday of each week for
a 4-week period. Attempts were made to administer
study medication at the same time of day for each sub-
ject, usually in the morning. Glutathione and placebo
were supplied by Wellness Health and Pharmaceuticals
(Birmingham, Alabama). Antiparkinsonian medications
were kept stable throughout the study.

All adverse events were recorded. Safety assess-
ments included vital signs and ECGs. Supine and
standing blood pressures were obtained at baseline
and 10 minutes after the completion of each intrave-
nous infusion. ECGs were obtained before the first
infusion and ~10 minutes after the completion of
each infusion. Efficacy assessments were performed at
baseline and at the end of weeks 1, 2, 3, 4, 8, and 12.
Assessments at the end of weeks 1, 2, 3, and 4 (treat-
ment phase) were performed 1 hour following study
medication infusion. Assessments at weeks 8 and 12
were performed at approximately the same time of
day as during the treatment phase to evaluate changes
after study medication discontinuation. Assessments
included Unified Parkinson’s Disease Rating Scale
(UPDRS, parts I-III), timed walking, tapping, and
clinical global impression of change (CGI-C). For
patients with motor fluctuations, motor assessments
were obtained when subjects were in the “ON” state.
The predefined efficacy outcome measure of greatest
interest was the change in UPDRS ADL + motor
scores from baseline to week 4.

Randomization was performed using a computer-
generated randomization schedule. The sample size
selected for the study was 20 subjects. Because this
was a pilot study, no efficacy power analysis was per-
formed. Adverse events and discontinuations were to
be reported descriptively. Efficacy measures were com-
pared across groups using Wilcoxon-signed rank com-
parisons and analysis of variance for nonparametric
data, with no correction for multiple analyses and sig-
nificance set at P < 0.05. Total levodopa (L-dopa)
dose equivalents were calculated as follows: (regular
L-dopa dose X 1) + (L-dopa controlled-release dose X
0.75) + (pramipexole dose X 67) + (ropinirole dose
X 16.67) + (pergolide dose X 100) + (bromocriptine
dose X 10) + ([regular L-dopa dose + (L-dopa con-
trolled-release dose X 0.75)] X 0.25 if taking tolca-
pone) + ([regular L-dopa dose + (L-dopa controlled-
release dose X 0.75)] X 0.1 if taking entalcapone).18
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‘ Screened ‘

n=21
Enrolled
n=21
Randomized to glutathione Randomized to placebo
n=11 n=10
Discontinued study Discontinued study
- n=1 n=0 —|

(too far to travel)

Y A

Completed Completed
n=10 n=10

FIG. 1. Subject flowchart.

RESULTS

Subjects were enrolled in the study from September
2003 to January 2007 (Fig. 1). One subject enrolled in
the study underwent baseline evaluations, was random-
ized, received two doses of glutathione, and withdrew
prior to any post—dose efficacy assessments, because
he felt it was too difficult to continue to drive to the
study site. This subject was a 69-year-old man with a
7-yr duration of PD. He did not report any adverse
events and is not considered here further. For the
remaining 20 subjects, mean age (SD) was 64.3 (10.4)
years, with a range of 43 to 84 years. Mean disease
duration was 7.6 (4.6) years, with a range of 2 to 18
years. Eleven subjects were men and nine were
women. There were no significant differences in base-
line characteristics between the two groups (Table 1).

Mean daily L-dopa equivalents in the placebo group
were 483.7 (256.2) mg and in the glutathione group
were 611.0 (317.4) mg (P = 0.34). Individual daily L-
dopa equivalents, daily L-dopa dosages, and other med-

ications taken are delineated in Supporting Table 1. Of
the 10 subjects in the placebo group, nine were receiv-
ing L-dopa at a mean dose of 467 mg/day (203 mg/
day). The one subject in this group not receiving L-
dopa was receiving pramipexole 1.5 mg/day. Of 10
subjects in the glutathione group, 7 were receiving L-
dopa at a mean dose of 629 mg/day (263 mg/day). Of
3 subjects not receiving L-dopa in this group, 1 was
receiving ropinirole 22.5 mg/day and selegiline 10 mg/
day, 1 was receiving pergolide 4 mg/day, pramipexole
6 mg/day, amantadine 400 mg/day, and trihexyphe-
nidyl 8 mg/day, and 1 was receiving pramipexole 2.5
mg/day. Five of ten subjects who were assigned to pla-
cebo were experiencing motor fluctuations and 7 of 10
who were assigned to glutathione were experiencing
motor fluctuations.

Adverse events reported during the 4 weeks of study
medication administration are listed in Table 2. The
adverse events reported by more than one subject in
the glutathione group were headache (three glutathi-
one, two placebo), muscle soreness/cramps (three glu-
tathione, three placebo), nausea (two glutathione, O
placebo), and dizziness/lightheaded (two glutathione,
two placebo). One subject in the glutathione group
reported mild nausea 2 days after her fourth medica-
tion administration, and another reported mild nausea
1 day after her third medication administration. Five
subjects in the placebo group reported fatigue/tired-
ness compared with one in the glutathione group, and
three subjects in the placebo group reported cold
symptoms/cough compared with none in the glutathi-
one group. No subjects in either group withdrew from
the study because of adverse events and there were no
serious adverse events. Analysis of vital signs and
ECGs revealed no significant differences between
groups.

TABLE 1. Baseline characteristics

Placebo (n = 10) [mean (SD), range] Drug (n = 10) [mean (SD), range] P

Age (yr) 65.9 (12.6), 43-84 62.6 (7.9), 49-73 0.49
Disease duration (yr) 5.8 (3.1), 2-10 9.4 (5.2), 3-18 0.08
Gender 6M,4F 5SM,5F

Levodopa equivalents (mg) 483.7 (256.2), 50-825 611.0 (317.4), 168-1200 0.34
UPDRS mentation 2.2 (1.6), 04 1.8 (1.7), 0-5 0.59
UPDRS ADL 11.7 (6.4), 3-27 12.1 (3.9), 7-19 0.87
UPDRS motor 23.4 (9.5), 8-40 25.5 (6.2), 17-39 0.57
UPDRS ADL + motor 35.1 (14.8),13-67 37.6 (9.5), 28-58 0.66
UPDRS total 37.3 (16.0),13-71 39.4 (9.5), 28-58 0.73
HY 2.0 (0), 2.0 2.1 (0.3), 2.0-3.0 0.33
SE 81.5 (15.3), 40-90 83.0 (9.5), 60-90 0.80
MMSE 29.7 (0.5), 29-30 29.6 (0.7), 28-30 0.71

UPDRS, Unified Parkinson’s Disease Rating Scale; ADL, activities of daily living; HY, Hoehn and Yahr staging; SE, Schwab and England;

MMSE, Mini Mental State Examination.

Movement Disorders, Vol. 24, No. 7, 2009
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TABLE 2. Adverse events during treatment phase
(baseline through week 4)

Placebo
(n = 10)

Glutathione
(n = 10)

Headache

Muscle soreness/cramps
Dizziness/orthostatic hypotension
Nausea

Erythema at infusion site
Falling/unbalanced gait
Fatigue/tired

Hair loss

Pain (knee, foot)

Sleep difficulties

Sweating increased

Upper respiratory infection
Vivid dreaming

Cold symptoms/cough
Difficulty breathing
Dyskinesia increased
Edema

Hot flashes

Mouth tremor increased
Numbness

Strep throat

Vision problems worsening

—_ N e = = W O O OO OUNNDOON W

OO OO OO = = = = = = DWW

There was no significant difference between groups
in change in UPDRS ADL + motor scores from
baseline to week 4 (P = 0.32; Fig. 2, Supp. Table 2).
UPDRS ADL + motor scores improved from 37.6
(9.5) at baseline to 34.8 (8.1) at week 4 in the gluta-
thione group and were unchanged in the placebo
group, 35.1 (14.8) at baseline and 35.1 (14.2) at
week 4. Also, there was no significant difference
between groups in change in UPDRS ADL + motor
scores from weeks 4 to 12 (evaluating possible loss
of symptomatic benefit; P = 0.54). UPDRS ADL +
motor scores worsened from 34.8 (8.1) at week 4 to
36.3 (8.3) at week 12 in the glutathione group and
improved in the placebo group from 35.1 (14.2) at
week 4 to 33.1 (15.2) at week 12. Significant differ-
ences across groups were also not observed for other
outcome measures (Supp. Table 2). In the glutathione
group, CGI-C indicated that at 4 weeks (end of treat-
ment phase) compared with baseline, four were
mildly improved and six were unchanged. At 12
weeks (8 weeks after study medication discontinua-
tion) compared with baseline, seven were unchanged
and three were mildly worse. In the placebo group, at
week 4, 1 subject was moderately improved, 7 were
unchanged, and 2 were mildly worse. At week 12, 1
was still moderately improved, 4 were unchanged, 4
were mildly worse, and 1 was moderately worse
compared with baseline.

Movement Disorders, Vol. 24, No. 7, 2009

DISCUSSION

In this pilot study, glutathione was well tolerated
and there were no withdrawals because of adverse
events. Reported adverse events were similar in the
glutathione and placebo groups, with the possible
exception of nausea, which was reported in 2 of 10
glutathione patients and O of 10 placebo patients. In
both cases, nausea occurred once, did not occur on the
same day as medication administration, and was mild
and transient. No safety concerns were identified
regarding vital signs or ECGs.

We did not observe a significant improvement in
parkinsonian signs and symptoms in the glutathione
group when compared with the placebo group. How-
ever, this was a pilot study and was not powered to
definitively evaluate efficacy. In addition, efficacy
observations may be further limited by the heterogene-
ity of the study population. Nonetheless, during the 4-
week course of study medication administration, the
glutathione group was observed to improve a mean of
2.8 units more than the placebo group as assessed by
UPDRS ADL + motor scores. In the 8 weeks follow-
ing study medication discontinuation, the glutathione
group was observed to worsen a mean of 3.5 units
more than the placebo group as assessed by UPDRS
ADL + motor scores. These observations suggest the
possibility that glutathione may provide a mild sympto-
matic benefit, but this would have to be evaluated in a
larger clinical trial.

In an open-label study of nine PD subjects, Sechi
et al.'” reported that intravenously administered gluta-
thione (600 mg) twice daily for 30 days reduced dis-
ability by 42% as assessed using a modified Columbia
University Rating Scale. We did not observe improve-
ment of this magnitude. This could be because their
study was open label whereas ours was placebo-

50} treatment period post-treatment period E

UPDRS ADL + motar

20k A

0 4 ] 12
weeks
FIG. 2. Mean UPDRS ADL + motor scores for placebo (squares,

dashed lines) and glutathione groups (circles, solid lines) at baseline,
week 4, and week 12.
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controlled and double-blind. However, their patients
received a total of 36,000 mg of glutathione over 1
month, whereas our patients received 16,800 mg over
1 month and we cannot exclude the possibility that
higher or more frequent doses might provide greater
benefit. In addition, patients in their study had early
PD and were otherwise untreated, whereas ours were
all receiving antiparkinsonian medications and most
were receiving L-dopa.

A critical question regarding glutathione as a poten-
tial treatment for PD is whether it crosses the blood-
brain barrier (BBB). Studies have demonstrated that
glutathione is transported across the BBB in the rat
and guinea pig.'”? More recently, human cerebrovas-
cular endothelial cells were demonstrated to exhibit
glutathione uptake and efflux.?! Both sodium-depend-
ent and sodium-independent uptake mechanisms were
identified. Sodium-dependent transport was localized to
the luminal membrane consistent with the notion that
this transporter effects uphill glutathione transport from
low plasma to higher endothelial cellular concentra-
tions. There was also evidence for the presence of an
efflux mechanism from the abluminal surface of the
endothelial cells. These observations suggest that there
is a BBB transporter system for glutathione. The
degree to which administered glutathione actually
crosses the BBB in humans remains to be determined.

Our pilot study addressed the short-term tolerability,
safety, and preliminary efficacy of glutathione. It is im-
portant to recognize that our study was not designed to
evaluate a potential neuroprotective effect of glutathi-
one. During 4 weeks of administration, glutathione
appeared to be well tolerated and we did not identify
any safety concerns. This suggests that glutathione
might be considered for longer trials to evaluate poten-
tial slowing of clinical disease progression.
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Abstract. Parenteral glutathione has therapeutic
potential for targeted delivery of cysteine equivalents.
Thus, high doses of reduced glutathione (GSH) protect
from the nephrotoxic and urotoxic effects of cisplati-
num and oxazaphosphorines. In order to elucidate the
underlying mechanisms the kinetics and the effect of
glutathioné on plasma and urine sulphydryls were
studied in 10 healthy volunteers. Following the intra-
venous infusion of 2 g m~2 of glutathione the concen-
tration of total glutathione in plasma increased from
17-54+ 13-4 umol 17! (mean+SD) to 8234326 umol
1-!. The volume of distribution of exogenous gluta-
thione was 176 + 107 ml kg~! and the elimination rate
constant was 0-063 +0-027 min~! corresponding to a
half-life of 14-1 +9-2 min. Cysteine in plasma increased
from 8:94+3:5 umol 17! to 114 +45 umol 1~! after the
infusion. In spite of the increase in cysteine, the plasma
concentration of total cyst(e)ine (i.e. cysteine, cystine,
and mixed disulphides) decreased, suggesting an
increased uptake of cysteine from plasma into cells.
Urinary excretion of glutathione and of cyst(e)ine was
increased 300-fold and 10-fold, respectively, in the 90
min following the infusion. The present data suggest
that the concentration of sulphydryls in the urinary
tract and, more importantly, the intracellular avail-
ability of cysteine increase markedly following paren-
teral glutathione. The high intracellular concentration
of cysteine may protect against cisplatinum and oxaza-
phosphorine toxicity either directly or indirectly by
supporting the synthesis of glutathione.

Keywords. Cysteine, cystine, glutathione, kinetics,
mixed disulphides, plasma concentration.

Introduction

Glutathione, an endogenous tripeptide, plays an im-,

portant role in the regulation of numerous enzymatic
reactions and in the protection of cells from oxidant
injury and alkylating agents [1,2]. Depletion of glu-
tathione renders cells more susceptible to the toxic

Correspondence: B. H. Lauterburg MD, University of Berne,

Department of Clinical Pharmacology, Murtenstrasse 35, CH-3010
Berne, Switzerland. .

effects of certain cytostatic drugs and radiation [2-4]
and might be involved in the pathogenesis of the
acquired immunodeficiency syndrome [5]. Although
circulating glutathione is not taken up by cells [6] and
total glutathione is not depleted in the kidneys of
animals treated with cisplatinum [7,8], exogenous
administration of high-dose reduced glutathione
(GSH) has repeatedly been reported to protect from
cisplatinum nephrotoxicity and from oxazaphospho-
rine (cyclophosphamide, ifosphamide) urotoxicity in
animals [9-11] without interfering with the antitu-
moral efficacy of the drugs. These findings have
recently been confirmed in humans. Pretreatment with
1:5 ¢ m~2 GSH protected from the nephrotoxic effects
of 90 mg m~? cisplatinum in patients with advanced
ovarian cancer [12-14]. Dose schedules for the combi-
nation of glutathione with cisplatinum, the pharma-
cokinetics of which are well characterized [15], have
been empirically chosen based on animal data
[9,10,16]. In order to better understand the protective
mechanism and to design a rational dosing strategy, a
better understanding of the fate and disposition of high
dose GSH in man is required. Therefore, the pharma-
cokinetics of high-dose reduced glutathione and its
effect on sulphydryls in plasma and urine were studied
in healthy volunteers.

Subjects and methods

Subjects

Ten healthy volunteers (Table 1) were chosen from co-
workers of the department and from students of the
local medical school. Informed consent was obtained
from each of the participants. Screening laboratory
tests including aspartate aminotransferase, alanine
aminotransferase, alkaline phosphatase, gamma-glu-
tamyl transferase, albumin, creatinine, haemoglobin
and the mean erythrocyte volume were normal except
in subject no. 8§ who had an alanine aminotransferase
of 108 IU 1! (normal up to 37 IU 17'). The study was
approved by the ethics committee of the local medical
school.

103
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Table 1. Clinical characteristics of the volunteers
Age Weight Height Surface  Dose*
Volunteer Initials Sex (years) (kg) (cm) area (m?) (mmol)
1 B.L. M 45 69 178 1-88 122
2 uU.s. F 27 48 148 1-30 85
3 1.J. F 29 51 160 1-50 9-8
4 R.B. F 24 60 180 1-74 113
5 FwW. M 28 83 190 211 137
6 JF. M 26 65 170 1-78 116
7 DR. M 27 77 192 2:05 13-4
8 CS. M 23 105 190 2:35 153
9 L.C. M 32 90 188 2-16 14-1
10 R.S. M 27 76 178 2:00 13-0
* Intravenous dose of reduced glutathione.
Protocol phide (GSSG), and glutathione in mixed disulphides,

All studies were performed in the morning after an
overnight fast. No medication had been taken during
the preceding 24 h. The body surface area was
estimated according to Gehan & George [17]. An
indwelling ‘intravenous catheter was placed into an
antecubital vein of both arms. Thereafter 2 g m~2(6-5
mmol m~?) sterile and pyrogen-free GSH (Boehringer
Biochemia Robin, Milan, Italy) dissolved in 50 m! of
normal saline were infused over 15 min by a motor-
driven infusion pump. Blood samples were drawn
from the contralateral vein before infusion. After the
infusion was completed, blood samples were obtained
at 5-min intervals for 25 min and at 10-min intervals
for another 40 min. A last sample was obtained 120
min after the start of the infusion in four volunteers.
Urine was collected before and 90 min after the
infusion. Part of the samples of two subjects were lost
accidentally during sample preparation.

Analytical methods

Blood was collected into 5-ml heparinized tubes and
was immediately mixed with L-serine/Na-borate (final
concentration 20 mml 17!} to inhibit the degradation
of GSH by gamma-glutamyl transferase [18]. The
samples were centrifuged at 3500 x g for 2 min and the
supernatant plasma was removed immediately.

Measurement of sulphydryls in plasma. After addi-
tion of penicillamine as an internal standard an aliquot
of 0-1 ml of plasma was derivatized with monobromo-
bimane (10 ul of a solution of 18-5 mmol 1-' acetoni-
trile; Thiolite reagent, Calbiochem, La Jolla, USA)
within 5 min from collection [19]. After 5 min at room
temperature 20 ul of perchloric acid (20%) were added
to precipitate the proteins and to stabilize the sulphyd-
ryl-monobromobimane adducts. After centrifugation
the samples were stored at —20°C until analysis by
HPLC.

Measurement of total glutathione in plasma and
urine. Total glutathione (i.e. GSH, glutathione disul-

including protein mixed disulphides) was measured
after reduction of disulphides with tributylphosphine.
To 0-5 ml of plasma penicillamine was added as an
internal standard. Disulphide bonds were reduced by
adding 0-1 ml tributylphosphine (50 gl in 1 ml
1-propanol). The samples were incubated for one hour
at room temperature under nitrogen with constant
vortexing. Twenty pl of sulphosalicylic acid (50%)
were then added and the samples were centrifuged. The
clear supernatant was put on a C3 Sep-Pak cartridge
(Waters, Milford, MA, USA), and the sulphydryls
were eluted by washing with 2 ml 0-1 mol 17!
phosphate buffer (pH 7-4). To 0-2 ml of the eluate
monobromobimane (25 ul of a solution of 18:5 mmol
17! in acetonitrile) was added. Afteg5 min at room
temperature, 25 ul of perchloric acid (20%) were added
and the samples were kept at —20°C until analysed by
HPLC. Recovery of glutathione disulphide (GSSG)
added to plasma was 854+94% (mean+standard
deviation, n=26).

Chromatography. The sulphydryls were separated
on a LiChisorb RP-18 column, 7 um particle size (E.
Merck, Darmstadt, FRG), using a mobile phase
consisting of 43 mmol 17! octanesulphonic acid
containing 1% acetic acid and acetonitrile 125 ml 17"
Sulphydryl-moénobromobimane adducts were
detected by means of a Perkin-Elmer 204 fluorescence
spectrophotometer (exciter wavelength 385 nm, ana-
lyser wavelength 490 nm) [19,20]. The ratios of the
peaks of interest to the area of the internal standard
were used for quantification. Individual standard
curves in plasma were established daily by adding
known amounts of GSH and cysteine to plasma
samples.

Measurement of total cyst(e)ine in plasma and urine.
Total cyst(e)ine (cysteine, cystine, and cysteine in
mixed disulphides) in plasma and in urine was mea-
sured after reduction with dithiothreitol (Cleland’s
reagent, Calbiochem, La Jolla, USA) by a colorimetric
reaction with ninhydrin in acidic solution [21,22].
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Calibration curves, determined individually by adding
known amounts of cysteine, were linear in a concentra-
tion range of 20 to 500 umol 1=}, Recovery of cystine
added to plasma was 105+7-5% (mean+standard
deviation, n=6). Total cyst(e)ine could not be mea-
sured in one subject because of a technical mishap.

Calculation of pharmacokinetic parameters

The concentration—time curve of glutathione in a one-
compartment model following the intravenous infu-
sion of GSH in the presence of a continuous input of
endogenous GSH is described by the following equa-
tion:
- ¢((t) = Cpusar +Co X €~ K>

where cpu=basal concentration of glutathione,
¢y=extrapolated concentration of glutathione at =0,
and K=climination rate constant. The latter two
parameters were estimated from the individual con-

centration—time curves by non-linear regression analy-
sis. The area under the curve was estimated by the
trapezoidal rule after subtraction of the basal concen-
tration. The clearance was calculated by dividing the
dose of GSH by the area under the concentration-time
curve. The volume of distribution was obtained by
dividing the clearance by the elimination rate constant.

Statistics

The results are given as mean + standard deviation. In
each case the goodness of fit for a normal distribution
was evaluated by means of a Komolgorov-Smirnov
test.

Results

None of the subjects experienced important adverse
side effects during the infusion of GSH.

Table 2. Pharmacokinetic parameters of i.v. high-dose reduced glutathione

Reduced Glutathione

Cbasu]* CmuxT AUC—I K§ f%r Cl** Vy Corr.Ii

Volunteer (umol 1= (umol 1Y) (umol1~'min) (min~!) (min) (mlmin~'m~2) (1 kg~
1 12 478 10612 0-050 13-7 613 0-331
2 9 323 5257 0-108 64 1312 0-310
3 6 301 9022 0-062 11-2 766 0-343
4 7 647 12989 0123 56 520 0-118
5 4 512 8017 0-201 34 813 0103
6 8 351 7910 0-072 97 822 0-314
7 6 211 5242 0-102 68 1240 0-324
8 8 534 7100 0-208 3.3 928 0-099
9 5 541 10432 0152 46 725 0-098
10 4 538 7067 0-140 49 758 0173
Mean 69 444 8365 0-122 70 850 0-221
Standard deviation 25 138 2453 Q055 3.5 252 0111
95% confidence lower limit 51 345 6609 0-083 4-5 670 0-142
interval upper limit 87 542 10120 0-161 95 1030 0-301

Total Glutathione
1 20 882 24218 0-037 18-8 269 0-199
2. 45 117 26823 0-067 10-3 243 0-098
3 9 533 29414 0-018 379 221 0-356
4 20 1030 26484 0-061 113 246 0117
5 7 1399 33867 0-091 76 192 0-054
6 11 560 14442 0-057 12-1 451 0-216
7 6 534 15078 0-053 13-1 432 0-216
8 37 972 16336 0-112 62 398 0-080
9 12 862 19926 0-084 82 327 0-093
10 8 340 11013 0-046 150 591 0-336
Mean 175 823 21760 0-063 14-1 337 0-176
Standard deviation 13-4 326 7495 0-027 92 128 0-107
95% confidence lower limit  7-9 589 16397 0-043 7-5 246 0-100
interval upper limit 27-1 1056 27124 0-082 206 428 0-253
. * Cpusal, basal concentration of glutathione in plasma.

T Camax» maximum concentration of glutathione following infusion.
1 AUC, area under the concentration-time curve.

§ k, elimination rate constant.
¢ 1, apparent half-life in plasma.

** Cl1, systemic clearance corrected for the body surface area.
. Tt V4 corr., estimated volume of distribution corrected for the body weight.



106

Glutathione in plasma

Basal plasma concentrations of GSH and total gluta-
thione were 6-9+2-5 yumol 1= and 17-5 + 13-4 ymol 1~
(Table 2), respectively. Peak plasma concentrations of
444+ 138 ymol 1-' GSH (Fig. 1) and 8234326 umol
1-! total glutathione were achieved following the
infusion of GSH (Fig. 2). Semilogarithmic plots of the
concentration vs. time after subtraction of the basal
concentration showed a monoexponential decline
(data not shown). Therefore, the kinetics were consi-
dered to follow a first-order one compartment model.
The elimination rate constants for GSH and total
glutatione were 0-:122+0-055 min~' and 0-:063 4+ 0-027
min~', corresponding to an elimination half-life of
7-0+3-5 and 14-1 492 min, respectively. There was a
statistically significant negative linear correlation (Fig.
3) between the dose per kilogram body weight and the
elimination rate constant of GSH (*=0-71, P=0-002)
and total glutathione (+*=0-59, P=0-01). The dose per
kilogram was not significantly correlated with the peak
plasma concentration, the area under the concentra-
tion—-time curve, nor the volume of distribution (data
not shown). The apparent volume of distribution was
150+ 64 | for GSH and 11:9+6-7 1 for total gluta-
thione. Corrected for body weight the volume of
distribution amounted to 0-221+0-111 1 kg~' and
0-176 +0-107 1 kg~'. Thus, the estimated volume of
distribution corresponds approximately to the extra-
cellular space. Volumes of distribution calculated by
model independent methods [23,24] yielded similar

S. AEBI, R. ASSERETO & B. H. LAUTERBURG

results (GSH: 0-:2434+0-091 1 kg™, total glutathione:
0:1414+0-069 1 kg—". The systemic clearance was
850+252 ml min~' m~? for GSH and 337+ 128 ml
min~—' m~? for total glutathione, respectively.

Cysteine in plasma

The basal concentrations of cysteine and total cyst-
(e)ine in plasma (Table 3) were 8:9+3-5 umol 1= and
289450 umol 17!, respectively. Cysteine increased
over tenfold to a maximum of 114445 umol 1~
peaking 5-15 min after the end of the infusion, whereas
total cyst(e)ine transiently decreased to 248 + 59 umol
17! (Fig. 4). Cysteine returned to basal levels within 90
min. In contrast, total cyst(e)ine increased to a maxi-
mal value of 415431 umol 17!, the peak being
registered 60 to 90 min after the beginning of the
infusion.

Urinary excretion of glutathione and metabolites

During the 90 min following the infusion the excretion
of glutathione in urine increased from 0-3+0-1 to
100 + 182 nmol umol~! creatinine (Fig. 5). Similarly,
urinary cyst(e)ine increased from 32-4+11-1 to
4344299 nmol umol~! creatinine. Although the 300-
fold increase in urinary glutathione is impressive only
an average of 0-82+1:03% of the administered dose
appeared in urine as unchanged GSH or as GSSG
within 90 min.

1000 +
100
©
19
3
10 —
Infusion
I T T T T T T T T T T T T T T 1
-20 ~-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Min

Figure 1. Plasma concentrations of GSH following the intravenous infusion of 2 g m~2 of GSH.
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Figure 2. Plasma concentrations of total glutathione following the intravenous infusion of 2 g m~? of GSH.
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Figure 3. Correlation between the dose of GSH per kilogram body
weight and the elimination rate constant (K) of total glutathione
(filled circles). Triangle: elimination rate constant for 65 umol GSH
kg~! reported in reference 25 (mean +95% confidence interval).

Discussion

The present study demonstrates that high-dose intra-
venous GSH (2 g m—2) disappears from the circulation
following single compartment monoexponential
kinetics. The rate of disappearance of GSH was
substantially faster than the disappearance of total
glutathione. This is most likely due to the fact that
GSH is not only metabolized by gamma-glutamyl
transferase but also forms mixed disulphides. The

estimated volume of distribution corresponds approxi-
mately to the extracellular space. This can be expected
from the fact that glutathione does probably not enter
cells [6]. The same model with a similar volume of
distribution was found to apply after the administra-
tion of a much smaller intravenous bolus dose of GSH
(65 umol kg~'). However, in that study the calculated
elimination rate constant for total glutathione was
substantially larger, averaging 0-272 min~—' compared
with 0-063 min~! following the large dose of GSH in
the present study [25]. Thus, the disposition of glutath-
ione appears to be dose dependent and subject to
saturation kinetics. Even in the small range of doses
per kilogram body weight resulting from dosing based
on surface area in the present study a significant
negative correlation between elimination rate constant
and dose per kilogram was observed. Estimation of the
elimination rate constant for a dose of 65 umol kg™!
based on this correlation yielded a value of 0-241
min~!, which agrees well with the measured value for
this dose [25] (Fig. 3, triangle: mean +95% confidence
interval). Attempts to model the disposition of glutath-
ione to Michaelis—Menten kinetics did not result in
better fits than the linear one-compartment model.
The large increase in cysteine which paralleled the
increase in GSH most likely results from the reduction
of circulating cystine or cysteine-mixed disulphides by
high concentrations of GSH. Since cysteine, in con-
trast to cystine, is readily taken up by cells [26,27] this



108

Table 3. Cysteine in plasma

S. AEBI, R. ASSERETO & B. H. LAUTERBURG

Cysteine Total Cyst(e)ine
Cbasal* CmaxT Cbasal* CZOI CmaxT
Volunteer (umol 171 (umol1~!) (umol1~') (umol1~1) (umoll~Y)
1 7 102
2 9 64 266 216 432
3 10 134 372 424
4 9 213 277 222 426
S 7 132 201 381 452
6 7 107 314 205 392
7 8 67 306 218 457
8 9 102 250 226 372
9 18 142 332 282 403
10 5 74 281 232 373
Mean 89 114 289 248 415
Standard deviation 35 45 50 59 31
95% confidence lower limit 64 82 251 199 390
interval upper limit 11-4 146 327 297 439

* Cypasal, basal concentration of cysteine in plasma.
T Cax, maximum concentration of cysteine.
1 Cao, concentration of cyst(e)ine in plasma 20 min after the beginning of the infusion.
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Figure 4. Plasma concentration of cysteine (filled circles) and total cyst(e)ine (triangles) following the intravenous infusion of

2 g m~? of reduced glutathione.

GSH-induced increase of cysteine in plasma would be
expected to enhance the uptake of cysteine into cells.
Such a shift of cysteine from the extra-cellular to the
intracellular compartment is indeed supported by the
observed transient decrease in total plasma cyst(e)ine
(Fig. 4). Alternatively, the increase in cysteine could
originate from the catabolism of GSH by gamma-

glutamyl transferase [28]. Although the generation of
cysteine by this mechanism could explain the rise in
circulating cysteine it could, however, not explain the
transient decrease in total cyst{e)ine. The time-lag
between the peak concentrations of GSH and total
glutathione on one side and the increase in total
cyst(e)ine on the other suggests that the cysteine
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Figure 5. Urinary excretion of total glutathione and cyst(e)ine
(corrected for the excreted creatinine) before and following the

intravenous infusion of 2 g m~2 of GSH. The concentration of

glutathione in urine before infusion was below the detection limit in
four volunteers.

responsible for this delayed increase has passed
through the intracellular compartment. Cysteine is
probably taken up, in part used for glutathione
synthesis, and then again released by the cell either in
form of cyst(e)ine, or glutathione which will be
catabolized to cyst(e)ine by extracellular gamma-
glutamyl transferase.

The excretion of glutathione in urine increased
dramatically after infusion of GSH. However, only a
small fraction of the administered GSH appeared
unchanged in urine, reflecting the capability of the
kidneys to handle high loads of this tripeptide. Glu-
tathione is hydrolysed by the action of gamma-
glutamyl transferase and cysteinylglycine dipeptidase
in tubular cells on both, the luminal and the baso-
lateral domain of the cell membrane [6,28]. The
amount of cyst(e)ine formed in the renal tubuli
apparently exceeds the maximum reabsorptive trans-
port capacity and results in an important renal excre-
tion of cyst(e)ine. Cysteine is rapidly reabsorbed from
the tubular lumen [6] and could stimulate intracellular
de novo synthesis of glutathione.

In summary, high-dose intravenous reduced gluta-
thione distributes in the extracellular compartment
and is cleared from the circulation with a half-life of
approximately 15 min. Plasma cysteine concentration
and urinary excretion of total cyst(e)ine are markedly
increased. Whether the protective effect of exogenous
glutathione against cisplatinum and oxazaphospho-
rine toxicity is related to glutathione itself or to the
increased availability of cysteine in plasma, in urine,
and most likely also in the intracellular compartment,
requires further investigation.
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Abstract

Based on previous clinical experience indicating the
tolerability and efficacy of high-dose cisplatin with gluta-
thione protection in the treatment of advanced ovarian
cancer, this study was undertaken to explore the efficacy
and feasibility of an alternative high-dose, platinum-
based approach including a combination of high-dose
cisplatin plus carboplatin as induction chemotherapy of
advanced ovarian carcinoma and intervention surgery.
Fifty consecutive eligible patients with untreated stage lil
or IV epithelial ovarian cancer received 40 mg/m? cispla-
tin daily on days 1-4 and 160 mg/m? carboplatin on day
5. The cycle was repeated after 28 days. Patients re-
ceived glutathione (2,500 mg) before each cisplatin or
carboplatin administration and standard intravenous hy-
dration. After 2 courses of induction chemotherapy, the
patients underwent surgical reevaluation with debulk-
ing, when possible, followed by a further 3 cycles of
120 mg/m? cisplatin (i.e. 40 mg/m?2 daily for 3 consecu-
tive days plus 600 mg/m? cyclophosphamide on day 3)
except in instances of lack of response. All eligible
patients were assessed for response and toxicity. The

toxicity was moderate with lack of significant nephrotox-
icity. Neurotoxicity and ototoxicity were acceptable and
in no patient was treatment discontinued for those toxic
effects. Myelotoxicity was somewhat more severe than
that observed with our previous study with high-dose
cisplatin and probably related to the addition of carbo-
platin. Of the 40 responsive patients, 23 (46%) had a
pathological complete response and 4 (8%) had a clinical
complete response (without second-look laparotomy).
The efficacy of the present protocol was also docu-
mented by overall survival (median survival >48
months), which appeared to be better than expected with
the current therapy in this group with advanced/bulky
disease. The impressive efficacy suggests a possible
contribution of reduced glutathione itself in improving
the outcome, as supported by preclinical studies. The
results of this study should be placed in context with cur-
rent platinum-based therapy including paclitaxel.

Introduction

Cytoreductive surgery followed by combination che-
motherapy has become the standard treatment for pa-
tients with advanced ovarian cancer. Although the value
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of cytoreductive surgery is still a matter of debate [1, 2],
the size of residual tumor is widely recognized to be an
important prognostic factor [3]. Platinum compounds
have proved to be the most active agents. Thus, platinum-
based chemotherapy, usually cisplatin with cyclophos-
phamide, is generally accepted as a standard regimen [4].
However, a number of issues related to optimal dose and
total dose of platinum compounds, drugs to be used in
combination (alkylating agents or taxanes), number of
cycles and route of administration remain somewhat un-
resolved. In particular, there is controversy about whether
the efficacy of platinum compounds can be improved by
the use of high-dose regimens. Clinical experience with
high-dose cisplatin (>100 mg/m?) is still limited by sub-
stantial toxicity, including nephrotoxicity, neurotoxicity
and ototoxicity [5, 6]. We have recently reported that the
use of reduced glutathione (GSH) allows dose escalation
of cisplatin with acceptable toxicity [7]. Using this new
approach, a high-dose regimen (160 mg/m?%/course) ap-
peared very promising. Indeed, the therapeutic outcome
of the study compared favorably in terms of response rate
and survival with the results of regimens considered stan-
dard therapy for advanced ovarian carcinoma [4, 5, 8]. As
an alternative approach to increasing dose intensity of
platinum, the combination of cisplatin and carboplatin
has been explored with encouraging results [9]. In our pre-
vious study, a striking response has been observed follow-
ing 2-3 courses of high-dose cisplatin [7], thus suggesting
that the impact of dose intensification is more critical in
responsive patients during the first cycles. The present
study was undertaken to examine the feasibility and out-
come of an aggressive approach, as a first-line treatment
of advanced ovarian carcinoma, including platinum dose
intensification in induction therapy and intervention sur-
gery. Based on the information derived from previous
studies, a further dose escalation of platinum compounds
was attempted with a combination of high-dose cisplatin
with carboplatin as induction therapy.

Patients and Methods

Eligibility

Untreated patients with histologically confirmed ovarian carci-
noma were eligible for this study provided they met the following
criteria: (a) no prior therapy other than surgery; (b) advanced disease
(FIGO stage III or IV); (¢) performance status >70% on the Karnofs-
ky scale and life expectancy >3 months; (d) normal bone marrow,
liver and kidney functions as indicated by leukocyte and platelet
counts of at least 4,000 and 150,000/mm3, respectively; normal
serum bilirubin, SGOT, SGPT and serum creatinine levels and creat-
inine clearance; (¢) informed consent. This study was approved by
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the Institutional Human Investigations Committee. The patient
characteristics are presented in table 1.

Treatment Plan

All the patients underwent initial cytoreductive surgery and stag-
ing. Two courses of induction chemotherapy consisting of cisplatin
(40 mg/m? given daily for 4 days as a 30-min infusion in 250 ml nor-
mal saline) and carboplatin (160 mg/m?2 given on day 5 as a 15-min
infusion in 250 ml normal saline) were administered with an interval
of 4 weeks. GSH 2,500 mg was given intravenously in 100 ml of nor-
mal saline over 15 min before each platinum administration. Hydra-
tion schedule of 2,000 ml of fluid without diuretic was used, as pre-
viously reported [7]. Unless there was progression, second surgery
was performed after the 2 courses of chemotherapy to assess the
response in order to attempt further cytoreduction. Responsive
patients received three additional courses of chemotherapy with cis-
platin (40 mg/m?2 given daily for 3 consecutive days, as previously
described) and cyclophosphamide (600 mg/m? given as intravenous
bolus on day 3 only). An antiemetic regimen consisting of metoclo-
pramide and ondansetron was employed. Whenever possible, the
response was evaluated by explorative laparotomy, as specified
below.

Response

To assess the pathological response, second-look laparotomy
included multiple biopsies from areas of macroscopic disease, from
sites of previous disease, and from any suspicious or high-risk area
(diaphragm, paracolic gutters and pelvic peritoneum). A complete
response was considered to be pathologically documented if all the
biopsies and washings were negative. A clinically complete response
was defined as the complete disappearance of disease detectable by
physical and/or radiological examinations. A partial response was
defined as a reduction of >50% in all measurable lesions at second
surgery. Objective tumor response to treatment was defined clinical-
ly in patients with clinical progression.

Toxicity

Toxicity was evaluated according to the National Cancer Insti-
tute common toxicity criteria. Myelotoxicity, nephrotoxicity and
hepatotoxicity were assessed on the basis of routine hematological
and biochemical parameters. Ototoxicity was assessed clinically and
by audiography before treatment and at the end of the chemothera-
peutic program. Peripheral neuropathy was assessed by clinical
examination and by neurophysiological parameters, including assess-
ment of sensory action potentials, motor conduction velocities. Neu-
rological tests were performed before therapy, after 2 courses and
after completion of the therapy. Only clinical tests were employed
during follow-up. In 12 patients visual-evoked potentials were re-
corded serially, before starting chemotherapy, after 2 courses and
after 5 courses. Checkerboard stimulation at 30 and 15 min spatial
frequency was employed to record visual-evoked potentials. The
latency and amplitude of the P100 component were considered in
evaluating potential therapy effects. Brain stem responses were
recorded with monaural acoustic stimulation per each ear using 70-
dB above threshold stimulation and the same schedule of visual-
evoked potential recordings.
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Table 1. Patients characteristics

Eligible patients 50
Patients evaluated 50
Median age (range) 55(26-74)
Histology
Serous 33
Endometrioid 5
Mucinous 5
Undifferentiated 2
Mixed 2
Clear cells 1
Unclassified 2
Tube 1
Grade
1 3
2 13
3 32
Nonspecified 2
Stage
III optimal 12
II1 suboptimal 26
v 12
Resuits

Patient Characteristics

From April 1992 to May 1995, 51 patients with
advanced-stage epithelial ovarian cancer were entered
into the prospective clinical study. One patient was ex-
cluded for hematological disorders. None of the patients
had received prior chemotherapy or radiation therapy. All
50 eligible patients underwent a surgical tumor-reductive
procedure. Only 12 of 38 patients with stage III disease
could be optimally debulked at initial laparotomy. All
treated patients were assessable for toxicity and response
to therapy.

Response

The treatment program included additional debulking
surgery after 2 courses of induction chemotherapy with
high-dose, platinum-based therapy. Such an aggressive
approach was selected in an attempt to remove residual
disease, since most patients had bulky and extensive dis-
ease after initial surgery. Since the procedure was ex-
pected to provide detailed information on the response
status of the disease, the same surgical approach was
employed also for patients with optimal stage I1I disease.
Treatment was discontinued in cases who did not have
any significant response (7 patients). After second sur-
gery, responsive patients received 3 additional courses of

High-Dose Platinum-Based Therapy in
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Table 2. Response to therapy

Response At second At second-look
surgery laparotomy
(after 2 courses) (after 5 courses)
Complete
Pathological 8 23
Clinical (without second-look) 4
Partial
Macroscopic residual disease 28 (8)2 8 (1)
Microscopic residual disease 4 5
Minimal 3 3
No response 7
Total 50 43

2 In parenthesis, NED following surgery.

consolidation therapy. Second-look laparotomy was per-
formed in all responsive patients with persistent disease at
the second debulking surgery and no clinical evidence of
disease at completion of the chemotherapy. The results
regarding response to chemotherapy are summarized in
table 2. Of 50 patients, 23 (46 %) had achieved a patholog-
ical complete response at the conclusion of therapy. Eight
patients were found negative at the intervention surgery
after the 2 courses of induction surgery (including 4
patients with extensive residual disease after initial sur-
gery). Of the 23 patients who achieved a complete re-
sponse, 15 had bulky residual disease and 8 had optimal
cytoreduction after initial surgery. Four patients were
clinically disease free at the completion of chemotherapy
without pathological documentation. Thirteen patients
had a partial response. Therefore, the overall response
rate was 80%. Among patients who achieved a partial
response after two courses, macroscopically residual tu-
mor was completely removed in 8 cases, in whom surgical
complete response was possible as a consequence of a dra-
matic tumor shrinkage. In another 4 patients, only micro-
scopic residual tumor could be detected. At the time of
analysis (with a median follow-up of 54 months), 13 of the
complete responders (26% of the total treated patients)
were alive and disease free (table 3). Twenty-two patients
of the overall series died of progressive disease. By actuar-
ial analysis of survival for all patients who entered the
study, the estimated 4-year survival rate was still >50%.

Toxicity
In no patient was treatment discontinued for toxicity.
Indeed, 40 patients received the planned 5 courses of the
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Table 3. Current status?

Response® Total NED Recurrence - Dead
pCR 23 11 12 5
cCR 4 2 2 1
Other 23 16
Total 50 13 22

2 Median follow-up, 54 months (range 28-74).

b  The responsiveness status is referred to response at treatment
completion (pCR, pathological complete response; cCR, clinical
complete response).

Table 4. Hematologic toxicity

Leukopenia, /mm?

3,000-3,999 4
2,000-2,999 16
1,000-1,999 22
<1,000 1
Thrombocytopenia, cells/mm?

75,000-150,000 20

50,000-75,000 3

25,000-50,000 3

<25,000 3
Anemia (hemoglobin, g/100 ml)

10-11 6
8-9.9 23
6.5-7.9 9

<6.5 0

Maximum toxicities experienced by indi-
cated patients.

Table 5. Nonhematologic toxicity

Toxicity Worst grade®
P23 4
Nausea or vomiting 6 13 15 0
T Creatinine® 2 0 0 0
1 Mg 1 4 2 0
Peripheral neuropathy 9 5 0 0
Ototoxicity 12 1 0 0
T Transaminases 5 2 1 0

According to NCI common toxicity criteria.
b Pretreatment values never exceeded 1.2 mg/dl.
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protocol. Seven nonresponsive patients were treated with
only 2 courses of induction therapy and then proposed for
a second-line therapy. Protocol violations occurred in 2
cases after 1 and 4 cycles, respectively (both patients had
appropriate treatment elsewhere). Chemotherapy was
stopped in only 1 case after 3 cycles for postsurgical com-
plications. Toxicity data are presented in tables 4 and 3.
Hematologic toxicity was moderate and manageable and
was generally more pronounced after 2-3 cycles of thera-
py. No symptoms of neutropenia or bleeding episodes
were reported. In general, myelosuppression was of short
duration and never required reduction of drug dosage.
Granulocyte colony-stimulating factor support was re-
quired for persistent neutropenia in 9 patients to avoid
delay between cycles. Nonhematologic toxicity was mini-
mal (table 5). The commonest toxicity was nausea and/or
vomiting, which was in part controllable with the use of
appropriate antiemetic therapy. Nephrotoxicity was un-
common: only 2 patients experienced a marginal increase
in serum creatinine. Hypomagnesemia (<1.4 mEqg/1) oc-
curred in 7 patients. Since peripheral neuropathy and oto-
toxicity are reported to be the most relevant dose-limiting
toxic effects of platinum compounds [5-7], neuropathy
was initially assessed by clinical and neurophysiological
parameters. Since evidence of tolerability clearly emerged
in the first 20 patients, the study was amended to monitor
neurotoxicity only with clinical parameters. In particular,
sensory symptoms were found in 13 patients (26%), and
in only 1 patient was grade 3 toxicity, involving motor
impairment, detected. No delayed neurotoxicity was
found and a partial reversion of the sensory symptoms
was evident in all patients. Ototoxicity was detected in 13
patients (26%) and was generally asymptomatic, with
high-frequency hearing loss documented by conventional
audiometry. Among the first 20 evaluated patients, a sig-
nificant change in auditory-evoked potentials could be
recorded only in 1 patient and consisted of the disappear-
ance of component I of the brain stem response after 5
courses of therapy that was still evident at 6 months of
follow-up; the click threshold was also increased. Visual
changes were seen in 7 patients. In 2 of them, a clear-cut
reduction of P100 amplitude (>50%) was seen together
with an increase in latency. The reduction was present in
both eye recordings, but it was often asymmetrical. It was
most evident after 5 courses of treatment and the patient
did not recover after 6 months. No patient reported visual
symptoms. As already noted in our previous study with
high-dose cisplatin [7], a significant but transient eleva-
tion of liver enzymes was detected in 16% of the pa-
tients.
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Discussion

The platinum compounds, cisplatin and carboplatin,
are currently the most effective drugs in the treatment of
ovarian carcinoma [10]. The role of high-dose chemother-
apy remains to be defined [11]. Some studies suggest that
platinum dose intensity may be an important determi-
nant of drug efficacy [4, 12]. Thus, a number of dose
intensification approaches have been proposed. Based on
its relatively different cytotoxic potential, cisplatin could
be preferred for dose escalation. Dose intensification can
be achieved by increasing doses given per cycle or de-
creasing the interval between standard-dose administra-
tions. Both approaches have been tested for cisplatin in
ovarian carcinoma. Unfortunately, high-dose cisplatin
regimens, using conventional administration modalities,
are accompanied by significant (and in some cases unac-
ceptable) renal and neurologic toxicity [5, 6]. Based on
these limitations, only carboplatin is now considered for
adequate intensification in high-dose trials with autolo-
gous bone marrow transplantation and/or peripheral
blood stem cell support, since the analog offers the poten-
tial advantage of a different toxicity profile (i.e., mainly
hematologic toxicity). The inherent expenses and in-
creased toxicity of current approaches of intensive thera-
py still represent important limitations.

We have reported a novel modality of cisplatin admin-
istration with the use of GSH as a chemoprotector to
allow safe delivery of high doses of the drug (160-200 mg/
m?). The improvement of the therapeutic index of cispla-
tin using this approach is documented by the finding that
increased dose intensity was not associated with unac-
ceptable toxicity. The rationale for using GSH was to
ameliorate some of the known toxicities of platinum che-
motherapy without reducing the efficacy by any rescue of
the tumor. The present study with the cisplatin and carbo-
platin combination confirmed the tolerability of the new
approach of dose intensification. Indeed, the lack of renal
toxicity is consistent with the well-known nephroprotec-
tive potential of GSH [13, 14]. Moreover, the present regi-
men was associated with apparently reduced neurotoxic
manifestations compared to the previous protocol with 5
courses of 160 mg/m?/course of cisplatin [7]. It is likely
that the better tolerability is related to a lower cumulative
dose of cisplatin (i.e., 680 mg/m?2). In contrast, a some-
what increased hematologic toxicity of the regimen could
be consistent with the addition of carboplatin. However,
such toxicity remained manageable.

The clinical and pathological response rates observed
in our study support a marked antitumor efficacy of the
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high-dose regimen and confirm the clinical interest of
dose intensification with GSH protection in induction
therapy of advanced ovarian carcinoma. The efficacy of
the cisplatin and carboplatin combination is also consis-
tent with the clinical results of other studies with such a
combination [9]. However, our study design favors cispla-
tin over carboplatin, an approach that appears feasible
due to the protective effect of GSH against organ-specific
toxicity [7]. It is possible that a balance between doses of
cisplatin and carboplatin may be critical to optimize
activity and minimize toxicity. The efficacy and tolerabil-
ity of the present regimen are comparable to those of the
previous protocol [7]. Dose intensification in induction
therapy seems to have the potential advantage of permit-
ting early identification of responsive patients. Both
pathological response rate and survival compare favora-
bly with outcome in most series treated with standard reg-
imens or with very high-dose chemotherapy [8, 15]. Such
improvement is also emphasized by the observation that
most patients (76%) had extensive disease after initial
surgery. It is conceivable that the therapeutic outcome
may be attributed, at least in part, to the aggressive sur-
gery attempted in the study design.

The pathological complete response rate in this sub-
group (15/38, i.e. 39%) was comparable to that of a pre-
vious study in which only patients with stage III subopti-
mal or stage IV disease were considered [7]. The difficulty
to overcome drug resistance in around 50% of the patients
(i.e., patients who did not achieve complete response) in
both protocols may be related to intrinsic resistance.
Thus, it is possible that only a subgroup may derive a ther-
apeutic benefit from high-dose cisplatin chemotherapy as
suggested by the limited efficacy of a similar protocol in
p53 mutant tumors [16]. Emerging evidence of a superior
activity of taxol over cyclophosphamide in combination
with cisplatin suggests a more rational combination for
future approaches of high-dose therapy [17, 18]. Our
approach apparently possesses sufficiently improved effi-
cacy to warrant comparative randomized trials to deter-
mine the role of high-dose chemotherapy.

In conclusion, the present study confirms the marked
efficacy of high-dose, platinum-based regimens with
GSH. The efficacy and tolerability of this high-dose regi-
men further support the clinical interest of GSH as a safe
and selective protector against organ-specific toxicities of
cisplatin [19]. GSH protection allows administration of
the full planned dose of platinum compounds in contrast
to conventional modalities of administration [20]. The
selectivity of GSH has been related to its peculiar phar-
macokinetic behavior (i.e., rapid removal from plasma
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and lack of significant uptake by most tumors) and to a
slow rate of interaction of GSH-cisplatin in the extracellu-
lar space (i.e. before the formation of reactive species)
[21]. Surprisingly, recent preclinical studies indicate that
GSH itself may have a potential antiproliferative activity
against ovarian carcinoma [22].

Potential advantages of the alternative approach in-
cluding carboplatin are: (a) a reduced neurotoxicity (pre-
sumably related to lower cumulative dose of cisplatin;
(b) the possibility to precociously define the responsivity
status of the disease, thus allowing a more rational
approach of second-line treatment based on clinical and
molecular parameters of drug response (e.g., taxol for
resistant pS3-mutant tumors); (c) the possible contribu-
tion of an aggressive surgical approach as suggested by
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Abstract

The importance of thiol-mediated detoxification of anticancer drugs
that produce toxic electrophiles has been of considerable interest to many
investigators. Glutathione and glutathione S-transferases (GST) are the
focus of much attention in characterizing drug resistant cells. However,
ambiguous and sometimes conflicting data have complicated the field.
This article attempts to clarify some of the confusion. The following
observations are well established: (a) tumors express high levels of GST,
especially GST, although the isozyme components vary quite markedly
between tissues and the isozymes are inducible; () nitrogen mustards are
good substrates for the GSTa family of isozymes which are frequently
overexpressed in cells with acquired resistance to these drugs; (c) most
drugs of the multidrug-resistant phenotype have not been shown to be
GST substrates and although GST is frequently overexpressed in mul-
tidrug-resistant cells, most indications are that this is an accompaniment
to, rather than a cause of, the resistant phenotype; (d) transfection of GST
complementary DNAs has produced some lines with increased resistance
to alkylating agents. Most studies of the relationships between GST and
resistance have overlooked the potential importance of other enzymes
involved in the maintenance of cellular glutathione homeostasis, and this
has complicated data interpretation. Translational research aimed at
applying our knowledge of glutathione pathways has produced preclinical
and clinical testing of some glutathione and GST inhibitors, with some
encouraging preliminary results. In brief, GSTs are important determi-
nants of drug response for some, not all, anticancer drugs. Caution should
be encouraged in assessing cause/effect relationships between GST over-
expression and resistance mechanisms.

Introduction

Enzymes involved in the metabolism of drugs and xenobiotics are
subdivided into two major categories. Phase I, exemplified by the P-450
isozyme family, renders “small” changes onto drugs, sometimes creating
reactive sites which can covalently bind with other intracellular mole-
cules. Phase II reactions, exemplified by the GST? isozyme family,
involve the addition of relatively “bulky” groups onto the drug, most
often creating a more water-soluble conjugate, which may be less toxic
and more readily excretable. Thus, phase II reactions are generally
cytoprotective. GSH, first described in 1888 as philothion, is the most
ubiquitous and abundant non-protein thiol in mammalian cells and serves
as a necessary nucleophile in a number of detoxification reactions.
Normal levels of GSH in humans are 10-30 um (plasma), 1-3 uMm
(urine), 3 mm (kidney proximal tubule), and 1-10 mM (tumors of various
organ sites) (1). Maintenance of a homeostatic GSH content is achieved
by both de novo synthesis and salvage synthesis and a number of
interrelated pathways are involved (Fig. 1).

The suggestion that GSH is a universal protectant against electro-
philic challenge is supported by evolutionary considerations. Most
indications point to the emergence of life on Earth in the pre-Cam-
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brian period some 4 billion years ago. Given that the standard rules of
natural selection have been in place for this period, time and success
have honed many biological traits. Arguably, one of the most critical
adaptations has been the capacity to survive a hostile environment.
Environmental stresses can take many forms and even humans, de-
spite, or perhaps because of, our propensity to manipulate the forces of
natural selection, are subject to a multitude of toxic challenges. Paradox-
ically, molecular oxygen, while providing an efficient energy production
from ingested food, results in free radical and peroxide by-products
which have high intrinsic toxicity. Indeed, the emergence of oxygen-
liberating phytoplankton and blue-green algae began an era in Earth’s
development that must have severely stressed existing and emerging life
forms. In more contemporary times, especially post-industrial revolution,
environmental stresses have multiplied disproportionately. The air of the
planet is suffused with both natural and man-made chemicals. Plants,
even those propagated by humans, produce toxic components as a strat-
egy to reduce grazing; many of the by-products of food production are
mutagenic or carcinogenic. Even natural radiation and sunlight have the
capacity to produce toxic insults.

It is likely that such hostile and competitive surroundings provided
the need for the buildup and refinement of intracellular protective
arsenals. Molecular evolution has contributed to the conveyor belt of
selected chemical detoxification systems. At the present time, mam-
mals have a cellular detoxification system of protean proportions, with
considerable redundancy of function. Through divergent and conver-
gent evolution, organisms are constantly “refining” the form and
function of detoxification gene products. The MDR P-glycoprotein is
simply part of a large family of so-called ATP-binding cassette
“membrane pumps.” Moreover, specific GST isozymes serve detox-
ification, structural, and transport functions in many phyla. For ex-
ample, certain bacteria overexpress GST to develop resistance to the
antibiotic fosfomycin (2); many insects and their larvae use GST to
express resistance to insecticides (3); squid and other cephalopods
utilize GST as structural lens crystallins (4); mammals use GST for
detoxification purposes and to bind and transport molecules like heme
and bilirubin (hence the early GST nomenclature of ligandin). Indeed,
there is ample evidence that species from every documented phylum
utilize GST-mediated detoxification mechanisms.

One of the distinguishing properties of both the P-glycoprotein and
GST-mediated detoxification systems is their capacity to recognize
diverse chemical structures. From a teleological standpoint this would
seem to make sense. For example, an organism may not be able to
predict when, which, or how much of a toxin it will encounter. Thus,
the question arises, “What would constitute the most energy-efficient
response to an acute stress stimulus?” If exposure to a specific toxin
recurs in a chronic fashion, there may be value in the development of
an enzyme detoxification system specific for that molecule. However,
given the vagaries of exposure, natural selection would more likely
favor a broad-based recognition system, where comparatively low
avidity, recognition, or binding is compensated by the potential to
detoxify a wide range of chemical structures. For an acute toxin
exposure to remain sublethal, a cell or organism may have but one
chance to prevent terminal damage. Therefore, the evolution of sys-
tems such as the GST isozyme families, in which relatively low
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Fig. 1. Summary schema of interrelated GSH-producing and -utilizing pathways. GSSG, reduced glutathione; DDT, bis(P-chlorophenyl)-trichloroethane.

binding affinities are offset by broad substrate specificities would
seem to make biological sense.

With this background, there appears to be a sound rationale for
considering the role that GSH-associated enzymes play in determining
sensitivity to anticancer drugs. While most investigators accept that
GSH has a role in drug resistance, the involvement of GSH-associated
enzymes (especially the GSTs) has been more contentious. Recent
reports have helped to clarify the situation. At least to some extent, the
confusion has resulted from the merging of a number of overlapping
research endeavors. This is especially true with studies of electro-
phile-producing alkylating agents and those drugs which constitute
the MDR phenotype. Over the last 10 years, a large proportion of the
resistance literature has focused on the MDR phenotype. By using the
term multidrug, the original definition was intended to include (almost
exclusively) natural product drugs with hydrophobic and cationic
properties. Only in rare instances have electrophile-producing anti-
cancer drugs been implicated in the MDR phenotype. Thus, while
some quinone-producing agents, especially the anthracyclines, are
part of this rubric, the classical alkylating agents and cisplatin are
exempt. Generally, resistance to these groups of drugs involves sep-
arate mechanisms. Because changes which accompany the acquisition
of resistance are frequently multiple, they do not always distinguish
cause and effect. There are numerous literature examples of optimistic
correlative associations which link biochemical changes with resist-
ance. In particular, increased expression of GST# in MDR cell lines
has frequently been cited as a causal resistance mechanism. In fact,
there is little compelling evidence that GST catalyzes the detoxifi-
cation of MDR drugs through conjugation with GSH. The most likely
link between GST7r and MDR would seem to be isozyme-mediated
detoxification of hydroxyalkenal products of lipid peroxidation. Since
anthracyclines are especially likely to cause peroxidation of mem-

brane lipids, there is a possibility that increased GSTr levels and
activity could contribute to protection from toxicity caused by these
agents. It is, however, unlikely that increased GST is a major cause
of resistance to drugs such as Adriamycin, just as increased expression
of the MDR-1 gene product is frequently not the sole cause of
resistance to natural products.

GSTw is the most prevalent isozyme in cell lines and this has
disproportionately focused attention on this area, overshadowing other
reports where GST overexpression can be linked with drug resistance.
The remainder of this article will present the substantial evidence
favoring the direct involvement of GSH and GST in resistance to a
number of cancer drugs used in clinical treatment today.

Enzymes of GSH Homeostasis

As shown in Fig. 1, a number of enzymes contribute to the main-
tenance of intracellular levels of reduced glutathione. The recent
cloning and characterization of y-GCS, the rate-limiting enzyme in
de novo synthesis of GSH via the y-glutamyl cycle, has permitted
studies which show that increased expression of this enzyme along
with y-GGT may be causally linked to resistance to alkylating agents
and platinum-based anticancer drugs (5). Increasing the intracellular
capacity for de novo synthesis of GSH could presumably impact upon
other enzymes (including GST) which use GSH as a cofactor. Intra-
cellular GSH levels are most often within a range of 0.1 to 10 mm.
Micromolar concentrations of BSO can produce a 90% or greater
reduction of intracellular GSH over a 24-h period, thus producing
intracellular concentrations in the high micromolar range. The K,
values for most of the GST-catalyzed conjugations of alkylating
agents with GSH are in the low micromolar range. However, direct
extrapolation must be applied with caution, since intracellular com-
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partmentalization and a variety of endogenous GSH functions may
restrict the availability of GSH for detoxification reactions.

The capacity of a tumor cell to maintain GSH is determined by a
number of interacting pathways which are shown in Fig. 1. Many of
the enzymes involved in these pathways have been targeted for
therapeutic intervention by modulators of anticancer drug resistance.
Perhaps the most widely studied is BSO, an inhibitor of y-GCS, the
rate-limiting step of GSH synthesis via the y-glutamyl cycle. A large
number of in vitro and in vivo reports have shown that BSO can
enhance tumor cell susceptibility to alkylating agents and reverse
some acquired resistant phenotypes. Because BSO is a specific inhib-
itor of y-GCS, reversal of resistance can reasonably be attributed to
the resultant depletion of intracellular GSH. In addition, a number of
drugs can cause an increased expression of mRNA for y-GCS tran-
script, illustrating the propensity of the cell to provide a compensatory
response to a drug-induced depletion. Thus, interference with de novo
synthesis of GSH appears to be an effective means of modulating
resistance to certain drugs and regulation of y-GCS is a critical control
point for cellular protection. It will be of considerable interest to
determine if cotransfection of y-GCS with other GSH-utilizing en-
zymes such as GST can confer greater levels of resistance to alkylat-
ing agents. Relevant to this is a recent observation that life span
extension in Drosophila melanogaster is achieved only when cDNAs
for both superoxide dismutase and catalase are cotransfected, not with
either alone (6). This suggests a cooperativity of the free radical
detoxification systems in this species. Such a principle could readily
be extrapolated to the GSH-based detoxification pathways. With so
many interacting and mutually dependent biochemical pathways, the
question arises as to how critical coregulation of the enzymes of GSH
homeostasis may be in controlling the overall cellular protective thiol
environment. In addition to the many reports of elevated GST, in-
creased expression of both y-GGT and glutathione peroxidase have
been implicated in drug resistance (7). The fact that at least three
distinct human peroxidase genes have been identified suggests that
care will be needed in analyzing differential expression and regulation
of these enzymes and their potential role in drug resistance.

Since recycling of the constituent amino acids of GSH is an
important factor in GSH homeostasis, membrane-associated y-GGT
might logically be expected to be critical in allowing the “salvage
synthesis” of the tripeptide. Whether or not enhanced y-GGT will
produce an overall increase in intracellular GSH is, once again,
dependent upon GSH-mediated feedback responses, most of which
have yet to be elucidated. In addition to y-GGT, glutathione reductase
and the glyoxalase system function to recycle GSH (Fig. 1). Under
conditions of extreme oxidative stress, it is possible that glutathione
reductase could become saturated. By extrapolation, increased reduc-
tase activity could enhance the ability of a cell to survive such
conditions. In mammalian cells, this correlation has not been reported,
perhaps reflecting either the relative uninducibility of the gene or the
efficient extrusion of oxidized glutathione from the cellular milieu.
Often overlooked in terms of GSH metabolism is the glyoxalase
system. Methylglyoxal is a by-product of intermediary metabolism
and can be present in millimolar concentrations in rapidly growing
tissues. Indeed, increased glyoxalase I protein and transcript levels are
found in tumor tissue compared to the normal tissue counterpart (8).
Since methylglyoxal is toxic, its rapid and continual conversion to
D-lactate is a necessary requisite for cell survival. Glyoxalase II serves
to recycle the GSH used in the initial thioether reaction (Fig. 1). Thus,
the overall net use of GSH should be zero. However, with such
potentially high levels of methylglyoxal, the net commitment and flux
of GSH through this pathway may be quite significant. Mammalian
glyoxalase II has yet to be cloned and little is presently known of the
regulation of the gene or its coordination with glyoxalase 1. Future

investigations should probably consider how much of a “GSH sink”
this pathway represents.

While GST represents a primary focus for many drug resistance
studies, numerous other enzymes which either produce, recycle, or use
GSH can also be involved in determining cellular response to certain
anticancer drugs. The cloning and characterization of coding and
regulatory sequences of many of the genes, the products of which are
illustrated in Fig. 1, lag behind those of GST genes. The next few
years may help to establish the importance to the resistant phenotype
of coordinated expression and regulation of these enzymes.

Glutathione S-Transferases

Many excellent review articles have detailed the nomenclature and
biological importance of the GST supergene family (e.g., Ref. 9) An
in depth discussion of GST nomenclature is outside of the scope of
this article. However, in mammalian species the four major cytosolic
families have been designated a, p, 7, and 6. At least one microsomal
form has also been described. The cytosolic forms share homology
and probably have evolved from a common ancestral gene. Most of
the published material linking GST to anticancer drug resistance has
focused on the cytosolic families, although this does not preclude a
role for microsomal GST. Indeed, the importance of membrane-
associated GST in drug metabolism has not been studied in any great
detail and could prove to be a fertile area for future research.

The cytosolic GSTs exist as monomeric subunits which have cat-
alytic activities either as homo- or heterodimers. Xenobiotics, includ-
ing anticancer drugs, can influence the transcriptional regulation of
GST genes, primarily through effects mediated by AP1-like regula-
tory elements, which for the rat a GST family have been characterized
as antioxidant response elements (10). GSTr is also inducible and
frequently overexpressed in neoplastic tissues when compared to their
normal counterparts. Indeed, GST is a tumor marker for a number of
different cancers. The fact that it is usually the most common of the
GST in both tumor tissues and cell lines and therefore the easiest to
detect experimentally contributes to the prevalence of literature ref-
erences for this isozyme. GSTu is variably expressed in human tissues
or cell lines. This is because approximately 40-50% of the human
population has a null phenotype for GSTp and thus have no consti-
tutive expression of the isozyme. This has elicited interest in the
relationship between cancer incidence and GST expression and large
scale population studies are currently under way to correlate suscep-
tibility to lung cancer in smokers who have the GSTy null phenotype
(11). These studies are predicated on the hypothesis that lack of
expression of GST is related to increased DNA damage by mutagens
in smoke. This rationale parallels the hypothesis of altered drug
metabolism by GST in resistant cells and illustrates one example of
potential overlap between drug resistance and chemoprevention.

GST Studies in Cell Lines

Of most significance to this article are the following general asso-
ciations between increased GST expression and drug resistance: (a)
GSTa isozymes and nitrogen mustards; (b) GST p and nitrosoureas;
(c) GSTr and the MDR phenotype. The evidence for a causal link for
point a and point b is good. For point ¢, most of the published data
would support the principle that increased GST# is more likely a
consequence of a pleiotropic stress response. As discussed below, if
GST is to be unambiguously defined as a causative factor in MDR,
better evidence is required.

Empiric assessment of GST involvement in anticancer drug resist-
ance has come primarily from work with cultured mammalian cell
lines. It has been standard operating procedure to develop a resistant
cell line by selection with the drug of choice and then to analyze a
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number of cellular properties to achieve a correlation between a
particular trait and drug resistance. Such studies have generated ex-
tensive correlative data and have provided many tumor cell lines with
comparatively high levels of GST expression. Inherently disadvanta-
geous in this approach is the natural tendency to overinterpret the
cause/effect relationship of GST overexpression and drug response (a
problem not unique to GST). This is especially true for GST. In most
instances, the data which link GST# to enhanced cellular detoxifica-
tion of anticancer drugs, and by extrapolation to drug resistance, is not
completely convincing. For example, chlorambucil conjugation with
GSH can be catalyzed by human GSTr, but the catalytic efficiency is
some 40- to 50-fold less than for human GSTa (Fig. 2; Ref. 12). In a
cell line with high GST and no GSTa, it has not been conclusively
demonstrated that GST catalysis would be a major detoxification
pathway. As will be discussed, there is presently little direct evidence
that any anticancer drugs are direct substrates for GSTr.

Selected cells with an acquired resistance phenotype are often not
cloned from a single progenitor and are represented by a heterogene-
ous population; this may serve to compound interpretation problems.
In some instances, authors may state that because cell line A has
10-fold the GST activity of cell line B, it is 10-fold resistant to a
particular drug. Notwithstanding the heterogeneity problem, the rela-
tionship between steady-state GST levels and drug response may be
linear, but this must be demonstrated, not assumed. GST activity
measurements in cell lines vary from as low as 4 nmol/min/mg
(MCF7 human breast) to >800 (numerous hepatomas). Because GSTs
have numerous endogenous metabolic roles (i.e., ligand binding/
transport, eicosanoid synthesis, etc.; see Ref. 13) in addition to their
detoxification functions, there is no straightforward way to make a
direct quantitative comparison between enzyme amount or activity
and drug response. In addition, there are other factors which must also
be considered in such an analysis. For example, the turnover of both
the enzyme and transcript will influence the ability of a cell to adjust
the steady-state levels. There is evidence in drug-resistant cells that
the half-lives of GST# and its mRNA are doubled in comparison to
wild type cells (14)*. This propensity to “recognize” a toxic challenge

3 H. Shen, S. Ranganathan, S. Kuzmich, and K. D. Tew, submitted for publication.
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by altering protein or transcript half-life has also been identified for
other cellular proteins such as tubulin, where cells resistant to antim-
itotic drugs accumulate higher levels of transcript for B-tubulin (15).

Thus, the intrinsic steady-state levels of GST, the transcriptional
and translational rates, and the stability and turnover of both protein
and transcript should all be factored into any analysis of response to
chemotherapy. Moreover, binding affinities and relative amounts of
different GST isozymes, as well as competing reactions and relative
intracellular content of substrate and substrate-GSH conjugate, will be
important. Since GSTs use GSH as a cofactor in the formation of a
thioether bond with its drug substrate, these same concerns will relate
to the enzymes of GSH biosynthesis. As indicated above, GSH
homeostasis is itself influenced by a multiplicity of cellular controls
and feedback mechanisms. While concentrations of reduced glutathi-
one in tumor cells often approach millimolar, this does not automat-
ically imply a surplus of available GSH. Compartmentalization and
competing reactions will play an important role in determining avail-
ability. In addition, there is now significant evidence that drug-GSH
conjugates are removed from the interior of the cell by an energy-
dependent membrane transporter. Although the precise identity of the
pump in tumor cells is not known, a potentially important report has
recently appeared which identifies a M, 38,000 membrane protein
which can efflux both GSH conjugates and drugs such as daunomycin,
daunorubicin, and vinblastine (16). Partial homology with other mem-
bers of the ATP-binding cassette family members is reported. Thus, it
may be that certain membrane proteins can serve to recognize both
hydrophobic drugs and other phase I metabolites such as GSH con-
jugates. This could provide a possible link between MDR and GSH
metabolism. It appears likely that other GSH-conjugate membrane
pumps will eventually be identified. Obviously, differences in expres-
sion of such proteins may influence the apparent intracellular concen-
trations of drug metabolites and this could produce potential differ-
ences in cytotoxicity. There would seem to be value in pursuing this
avenue of research investigation.

Any listing of drug-resistant tumor cells with elevated GST will
frequently include a number of MDR lines. With the exception of the
mouse Friend erythroleukemia cell line, the MDR lines (or more
specifically those selected with drugs which are part of the MDR
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phenotype) primarily overexpress GSTr (1). The prevalence of GST#
as a marker of transformation and carcinogen exposure suggests that
the enhanced enzyme levels may be an effect of the selection process,
rather than a cause of the MDR-resistant phenotype. Indeed, there is
presently little indication that any of the classical MDR drugs are
substrates for this isozyme. Most do not form reactive electrophilic
species. One potential caveat is Adriamycin. While the debate over
the precise cytotoxic mechanism of the anthracyclines has become
less contentious since the identification of topoisomerase II as a drug
target, there is little doubt that quinone-mediated free radicals formed
from Adriamycin have the capacity to cause oxidative damage and
cytotoxicity (7). Lipid peroxidation is a frequent cellular result of
Adriamycin exposure. Such peroxides may further break down to
yield hydroxyalkenals, which have been shown to be substrates for
GST isozymes (17). It is possible to hypothesize that these hydroxy-
alkenals can induce, or select for, increased GST expression and that
their detoxification by GST can act as a cellular protective effect.
Such a mechanism has been invoked previously for the low level of
resistance to Adriamycin in a GSTr-transfected pT 22-3 cell line (18).
Because of the extensive data to support the role of the P-glycoprotein
and more recently the MRP gene product in resistance to MDR drugs,
it would seem reasonable to conclude that if GST# has a role in
determining the MDR response it may be minor. Increased levels of
GSTw in MDR cells may prove merely to be the consequence of a
coordinate up-regulation of a number of stress-inducible genes.

Anticancer Drugs as Substrates for GST

When designing antimetabolite anticancer drugs, tight binding to
the target enzyme (frequently involved in some aspect of DNA
synthesis) is desirable. For GST to function as efficient detoxifiers of
a wide range of chemical structures, such tight binding could prove to
be problematic and indeed for those alkylating agents which have
been shown to be substrates, the binding constants suggest affinities in
the micromolar range. What seems to be gained from the reduced
affinity for an individual chemical is promiscuity of substrate recog-
nition. Those anticancer drugs which have been definitively identified
as GST substrates are listed in Table 1. Perhaps of equal significance
are those drugs for which there is no convincing evidence of GST-
mediated catalysis (Table 1). It is apparent that many, if not all, of the
MDR drugs fall into this latter category. An additional consideration
is that while no positive substrate specificity results have been pub-
lished, no specific negative data have been generated for the drugs in
this column. Anthracyclines are known to produce reactive quinone

Table | Anticancer drugs as substrates for glutathione S-transferases®

Convincing substrate/ No definitive proof of Indirect evidence®

kinetic data exist catalysis exists exists
Chlorambucil® Antimetabolites Bleomycin
Melphalan® Antimicrotubule drugs? Hepsulfam
Nitrogen mustard® Topoisomerase I and 11 inhibitors Mitomycin C
Phosphoramide mustard* Adriamycin
Acrolein® Cisplatin
BCNU/ Carboplatin
Hydroxyalkenals®
Ethacrynic acid
Steroids”"

“ The catalyzed reaction is assumed to involve conjugation with GSH through thioether
bond formation.
5 Indirect evidence can include low levels of resistance conveyed by transfection.
€ Aziridinium intermediate of the nitrogen mustards is the main GST substrate.
The antimicrotubule drug estramustine is an inhibitor of GST, but there is no direct
evidence that it is a substrate.
 Metabolites of cyclophosphamide.
/GST catalyzes a denitrosation of BCNU.
# Most electrophilic anticancer drugs produce lipid peroxidation, degradation of which
produces a variety of hydroxyalkenals.
GST can act as transporter ligands for some steroids.

moieties, as does the antibiotic fosfomycin (2). Since this antibiotic
does undergo GST-mediated catalysis, it would not be unreasonable to
suggest that the quinone species of Adriamycin may be subject to
catalyzed conjugation with GSH. Furthermore, mitomycin C toxicity
is reduced by the presence of increased cellular GSH, although it is
not clear if this is a function of an altered reducing environment or the
propensity of the drug to form GSH conjugates. Even if the latter is
true, the value of GST in enhancing the spontaneous reaction has not
yet been determined. It may also be possible that glutathione peroxi-
dases may mediate detoxification of Adriamycin and associated free
radical species (7).

A review of the chemical structures of those drugs which are GST
substrates shows that a common characteristic is the electrophilic nature
of their active cytotoxic moieties. In every case the drug can interact with
the thiol of reduced glutathione in a spontaneous manner, creating a
thioether product which is characteristically less toxic and more water
soluble. The nitrogen mustards have bifunctionality as a result of the two
chloroethyl arms. Because of this, there is the possibility that a second
reactive site could produce a diglutathionyl product. This bifunctionality
is important to the overall cytotoxic properties of the drug, since there is
potential to form cross-links within DNA. Such lesions can make the
drug 1 to 2 logs more cytotoxic than an equivalent monofunctional
mustard. Thus, in a simplistic way, the initial conjugation with GSH
serves to reduce the potential cytotoxic threat by turning the bifunctional
property into monofunctionality (see Fig. 2). A similar principle can be
applied to emphasize the importance of GST catalysis in determining the
rate of GSH conjugation. The spontaneous reaction of the nitrogen
mustard aziridinium ion with the sulfhydryl of GSH is determined by the
potential energy states of the drug electrophile and the macromolecular
target nucleophile, which have been defined as “hard” or “soft” based
upon the polarization of their reactive centers (19). The aziridinium ion of
an activated nitrogen mustard is highly polarized, carrying a high positive
charge density at the electrophilic center and is thus defined as a hard
electrophile. These will most favorably react with hard nucleophiles,
where the high energy transition state of the reaction is most favorable.
Within these guidelines, the alkylating species of, e.g., chlorambucil will
react with nucleophiles in the following order: oxygen of phos-
phates > oxygen of bases > amino groups of purines > amino groups of
proteins > thiol group of methionine > thiol group of the cysteine in GSH.
The less favorable reactions still occur spontaneously, but nucleophilic
selectivity may not favor such reactions in a mixed nucleophile environ-
ment. To this end, GST catalyzes the conjugation of mustards with GSH
by bringing the two into close proximity, creating a conducive hydro-
phobic environment and reducing the apparent pK of the cysteine thiol
from 9.6 to a more neutral value. All of these factors serve to increase
both the rate and extent of the conjugation when compared to the
spontaneous reaction.

Because nitrogen mustards undergo spontaneous decomposition to
produce active alkylating species, it is particularly significant that the
aziridinium intermediate of melphalan has been reported as the true
substrate for the GST-catalyzed reaction (20). Since all bifunctional
nitrogen mustards have the potential to form two aziridinium ions, a
significant role for GST-mediated catalysis may be possible. Intracel-
lular chloride concentrations of 8 mM predict that aziridinium ion
formation is essentially irreversible. The reactivity of this species with
cellular nucleophiles such as phosphate and water is approximately
equivalent and assuming GSH concentrations of 2.5-5.0 mm and a pH
of 7.4, Bolton et al. (20) calculated that the reaction of GSH with the
aziridinium will be 5.5 times greater than hydrolysis. However, tumor
microenvironments frequently produce a more acidic pH. At pH 6.5
the contribution of GSH to melphalan detoxification was only equiv-
alent to water. Because of this, the spontaneous GSH reaction may
prove to be limiting in terms of how much and how quickly detoxi-
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fication can be achieved. The glutathionylation of melphalan cata-
lyzed by GSTa was 2.5- and 9-fold (pH 7.4 and 6.5, respectively)
greater than the spontaneous rate, values which correspond well with
the comparative rates and extents of chlorambucil conjugation shown
in Fig. 2. Thus, the GST-catalyzed rate of both chlorambucil and
melphalan conjugation with GSH will be significantly greater than the
spontaneous rate (12, 20). The cytoprotective consequences of this
enhancement could prove to be the difference between drug-induced
sublethal and lethal damage.

Transfection of GST

It is often considered that enhanced resistance to a particular drug
must be shown in a transfected cell line in order for the gene product
to be causatively linked to the resistant phenotype. This one area has
provided substantial controversy for the GST field. A number of
transfection studies have been reported and some disparity is apparent.
The lack of anticancer drug resistance in MCF7 cells transfected with
GST, -a, or -p. isozymes (21) has led many to conclude that the link
between enhanced GST and anticancer drug resistance is tenuous.
This concept was given further credence by data showing that only
low levels of resistance to alkylating agents and anthracyclines were
found in NIH 3T3, C3H 10T"2, or monkey COS cells transfected with
rat or human GSTs (1). The significance of low levels of resistance
has been the subject of much debate. Degrees of selected resistance in
MDR cell lines frequently reach the 1,000-10,000-fold range. Yet
when MDR-1 recipient transfectant cells are tested, they usually
display 5- to 20-fold resistance, with maximal degrees of resistance
approaching only 30-fold. For alkylating agent-resistant cell lines, the
degree of selected resistance rarely exceeds 20-fold; therefore, it could
be argued that the 1.5- to 3-fold resistance reported in the GST
transfectants is relatively consistent when comparing the ratio of
selected:transfected resistance for alkylating agents/GST and MDR
drugs/P-glycoprotein.

Of further relevance is the potential clinical meaning of low levels
of resistance. There is little doubt that such levels are experimentally
less easy to assay and to analyze statistically. A number of GST
transfection studies have characterized low levels of resistance (i.e.,
1.5- to 3-fold) to numerous anticancer drugs (reviewed in Ref. 1).
Understandably, these levels of resistance have not been convincing.
Alkylating agents and electrophile-producing drugs as a group tend to
have survival curves characterized by a sublethal damage shoulder
and steep kill curve. Given the nature of drug dose escalations in
clinical protocols, a 2-fold shift in in vitro sensitivity may translate
into a meaningful difference in therapeutic efficacy and patient re-
sponse. However, it is likely that the debate over how to measure
response and what constitutes a “meaningful” degree of resistance
will continue. Notwithstanding these quantitative issues, a number of
possible factors could help to explain why GST transfection in some
cell lines does not produce significantly enhanced drug resistance: (a)
intrinsic GSH/GST levels; (b) transcriptional and/or translational rate
and turnover of GSH/GST synthesis (enzyme or transcript half-life,
etc.); (¢) feedback control mechanisms; (d) presence and/or efficiency
of a GSH-conjugate membrane efflux pump; (e) effective compart-
mentalization of GSH/GST; (f) competing detoxification reactions;
(g) proven substrate specificity of the transfected GST for the anti-
cancer drug(s) tested.

The uncertainty of these earlier data in proving a direct role for GST
in determining drug sensitivity has been largely alleviated by several
recent reports. The first is in Saccharomyces cerevisiae where significant
resistance to chlorambucil and Adriamycin (maximum resistance, 8- and
16-fold, respectively) was reported in cells transfected with mammalian
GST isozymes (22). Because of the yeast cell wall, high concentrations of

drug were required to achieve cell kill, leading to some debate as to the
relevance of yeast as a test organism. Since yeasts do express endogenous
GST that have detoxification functions, the addition of heterologous GST
would seem to be a legitimate, reasonable approach to answering specific
functional questions.

In mammalian cells, Schecter et al. (23) recently transfected the rat
Y. gene (a family) into rat mammary tumor cells and showed high
levels of induced resistance to a number of nitrogen mustards. The
degree of resistance conferred ranged from 6- to 30-fold for chloram-
bucil, melphalan, and nitrogen mustard. These resistance factors are
equal to, or exceed, those of most acquired resistant cell lines. The
results are perhaps more convincing, since overexpression of the Y,
GST subunit has been circumstantially linked to mustard resistance by
nature of increased expression in rat cell lines (1, 24). In addition, the
mouse and human a-GST family show the best catalytic constants for
the conversion of chlorambucil and melphalan to their respective
monoglutathionyl derivatives (12, 20).

Two other studies have transfected Chinese hamster ovary cells
with GST (25) or GSTa (26). GST increased resistance to cisplatin
and carboplatin by 2- to 3-fold, while GSTa afforded protection
against bleomycin. The latter study also quantitatively correlated
GSTa expression with bleomycin resistance. Although both papers
implicate GST-catalyzed detoxification of the parent drugs or their
metabolites as a mechanism of increased resistance, neither of them
included such data. These drugs are known to form conjugates with
GSH and it is therefore feasible that they may be substrates for GST
catalysis. They are included in the category of “indirect evidence” in
Table 1, indicating that they are implicated as but not proved to be
GST substrates. One feasible explanation for the occurrence of low
levels of resistance in transfectants is that the increased GST provides
additional thiol groups to act as a drug sink. Some drugs [e.g.,
ethacrynic acid (27)] can bind directly to GST isozymes. The physical
presence of additional GST in transfected cells could subsequently
reduce the effective intracellular concentrations of some drugs.

It would seem reasonable to suggest that the positive transfection
data should satisfy the question as to whether GSTs have a direct role
in some types of drug resistance. However, it is of importance to
interpret the clearly positive data in the context of the more equivocal
or negative results. There are several possible explanations for the less
convincing or negative data. One is that GSTs are not in of themselves
sufficient to convey resistance. This would require the existence of
putative complimentary “factors” in cells which yielded positive
correlates. For example, the requirement for GSH as a cosubstrate
may be limiting in some target cells. As discussed elsewhere in this
article, the maintenance of intracellular levels of reduced glutathione
is controlled by a complex, interrelated series of pathways. The
transfection and ultimate overexpression of one enzyme within this
pathway may not be the optimal way to achieve or maintain a GSH
homeostasis. Interestingly, the negative transfection data have primar-
ily come from MCF7 cells. The wild type cells have a GST specific
activity of 4 nmol/min/mg protein; one of the lowest activities, if not
the lowest activity, measured in tumor cell lines. In addition, transcript
levels for y-GCS are also extremely low in MCF7 cells,* suggesting
a limited capacity for de novo GSH synthesis via the y-glutamyl cycle.
Perhaps MCF7 cells, with such low intrinsic steady-state levels of
GST and capacity for GSH synthesis, utilize other detoxification
pathways more efficiently.

4 Unpublished observation.
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Therapeutic Correlates of GST Expression

Despite a profusion of recent literature reports cataloguing GST ex-
pression in many tumor and normal tissues from human biopsies, actual
attempts at therapeutic manipulation through drug intervention have been
more limited. Much effort has been focused on seeking correlates be-
tween patient treatment failures and enhanced expression of genes in-
volved in drug resistance. To date such correlations have been detailed in
only a portion of trials involving MDR-1, O5-alkylguanine transferase
(nitrosourea resistance), GSH, and GST (1). For all of these systems,
negative results may have been compromised by the limited sensitivity of
the methodology used and the fact that low levels of resistance may be
clinically important but difficult to show experimentally. Limited avail-
ability of tissue (especially tumor) that is amenable to sequential biopsy
during and/or following chemotherapy also limits the feasibility of this
approach. However, there are at least two examples in which enhanced
expression of GST has been found in tumor samples from patients who
have become refractory to drug treatment.

In the first, two cell lines were established from an ovarian cancer
patient with abdominal ascites (28). PEO1 was established from cells
that were harvested before starting treatment. PEO4 was established
following the acquisition of resistance to a regimen of cis-platinum,
chlorambucil, and 5-fluorouracil. When comparing a variety of pa-
rameters of glutathione metabolism, increases in y-GGT (6.5-fold)
glutathione peroxidase (2.3), and GST (2.9) were found. The issues
which were of most concern in this study were the fact that the tumor
cells were cultured (albeit a short time) prior to analysis, perhaps
allowing drift in sensitivity. Furthermore, a drug combination was
used in the patient with the result that definitive proof that chloram-
bucil was the causative agent in the overexpression of these enzymes
could not be shown. Because of the easy access to sequential tumor
biopsy, CLL provides a good model system to study clinical resist-
ance. Analysis of lymphocytes from CLL patients using the general
GST substrate 1,2-chlorodinitrobenzene showed a statistically signif-
icant 2-fold increase in cells from chlorambucil-resistant patients
compared to untreated patients or normal individuals (29). Further-
more, chlorambucil therapy caused a 1.5-fold elevation in enzyme
activity in three previously drug-naive patients. These two clinical
reports have provided inferential correlative data for patient response
and drug sensitivity. Clearly, such studies are not conclusive and more
work will be required; but in an area beset by practical limitations,
these correlations are encouraging.

The emergence of ethacrynic acid as an effective inhibitor of GST
has led to its consideration as a modulator of GST-mediated drug
resistance. Preclinical studies have demonstrated that reversal of re-
sistance in cell lines may be achieved at low concentrations of
ethacrynic acid. A Phase I trial suggested that drug-induced diuresis
with resultant fluid imbalance was the major dose-limiting toxicity
(30), but this was not serious enough to prevent the formulation of a
Phase II study of ethacrynic acid and chlorambucil in drug-resistant
CLL. Because of the low number of such patients and the emergence
of fludarabine as a viable treatment for chlorambucil-refractory CLL,
the protocol is accruing patients at a slow rate in the United States. Its
potential, therefore, remains largely unknown. However, one case
report (31) details a partial reversal of chlorambucil resistance in a
B-CLL patient treated simultaneously with ethacrynic acid and
chlorambucil. Thus, while the approach has merit, large scale studies
are needed. Design, synthesis, and testing of novel GST inhibitors are
presently in progress (32) and may well yield new compounds worthy
of clinical testing.

Assessment of the quantitative aspects of drug resistance is also
critical in appreciating the value of a resistance reversal approach. The
measurement of drug synergy is usually achieved by isobologram

analysis. Although there is some debate over the best mathematical
approach to define synergy, it is generally agreed that their combined
effects must be greater than their composite additive cytotoxicities.
For modulators of resistance, there is frequently little or no intrinsic
toxicity at the concentrations required to reverse resistance; therefore
synergy can be readily shown. More problematic, however, is the
extrapolation of preclinical synergy to human trials. For example in
MDR cell lines, conversion of a 1000-fold resistant phenotype to
20-fold would apparently represent a gain worthy of clinical study
based upon published and ongoing clinical trials with MDR-1 modu-
lators. For alkylating agents, such a quantitative in vitro enhancement
may be difficult to achieve experimentally, since 10-20-fold resist-
ance is apparently maximal for this class of drugs. These comparisons
are further confounded by the clinical consideration that low level
resistance may be quite critical in determining success or failure to
therapy. It may be necessary to apply a dual standard for judging
efficacy. Modulators of alkylating agents may not need to be as
quantitatively effective in vitro as those of MDR yet may still be
therapeutically valuable.

Conclusions and Perspectives

There is a growing body of evidence that the phenotype of drug
resistance may result from reduction in the ability of a cell to recog-
nize and/or instigate programmed cell death as a consequence of
exposure to drug. For example, the adenovirus gene EIA has been
shown to sensitize cells to a range of anticancer drugs. In this system
a functional p53 tumor suppressor gene is required to allow pro-
grammed cell death (33). Similarly, bcl-2 seems to prevent cell death
by protecting cells from oxidative stress. Moreover, if the bcl-2 gene
expression is suppressed, free radical damage accumulates sufficiently
to activate the apoptotic pathway (34). These findings could prove to
have enormous significance with regard to how drug resistance is
viewed and perhaps manipulated. However, in the absence of genetic
changes which could create an “apoptotic null phenotype,” they may
be of more limited relevance to the role of detoxification in determin-
ing cell response. As stated earlier, cells have a characteristic survival
pattern when treated with alkylating agents. The short half-life, elec-
trophilic reactivity, and covalent nature of these drugs ensures that a
damage threshold is reached in an acute, rather than a chronic,
manner. Most clinically used alkylating agents have half-lives of less
than 1 h. Although there may be latent damage which can lead to
cellular toxicity, generally if a cell can minimize the early lesions and
maintain damage below a specific threshold, it will survive. The
quantitative definition of this threshold is offered in an arbitrary
fashion for the purpose of this discussion. However, there is reason to
believe that this value will vary both within and between tumor cell
populations. In any case, the importance of GSH and associated
enzymes lies in the provision of an enhanced rate and extent of
detoxification, helping to maintain the amount of damage below that
which may trigger any apoptotic cascade. Even in the absence of
definitive information as to which drug lesions (and how many) may
induce this pathway, the principle of detoxification maintaining dam-
age control would be of significance. Although there is some debate
as to the precise role of free radical damage in mediating the initiation
of apoptosis, it could be argued that an enhanced cellular capacity to
maintain a reduced thiol status may even contribute directly to an
interference in the early stages of this process. Indeed, free radical-
mediated damage appears to be of primary significance in aging,
cancer, and many other human conditions.

What are the future therapeutic possibilities involving GSH/GST?
Presently, serum GST levels are being tested as potential markers for
cancer detection and even as markers for organ rejection in liver

4319



GSH, GST, AND DRUG RESISTANCE

transplants. GSTr is up-regulated in a large proportion of the human
malignancies thus far analyzed. Certain prodrugs are under develop-
ment to take advantage of this observation. An inactive drug which
upon catalysis by GST# becomes cytotoxic, offers a nonempiric
rationale for gaining an enhanced therapeutic index. Use of inhibitors
of GST have, to this time, focused upon small chemical moieties with
little tissue or isozyme specificity. Current and future endeavours are
aimed at targeting the inhibitor against specific isozymes. If success-
ful, this could achieve a directed inhibition of GSTa which would
yield the best chance of reversing alkylating agent resistance (32). The
obverse of this approach is exemplified by ongoing chemoprevention
trials with oltipraz. Chronic low level doses of oltipraz are known to
induce GST (and other Phase II detoxification enzymes) expression in
colon epithelium. The efficacy of this approach in preventing cancer
incidence in high risk populations is under intensive study.

One of the more recent in vogue efforts at therapeutic management
involves the transfer of drug resistance genes or cDNAs into normal
tissues, such as bone marrow. Theoretically, this approach should
increase the normal tissue tolerance and enhance the therapeutic index
of a drug for which marrow is the dose-limiting tissue. This paradigm
if applied to alkylating agents and GSH and GST enzymes may allow
protection of bone marrow stem cells at drug levels sufficient to kill
tumor cells. Some consideration of existing data may suggest at least
two adaptations which may enhance the chances for success: (a)
transfer y-GCS together with a GSTa family member. This will
reduce the chances that GSH may be limiting as a cofactor for GST;
(b) the rat Y_ is the most inducible of all the a isozymes by nitrogen
mustards (human GST a genes do not have the same 5’ regulatory
elements as those of the rat). Transfection of the Y. cDNA has yielded
the most mustard-resistant clones. Preliminary substrate specificity
data indicate that Y, isozymes have meaningful catalytic constants for
detoxification of the nitrogen mustards (data not shown). These ob-
servations suggest that in humans, transgenic Y_ transfers could be
more effective than using human « isozyme constructs. Whether this
is combined with a rat or human y-GCS is less important, since there
is no present indication that the two enzymes differ significantly in
their capacity for de novo synthesis of GSH.

For as long as toxic chemicals with electrophilic centers are used in
cancer chemotherapy, there will be a sound rationale for studying
GSH and the enzymes that produce it and use it. At least for the short
term, such drugs should continue to play a significant role in patient
treatment.
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KEYWORDS Summary A major limitation in the treatment of cancer patients is the ability of cancer cells
Multidrug resistance; to become resistant to chemotherapeutic drugs, a phenomenon known as multidrug resistance
Oncolytic drugs; (MDR). Two important mechanisms involved in multidrug resistance are the increased activity
Multic.irug resistance of efflux pumps, such as those of the multidrug resistance proteins (MRPs) and the detoxifica-
proteins; tion by phase Il conjugating enzymes, like glutathione S-transferases and UDP-glu-
Phase Il enzymes; curonosyltransferases. A synergistic interaction between these two mechanisms, MRPs and
Nrf2 phase Il enzymes, in conferring MDR has been shown for multiple anticancer drugs. In addition,

there is substantial evidence of a coordinate regulation of the expression of phase Il enzymes
and MRPs, most likely mediated by the nuclear factor-erythroid 2 p45-related factor (Nrf2) and
antioxidant response elements. Further elucidation of the combined action and regulation of
phase Il enzymes and MRPs in MDR will be an aid in the improvement of the chemotherapeutic
treatment of cancer patients.
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Nomenclature

vGCS  y-glutamylcysteine synthase

B-NF B-naphtoflavone

ABC ATP-binding cassette family

Ahr aryl hydrocarbon receptor

ARE antioxidant response element
BCNU  1,3-bis(2-chloroethyl)-1-nitrosourea
BHA butylated hydroxyanisole

BSO buthionine sulfoximine

CAR constitutive androstane receptor
CYP cytochrome P450

ERCC-1 Excision Repair Cross Complementation Group 1
GSH glutathione

GSHS  GSH synthase

GST glutathione S-transferase

GSX glutathione S-conjugates

JNK1 c-Jun N-terminal kinase |

Keap1 Kelch-like ECH-associated protein

MAPK  mitogen-active protein kinase

MDR multidrug resistance

MNNG  1-methyl-2-nitro-1-nitrosoguanidine

MRP multidrug resistance protein

Nrf2 nuclear factor-erythroid 2 p45-related factor

Pgp P-glycoprotein

PI3K phosphatidylinositol 3-kinase

PKC protein kinase C

PPAR  peroxisome proliferator-activated receptor
PXR pregnane X receptor

RXR retinoid X receptor

SN38  7-ethyl-1-hydroxycamptothecin
SULT  sulfotransferases

t-BHQ tert-butylhydroquinone

UGT UDP-glucuronosyltransferase

unpredictability of the treatment effect due to the ability
of cancer cells to acquire resistance to different drugs, a
phenomenon known as multidrug resistance (MDR), and
the capacity of the body to protect itself against xenobi-
otic drugs.

Several mechanisms of drug resistance of tumour cells
have been suggested, which can be linked to the pharma-
cokinetics and pharmacodynamics of cytostatic drugs
(Table 1). Of these mechanisms one of the most encoun-
tered ways of tumour cells to acquire resistance is the
induction and activation of efflux transporter proteins,
such as those of the ATP-binding cassette (ABC) trans-
porter family. The increased expression of these trans-
porters leads to a decrease in drug accumulation by the
cell. So far, the ABC transporter P-glycoprotein (Pgp),
multidrug resistance associated-protein 1 (MRP1 or ABCC1)
and breast cancer resistance-protein (BCRP or ABCG2)
have been observed to be involved in MDR. However, sev-
eral studies have shown that cells resistant to oncolytic
drugs express additional, sometimes multiple, transport-
ers' (reviewed by Szakacs et al.%). The efflux transporters,
especially Pgp, have been the main focus of many
researchers to find strategies to prevent MDR, like identi-
fying peptides and antibodies that inhibit Pgp, finding

Table 1 Mechanisms of multidrug resistance of tumour cells

ways to downregulate MDR genes and the design of anti-
cancer drugs that are not substrate of these transporters.?

The second way by which tumour cells can circumvent
the cytotoxic action of oncolytic drugs are cellular changes
that influence the activity of oncolytic drugs, like the in-
creased detoxification by metabolizing enzymes. In tumour
cells, often overexpression of drug metabolizing enzymes
such as cytochrome P450 enzymes (CYP) and glutathione
S-transferases is found.3~®

Another way of obtaining MDR is alterations in target
molecules. Some chemotherapeutic drugs, like methotrex-
ate,”’® inhibit key enzymes in pathways that control the pro-
liferation of cells, and MDR can arise when there is an
increased transcription of the key protein in the cell. Other
examples are the loss of oestrogen receptors in patients
with breast cancer treated with anti-oestrogen therapy,’
and mutations in topoisomerase Il to gain MDR against drugs
that block the activity of topoisomerase Il, like etoposide. '°

Tumour cells can also become resistant due to the en-
hanced repair of DNA. Drugs like platinum derivatives react
with DNA to form DNA-adducts, leading to DNA lesions. An
important enzyme involved in the DNA-repair of cisplatin
adducts, is excision repair cross-complementing protein
(ERCC-1) and the expression of this enzyme was shown to

Mechanism

Examples

Increased expression and activity of efflux transporter proteins

Increased detoxification by metabolizing enzymes

Alterations in target molecules

Enhanced DNA repair
Alteration in genes that control cell cycle and apoptosis

P-glycoprotein, multidrug resistance associated-proteins
(MRP/ABCC1) and breast cancer resistance protein
(BCRP/ABCG2)

Cytochrome P450 enzymes

Glutathione S-transferases

Increased transcription target proteins

Decreased expression target proteins

Mutation target proteins

Excision repair cross-complementing protein (ERCC1)
p53, Bcl-2

Based on reviews by? 82!,
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be increased in cells and tumours insensitive to cisplatin and
carboplatin.” "3

Finally, changes in genes that are critical for prolifera-
tion or apoptosis can lead to the abrogation of apoptosis
or cell cycle arrest. The p53 protein is an important protein
in the regulation of the cell cycle and the induction of apop-
tosis in response to DNA damage. Deletion of p53, and muta-
tions that cause a loss of function of p53, have been
observed in several MDR tumour cell lines.' Other apopto-
tic genes, like Bcl-2/Bax have also been implicated in
MDR.""7 As it is beyond the scope of this review, for more
detailed information on the background of MDR the reader is
referred to some excellent reviews.? 82

A synergistic interaction between the processes that
cause MDR is also possible, as has been observed for the
metabolizing CYP3A4 and Pgp. In colon cancer cells,?2%*

A. No induction of CYP3A4 and Pgp

Oncolytic drug

AA,
A A,

— A@ T~

Intestine

Intestinal lumen

Q= metabolite A- oncolytic drug

B. Co-ordinate regulation of CYP3A4 and Pgp

Oncolytic drug

Eg. Paclitaxel, tamoxifen

primary hepatocytes?® and liver cell lines,?* Pgp and CYP3A4
show a coordinated co-expression, regulated by nuclear
receptors like the pregnane X receptor (PXR) and the consti-
tutive androstane receptor (CAR). This co-regulation of Pgp
and CYP3A4 forms an integral part of the defence system to
protect the body against xenobiotics, like oncolytic drugs
(Fig. 1). Exposure to drugs that can activate PXR or CAR, like
the anti-cancer drugs tamoxifen and paclitaxel, will lead to
an increased expression of Pgp and CYP3A4 (reviewed by?®).
The increased levels of Pgp will regulate the intracellular
concentrations of the oncolytic drugs, so that they will stay
within the linear range of the detoxifying capacity of
CYP3A4.%>% |n the intestine this coordinate action between
Pgp and CYP3A4 leads to a decrease in the oral uptake of
drugs, while in the liver, drugs will be more rapidly excreted
and detoxified. Although CYP3A4, Pgp, PXR and CAR are

Tumor
Blood

— Activation PXR/CAR

|

CYP3A4 and F’gp1

Intestine

Intestinal lumen

AAd)

Blood ¢
A O

Decreased oral uptake
<= metabolite A= oncolytic drug

Figure 1

/ Liver/

Increased excretion

~~

Tumor

AAbL O
@

Blood

Decreased intracellular levels

Multidrug resistance by the coordinate regulation of CYP3A4 and Pgp. In the presence of basal levels of CYP3A4 and Pgp,

the detoxifying capacity of CYP3A4 is insufficient, and the drug is taken up in the blood and only partly removed by the liver.
Intracellular levels of the drug in the tumour will be high (A). The coordinate increase of the expression of CYP3A4 and Pgp,
mediated by PXR or CAR, will cause multidrug resistance by an increased detoxification by CYP3A4 and increased excretion of the
oncolytic drug. Intracellular levels of the drug in the tumour will be low (B).
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mainly expressed in the liver and the intestine, cancer cells
also have shown to posses PXR and CAR mediated increased
Pgp and CYP3A4 expression, leading to MDR.22° The com-
mon regulators of the expression of Pgp and CYP3A4, PXR
and CAR, therefore provide an excellent synergistic protec-
tion system of the body and cancer cells in the response to
increased levels of oncolytic drugs (Fig. 1).

In addition to Pgp, other ABC transporters responsible
for MDR have been identified, like the multidrug resistance
(associated) proteins (MRPs). These transporters are
mainly involved in the extrusion of organic anions, includ-
ing the conjugative metabolite(s) that arise from detoxifi-
cation reactions by phase Il conjugating enzymes, like
glutathione S-transferases (GST), sulfotransferases (SULT)
and UDP-glucuronosyltransferases (UGT). Besides the effi-
cient transport of conjugated drugs or their metabolites,
MRPs also export glutathione (GSH),*° and co-transport
with GSH was shown to be required for the MRP mediated
extrusion of oncolytic drugs.3®3'A synergistic interaction
between MRPs and phase Il enzymes in MDR is therefore
expected. This review will provide an overview of the cur-
rent knowledge of the coordinate function of MRP and
phase Il enzymes in MDR, and will discuss the clinical con-
sequences thereof for the treatment of cancer patients. As
most information is available on GSTs and UGTs this review
will focus on these two phase Il enzymes.

Multidrug resistance proteins

The MRP (ABCC) subfamily of ATP-dependent membrane
transporters includes thirtheen members: MRP1 (ABCC1),
MRP2 (ABCC2), MRP3 (ABCC3), MRP4 (ABCC4), MRP5
(ABCC5), MRP6 (ABCC6), MRP7 (ABCC10), MRP8 (ABCC11),
MRP9 (ABCC12), CFTR (ABCC7), the sulfonylurea receptors
SUR1 (ABCC8) and SUR2 (ABCC9),? and the recently discov-
ered pseudogene MRP10 (ABCC13).333* All the members of
the ABC-family of drug transporters share an extensive se-
quence homology and domain organisation; a core structure
consisting of two nucleotide-binding domains and two mem-
brane spanning domains, each containing 6 transmembrane
helices. Exceptions to this structure are found in the MRP
subfamily, as MRP1-3 and MRP6-7 contain and extra amino
(N)-terminal membrane-bound region of five transmem-
brane regions that are N-glycosylated near the N-terminus
and at the sixth extracellular loop. MRP4-5 and MRP8-9 lack
the N-terminal transmembrane domain of MRP1-3 and are N-
glycosylated at the fourth extracellular loop (reviewed
by2,35—38).

The MRPs have been shown to transport exogenous and
endogenous organic anions, like conjugated metabolites
such as glutathion S-conjugates (GSX) and compounds con-
jugated with glucuronic acid.3**° Substrates of MRP include
several oncolytic drugs and their metabolites (Table 2). Be-
cause MRPs differ in substrate specificity, tissue distribution
and intracellular location, the MRPs have a specific, some-
times overlapping, ability to confer resistance to oncolytic
drugs.®®

Several in vitro and in vivo studies have confirmed the
involvement of MRP 1 and 2 in MDR to oncolytic drugs
(Table 3). The MDR pattern of MRP3 is somewhat distinct
as it was shown to confer resistance to etoposide and
vincristine, but not to anthracylines and taxol.*' The other

members of the MRP family are less well characterized at
the moment, however, based on the fact that the disposi-
tion of several oncolytic drugs has already been identified
to be modulated by these transporters (Table 1) it is very
likely that they are also involved in MDR to oncolytic
drugs.

Phase Il enzymes

Glutathione S-transferase enzymes

Many drugs or their reactive electrophilic metabolites,
formed in phase | metabolism reactions by CYP enzymes,
are detoxified by phase Il conjugating enzymes, like GST
and UGT. Although, until know, only a few studies have
examined the actual conjugation of chemotherapeutic
drugs by GSTs, indirect evidence in the form of MDR
studies, clearly implicate the involvement of GSTs in the
metabolism of a wide variety of electrophilic endogenous
and exogenous compounds, among which are several onco-
lytic drugs (Table 4). The effectiveness of GSTs is depen-
dent on the supply of GSH, which is mainly determined
by v-glutamylcysteine synthase (y-GCS) and GSH synthase
(GSHS), the rate limiting enzymes of GSH biosynthesis®’
(Fig. 2). Because of their capacity to react with electro-
philes, radicals and reactive oxygen species, GSTs, to-
gether with GSH, have a major role in the protection
against oxidative stress.

There are three distinct super-family members of GSTs;
the membrane microsomal, mitochondrial and cytosolic
GSTs. While the microsomal GSTs are mainly involved in
the metabolism of endogenous compounds, like leukotri-
enes and prostaglandines, the cytosolic GSTs also conjugate
exogenous compounds. The cytosolic GSTs are divided into
seven classes, Alpha (A), Mu (M), Omega (O), Pi (P), Sigma
(S), Teta (T) and Zeta (Z) which have a promiscuous sub-
strate specificity and are localized in different tissues with
organ specific expression patterns.**~43

The expression of GSTs has been shown to be linked with
the development and expression of MDR (Table 5). First, in-
creased GST and y-GCS levels have been observed in MDR tu-
mours and cell lines. In addition, cells transfected with
different isoenzymes of GST express increased drug resis-
tance,*® while inhibition of GST expression by antisense
cDNA increased the sensitivity to several anticancer drugs.*’
Finally, exposure of cells to a specific inhibitor of y-GCS,
buthionine sulfoximine (BSO), decreases multidrug resis-
tance to doxorubicin*®>° and vincristine.>"52

One of the mechanisms behind GST mediated MDR is the
capacity of GST to regulate the mitogen-active protein
kinase (MAPK) pathway via protein—protein interactions.
Elevated GSTn sequesters and inhibits signalling kinases,
like c-Jun N-terminal kinase 1 (JNK1), thereby inhibiting
apoptosis and stimulating cell proliferation. This explains
the fact that several anticancer drugs cause GST-mediated
MDR, while they are not characterized as substrates of
GST (°>73° reviewed by*>**). A well known anti-cancer drug,
which cytotoxic activity depends on the JNK1 signalling
pathway, is cisplatin. Inhibition of the JNK1 pathway was
shown to be associated with a decrease in cisplatin-induced
apoptosis.>®
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Table 2 Localisation and substrates of multidrug resistance proteins

Tissue Localisation Oncolytic substrates
MRP1/ABCC1 Ubiquitous Plasma membrane, Anthracyclines,
Low in adult human liver, high basolateral epipodophyllotoxins, Vinca
in proliferating hepatocytes alkaloids, arsenic and
and liver cancer cell lines antimonial oxyanions, folic
acid, methotrexate, HIV
protease inhibitors,
camptothecins,
anthracenedione GSH-X (GSH
conjugate doxorubicin),
glucuronide-X (etoposide-
glucuronide), sulfate-X
MRP2/ABCC2/cMOAT Liver, small intestine, kidney, Plasma membrane, apical Anthracyclines,
colon, gallbladder, placenta epipodophyllotoxins, Vinca
and lung alkaloids, cisplatin,
methotrexate, HIV protease
inhibitors GSH-X, glucuronide-
X (glucoronidated-SN38),
sulfate-X
MRP3/ABCC3 Adrenal gland, pancreas, gut, Plasma membrane, Methotrexate, etoposide,
gall bladder, placenta, liver, basolateral taniposide,
kidney and prostate epipodophyllotoxins,
glucuronide-X, sulfate-X
MRP4/ABCC4/MOATB Ovary, testis, adrenals, lung, Plasma membrane, apical Nucleotide analogues,
intestine, prostate basolateral in some tissues methotrexate GSH-X,
sulfate-X
MRP5/ABCC5/MOATC Ubiquitous Plasma membrane, Nucleotide/nucleoside

MRP6/ ABCC6 Kidney, liver, skin, tracheal
and broncheal epithelium,
intestinal mucosa, corneal
epithelium, cardivascular

MRP7,8, 9 ABCC 10,11,12 Widely expressed

basolateral. Apical in
microcapillary endothelial
cells brain

Basolateral

Basolateral

analogues GSH-X

Anthracyclines,
epipodophyllotoxins, cisplatin
GSH-X

Cyclic nucleotides, GSH-X,
glucuronide-X, sulfate-X

MRP (reviewed by*35-38),

The other role of GSTs in the development of MDR is via
the direct detoxification of chemotherapeutic drugs or their
metabolites.

UDP-glucuronosyl transferase enzymes

UDP-glucuronosyl transferases (UGT) transfer glucuronic
acid from UDP-glucuronic acid to drugs or their metabo-
lites, resulting in more hydrophilic glucuronides. The
human UGT superfamily consists of 2 families (UGT1 and
UGT2) and 3 subfamilies (UGT1A, UGT2A and UGT2B),
and the majority of the substrates of UGT are glucuroni-
dated by multiple UGT enzymes, making it difficult to dis-
tinguish which UGT enzyme is predominantly responsible
for the glucuronidation reaction. UGTs have a variety of
endogenous substrates like bilirubine and steroid hor-
mones, but also exogenous substrates, including some anti-
cancer drugs (Table 6).

In contrast to GST and y-GCS, until now only few data
have been published about the role of UGTs and glucuroni-
dation in MDR. Enhanced drug clearance and MDR to anti-

cancer drugs due to glucuronidation was shown for 7-
ethyl-1-hydroxycamptothecin (SN-38), the active metabo-
lite of the chemotherapeutic drug irinotecan (CPT-11) and
Nu/ICRF505, an antraquinone—tyrosine conjugate.’”>® In
addition, human colon cancer biopsies were shown to ex-
press levels of UGT sufficient to catalyze glucuronidation,
although a marked interpatient variation was observed.>®
Despite the lack of in vitro and clinical data on UGT and
MDR, glucuronidation by UGT enzymes is a unique mecha-
nism that can therefore be expected to contribute signifi-
cantly to MDR of several chemotherapeutic drugs.

Coordinate action between phase Il enzymes
and MRP

GST and y-GCS and MRP transport

Although substantial evidence has been provided that GSTs
play a role in MDR, the associations between MDR and the
expression of GSTs are not always unequivocal.
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Table 3 In vitro and in vivo studies of the involvement of multidrug resistant proteins (MRPs) in multidrug resistance to
oncolytic drugs
MRP Model Involved in resistance to Reference
MRP1 Fibroblast mouse cell lines (wildtype Anthracyclins, epipodophyllotoxins, =2
and (Mdria—/—1b—/—Mrp1—/-)) camptothecins, vincristine, arsenite
MRP1 W9.5 embryonic stem cells (wildtype Etoposide, teniposide, vincristine, 139
and Mrp+/— and Mrp—/-) doxorubicin, daunorubicin, arsenite
MRP1 Human ovarian carcinoma 2008 cells Methotrexate 140
MRP1 Wildtype and Mrp—/— mice Etoposide, vincristine 141,142
MRP2 Human ovarian carcinoma 2008 cells Methotrexate L0
MRP2 Melanoma MeWo Cis 1 cell line Cisplatin L5
MRP2 Epithelial MDCKII cell line (wildtype, Paclitaxel 144
MRP2+/+)
MRP2 Wild type and tamoxifen resistant Tamoxifen 52
MCF7 cell line
MRP2 Wildtype and MRP+/+ Chinese Vincristine, cisplatin s
hamster overy cell line and pig kidney
epithelial LLC-PK1
MRP2 Subset resistant cell lines Cisplatin 1
MRP2 Human embryonic kidney HEK-293 Etoposide, cisplatin, doxorubicin, 87
cell line epirubicin
MRP2 HepG2 transfected with MRP2 Cisplatin, doxorubicin, vincristine, s
camptothecins
Table 4 Oncolytic substrates of the phase Il enzyme gluthatione S-transferase (GST) (reviewed by?42:44134,149)
Substrate GST (sub)-family Reference
Melphalan A1-1, P1-1 47,150,151
Chlorambucil A1-1, P1-1 83,152-155
Mechlorethamine - (kLS
Cyclophosphamide = e
Phosphoramine mustard = 157159
Ifosfamide — el
Cisplatin P1-1 el
Nitrosocimetidine = 162
1-Methyl-2-nitro-1-nitrosoguanidine (MNNG) — ez
Nitrogen mustard = es
Hydroxyalkenals = e
Busulfan A1-1 U
Thiotepa A1-1, P1-1 ey
Acrolein A1-1, M 168
Carmustine (BCNU) M3-3 169
Ethacrynic acid P1-1 e
Adriamycin P1-1 47
Etoposide P1-1 47

BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea (Carmustine); MNNG, 1-methyl-2-nitro-1-nitrosoguanidine.

The discovery of the MRP transport family of proteins
being responsible for the transport of GSH3® and conjugative
metabolites, like GSX,*>%°7%2 |ed to the assumption that a
coordinate interaction between MRP and GST co-expression
might be necessary to achieve optimal MDR. The first evi-
dence of this hypothesis was provided by the observations
that MRP co-transports xenobiotics and GSH and that disrup-
tion of the MRP gene abrogates the co-transport of both
exogenous compounds as well as GSH.3° The fact that many
cell lines that show a MRP drug resistance profile also have

an increased GSTr expression,®*¢‘and that expression of

the MRP1 gene is frequently co-induced together with y-
GCS,%>% also confirms the assumption that MRP forms an
essential part of the thiol-based detoxification pathway.

In line with this hypothesis, an increase in cytosolic GST
alone was shown not to be sufficient to confer resistance to
several antineoplastic drugs, including drugs that are known
to be substrates of GSTs.®”~7° This lack of potential of GSTs
to induce optimal MDR is explained by the fact that hydro-
philic cytotoxic GSX or their metabolites accumulate inside
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Figure 2 GSH metabolism and the conjugation of oncolytic drugs. Glutathione (GSH) is synthesized from the amino acids, glycine,
cysteine and glutamate, for which the action of two enzymes is required: y-glutamylcysteine synthase (y-GCS) and GSH synthetase
(GSHS). The reduction of GSH into glutathione disulfide (GSSG) is mediated by GSH peroxidases. This step is important for the
protection of the cell against reactive oxygen species. The reduction of GSSG is catalyzed by GSH reductase (GR) in a process that
requires NADPH. Glutathione S-transferases catalyse the conjugation of glutathione to electrophilic endogenous and exogenous
compounds, among which are several oncolytic drugs. Multidrug resistance proteins (MRPs) are responsible for the transport of the

conjugated metabolites out of the cell.*> 131,134

Table 5 Experimental support of the involvement of glutathione metabolism and conjugation in multidrug resistance to

oncolytic drugs

Mechanism Model Resistance to Reference
Increased expression of
GST Lymphocytes of chronic lymphocytic leukaemia patients Chlorambucil £
GST 60 human cell lines of the NCI o4
vGCS 60 human cell lines of the NCI 64
vGCS Cisplatin resistant human leukaemia HL-60 cells Cisplatin e
vGCS 13 human drug resistant cell lines Cs
vGCS Human colon tumour biopsy specimens 66
GST, vGCS Several tumour types A
Transfection with
GST COS-cells Chlorambucil “
GST-P1 Human colon cancer cell line M7609 Adriamycin, cisplatin, Y
melphalan, etoposide
Inhibition of
vGCS with BSO Lung cancer cell lines Doxorubicin B
vGCS with BSO Mice with human fibrosarcoma tumours Doxorubicin S0
vGCS with BSO KB cells Vincristine >
vGCS with BSO Human embryonic kidney cells (HEK293) Vincristine 22
Addition of
N-acetylcysteine Human embryonic kidney cells (HEK293) Vincristine 22

the cell, and that other glutathione-dependent reactions
can be directly or indirectly inhibited by increased intracel-
lular GSX concentrations, thereby limiting the detoxification
ability of the cell.?®7° Furthermore, the conjugation reac-
tion may be reversible and accumulated GSX in the cell
can be regenerated into the cytotoxic drug?® (Fig. 3). In
addition, although most conjugation reactions lead to the
detoxification of the parent drug or its metabolites, some

glutathione conjugates have also been shown to be
toxic.”"72 It is therefore expected that transport of the con-
jugated metabolites out of the cell might contribute to
multidrug resistance against GST substrates. Indeed, the
results of several studies confirm that a combined expres-
sion of MRP and GST leads to a MDR that is greater
than the MDR conferred by either protein alone. Priebe
et al.”? showed that the conjugation of the anthracyclines
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Table 6 Oncolytic substrates of the phase Il enzyme UDP-glucuronosyltransferase (UGT)

Sustrate UGT (sub)-family Reference
7-Ethyl-10-hydroxycamptothecin (SN38, metabolite of irinotecan) 1A1, 1A9, 1A10 57,172-174
Etoposide 1A1 UL
Tamoxifen 1A4, 1A10, 2B7, 1A8 LZuzs
Thiocoraline 1A1, 1A9 U
NU/ICRF 505 1A9 57,172
vidence for a coordinate interaction between an
A Evid f dinate int ion bet MRP and

Glutathion dependent

reactions
GS —» Cytotoxic

‘- A—» Cytotoxic

AA

Oncolytic drug

B
GST ' -
Oncolytic drug
Figure 3 Hypothesis of the coordinate action between GST

and MRP. Without the presence of MRP transporters, there is an
accumulation of GSX or its metabolites in the cell. These might
directly or indirectly inhibit other glutathione-dependent
reactions thereby limiting the detoxification capacity of the
cell. In addition, the conjugates might be regenerated into the
cytotoxic drug, or the conjugates themselves might be cyto-
toxic (A).2%7° Transport of conjugates out of the cell by MRP
leads to multidrug resistance (B).

doxorubicin and daunomycin increased their elimination by
MRP. A synergistic effect on MDR to the nitrogen mustard
chlorambucil, was found in cells having a combined expres-
sion of MRP1 or MRP2 and GSTa,”®”* while MRP1 or MRP2
activity was shown to be necessary for the full protection of
cells against the toxic effects of the GSTr substrate 4-nitro-
quinoline 1-oxide (NQO).”>~77 Coordinated expression of
GSTn and MRP1 also leads to higher levels of resistance to
ethacrynic acid,”®7”% doxorubicin,® chlorambucil,”® etopo-
side,”® vincristine”® and arsenic.®' GSTu was shown to act in
synergy with MRP1 to provide MDR against vincristine, 2 while
GSTa required MRP1 activity for optimal protection against
chlorambucil .83

GSH comes from studies using BSO, which inhibits GSH syn-
thesis, and N-acetylcysteine, a pro-gluthatione drug.

BSO decreases MRP-mediated multidrug resistance to
several anticancer drugs, like vincristine, daunorubicin
and doxorubicin,>°~52:8485 while N-acetylcysteine enhances
MDR. %8¢

UGT and MRP transport

Anologous to GSX conjugates, the metabolites formed after
glucuronidation (Glucuronide-X) are very hydrophilic and
have to be excreted out of the cell by drug transporters,
especially by MRP1—3%2%7 (Table 1). Both in vitro as well
as in vivo transporters like MRP2 were shown to be involved
in the excretion of the glucuronide of SN-38.88-%0 Using
Mrp2 and Mrp3 knockout mice it was shown that the phar-
macokinetics of morphine-3 glucuronide (M3G) is signifi-
cantly changed; M3G is accumulated in the liver and bile,
and reduced in the plasma.®"?? These results clearly show
an association between MRP and UGTs. There is however
less evidence that there is indeed a synergistic effect of
MRP and UGTs on MDR. Only Cummings et al.”* showed that
a coordinate expression of MRP and UGT is necessary to con-
fer optimal MDR of colon cancer cells to NU/ICRF-505.

Co-regulation of expression of MRP, GST and
UGT

Nrf2—ARE

As various studies have proven the concept that there is a
coordinate action of phase Il enzymes and MRP in MDR,
the question is whether there is also a coordinate regulation
of the expression of these proteins, as has been shown for
CYP3A4 and Pgp.2>?” The already mentioned connection be-
tween a MRP drug resistance profile and an increased GSTn
expression, shown in many cell lines, is indeed indicative for
a shared regulatory mechanism of MRP and GST expres-
sion.®*%* The frequently observed co-expression pattern be-
tween MRP1 and y-GCS in MDR cell lines and in tumours also
suggests a common underlying regulatory mechanism.%%¢
In addition, the expression of both MRP1 as well as y-GCS
has been shown to be co-induced by oxidative stress, some
xenobiotics, but also anticancer agents like cisplatin and
alkylating agents.®>%¢°* In rats exposed to 1,7-phenanthro-
line an induction of both UGT1A6 as well as MRP3 was
observed.”®

Thus far, several regulatory elements have already been
identified that can control the expression and inducibility of
GSTs, its related enzymes like y-GCS, UGTs or MRPs (Fig. 4).
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Figure 4 Co-regulation of expression of MRP, GST and UGT. (A) Normally Nrf2 is sequestered in the cytoplasm by Keap1t,
making Nrf2 sensitive for degradation. Upon exposure of cells to antioxidants or electrophilic compounds, binding between Nrf2
and Keap 1 is disrupted, Nrf2 is translocated to the nucleus, binds to the antioxidant response elements (ARE) as a heterodimer
with small Maf proteins, and transcription of phase Il enzymes and MRPs is activated. Protein kinase C (PKC) phosphorylates Nrf2
which can alter the binding of Nrf2 to Keap1. In addition, other transduction pathways such as the MAPK cascade and
phosphatidylinositol 3-kinase (PI3K) affect the activation process of Nrf2.4>19%:13% Upon activation by several, structurally
unrelated, ligands the nuclear receptors pregnane X receptor (PXR) and constitituve androstane receptor (CAR) bind to the
xenobiotic response elements (XREM/PBREM) as a heterodimer with the retinoid X receptor (RXR). PXR was shown to be involved
in the induction of MRPs and UGTs, but induction of GST is not proven yet (dotted arrows).'2¢~'2813¢ | jgand binding activates the
nuclear translocation of the aryl hydrocarbon receptor (AhR), and heterodimerization with ARNT facilitates gene transcription
after binding of the complex to dioxine response elements (DRE).'*” Just like PXR and CAR, the peroxisome proliferator-activated
receptors (PPARs) form heterodimers with RXR. These complexes bind to the PPAR response elements (PPREs). Both AhR and
PPARs have been shown to be involved in the induction of some UGT-enzymes. Evidence of their involvement in GST and MRP
induction is limited.'?¢~128 (B). The induction of GSTs, UGTs and MRPs leads to the increased conjugation and efflux of oncolytic
drugs, thereby making the cell multidrug resistant. (t-BHQ, — tert-butylhydroquinone; B-NF, B-naphtoflavone; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin).
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However, the most likely candidate for a concerted regula-
tion of expression of GSTs, UGTs and MRPs are the
antioxidant response elements (ARE; also referred to as
electrophile response elements or EpREs), which have a
common 5-(G/A)TGACnnnGC(G/A)-3' motif.”® The ARE
was first identified in the rat GST Ya gene,®” and has now
been detected in many genes of phase Il enzymes, among
which are genes coding for other GSTs,”®% y-GCS*%1%0
and UGT1A1."%" Recently, ARE-like sequences were also
identified in the mouse Mrp2,'°%% Mrp1'%3=1% and the
Mrp3 and Mrp4 gene,'®® suggesting the possibility for a
common regulatory mechanism for GSTs, y-GCS and MRPs.

Itoh et al. (1997) identified the main transcription factor
that mediates ARE-driven transcription to be nuclear factor-
erythroid 2 p45-related factor 2 (Nrf2).%

Under basal conditions, Nrf2 is sequestered in the cyto-
plasm by Kelch-like ECH-associated protein 1 (Keap1),
thereby targeting Nrf2 for ubiquitination and proteasome
degradation. Therefore, normally, Nrf2 has a short half-life.
Upon exposure of cells to inducers like oxidants and electro-
philes, Keap1 binding and repression of Nrf2 is disrupted,
resulting in translocation of Nrf2 to the nucleus. In the nu-
cleus, Nrf2 forms a heterodimer with small Maf proteins
and, via interaction with the ARE, transcription of phase Il
enzymes is activated (reviewed by *'%) (Fig. 4). Various
signal transduction pathways have been shown to be in-
volved in the Nrf2 activation, like the protein kinase C
(PKC), phosphatidylinositol 3-kinase (PI3K) and MAPK
pathway.

The evidence for the role of Nrf2—ARE in the expression
of phase Il enzymes and MRPs was mainly provided in studies
using Nrf2 knockout mice. Disruption of the Nrf2 gene de-
creased both the constitutive as well as the inducible
expression of class Alpha, class Mu and class Pi glutathione
transferases’106,1087113 Y-GCS 111,114—-116 and UGT.113’115
Nrf2 was also shown to be necessary for the constitutive
and inducible expression of MRP1 in mouse embryo
fibroblast. %4

The central role of Nrf2 is also confirmed by the fact that
both phase Il enzymes as well as MRPs can be induced by
currently identified inducers of ARE-driven transcription by
Nrf2, like: B-naphtoflavone (B-NF), menadione, butylated
hydroxyanisole (BHA), methyl mercury hydroxide, tert-
butylhydroquinone (t-BHQ), acetaminophen, oltipraz and
pyrrolidine dithiocarbamate,®11%112 byt also by several
antioxidants from the diet like broccoli seeds and isothiocy-
anates such as sulforaphane,"”'"® organosulfur com-
pounds,'"® phenolic antioxidants like green tea phenols,'?°
and flavonoids like quercetin '?' and curcumin.' Although
the presence and functionality of ARE regulatory elements
in most UGT enzymes, with the exception of UGT1A1, have
not been confirmed yet, some UGTs, like UGT1A6 and UGT2,
are induced by these inducers, thereby suggesting a role for
ARE—Nrf mediated transcriptional regulation of UGT."'8123

Only recently, Vollrath et al.'® showed a Nrf2 mediated
co-regulation of MRP2, GST and y-GCS. After identifying the
ARE-sequence in the Mrp2 gene they showed that the Mrp2
promotor activity was significantly enhanced by overexpres-
sion of Nrf2 and the activators of the ARE—Nrf pathway; BHA
and B-NF. Furthermore, after exposure to several known
Nrf2 activators, a co-induction pattern was observed for
MRP2, GSTa and y-GCS in mouse and human hepatoma cell

lines, suggesting a common mechanism of transcriptional
activation.'? The same coordinate induction of MRP2 and
v-GCS was observed when the cells were exposed to the syn-
thetic antioxidant bucillamine or its oxidized metabolite SA
981.'%* The coordinate induction of UGT1A6 and MRP2 in
Caco-2 cells after exposure to t-BHQ and quercetin also sug-
gests a common Nrf—ARE mediated mechanism.'?>

Thus, consistent with the observation that redox-active
compounds can induce not only GSTs, UGTs and related en-
zymes, but also MRPs, the published data confirm a Nrf2—
ARE mediated synergistic action of phase Il enzymes and
MRPs during oxidative stress caused by oncolytic drugs
(Fig. 4).

Other nuclear receptors

Several other transcription factors and their accompanying
response elements have been identified to play a role in
the transcriptional regulation of phase Il enzymes and MRPs.

Nuclear receptors that have shown to be involved in the
induction of MRPs are CAR, PXR, the peroxisome prolifera-
tor-activated receptor (PPARx) and the aryl hydrocarbon
receptor (Ahr) (reviewed by'?®'?7). All of these receptors
were also reported to be involved in the regulation of the
transcription of UGTs (reviewed by'?®), however, as far as
we know, there are currently no data on a coordinate induc-
tion of UGTs and MRPs involving these receptors. Transcrip-
tional regulation of GSTs can also be mediated by Ahr and
PXR, although in the case of GSTs Nrf2 seems to be the main
receptor involved.'?® However, the strong PXR agonist St.
John’s Wort did induce both MRP2 and GSTr in the liver of
rats.'?*

A cross-talk between the different routes and nuclear
receptors is also possible. Studies of the Nrf2 promotor sug-
gest that Nrf2 is a target gene of AhR, and Kohle and Bock'*°
propose a model in which there is a tight coupling between
Ahr and Nrf2 mediated induction of phase | and phase Il
enzymes.

Although there is substantial evidence of a coordinate
regulation of the expression of phase Il enzymes and MRPs,
much remains to be clarified, like the exact molecular
mechanism involved, the role of other nuclear receptors
and possible cross-talk.

Discussion

Multidrug resistance to chemotherapeutic drugs is a main
problem in oncology. In the past, research has mainly
focused on the role of Pgp, however, it is increasingly rec-
ognized that the disposition of oncolytic drugs is also influ-
enced by the more recently discovered MRPs. In addition,
evidence is accumulating that phase Il enzymes play an
important role in MDR by mediating different cellular pro-
cesses like conjugation of electrophilic drugs or their
metabolites, activation of drug transport, modulating the
redox status of cells, and via the regulation of cell signaling
and repair mechanisms.’*' A synergistic interaction be-
tween these two routes of MDR, MRP and phase Il enzymes
is observed, which is most likely regulated by a common
molecular mechanism: the Nrf2—ARE pathway. However,
thus far most studies have been performed employing
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animal models, and the role of the Nrf2—ARE pathway in the
transcriptional regulation of human phase Il enzymes and
MRPs remains to be defined. Furthermore, there is a need
for more studies investigating other possible regulatory
mechanisms. In this review only the phase Il enzymes GST
and UGT were included, and not sulfotransferases (SULT),
as limited information is available on the involvement of
these enzymes in MDR and their transcriptional regulation.
However, the substrate specificity of SULTs and UGTs lar-
gely overlap, thus also SULTs are expected to play a role
in the MDR of selected chemotherapeutic drugs. In addition,
other mechanisms of MDR might also be regulated by a com-
mon mechanism, as it was already shown that there is an
induction of the DNA repair enzyme ERCC-1 in response to
cisplatin. The transcriptional activator responsible for this
elevated expression has thus far not been identified yet.'?
All together, obtaining more information about the com-
bined action and regulation of phase Il enzymes, MRPs and
other mechanism of drug resistance is necessary and will
be an aid in developing new methods to limit MDR and to im-
prove the chemotherapeutic treatment of cancer patients.

At the moment, physicians should be aware that the
Nrf2—ARE pathway is stimulated by anti-oxidants com-
pounds found in food, herbs and nutritional supplements.
As the use of complementary alternative medicines like
herbs and vitamins among cancer patients is increasing, '
this might lead to herb-drug interactions that stimulate
MDR to chemotherapeutic drugs. In addition, in an ARE re-
porter gene assay, selected anticancer drugs themselves
have been shown to be weak activators of Nrf2'3* which
could induce MDR against other co-administered drugs or
against the drug itself.

Further investigation into the mechanism of co-regula-
tion of MRPs and drug conjugating enzymes and the poten-
tial clinical implications in oncology is therefore warranted.
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Liposomal Glutathione Supplementation Restores
Tu1 Cytokine Response to Mycobacterium tuberculosis
Infection in HIV-Infected Individuals
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Cytokines are signaling biomolecules that serve as key regulators of our immune system. CD4" T-cells can be
grouped into 2 major categories based on their cytokine profile: T-helper 1 (Tyl) subset and T-helper 2 (Ty2)
subset. Protective immunity against HIV infection requires Tyl-directed CD4 T-cell responses, mediated by
cytokines, such as interleukin-1b (IL-1b), IL-12, interferon-g (IFN-g), and tumor necrosis factor-a (TNF-a).
Cytokines released by the Ty1 subset of CD4 T-cells are considered important for mediating effective immune
responses against intracellular pathogens such as Mycobacterium tuberculosis (M. tb). Oxidative stress and redox
imbalance that occur during HIV infection often lead to inappropriate immune responses. Glutathione (GSH) is
an antioxidant present in nearly all cells and is recognized for its function in maintaining redox homeostasis. Our
laboratory previously reported that individuals with HIV infection have lower levels of GSH. In this study, we
report a link between lower levels of GSH and dysregulation of Ty 1- and Ty2-associated cytokines in the plasma
samples of HIV-positive subjects. Furthermore, we demonstrate that supplementing individuals with HIV in-
fection for 13 weeks with liposomal GSH (IGSH) resulted in a significant increase in the levels of Tyl cytokines,
IL-1b, IL-12, IFN-g, and TNF-a. IGSH supplementation in individuals with HIV infection also resulted in a
substantial decrease in the levels of free radicals and immunosuppressive cytokines, IL-10 and TGF-b, relative to
those in a placebo-controlled cohort. Finally, we determined the effects of IGSH supplementation in improving
the functions of immune cells to control M. tb infection by conducting in vitro assays using peripheral blood
mononuclear cells collected from HIV-positive individuals at post-GSH supplementation. Our studies establish a
correlation between low levels of GSH and increased susceptibility to M. tb infection through Ty2-directed
response, which may be relieved with IGSH supplementation enhancing the Tyl response.

Introduction crobial infection and their loss during advanced stages of
HIV infection will lead to progression to AIDS (acquired

ccording to the World Health Organization immunodeficiency syndrome) (Ray and others 2006). CD4

(WHO) more than 36 million people have died so far
due to human immunodeficiency virus (HIV)-related ill-
nesses and an estimated 35.3 million people are currently
living with HIV infection (Piot and others 2001; WHO
2014). CD4 T helper (Tyl) lymphocytes are crucial regu-
lators of both cell-mediated immune responses against mi-

T-cells direct the immune system in 2 major pathways:
cytokines produced in Tyl pathway favor a cascade of
immune responses suited for controlling intracellular in-
fections, or the opposing Ty2 pathway, which ensures a
humoral-mediated defense against extracellular pathogens
(Romagnani 2000).
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Our laboratory has previously reported that HIV-positive
individuals have significantly lower levels of Ty1 cytokines,
interleukin-1b (IL-1b), IL-12, interferon-g (IFN-g), and tu-
mor necrosis factor-a (TNF-a), combined with elevated
levels of immunosuppressive Ty2-associated cytokines,
such as IL-10, in the plasma (Guerra and others 2011; Vera
Tudela and others 2014). While the mechanisms of HIV-
rooted immunosuppression are wide and complex, our lab-
oratory has demonstrated an important relationship between
HIV disease progression and a physiologically vital bio-
molecule, glutathione (GSH) (Morris and others 2014).

GSH, an antioxidant present in all eukaryotic cells, is a
tripeptide composed of the amino acids glutamine, cysteine,
and glycine. GSH plays a role in many aspects of cell
physiology and is essential in maintaining redox homeo-
stasis in the cells (Herzenberg and others 1997; Lushchak
2012). We previously reported that the levels of GSH were
significantly diminished in individuals with HIV infection
due to decreased levels of GSH de novo synthesis enzymes
and due to excessive oxidative stress (Morris and others
2014). We also demonstrated that decreased levels of GSH
in individuals with HIV infection was accompanied by im-
paired innate and adaptive immune responses against My-
cobacterium tuberculosis (M. tb) infection (Guerra and
others 2011, 2012; Morris and others 2012; Morris and
others 2013a, 2013b, 2013c, 2013d, and 2014). Because
oxidative stress has a profound effect on altering the via-
bility of CD4 T-cells, we believe that depletion of GSH will
increase the risk for opportunistic infections.

In this study we propose that the circulating plasma levels
of cytokines produced by Tyl subset of CD4 T-cells, such
as IL-12, IL-2, and IFN-g, would be significantly lowered in
individuals with HIV infection, and the plasma levels of cy-
tokines known to induce oxidative stress (IL-6) and suppress
the immune system (IL-10 and TGF-b), would be signifi-
cantly elevated. We hypothesize that an increase in the in-
tracellular GSH through oral liposomal GSH (IGSH)
supplementation for 13 weeks will increase the production of
cytokines, such as IL-12, IL-2, IL-1b, and IFN-g, allowing
individuals with HIV infection to control opportunistic in-
fections resulting from a weakened immune state. We also
propose a decrease in the levels of IL-10, TGF-b, and IL-6 in
individuals with HIV infection upon completion of a 13-week
1GSH supplementation regimen. Reinforcing our hypothesis,
we expect decreased oxidative stress and improved control of
M. tb infection at the completion of the study.

Our results indicate that restoring the levels of GSH in
individuals with HIV infection alleviated oxidative stress,
increased the production of IL-1b, IL-12, and IFN-g, de-
creased the levels of IL-10, TGF-b, and IL-6, and favored
successful control of M. tb infection.

Materials and Methods
Study participants

The Western University of Health Sciences Institutional
Review Board approved the study. Statistically relevant sam-
ple size was determined by conducting a power analysis. The
sample size consisted of individuals between the ages of 21 and
65 years. Inclusion criteria required that all participants were
able to read and write English and were diagnosed with HIV
before 2012. The exclusion criteria ruled out individuals with
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allergies, chronic disease, hepatitis, and those who were
pregnant. It also excluded individuals that were classified as
part of a vulnerable population. A total of 25 individuals were
recruited to participate in this study without gender preference.
A total of 10 out of 25 individuals were HIV negative and 15
were positive for HIV infection. E-mail and flyers were used to
recruit the volunteers for this study from Pomona, California,
and nearby areas. The purpose of the study and what was
required from each participant was explained to each indi-
vidual before obtaining their signed consent. Background in-
formation for the HIV-positive individuals, including duration
of HIV infection and form of antiretroviral treatment, if any,
was obtained. HIV-positive individuals were randomly divided
into 2 groups, with 1 group receiving GSH supplements for-
mulated in liposomes (IGSH) and the second group receiving
empty liposomes as a placebo.

Study overview

Approximately 30 mL of blood was drawn from all of the
participants using a Vacutainer Safety Lok Blood Collec-
tion Kit (364606; BD Biosciences). After the first blood
draw, subjects were given 1GSH or placebo supplements
and instructed to take one and a half teaspoons of formula
twice a day, once in the morning and once in the evening, for
7 weeks. Three teaspoons of IGSH & 15 mL (about 1,260 mg
reduced GSH).

At the 7-week time point, participants were asked to come
back for a second visit for more supplements. All partici-
pants were instructed to continue taking supplements to the
completion of 13 weeks and asked to come back for a third
and final visit for a final blood draw.

Separation of blood components from whole blood

Density gradient centrifugation using Ficoll-Paque PLUS
(10040757; GE Healthcare) was used to separate plasma,
red blood cells (RBCs), and peripheral blood mononuclear
cells (PBMCs) from whole blood. Plasma and RBCs were
aliquoted into separate vials and stored at - 80[Ifor further
analysis. PBMCs were washed 3. with 1. phosphate-buffered
saline (PBS) and were resuspended in RPMI media composed
of RPMI, 1 -glutamine, HEPES (1-041-CM; Corning Cellgro),
and 5% human AB serum. PBMC counts were determined
using a hemocytometer. Two hundred microliters of PBMCs
corresponding to 10° cells were plated on a tissue culture plate
precoated with 0.005% poly-1 -lysine, and incubated overnight
at 37[C to allow monocyte adherence.

Plasma cytokine measurement

To establish a baseline value for the levels of cytokines in
healthy and HIV group, cytokine levels were measured in
plasma samples from healthy subjects and individuals with
HIV infection immediately after recruitment before any
intervention. Cytokines were also measured in plasma
samples collected from HIV-positive subjects at 13 weeks
post-IGSH (or placebo) supplementation to determine
whether IGSH supplementation result in any significant
changes in the levels of cytokines. Cytokine levels were
measured using enzyme-linked immunosorbent assay
(ELISA). The cytokines that were measured in the plasma
samples isolated from the participants belonging to the 2
study groups include: IFN-g, IL-1b, IL-2, IL-6, IL-10, IL-
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12, TGF-b, and TNF-a (IFN-g, Cat. No. 88-7316; IL-1b,
Cat. No. 88-7010; IL-2, Cat. No. 88-7025; IL-6, Cat. No.
88-7066; IL-10, Cat. No. 88-7106; IL-12, Cat. No. 88-7126;
TGF-b, Cat. No. 88-8350; and TNF-a, Cat. No. 88-7346;
eBioscience ELISA Ready-SET-Go!). The cytokine levels
were measured following the manufacturer’s protocol.

GSH measurements

Baseline levels of total GSH in healthy and HIV group were
measured in PBMCs immediately after recruitment before
any intervention. GSH levels were also measured in PBMCs
isolated from individuals with HIV infection at baseline and
13 weeks post-IGSH supplementation. A GSH Detection Kit
from Arbor Assays (K006-H1) was used to measure concen-
trations of total GSH. The GSH measurements were done
following the manufacturer’s protocol. Results were corrected
for protein levels and were reported in mM GSH/ng protein.

Reactive oxygen species measurements

Quantifying reactive oxygen species (ROS) levels in
plasma and cell lysates of RBCs and monocytes, derived from
individuals with HIV infection at pre and post intervention:

ROS production was determined by 2 methods: (1) mea-
surement of malondialdehyde (MDA) (end product of lipid
peroxidation, an indirect measure of ROS production) in plasma
samples and lysates of RBCs and monocytes (2) CellROX
staining of monocytes, CD4, and CD8 T-cells, followed by
quantification of fluorescence by flow cytometry (FACS).

MDA measurements

MDA is a byproduct of lipid peroxidation. Once MDA
forms an adduct with thiobarbituric acid (TBARS) at 90[C-
100LC, a color change occurs which can be measured col-
orimetrically at 530-540nm. Baseline levels of MDA in
healthy and HIV groups were measured in plasma samples
and lysates of RBCs and monocytes, immediately after re-
cruitment before any intervention. MDA levels were also
measured in HIV-positive subjects at 13 weeks post-IGSH
intervention in plasma samples and lysates of RBCs and
monocytes. MDA levels were measured using a TBARS
Assay Kit (10009055; Cayman Chemical). The assay pro-
cedure included with the kit was followed to obtain MDA
sample concentrations. Results were corrected for protein
levels and were reported in mM MDA/ng protein.

ROX staining and flow cytometry analysis

The cell-permeant CellROX[] green reagent (C10444;
Life Technologies) is nonfluorescent in a reduced state and
produces bright near-infrared fluorescence upon oxidation.
The resulting fluorescence can be measured using flow cy-
tometry. In addition to allowing ROS detection in live cells,
the signal is retained after formaldehyde fixation. PBMCs
isolated from the blood of healthy and HIV group after re-
cruitment before any intervention, and from HIV-positive
individuals after IGSH intervention, were treated with 5 nM
CellROX green reagent and incubated at room temperature
for 30 min in the dark. Stained PBMCs were centrifuged at
800g for 5 min and resuspended in 100 nl. PBS. Antibodies
conjugated to the fluorescent markers such as CD14-PE (12-
0149; eBioscience), CD4-Cy5 (15-0049; eBioscience), and

CD8-Cy5 (15-0088; eBioscience) were added to the ap-
propriate tubes containing PBMCs and incubated in the dark
at 4[C for 30 min. Cell suspension was centrifuged 3. at
800g for 5min to remove excess staining and then sus-
pended in 1 mL 1- cold PBS. The fluorescence was quan-
tified by flow cytometry. Results were analyzed using
FlowJo software version 7.6.5.

PBMC infection studies

PBMC:s isolated from blood drawn from individuals with
HIV infection at 13 weeks post supplementation were diluted
as follows to yield 10° cells/mL: 200 ni. of PBMCs was di-
Iuted to a total volume of 1 mL by adding 800 ni. RPMI
media. PBMCs were infected with H37Rv with multiplicity
of infection of 10:1 and incubated for 1h for the uptake of
bacteria by the phagocytic cells. Extracellular bacteria were
removed by washing the PBMCs 3. with RPMI. During each
washing step, PBMCs were centrifuged at 1,800 rpm for
10 min, cell-free supernatants were discarded and the pellet
was resuspended in RPMI. After the final wash, infected
PBMCs were resuspended in fresh media and then distributed
in tissue culture plates. The infected PBMCs were terminated
at 1 and 72 h postinfection. Infected PBMCs were lysed by
adding 150 nL of cold sterile water. Lysates were diluted and
plated on 7H11 containing glycerol and albumin dextrose
complex for mycobacterial colonies.

Statistical analysis

Statistical data analysis was performed using GraphPad
Prism Software version 6. Levels of cytokines, MDA, GSH,
and ROX were compared between 8 HIV-positive individ-
uals in the IGSH supplementation group and 7 HIV-positive
individuals in the placebo group after 13 weeks of supple-
mentation using the unpaired t-test with Welch correction.
Baseline levels of cytokines, MDA, GSH, and ROX were also
compared between all 15 HIV-positive individuals and 10
healthy subjects using unpaired t-test with Welch correction.
Reported values are in means. Statistical data analysis of
CellROX staining and flow cytometry was completed using
the non-parametric version of the unpaired t-test, Mann—
Whitney test. Reported values are in medians.

Results

Baseline CD4 T-cell counts in healthy subjects
and individuals with HIV infection

Seven out of the total 15 participants who were HIV-
positive had CD4 T-cells that were below the minimum
normal value of 500 cells/mm’. Eight out of the total 15
participants who were HIV-positive had normal CD4 T-cell
counts of 500 cells/mm? and above. Participants who were
not positive for HIV and were classified as healthy had CD4
T-cell counts more than 500 cells/mm?.

Baseline levels of TGF-b and GSH in healthy
subjects and individuals with HIV infection

We observed a significant increase in the levels of TGF-b in
individuals with HIV infection. TGF-b levels in HIV-positive
individuals were 2- greater than their healthy counterpart
(Table 3). The baseline levels of total GSH in PBMCs
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FIG. 1. Baseline comparison of TGF-b and total glutathione (GSH) levels between healthy subjects and individuals with

HIV infection. There was a significant increase in the levels of TGF-b in plasma samples collected from individuals with HIV
infection compared to healthy individuals (A). Data represent mean— SE from comparing baseline levels of 10 healthy
volunteers and 15 HIV-positive individuals, *P <0.05. Assay of total GSH showed a significant decrease in the levels of total
GSH in peripheral blood mononuclear cell (PBMCs) isolated from HIV-positive individuals compared to healthy subjects (B).
Data represent mean — SE from comparing baseline levels of 10 healthy volunteers and 15 HIV-positive individuals, *P <0.05.

isolated from HIV-positive individuals were significantly
lower compared to healthy volunteers (Fig. 1A). In compar-
ison to healthy volunteers, there was a 12-fold decrease in the
levels of total GSH in PBMCs isolated from HIV-positive
individuals (Fig. 1B and Table 1).

Baseline levels of IL-6 and free radicals in healthy
subjects and individuals with HIV infection

The proinflammatory cytokine IL-6 was significantly in-
creased by 16-fold in plasma samples of individuals with
HIV infection compared to healthy volunteers (Fig. 2A and
Table 1). In line with the increased levels of IL-6, there was
a significant increase in the levels of MDA in plasma, RBCs,
and monocytes isolated from individuals with HIV infection
compared to the healthy volunteers (Fig. 2B-D). We ob-
served a 2-fold increase in the levels of MDA in plasma and
monocytes of individuals with HIV infection compared to
healthy volunteers (Fig. 2B—C). Furthermore, we observed a
9-fold increase in the levels of MDA in RBCs isolated from
individuals with HIV infection compared to healthy volun-
teers (Fig. 2D). There was also a significant increase in ROS
production in CD147 cells, CD4", and CD8" T-cells isolated
from individuals with HIV infection as indicated by the

Table 1.

intensity of ROX staining (Fig. 2E-G). There was a 5-fold
increase in the ROX intensity in CD14" cells isolated from
HIV-positive individuals compared to healthy volunteers
(Fig. 2E and Table 1). We also observed a 2- and 7-fold
increase in the ROX intensity in CD4" T-cells (Fig. 2F and
Table 1) and CD8* T-cells (Fig. 2G and Table 1) respec-
tively, that were isolated from individuals with HIV infec-
tion compared to healthy volunteers.

Baseline levels of IL-12, IL-2, and IFN-c in healthy
subjects and individuals with HIV infection

The levels of Tyl cytokines such as IL-12, IL-2, and IFN-
g were significantly diminished in plasma samples isolated
from individuals with HIV infection compared to healthy
volunteers (Fig. 2A—C). A significant 8-fold decrease in the
levels of IL-12 was observed in plasma samples isolated
from individuals with HIV compared to healthy volunteers
(Fig. 3A and Table 2). We also observed a 2-fold decrease in
the levels of IL-2 in plasma samples isolated from HIV-
positive individuals compared to healthy volunteers (Fig.
3B). Finally, we observed a 3-fold decrease in the levels of
IFN-g in plasma samples isolated from HIV-positive indi-
viduals compared to healthy volunteers (Fig. 3C and Table 2).

Changes in the Oxidative Stress Markers Before and After 1 GSH Suppl ement ation

Changes in the levels of
oxidative stress markers in
individuals with HIV infection

Redox changes

Changes in the levels of oxidative
stress markers in individuals with
HIV infection at 3 months

in the immune cells Function compared to healthy subjects post-supplementation with IGSH
IL-6 Induces oxidative stress 16- increase 2- decrease
and inflammation
Oxidative stress Inflammation and 5- increase in monocytes decrease in monocytes
cell death 2. increase in CD4 T cells decrease in CD4 T cells

7- increase in CD8 T cells
12- decrease in PBMC

GSH Antioxidant; has
antimycobacterial
and immune

enhancing effects

decrease in CD8 T cells
increase in PBMC

D Xphn

GSH, glutathione; IL-6, interleukin-6; IGSH, liposomal GSH; PBMC, peripheral blood mononuclear cell.



GLUTATHIONE DEFICIENCY IN HIV INFECTION

0.00025 -

EE L2

A 504

0.00020 -
0.00015 -

0.00010 -

pgimL IL6

0.00005 -

M MDAJug protein

0.00000 -

é\‘\
Q‘éb

0.0008 4

O
=)

0.0006 4

0.0004 -

0.0002 -

1M MDAIug protein
1M MDAIpg protein

0.0000-

150000+ 150000 -

m
M

100000+

g
g
$

g
2
T

50000

CDB8" Tells
ROX Mean Intensity

CD4"* T-cells
ROX Mean Intensity

&

<F

FIG. 2. Baseline compari-
son of the interleukin-6 (IL-6)
and reactive oxygen species
(ROS) markers between
healthy volunteers and HIV-
positive individuals. We ob-
served a significant increase
in the levels of the proin-
flammatory cytokine, IL-6 in
<& plasma samples collected
from individuals with HIV
& infection compared to healthy
individuals (A). Data represent
mean—SE from comparing
baseline levels of 10 healthy
volunteers and 15 HIV-positive
individuals, ****P <0.00005.
Malondialdehyde (MDA), a
marker of lipid peroxidation
and oxidative stress was sig-
nificantly increased in plasma
(B), red blood cells (RBCs),
**P <0.005 (C), and mono-
cytes **P<0.005 (D) from
HIV-positive individuals
compared to healthy subjects.
Data represent mean—SE
from comparing baseline lev-
els of 10 healthy volunteers
and 15 HIV-positive individ-
uals, *P <0.05. ROS produc-
tion was also quantified by
CellROX staining. CellROX
green dye is nonfluorescent in
its reduced state and produces
bright near-infrared fluores-
cence upon oxidation. The re-
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sulting fluorescence can be
measured using flow cytome-
try. Flow cytometry analysis
indicates a significant increase
in ROX mean intensity in
CD4" T-cells (E), CD8" T-
cells (F), and CD14" cells/
monocytes (G) from HIV-

CD14* T-cells
3
=

ROX Mean Intensity

positive individuals compared
to healthy subjects. Data rep-
resent medians with range,
*P<0.05 when comparing
baseline levels of healthy vol-

&

&

unteers with HIV-positive
individuals using the non-
parametric version of the t-
test, Mann—Whitney test.

Baseline levels of IL-1, TNF-a, IL-17, and IL-10
in healthy subjects and individuals with HIV infection

The levels of IL-1b, TNF-a, and IL-17 were also signif-
icantly diminished in plasma samples isolated from indi-
viduals with HIV infection compared to healthy volunteers
(Fig. 4A-D). We detected a 12-fold decrease in IL-1b levels
and 3-fold decrease in the levels of IL-17 in plasma samples
isolated from individuals with HIV compared to healthy
volunteers (Fig. 4A-B). We also saw an 11-fold decrease in
the levels of TNF-a in plasma samples isolated from indi-

viduals with HIV infection compared to healthy volunteers
(Fig. 4C and Table 2). IL-10 levels were 6- higher in
plasma samples of individuals with HIV compared to the
healthy volunteers (Fig. 4D and Table 2).

Supplementation of HIV-positive individuals
with either IGSH or empty liposomes (placebo)

A total of 15 individuals with HIV infection were re-
cruited for this study without gender preference. The HIV
group was further categorized into the placebo group and the
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IGSH treatment group. A total of 7 individuals with HIV
infection were included in the placebo group and a total of 8
individuals with HIV infection were recruited to the IGSH
treatment group. The supplementation regimen lasted for 13
weeks. Volunteers were asked to visit the clinic 3- during
the study. During the first visit (V1), blood was drawn from
the participants for clinical and research laboratory tests (to
measure the baseline levels of cytokines, free radicals, and
GSH), and to receive supplements sufficient to last for 7
weeks. The second visit (V2) was on the seventh week of
the study and during this visit, participants had clinical en-
counters and received additional supplements to last for
another 6 weeks (till the end of the study). During the third
visit (V3 on week 13 of the study), blood was drawn from
the participants for both research and clinical laboratory

tests. Before conducting the trial, baseline levels of cyto-
kines, free radicals, and GSH were first compared between
the placebo group and IGSH treatment group using an un-
paired t-test with Welch correction to demonstrate that there
was no significant difference between the 2 groups during
visit 1. None of the participants developed any adverse re-
actions to either placebo or IGSH.

Changes in the levels of TGF-b and GSH
at 13 weeks post supplementation with IGSH

IGSH supplementation in HIV-positive individuals for 13
weeks resulted in a 3-fold decrease in the levels of TGF-b
(Fig. 5A and Table 3) along with a 2-fold increase in the
levels of total GSH (Fig. 5B and Table 1). Supplementation

Table 2. Changes in the Levels of Immune-Stimulating Cyt okines Before
and After 1 GSH Supplementation

Changes in the levels of

Changes in the levels of

cytokines in individuals with cytokines in individuals with HIV

HIV infection compared to

infection at 3 months post-

Cytokine Function healthy subjects supplementation with IGSH
IL-12 Polarizes CD4 T-cells toward Tyl response 8- decrease 3. increase
IFN-g Enhances macrophage control 3. decrease 2- increase
of mycobacterial infection
IL-1b Facilitates lymphocyte- 12- decrease 10- increase
directed immunity
TNF-a Induces granuloma formation 11- decrease 2.5- increase

and enhances the intracellular
effector mechanisms

IEN-g, interferon-g; TNF-a, tumor necrosis factor-a.
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Table 3. Changes in the Levels of Immunosuppressive Cytokines Before
and After I GSH Supplement ation
Fold increase in the levels Changes in the levels of cytokines
of cytokines in individuals in individuals with HIV infection
with HIV infection compared  at 3 months post-supplementation
Cytokine Function to healthy subjects with IGSH
TGF-b Limits T-cell clonal expansion; 2- increase 3. decrease
downregulates glutamine
cysteine ligase catalytic subunit
IL-10 Lowers Ty responses; suppresses 6- increase 6- decrease

effector mechanisms in macrophages

with empty liposomes for 13 weeks showed no significant
difference in the levels of TGF-b and total GSH between
visit 1 and visit 3 in the placebo group (Fig. 5).

Changes in the levels of IL-6 and free radicals
at 13 weeks post supplementation with IGSH

There was no significant difference in the levels of IL-6,
MDA, and ROX between visit 1 and visit 3 of the placebo
group (Fig. 6B, D, F, H, J, L). Interestingly, treatment with
IGSH for 13 weeks significantly decreased the levels of IL-6
as observed by a 2-fold decrease in the levels of this cyto-
kine from visit 1 to visit 3 (Fig. 6A and Table 1). The
decreased levels of IL-6 in the IGSH treatment group was
accompanied by a significant decrease in the levels of MDA
in the plasma (Fig. 6C), RBCs (Fig. 6E), and monocytes
(Fig. 6G) as evident by a 2-fold decrease in the levels of
MDA in plasma, RBC, and monocyte samples between visit
1 and visit 3 (Fig. 6C, E, G). Furthermore, there was a 4-fold

decrease in the intensity of ROX staining in CD4™ T-cells
(Fig. 61 and Table 1), 8-fold decrease in the CD8" T-cells
(Fig. 6K and Table 1), and 6-fold decrease in the ROX
staining in CD14" cells from the IGSH treatment group at 13
weeks post-IGSH supplementation (Fig. 6M and Table 1).

Changes in the levels of IL-12, IL-2, and IFN-c
at 13 weeks post supplementation with IGSH

There was a significant increase in the levels IL-12 and
IFN-g in HIV-positive individuals at 13 weeks post sup-
plementation with 1IGSH (Fig. 7A-C and Table 2). We ob-
served a 3-fold increase in the levels of IL-12 (Fig. 7A and
Table 2) and approximately a 2-fold increase in the levels of
IFN-g (Fig. 7B and Table 2). We also observed a tremen-
dous 10-fold increase in the levels of IL-1b (Fig. 8A and
Table 2) and a 2.5 increase in the levels of TNF-a (Fig. 8B
and Table 2) in the IGSH treatment group. Importantly, sup-
plementation with 1IGSH for 13 weeks resulted in a 6-fold
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FIG. 4. Baseline compari-
son of IL-1b, tumor necrosis
factor-a (TNF-a), IL-17, and
IL-10 levels between healthy
* volunteers and HIV-positive
individuals. We observed a
@ significant decrease in the
& levels of IL-1b (A), TNF-a
(B), and IL-17 (C) in plasma
samples collected from indi-
viduals with HIV infection
compared to healthy individ-
uals. There was also a sig-
nificant increase in the levels
of IL-10 (D) in plasma sam-
ples collected from individu-
als with HIV infection
compared to healthy individ-
uals. Data represent mean—
SE from comparing baseline
levels of 10 healthy volun-
teers and 15 HIV-positive
individuals, *P <0.05.
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FIG. 5. Changes in the plasma TGF-b levels pre- and post-GSH supplementation. Sandwich enzyme-linked immuno-
sorbent assay (ELISA) was performed to compare the cytokine levels between pre-supplementation (V1) and post-
supplementation (V3). Assay of cytokines showed a significant decrease in the levels of TGF-b in plasma samples collected
from the liposomal GSH (IGSH)-treatment group after 13 weeks of supplementation. There was no significant difference
between the levels of TGF-b from the placebo group when comparing visit 1 and visit 3 (A). Data represent mean— SE,
*P <0.05 when comparing pre- and post-supplementation levels within placebo or IGSH group. GSH assay was performed
to compare the levels of total GSH between pre-supplementation (V1) and post-supplementation (V3). Assay of GSH
showed a significant increase in the levels of total GSH in PBMCs of the IGSH-treatment group after 13 weeks of
supplementation. There was no significant difference between the levels of total GSH from the placebo group when
comparing visit 1 and visit 3 (B). Data represent mean— SE, *P <(0.05 when comparing pre- and post-supplementation
levels within placebo or IGSH group.

decrease in the levels of IL-10 (Fig. 8C and Table 3). We and Seth 1993; Letterio and Roberts 1998; Garba and others
did not observe any noticeable changes in the levels of IL-2  2002). Studies have shown that TGF-b can diminish the
and IL-17 in the IGSH group between visit 1 to visit 3 (data levels of GSH by downregulating the expression of gluta-
not shown). There was no significant difference in the levels mine cysteine ligase catalytic subunit), the rate limiting step
of IL-1b, TNF-a, IL-17, and IL-10 in the placebo group. enzyme involved in the synthesis of GSH (Chung and others

2003). In this study, we observed that the TGF-b levels were

Decreased survival of M. tb in PBMCs isolated significantly higher in individuals with HIV infection com-
from individuals with HIV infection at 13 weeks pared (0 the lhegl)thly subjects at the baseline time pownt (Fig.
: : and Table 3). Increased levels o -b in individuals
post supplementation with IGSH with HIV infection correlated with significant decrease in
We observed a significant decrease in the intracellular the levels of GSH in the PBMCs (Fig. 1B and Table 1). We
survival of H37Rv in PBMCs isolated from HIV-positive expected a decrease in TGF-b at 13 weeks, accounting for
individuals at 13 weeks post supplementation with IGSH the effects of GSH supplementation in reducing immuno-
(Fig. 9). In contrast to the IGSH group, there was a 2-fold suppressive cytokines (Fig. 5SA). Our data indicated a strong
increase in the intracellular survival of H37Rv in PBMCs link between GSH supplementation in HIV-positive subjects
isolated from the placebo group (Fig. 9). for 13 weeks and significant reduction in the levels of TGF-
b (Fig. 5SA and Table 3). Reduced levels of TGF-b that
occurred in individuals with HIV infection after 13 weeks
supplementation with 1GSH correlated with significant in-
We previously demonstrated a pattern of HIV-induced crease in the levels of GSH in the PBMCs (Fig. 5B and
immunosuppression, wherein those cytokines belonging to  Table 1). Our findings establish an inverse correlation be-
Tyl subsets were significantly decreased in individuals who tween TGF-b levels and GSH synthesis and support the
were positive for HIV infection (Guerra and others 2011; previous findings that TGF-b has the ability to downregulate
Morris and others 2012). GSH, a tripeptide with key im- the de novo synthesis of GSH.
munological functions, has been shown to be depleted in IL-6, a proinflammatory cytokine has been shown to in-
individuals with HIV infection (Ray and others 2006; duce oxidative stress and systemic inflammation (Wass-
Morris and others 2012). We further demonstrated that de- mann and others 2004; Maeda and others 2010). We
ficient GSH levels in individuals with HIV infection trigger —observed a significant increase in the levels of IL-6 in the
impaired cytokine production leading to enhanced suscep- plasma samples of HIV-positive individuals compared to the
tibility of HIV-positive individuals to M. tb infection healthy group (Fig. 2A). Interestingly, IGSH supplementa-
(Venketaraman 2011; Morris and others 2014; Vera Tudela tion for 13 weeks resulted in a significant decrease in the
and others 2014). These findings established the foundation levels of IL-6 in HIV-positive individuals (Fig. 6A and
for this study. Table 1).

TGF-b, a cytokine produced by macrophages and regu- Aligned with the lower levels of GSH in PBMCs, we
latory T-Cells (T-Regs), is known for its role in regulating observed that the levels of free radicals were significantly
the immune responses by specifically limiting T-cell clonal increased in individuals with HIV infection. The MDA as-
expansion and proliferation (Kehrl and others 1986; Lotz say results showed elevated levels of free radicals in the

Discussion
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plasma, monocytes, and RBCs of individuals with HIV in-
fection compared to the healthy cohort (Fig. 2B-D). GSH
supplementation for 13 weeks resulted in a marked decrease
in the levels of MDA in the same blood components (Fig.

The baseline levels of total GSH in PBMCs were sig-
nificantly decreased in HIV-positive individuals (Fig. 1B)
and this decrease was accompanied by a notable elevation
in the intensity of ROX staining in monocytes, CD4"

6C, E, G). T-cells, and CD8* T-cells in HIV-positive individuals in
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FIG. 6. Difference in plasma IL-6 levels and ROS markers pre- and post-GSH supplementation. Sandwich ELISA was
performed to compare the cytokine levels between pre-supplementation (V1) and post-supplementation (V3). Assay of
cytokines showed a significant decrease in the levels of IL-6 in plasma samples collected from the IGSH-treatment group.
There was no significant difference between the levels of IL-6 from the placebo group when comparing visit 1 and visit 3
(A). Data represent mean— SE, *P <0.05 when comparing pre- and post-supplementation levels within placebo or IGSH
group. MDA assay was performed to compare the levels of MDA, a byproduct of lipid peroxidation, between pre-
supplementation (V1) and post-supplementation (V3). Assay of MDA showed that there was no significant difference
between the levels of MDA in plasma (B), RBC (D), and monocytes (F) from the placebo group when comparing visit 1 and
visit 3. The levels of MDA in plasma (C), RBC (E), and monocytes (G) of the IGSH-treatment group significantly decreased
after 13 weeks of supplementation. Data represent mean — SE, **P <(0.005 when comparing pre- and post-supplementation
levels within placebo or IGSH group. Flow cytometry analysis of CellROX mean intensity, an indicator of ROS production,
was completed to compare the levels of ROS production in different cell populations between pre-supplementation (V1) and
post-supplementation (V3). Flow cytometry analysis of ROX showed that there was no significant difference between the
median of ROX mean intensity CD4* T-cells (H), CD8" T-cells (J), and CD14 cells/monocytes (L) from the placebo group
when comparing visit 1 and visit 3. Median of ROX mean intensity in CD4" T-cells (I), CD8" T-cells (K), and CD14*cells/
monocytes (M) from the IGSH-treatment group significantly decreased after 13 weeks of supplementation. Data represent
medians with range, *P <0.05when comparing pre- and post-supplementation levels within placebo or IGSH group using
the non-parametric version of the t-test, Mann—Whitney test.
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FIG. 6. (Continued).

comparison to healthy individuals (Fig. 2E-G and Table
1). IGSH supplementation for 13 weeks resulted in a sig-
nificant decrease in the intensity of ROX staining in
monocytes, CD4* T-cells, and CD8" T-cells from HIV-
positive individuals (Fig. 61, K, M, and Table 1). We offer
this finding as a plausible explanation for the positive
correlation between GSH restoration and normalized levels
of IL-6 and free radicals.

In line with the diminished levels of GSH and increased
levels of TGF-b, IL-6, and free radicals, we found decreased

levels of Tyl-specific cytokines such as IL-12, IL-2, and
IFN-g in HIV-positive individuals (Fig. 3 and Table 2). We
also found increased levels of the Ty2-directing cytokine
IL-10 in the plasma samples of HIV-positive participants
(Fig. 4B and Table 3). Expanding on our hypothesis, we
proposed that GSH supplementation in individuals with HIV
infection should increase Tyl cytokines while decreasing
Ty2 cytokines, resulting in a more effective immune response
against M. tb infection. Our study measured cytokine levels in
the plasma samples derived from HIV-positive individuals
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FIG. 7. Changes in the plasma Tyl cytokine (IL-12 and IFN-g) levels pre- and post-GSH supplementation. Sandwich
ELISA was performed to compare the cytokine levels between pre-supplementation (V1) and post-supplementation (V3).
Assay of cytokines showed a significant increase in the levels of IL-12 (A) and IFN-g (B) in the plasma samples collected
from the IGSH-treatment group after 13 weeks of supplementation. There was no significant difference between the levels
of IL-12 (A) and IFN-g (B) from the placebo group when comparing V1 and V3. Data represent mean— SE, *P <0.05 when
comparing pre- and post-supplementation levels within the placebo or IGSH group.

before and after supplementation with oral 1GSH. HIV- after 13 weeks of IGSH supplementation. Our data indicates
positive individuals receiving a placebo treatment (empty li- that relative to the placebo-controlled cohorts, IL-12 levels

posomes) were carefully analyzed alongside this group. increased in the IGSH supplement group after 13 weeks of
In line with our hypothesis that decreased GSH in HIV  supplementation (Fig. 7A and Table 2).
infection reduces the levels of IL-12 in favor of a Ty2- Likewise, we expected an increase in the levels of

directed effect, we expected levels of IL-12 to be increased IFN-g after IGSH supplementation, but not after placebo
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FIG. 8. Changes in the plasma IL-1b, TNF-a, and IL-10 levels pre- and post-GSH supplementation. Sandwich ELISA was
performed to compare the cytokine levels between pre-supplementation (V1) and post-supplementation (V3). Assay of cytokines
showed a significant increase in the levels of IL-1b (A) and TNF-a (B) in plasma samples collected from the IGSH-treatment
group after 13 weeks of supplementation. On the other hand, a decrease in the levels of IL-10 was observed in the plasma
samples collected from the IGSH-treatment group after 13 weeks of supplementation (C). There was no significant difference
between the levels of IL-1b (A), TNF-a (B), and IL-10 (C) from the placebo group when comparing V1 and V3. Data represent
mean — SE, *P <0.05 and **P <0.005 when comparing pre- and post-supplementation levels within placebo or IGSH group.
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FIG. 9. Decreased survival of Mycobacterium tuberculo-
sis (M. tb) in PBMCs isolated from individuals with HIV
infection at 13 weeks post supplementation with IGSH. The
figure illustrates significant decrease in the intracellular
survival of H37Rv in PBMC:s isolated from individuals with
HIV infection at 13 weeks post-supplementation with IGSH.
Data represent mean— SE, *P <0.05when comparing colony-
forming unit counts between 1 and 72h time points of the
IGSH group.

supplementation. Our results indicate a significant increase in
the levels of IFN-g in individuals with HIV infection at 13
weeks post supplementation with IGSH (Fig. 7B and Table 2).

While the aforementioned cytokines are important regu-
lators of adaptive immunity, our hypothesis also anticipated

LY ET AL.

an increase in the levels of IL-1b and TNF-a in the IGSH
treatment group.

Baseline levels of IL-1b and TNF-a were markedly de-
creased in HIV-positive individuals compared to healthy
individuals at the initiation of our study (Fig. 4A, B and
Table 2). Our results showed a significant increase in the
levels of IL-1b and TNF-a in individuals with HIV infection
at 13 weeks post IGSH supplementation (Fig. 8A, B, and
Table 2).

IL-2 was hypothesized to increase in individuals with
HIV infection after the participants had completed the 13-
week long IGSH supplementation regimen. However, our
data showed no significant difference in the levels of IL-2
after IGSH treatment (data not shown).

We found that baseline levels of IL.-17 were significantly
lower in individuals with HIV infection compared to healthy
volunteers (Fig. 7C). However, our data showed no signif-
icant difference in the levels of IL-17 after IGSH treatment
(data not shown).

We observed that the baseline levels of IL-10 were sig-
nificantly higher in individuals with HIV compared to
healthy volunteers (Fig. 4D and Table 3). Elevated levels of
IL-10 as observed in the plasma samples from individuals
with HIV infection will increase the risks for opportunistic
infections. IGSH supplementation was effective in reducing
the levels of IL-10 at the 13-week mark (Fig. 8C and Table
3). Finally, we observed a significant decrease in the intra-
cellular survival of H37Rv in PBMCs isolated from in-
dividuals with HIV infection at 13 weeks post 1GSH
supplementation (Fig. 9).
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GLUTATHIONE DEFICIENCY IN HIV INFECTION

Our findings indicate that there is an imbalance created in
the cytokine profiles due to the HIV disrupting the body’s
normal physiological processes and supplementation with
IGSH can restore immune responses that could be of great
advantage to HIV patients in managing opportunistic in-
fections (Fig. 10).
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CASE REPORT

The Use of Intravenous Glutathione for
Symptom Management of Parkinson’s Disease:
A Case Report

Madalyn Otto, ND; Tracy Magerus, ND; Jeffrey Langland, PhD

ABSTRACT

Intravenous glutathione has been suggested empirically to
improve Parkinson’s disease (PD) symptoms of tremor
and rigidity, but there is limited supporting research. This
case report demonstrates both subjective and objective
symptom improvement of a conventionally-treated patient
suffering from PD when adjunctive intravenous
glutathione was administered. In addition to suggesting
clinical benefit, this case also suggests an effective
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the presentation of motor and nonmotor features

including resting tremor, bradykinesia, and rigidity.
Other motor symptoms include hypomimia, dysphagia,
micrographia, dysarthria, autonomic dysfunction, cognitive
changes and sleep disorder. The primary symptom of
bradykinesia in PD is best correlated to the loss of
dopaminergic neurons in the substantia nigra of the brain.!
Deterioration of the substantia nigra and loss of dopamine is
the hallmark biochemical feature of this disease and
contributes to the impaired motor function seen in disease
progression. There are no biomarkers or imaging for diagnosis
outside of clinical presentation. Left untreated, PD causes
severe disability and even death within 5 to 10 years in more
than half of patients. Increased function and longevity in

P arkinson’s disease (PD) is a clinical diagnosis based on

therapeutic frequency of therapy and a minimal
therapeutic dose. The consistent pattern of improvement
following glutathione injections asserts that this therapy
may improve symptoms common to PD patients and can
offer additional quality of life that would be otherwise
unattainable to these patients. (Altern Ther Health Med.
[E-pub ahead of print.])

recent decades are attributed to the administration of
levodopa and the medications with which it is combined.>?
There is currently no medication regimen that can arrest or
reverse the disease process.

Although the etiology of dopaminergic neuronal
destruction in PD remains unknown, there are contributing
factors and possible mechanisms underlying its development.
One of the most common of these hypotheses is excessive
oxidative processes acting on the central nervous system
(CNS) producing large amounts of free radicals, thereby
depleting its antioxidant capacity, particularly of glutathione.**
The oxidative stress hypothesis is evidenced by a decrease in
glutathione without a corresponding deficiency in glutathione
transferase, which might otherwise suggest a disorder of
glutathione synthesis rather than depletion.® Studies have
revealed a 40% reduction in CNS glutathione in patients with
early PD supporting its role in the pathogenesis of this
disease. Glutathione deficiency in PD patients seems to occur
significantly in the substantia nigra and not in other brain
regions.” As a result of these findings, small clinical trials
have been conducted to evaluate the use and efficacy of
glutathione in patients with Parkinson’s disease. The results
of these studies suggest a positive effect of this therapy.®*°

Due to the fact that the hallmark biochemical feature of
PDisaloss of dopaminergic neurons, the mainstay conventional
treatment for PD continues to be carbidopa/levodopa.
Levodopa is a dopamine precursor that crosses the blood-brain
barrier to be converted to dopamine, thereby replacing brain
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Table 1. Treatment Regimen in the Course of Adjunctive Alternative Treatment

Drug | Stalevo (L/C/E) Azilect |NAC

Silybum

GSH IV GF diet

Dose |100/25/200 mg, 5x/d | 1 mg QD | 100 mg BID

3 caps

1400 mg in NS IV 2-3 x/wk |85% to 95% of the time

Note: Conventional treatment included Stalevo (levadopa/carbidopa/entacapone) 200 mg/50 mg/200 mg taken 5 times daily
and Azilect (rasagiline) (1 mg QHS). Natural treatments included oral N-acetyl-cysteine (100 mg BID), oral
Silybum marianum, and IV glutathione injections performed 2-3 times weekly and dosed at 1400 mg GSH diluted in normal
saline. Gluten-free diet was also implemented by the patient with adherence of 85% to 95%.

Abbreviations: NAC, N-acetyl-cysteine; GSH, glutathione; IV, intravenous; GF, gluten free.

levels of this neurotransmitter. Carbidopa is a decarboxylase
inhibitor that maximizes levodopa conversion to dopamine
in the CNS rather than in peripheral tissues. Both drugs are
used only to treat the symptoms of the disease and do not
address the etiology of dopaminergic neuronal death. Initial
PD treatment generally includes levodopa, often combined
with carbidopa. Levodopa has a particularly short half-life
(90 to 20 minutes), which seems to increase the risk of side
effects, namely motor fluctuations.!* As the disease advances,
the duration of improvement decreases substantially. At this
time, a monoamine oxidase (MAO-B) inhibitor or a
catechol-O-methyltransferase (COMT) inhibitor is commonly
added to the regimen. MAO inhibitors do not slow the
progression of the disease better than levodopa does, but
rather they slow the enzymes that inactivate dopamine,
maintaining the carbidopa/levodopa effect for longer when
used adjunctively." There is no evidence that progression to
motor fluctuation is decreased.” The patient in this case report
had been prescribed Azilect (rasagiline), an MAO-B inhibitor,
during his conventional course of treatment. COMT inhibitors
inhibit peripheral levodopa metabolism, thereby enhancing its
action in the CNS. The drug Stalevo, which the patient in this
case report had been previously prescribed, is a combination of
carbidopa/levodopa and entacapone (a COMT inhibitor) and
will be referred to by its brand name (Stalevo) from this point
forward.

The following case demonstrates not only efficacy of
intravenous (IV) glutathione as an adjunctive treatment for
the management of PD symptoms, but also the pattern of
symptom improvement following treatment.

PRESENTING CONCERNS

The patient was a 61-year-old white male, nonsmoker,
working in commercial real estate management. He was
diagnosed with PD 5 years prior at age 56 years. The patient
began carbidopa/levodopa (Sinemet) treatment at the time of
diagnosis. Azilect was added 2 months later. He had no other
significant health concerns but had a first-degree relative also
diagnosed with PD. At the time of diagnosis, he was
experiencing a stiffened gait, dysarthria, micrographia, and
hypomimia. As the disease progressed, he also suffered from
cognitive symptoms of mental fatigue, lack of motivation,
and poor memory.

At the time that alternative treatment was sought 4 years
after diagnosis, the patient had been taking a consistent dose
of Stalevo (200 mg/50 mg/200 mg 5 times per day) and
Azilect (1 mg QD) for 1 year prior, which had been helping
to manage his symptoms.

INTERVENTION

The patient sought alternative therapies to be added to
his conventional medication regimen to help better control
his mental and motor PD symptoms. Immediately prior to
seeking alternative medical care, the patient self-prescribed a
gluten-free diet after reading that it may be helpful for
Parkinson’s symptoms. He continued this diet with estimated
85% to 95% adherence throughout treatment. Later that
same month, the patient was assessed at our office and
additional adjunctive treatments were initiated (Table 1).
Glutathione injections were administered twice weekly at a
1400-mg dose diluted in normal saline for the first few months
of treatment, administered at 8:00 AM every 3 to 4 days. The
patient eventually received IV therapy 3 times per week, as
this was found to be the optimal frequency of dosing to
achieve the greatest consistent effect. The patient was also
prescribed oral N-acetyl-cysteine (NAC), a precursor to
glutathione as well as Silybum, an herbal hepatoprotective
agent used in multidrug patients.'? He continued his 5-times-
per-day oral dosing of Stalevo along with Azilect throughout
the course of treatment.

OUTCOMES

The patient’s primary symptoms during treatment
included dysarthria, micrographia, and hypomimia along
with cognitive symptoms of mental fatigue, lack of motivation,
and poor memory. Because the patient describes the latter
(cognitive) symptoms interchangeably, they will be discussed
as a combined symptom of mental function from this point
forward. Outcome assessment of alternative therapies was
discerned based on patient’s subjective symptom changes and
objective findings from the patients friends and family.
Symptoms were subjectively rated by the patient on a scale of
1 to 10 to describe lowest to highest level of function
(1, unable to function; 10, the highest level of function before
having PD) in the course of conventional treatment and
throughout the course of alternative treatments.

Otto—Glutathione Treatment for Parkinson’s Disease
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Figure 1. Level of Motor and Mental Function Throughout the Day When Taking Stalevo 5x per Day
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Note: Figure 1 shows symptom management on Stalevo and Azilect alone. Graph illustrates a daily snapshot of mental
functioning, speech, and handwriting when administered conventional therapies alone. The patient’s dosing schedule of
Stalevo (levodopa/carbidopa/entacapone) was 5 times daily and Azilect was 1 time daily. Within 1 hour of a dose of Stalevo,
patient experienced maximum benefit in symptoms followed by a plateau and regression until the following dose. Maximum
improvement occurred 1 hour after a dose of Stalevo. Maximum regression occurred upon waking or after the longest period
of time between doses. Mental function was rated by the patient at 3/10 upon waking, improved to a maximum of 6/10 after
dosing Stalevo, and regressed to 5/10 by the time the next dose was taken. The patient defines 1/10 as an inability to function
and 10/10 is defined as his level of function before he had Parkinson’s disease.

Table 2. Timeline of Therapy Intervention

® >
[ T S X o -
September 2010: April 2013: March 2014:
Azilect, Azilect, Natural therapies: Gluten-free diet,
Sinemet Stalevo NAG, Silybum, IV glutathione.

Continue conventional:

Azilect,

Stalevo

Note: Patient began carbidopa/levodopa (Sinemet) treatment upon diagnosis in 2010. He was additionally prescribed Azilect
2 months later. In 2013, he was switched to Stalevo in addition to Azilect and maintained this regimen until the time of
this publication. In 2014, natural therapies were added including oral NAC and Silybum, a gluten-free diet, and biweekly IV
glutathione injections.

Abbreviations: NAC, N-acetyl-cysteine; IV, intravenous.

While taking Stalevo and Azilect alone, the patient rated
his mental and motor function to be a maximum of 4-6/10

All alternative treatments were started during the same
month (Table 2). The patient reported that he did not

(Figure 1) as long as he maintained a 5-times-per-day dosing
schedule of Stalevo. If he missed a single dose, he noted that
his motor and mental function decreased. Figure 1 represents
the level of function the patient experienced on a typical day
when taking Stalevo and Azilect alone. Despite this moderate
improvement, he continued to have significant difficulty with
his occupational and home tasks. It was because of this that
the patient sought additional treatments.

perceive a notable change with a gluten-free diet or with
NAC and Silybum supplementation. He was not completely
compliant with the diet and did not notice fluctuations in
symptoms with dietary indiscretions.

During the first 3 weeks of alternative treatment
including IV glutathione therapy, the patient experienced no
change in symptoms. After 3 weeks of alternative treatments,
he began to experience a significant improvement in his
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Figure 2. Level of Mental Function During the Week When
Receiving Glutathione Injections
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Note: Figure 2 shows mental function following I'V glutathione
injections. Graph illustrates symptom improvement in the
course of a week in relation to IV glutathione injections.
Glutathione injections were administered at 8:00 AM on days
1 and 4. Approximately 8 hours after an injection, patient
felt that his mental functioning improved to 9/10 that would
maintain fully for approximately 24 hours before regression
would occur. Rating scale is defined as follows: 1/10, inability
to function; 10/10, level of function before diagnosis of
Parkinson’s disease.

Abbreviations: IV, intravenous; GSH, glutathione.

Figure 3. Level of Speech Quality During the Week When
Receiving Glutathione Injections
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Note: Figure 3 shows speech function following I'V glutathione
injections. Graph illustrates symptom improvement in the
course of a week in relation to IV glutathione injections.
Glutathione injections were administered at 8:00 AM on days
1 and 4. Approximately 8 hours after an injection, patient
felt that his speech improved to 9/10 that would maintain
fully for approximately 24 hours before regression would
occur. Rating scale is defined as follows: 1/10, inability to
articulate speech; 10/10, quality of speech before diagnosis of
Parkinson’s disease.

Abbreviations: IV, intravenous; GSH, glutathione.

Figure 4. Level of Mental Function During the Week When
Receiving Glutathione Injections
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Note: Figure 4 shows handwriting ability following
IV glutathione injections. Graph illustrates symptom
improvement in the course of a week in relation to IV
glutathione injections.  Glutathione injections were
administered at 8:00 AM on days 1 and 4. Approximately
8 hours after an injection, patient felt that his speech
improved to 9/10 that would maintain fully for approximately
24 hours before regression would occur. Rating scale is defined
as follows: 1/10, inability to write legibly; 10/10, quality of
handwriting before diagnosis of Parkinson’s disease.

Abbreviations: IV, intravenous; GSH, glutathione.

symptoms following I'V glutathione treatment that surpassed
the benefit of Stalevo and Azilect alone. Figures 2, 3, and 4
represent a typical week of mental and motor function
observed following twice-weekly IV glutathione along with
other medications. Glutathione injections were administered
at 8:00 AM on days 1 and 4. Approximately 8 hours after an
injection, the patient would feel a surge of improvement in all
measured symptoms that would maintain fully for
approximately 24 hours before any decline was seen. He rated
his level of function at 9/10 for all primary symptoms
immediately following IV treatment. Symptoms would return
to the baseline function of Stalevo/Azilect-only treatment
(4-6/10) within 36 hours or until the patient received another
injection.

This pattern was consistent for all his primary symptoms
and was reproduced with each subsequent injection in the
period of 1 year. If an injection or series of injections was
missed due to schedule conflict or vacation, the patient
reported that his level of function would regress to the
baseline Stalevo/Azilect level seen in Figure 1. As mentioned
in the Intervention section, the patient was initially
administered glutathione injections twice weekly but
eventually received injections 3 times per week as this was
found to be the optimal frequency of dosing to achieve the
greatest consistent effect. The patient reported that within a
few months of consistent IV glutathione treatments, his
coworkers and friends began to remark that his facial
expression improved dramatically. This symptom had
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previously caused social and occupational difficulties and
remained improved in the course of treatment. Since the
improvement of masked facies occurred after several months’
duration of the alternative treatment regimen, the patient
reports that this is when he experienced maximal benefit.

DISCUSSION

This case study not only suggests that the efficacy of IV
glutathione as an adjunctive treatment in a condition that is
very difficult to treat, but it also demonstrates the pattern and
timing of symptom improvement following treatment. This
offers insight to a treatment protocol that could produce the
greatest improvement for patients with PD. All-natural
interventions including diet changes (self-prescribed), oral
nutrient therapy, and IV therapy were initiated at the same
time. Because all treatments were maintained, it is unclear the
extent of the role each played or whether they were necessary
to see clinical benefit. Although several treatments were
initiated together, maximum improvement consistently
correlated with IV glutathione treatments. In addition, delaying
injections consistently correlated with regression in function.
This suggests that glutathione was the primary cause of
symptom improvement. The patient in this case had a more
advanced case of PD and was still significantly affected by the
introduction of IV glutathione. Noticeably, after receiving IV
glutathione treatments for 1 year with sustained improvement,
no adverse effects were reported. This protocol represents a
treatment for patients with PD patients who have progressed
past the early stages of the disease.

Two previous trials that have been conducted to evaluate
the use of IV glutathione clinically in patients with PD have
shown promising results. One study was conducted to evaluate
the effect of IV glutathione in 9 early stage, untreated patients
with PD. All patients experienced significant reduction in
symptoms for 2 to 4 months posttreatment with no adverse
effects.® A later randomized, placebo-controlled, double-blind
trial investigated the effect of IV glutathione in medicated
patients with PD in the course of 4 weeks and found only mild
symptom improvement in patients with virtually no adverse
effects.” These trials both illustrate the possible subjective
improvement of PD symptoms, but neither treated patients for
more than 30 days.

The patient in this case did not experience any subjective
benefits until the third week of treatment and experienced
benefit in facial expression after several months of treatment.
This finding suggests that there may be a loading dose
required before seeing a therapeutic effect and suggests that
there is a repletion period before maximal effect is observed.
Neither previous clinical study remarked on a pattern in the
symptom improvement, which is the highlighted clinical
feature in this case report. The establishment of this pattern
can help guide a clinician in prescribing an optimal
therapeutic regimen using this therapy. An important finding
in both trials as well as this case report is that IV glutathione
therapy appears extremely safe. No serious side effects or
adverse events occurred.

As shown in this case, administration of IV glutathione
in addition to daily conventional pharmacotherapy yielded
symptom improvement of PD superior to that from
pharmacotherapy alone. This case report suggests that IV
glutathione should be investigated on a larger scale as a
treatment option for PD both in early and later stages of the
disease. Trials should consider a loading-dose time period of
at least 2 weeks before symptoms should be expected to
improve as well as a repletion period where maximal
improvement may be expected after 2 months of consistent
treatment at a frequency of 2 to 3 injections per week. This
treatment represents a very low risk approach with superior
beneficial outcomes.
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This study, and the related papers, show a complexity in trying to treat nervous system issues via
manipulation of glutathione. As | look at posts people make and opinions posed it is clear that this
evolving area of neurobiology needs more “fleshing out” for clinicians. This is not a bad thing — every
time there is this type of confusion it indicates that new information needs to be incorporated into our
existing knowledge base (and that treating human beings isn’t as easy as it looks). So:

Sometimes... being old has advantages. In the case of this study [1] it is seeing a protocol | used in the
1990’s replicated (as if some new epiphany) and assessed in a real trial setting. Nothing wrong with that
at all because they now have many methods of assessment we did not have all those years ago when
what we had to go on was our wits and some sparse data. The fact that our patients improved is likely a
shock to modern researchers such as Monti et.al.

Modern era physicians may say “why were you using NAC in Parkinson’s (and other neurodegenerative
disease) when you could use glutathione?” Excellent question, and the answer is “we did not have it”. |
suppose it is like my early memories of television, all black and white with two or three channels and
trying to describe that to a kid with an IPhone. So how did those of us in that generation come on to the
idea of glutathione “support” for neurological disease?

The few of us doing it understood biochemistry and neurobiology enough to realize that thiols like NAC
(and ALA which we were able to get for parenteral use later as well) may have a beneficial effect in the
brain as well as the liver and other organs, and could support the formation of glutathione (which at the
time was not available in any form as a therapy). So protocols very much like this one (IV NAC plus oral
NAC on non |V days) were developed and used. If | were asking someone from an older time who had
already used this protocol my questions would be:

- Why don’t you do it any more, or do you?

- Why, if glutathione purportedly does not cross the blood brain barrier, do we not use more NAC for
CNS issues?

- Do the “newer” protocols using intranasal, oral liposomal or IV glutathione really work better?
- Can we make glutathione therapy (from any substrate) more efficient and effective?
- How about all this new “SNP” knowledge. Does that have an effect?

All are excellent questions and in light of my historical background with this topic and protocol | will
discuss all of them in relationship to this study. The current paper states the following conclusions: “The
results of this preliminary study demonstrate for the first time a potential direct effect of NAC on the
dopamine system in PD patients, and this observation may be associated with positive clinical effects. A
large-scale clinical trial to test the therapeutic efficacy of NAC in this population and to better elucidate
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the mechanism of action is warranted.” If one reads the entire paper it is clear that this was a
reasonably designed in vitro and vivo study. As mentioned earlier we in the past surmised these effects
and used NAC (oral and IV) in this same setting. In light of that | will now answer the questions posed
above.

Why don’t you do it any more, or do you?

As soon as IV glutathione (GSH) (and later oral liposomal or other absorbable forms) became available |
and others saw better clinical results using glutathione over NAC exclusively. That said however, in
those who are responsive (see SNP discussion below), | do use oral NAC and or ALA as a glutathione
support in all such cases. Conversely since IV glutathione became available | have almost never ordered
or used IV NAC simply because the (in my opinion anecdotally) outcomes are superior with IV
glutathione.

- Why, if glutathione purportedly does not cross the blood brain barrier (BBB), do we not use more NAC
(especially IV) for CNS issues?

| would like to (hopefully) stop the misinformation on the BBB-GSH connection. | have read most of the
data on this and am very convinced that (based on scientific investigation) GSH is transported as GSH
across the BBB. This is not even taking into account the leaky BBB in neuro-inflammatory conditions
which (even if GSH couldn’t be transported across the BBB the inflammation would allow it). But under
physiologic conditions the BBB does (yes DOES) transport GSH into the brain circulation intact. Tsuji [2]
demonstrated this in a seminal neuroscience paper and cites multiple supporting references. So yes, go
ahead and use GSH.

Any GSH that makes it into the plasma can get to the brain without “being dismantled to cysteine etc.
before transport” as is often unfortunately stated emphatically.

If you have lost track, the point of NAC originally as used was as a substrate for GSH (it is the rate
limiting amino acid for GSH) hence the study using NAC we are reviewing. So if we can supply GSH to
the brain by intranasal, IV, IM or oral methods isn’t that better?

As a quick note: Why use NAC in this study instead of GSH? NAC and its relative I-cysteine are approved
medication by the USP and FDA. GSH is not.

- Do the “newer” protocols using intranasal, oral liposomal or IV glutathione really work better?

| would argue, based on having done this with NAC alone or with NAC orally with IV GSH as augment,
that the modern advances in GSH availability and delivery ARE an improvement on the NAC alone. No,
the paper we are discussing does not discuss this. They cannot as they needed a single intervention
medication. That does not make the science (or our experience with) of GSH change however.

- Can we make glutathione therapy (from any substrate) more efficient and effective?

The tenets of improving GSH therapy are as follows: Give GSH and if applicable GSH precursors (as in
NAC and ALA). Assure redox balance long term (as described in earlier posts) [3]. Assure GSH is
supported by its many cofactors. [4] In general (unless a genomic condition precluded use) | always give
NAC or ALA orally as substrate between IV or Intranasal GSH use. And in all cases | recommend cofactor
use.
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- How about all this new “SNP” knowledge. Does that have an effect?

Glutathione Synthetase (GSS) and SNPs in this region are connected with poor utilization of precursors
for GSH formation (such as ALA and NAC). A look to the National Library of Medicine database can
provide more specifics of this SNP area as well as related pathogenic studies.
[http://www.ncbi.nlm.nih.gov/gene/2937]. The bottom line here is that the more GSS SNPs one has the
more they need GSH and the less that precursors such as ALA and NAC will help.

Clinical Summary:

This well designed trial does show benefit directly to neurons via supplementation with NAC. Our
understanding of the benefit of GSH for conditions such as Parkinson’s disease may be partly related to
the GSH effect and potentially to the NAC effect. At this point we cannot know to any certainty which
has what effect. What many years of clinical use of all these agents has taught me is that combination
and well-rounded therapy always surpasses a single agent approach.

Supplement with parenteral, intranasal or oral GSH (my current choices are Acetyl Glutathione or
Liposomal Glutathione for oral use). Supply GSH cofactors as well as ReDox triplet cofactors (see
references below). And if using a non-oral form of GSH provide oral NAC or ALA between. If the patient
has GSS SNP’s consider that NAC and or ALA will have much less efficacy.
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2. Tsuji A. Small Molecular Drug Transfer across the Blood-Brain Barrier via Carrier-Mediated Transport
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The Use of Nebulized Glutathionein the
Treatment of Emphysema: a Case Report

DavisW. Lamson, ND, Matthew S. Brignall, ND

Abstract

We present the case of a 95-year-old man with an acute respiratory crisis secondary to
emphysema and apparent bronchial infection. Treatment with nebulized glutathione
led to a rapid resolution of the crisis, as well as a marked improvement in the chronic
course of the disease. This treatment has been used since for a number of patients
with emphysema. The safety and bioavailability of this method of delivery have been
established in human studies. Preliminary results suggest efficacy for nebulized
administration of glutathione in this patient population. We suggest this treatment can
be considered an option for acute respiratory crises due to COPD.

(Altern Med Rev 2000;5(5):429-431)

I ntroduction

Chronic obstructive pulmonary disease (COPD), a designation which includes emphy-
sema, isaleading cause of death in America. This case study reports on the successful treatment
of both acute and chronic emphysemawith a novel agent.

Much of the tissue damage in emphysema is thought to be mediated by an oxidative
down-regulation of the activity of a-1-proteinase inhibitor.! This down-regulation has been
shown in vitro to be slowed by glutathione, a sulfhydryl-containing tripeptide known to be a
major antioxidant in the lung.?

Glutathione concentrations in bronchoaveolar fluid have been found to be inversely
correlated with the degree of inflammatory activity in the lungs of smokers.® Thiol compounds
(i.e., compounds containing an —SH group) like glutathione have a history of use as mucolytics
as well.* Previous clinical trials of nebulized reduced glutathione have demonstrated the
bioavailability and safety of up to 600 mg twice daily.>® The absorption of ora glutathione
remains controversial, with animal studies suggesting significant absorption and some human
studies showing little to none.”® Based on these findings, it appears inhalation might be the
preferred route of administration for respiratory and perhaps systemic effect. We report the case
of a man with an acute respiratory crisis due to emphysema and apparent bronchial infection
that responded favorably to treatment with nebulized glutathione.

Davis W. Lamson, MS, ND - Coordinator of Oncology, Bastyr University, Kenmore, WA. Private practice, Tahoma Clinic,
Kent, WA. Correspondence address: 9803 17th Ave NE, Seattle, WA 98115. E-mail: davisl@seanet.com

Matthew S. Brignall, ND —Private practice: Cascade Cancer Center, Kirkland, WA. E-mail: mattandmolly@home.com
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Case Report

In 1997, a 95-year-old male with em-
physema presented in awheelchair and using
an oxygen tank and mask necessitated by his
acute illness. He was dert, responsive, and
reported a productive cough with colorless
sputum. His breathing was obviously labored.
Herefused hospitalization and antibiotic treat-
ment. We choseto try asingletrial dose of 2
ml of a 60 mg/ml glutathione solution (pre-
pared by Apothecure Pharmacy, Dallas, TX)
nebulized and inhaled over a 5-10 minute pe-
riod. Due to the obviousimmediate benefit, it
was decided to continue this treatment with
twice-daily administration and close monitor-
ing by hisfamily of hisoverall condition. He
returned to the office in three days without
wheelchair or oxygen tank. He showed no
signs of respiratory distress, and no adventi-
tious lung sounds were noted on auscul tation.
The patient reported his breathing was better
than it had been in years. He continued daily
treatment with glutathione until hisdeath from
congestive heart failure over two years | ater.

Conclusion

While resolution of the acute episode
due to amucolytic effect was the desired out-
come of the glutathione treatment, the lasting
improvement in breathing was unexpected.
Sincewe have no serial spirometry dataavail-
able on this patient, placebo effect cannot be
ruled out as an explanation for his marked re-
sponse. However, given the progressive nature
of his disease, the dramatic and rapid change
in physical findings, and the emphatic insis-
tence of the patient for continued treatment,
we believe placebo response to be an unlikely
explanation.

We have subsequently prescribed this
preparation for six patients with emphysema,
five of whom reported improved breathing
after a single in-office application and who
later requested to continue treatment. We also
have found nebulized glutathione is best

administered daily from 4 ml vials. We have
also seen improved respiratory function
associated with nebulized glutathione
treatment in cases of chronic bronchitis and
asthma.® In the case of asthma patientswefeel
itisadvisableto check urinary sulfiteexcretion
to verify proper metabolism of sulfur
compounds, as certain individuals appear to
experience exacerbation of respiratory
symptoms from exogenous sulfur
compounds.’® In three cases of non-small cell
lung cancer with effusion, the effusion
resolved completely. Given the safety and
promise of this treatment, combined with the
paucity of other effective treatments for
emphysema, we suggest this treatment be
considered for widespread use.
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Abstract

Purpose  Glutathione (GSH), the most abundant endoge-
nous antioxidant, is a critical regulator of oxidative stress
and immune function. While oral GSH has been shown to
be bioavailable in laboratory animal models, its efficacy in
humans has not been established. Our objective was to
determine the long-term effectiveness of oral GSH sup-
plementation on body stores of GSH in healthy adults.
Methods A 6-month randomized, double-blinded, pla-
cebo-controlled trial of oral GSH (250 or 1,000 mg/day) on
GSH levels in blood, erythrocytes, plasma, lymphocytes
and exfoliated buccal mucosal cells was conducted in 54
non-smoking adults. Secondary outcomes on a subset of
subjects included a battery of immune markers.
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Results GSH levels in blood increased after 1, 3 and
6 months versus baseline at both doses. At 6 months, mean
GSH levels increased 30-35 % in erythrocytes, plasma and
lymphocytes and 260 % in buccal cells in the high-dose
group (P < 0.05). GSH levels increased 17 and 29 % in
blood and erythrocytes, respectively, in the low-dose group
(P < 0.05). In most cases, the increases were dose and time
dependent, and levels returned to baseline after a 1-month
washout period. A reduction in oxidative stress in both
GSH dose groups was indicated by decreases in the oxi-
dized to reduced glutathione ratio in whole blood after
6 months. Natural killer cytotoxicity increased >twofold in
the high-dose group versus placebo (P < 0.05) at
3 months.

Conclusions These findings show, for the first time, that
daily consumption of GSH supplements was effective at
increasing body compartment stores of GSH.

Keywords Glutathione - Supplementation -
Antioxidant - Immune function

Introduction

Glutathione (GSH) is the major endogenous intracellular
antioxidant. It has numerous functions including protecting
cells against oxidative stress, detoxification of toxins and
carcinogens, posttranslational regulation of protein function
and maintenance of immune function [1-5]. Nearly, all
tissues in the body synthesize GSH by sequential addition of
the precursor amino acids, cysteine (Cys), glutamic
acid (Glu) and glycine (Gly) through enzymatic catalysis by
two ATP-dependent enzymes, glutamine cysteine ligase
(GCL) and GSH synthetase (GS) [6, 7]. The maintenance of
tissue levels of GSH is critical for maintaining health,
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preventing diseases and age-related biological insults. Even
partial GSH depletion impairs immune function [8] and
increases susceptibility to a wide range of xenobiotics [9]
and oxidative damage [10]. Low GSH levels are associated
with increased risks of numerous diseases including cancer
[11], cardiovascular diseases, arthritis and diabetes [12, 13].

There is a wide range of inter-individual variability in
blood and tissue GSH levels, and low levels can be asso-
ciated with exposure to oxidants/drugs/toxins, poor nutri-
tion and other factors. GSH levels are also dependent on
the availability of its precursor amino acids, Cys, Glu and
Gly, with Cys most often considered as rate limiting.
Consequently, intracellular GSH levels can be depleted in
certain tissues including liver by short periods of fasting
such as that which occurs overnight [14, 15].

Increasing GSH represents a potentially important
approach to counteract disorders associated with GSH
depletion, enhance detoxification capacity and protect
against disease. Oral GSH supplementation represents one
such strategy for enhancing tissue GSH levels. The use of
oral GSH is supported by studies linking high dietary GSH
intake with high blood levels and reduced risk of cancer
[16, 17]. Studies in animal models have shown that oral
GSH, administered either in the diet or by gavage,
increases plasma and tissue GSH levels [18-23] and pro-
tects against aging-related impairments in immune function
[24, 25], influenza infections and cancer [26-29]. These
effects of oral GSH have been accounted for, in part, by the
direct absorption and transport of intact GSH in the small
intestine [19, 21].

There is less data on the bioavailability of oral GSH in
humans. While GSH was found to be absorbed and trans-
ported in human intestinal epithelial cells in vitro [30] and
in buccal mucosal cells in vivo [23], results from a clinical
study of oral GSH, administered as a single dose
(150 pmol/kg) to 7 healthy adults, showed no significant
effect on plasma GSH levels during a 4.5 h period [31].
However, the rapid turnover of GSH in human plasma
would likely make it difficult to detect an increase in
plasma after a single oral dose. Thus, our current objectives
were to determine the long-term effects of daily oral GSH
supplementation on GSH levels in different body stores.
We conducted a randomized, double-blinded, placebo-
controlled trial of oral GSH at two doses, 250 and
1,000 mg/day, administered for 6 months in healthy adults
on the levels of GSH in different blood compartments and
exfoliated buccal mucosal cells. GSH oxidation products,
GSH disulfide (GSSG) and GSH protein mixed disulfides
(GSSP), are commonly used biomarkers of oxidative stress
[32]; thus, we also examined the effects of oral GSH on
GSSG/GSH and GSSP/GSH ratios in blood. Since intra-
cellular GSH plays a key role in the maintenance and
regulation of certain immunological functions [33, 34]
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including the activation of lymphocytes and functional
activity of NK cells [35-37], secondary endpoint analysis
included the assessment of hematologic measurements of
immune function including neutrophil phagocytosis, neu-
trophil respiratory burst, lymphocyte proliferation and
natural killer (NK) cell cytotoxicity in a subset of subjects.

Materials and methods
Study protocol

The study (ClinicalTrials.gov identifier: NCT01044277)
was approved by the Institutional Review Board of the
Penn State College of Medicine in accordance with the
Helsinki Declaration of 1975 as revised in 1983. The study
design is summarized in the CONSORT form (Fig. 1). All
clinical activities were conducted at the Penn State Hershey
Cancer Institute, Hershey, PA. Healthy subjects were
recruited by the study coordinator from the local Hershey/
Harrisburg, PA area using fliers, newspaper and radio
advertisements, online announcements and word of mouth.
Interested individuals were prescreened by telephone to
assess potential eligibility. Individuals who passed the
initial screening were asked to visit the clinic where, after
signing the informed consent, they were screened for eli-
gibility based upon the following criteria: Healthy male
and female non-smokers, 30-79 years of age, not taking
antioxidant supplements for at least 1 month. Eligible
subjects were randomly assigned to one of three treatment
groups with equal probability: 250 mg GSH per day orally
(provided as two 125 mg capsules); 1,000 mg GSH per day
orally (provided as two 500 mg capsules); and placebo
(provided as two capsules). Glutathione (Setria®) was
provided by Kyowa Hakko USA, Inc., and capsules were
formulated as follows: GSH 125 mg (125 mg GSH,
360 mg cellulose); GSH 500 mg (500 mg GSH, 15 mg
cellulose); and placebo (470 mg cellulose). Both subjects
and investigators were blinded to the group assignment. At
baseline, trained nurse interviewers administered a struc-
tured questionnaire to each subject to collect information
on demographics, occupation, lifestyle habits, medical
history, usage of medication and dietary supplements,
alcohol consumption and past cigarette smoking history.
University pharmacists dispensed either active supple-
ments or placebo at the baseline visit. Subjects were pro-
vided instructions for supplement usage and instructed to
continue taking the capsules for 6 months, maintain a daily
pill diary and return all unused capsules. There was a
I-month washout period between 6 and 7 months where
subjects discontinued their supplementation to assess the
reversibility of any GSH-related changes. After 1, 3 and
6 months, subjects returned to the clinic to return their
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[ Enrollment ]

Assessed for eligibility (n=98)

Excluded (n=37)

| ~ Not meeting inclusion criteria (n=12)
"| - Declined to participate (n=12)

~ Other reasons (n=13)

Randomized (n=61)

[ Allocation ]

A

Allocated to Placebo (n=21)
- Received intervention (n=20)

A

A

A

4

Allocated to 250 mg/d GSH (n=20)
- Received intervention (n=20)

Allocated to 1000 mg/d GSH (n=20)

- Received interv

ention (n=20)

- Did not receive intervention (n=1)

- Did not receive intervention (n=0)

- Did not receive intervention (n=0)

[ Follow-Up ]

\4

A4 v

Lost to follow-up (n=0)

Discontinued intervention (n=4)
- dropped out (n=3)
- enrolled in competing trial (n=1)

Lost to follow-up (n=0)

Discontinued intervention (n=2)
- moved (n=1)
- enrolled in competing trial (n=1)

Lost to follow-up (n=0)

Discontinued intervention (n=0)

[ Analysis ]

\4

Analysed (n=16)
~ Excluded from analysis (n=0)

Analysed (n=18)
~ Excluded from analysis (n=0)

Analysed (n=20)
~ Excluded from analysis (n=0)

Fig. 1 Subject flowchart summarized according to consolidated standards of reporting trials

unused capsules and, at the 1- and 3-month time points, to
receive new capsules. At baseline and after 1, 3, 6 and
7 months, biological samples including blood, urine and
exfoliated buccal mucosal cells were collected and pro-
cessed as described below. Outcome measures included
GSH levels in whole blood, erythrocytes, plasma and
lymphocytes at baseline and 1, 3, 6 and 7 months and in
exfoliated buccal mucosal cells at baseline and 3, 6 and
7 months. Secondary outcomes included immune function
activities including NK cell cytotoxicity and lymphocyte
proliferation at baseline and 3 months and respiratory burst
and neutrophil phagocytosis at baseline and 3 and
6 months.

Subjects

The clinical phase of the study was conducted from Feb-
ruary, 2010, to September, 2011, over which time, 61
subjects were enrolled (Fig. 1). A total of 60 received
intervention, of which 6 dropped out for reasons including
relocation (n = 1), enrollment in competing trials (n = 2)
and reports of adverse effects (n = 2, both in the placebo

group) and one was dropped for lack of compliance. A total
of 54 completed at least 6 months of the study protocol and
were included in the analyses. The characteristics of these
54 participants are summarized in Table 1 including, age,
sex, race and BMI. All subjects were non-smokers (having
not smoked for >1 year) and had no history of chronic
disease or antioxidant or GSH supplement usage within the
past month. Most subjects were female (76 %), white
(92 %) and ranged in age from 28 to 72 years
(mean = 46.6 years). Fifteen of subjects had a
BMI > 30 kg/m> There were no significant differences in
subject characteristics by treatment group. Compliance was
assessed by pill count and daily pill diary entries.

Collection and processing of biological samples

Exfoliated buccal mucosal cells were obtained after a
mouth rinse with distilled water and brushing of the cheeks
and gums with a soft tooth brush. Subjects then rinsed with
20 ml of saline, which was collected and stored at 4 °C
until centrifugation (6,000xg for 10 min) on-site within
1 h after collection. Cells were washed three times with
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Table 1 Study subject N Placebo GSH (250 mg/day) GSH (1,000 mg/day) All
characteristics 16 18 20 54
Age (year)
Mean 48.2 443 47.6 46.6
SD 12.1 8.01 10.7 10.3
Range 31-68 30-59 28-72 28-72
Sex n (%)
Female 12 (75 %) 15 (83 %) 14 (70 %) 41 (76 %)
Male 4 (25 %) 3 (17 %) 6 (30 %) 13 (24 %)
Race/ethnicity n (%)
White 14 (88 %) 16 (88 %) 19 (95 %) 49 (92 %)
Black 2 (12 %) 1(6 %) 1(5 %) 4 (7 %)
Asian 0 (0 %) 1(6 %) 0 (0 %) 12 %)
Education (year)
Mean 11.2 12.0 11.0 114
SD 2.4 3.6 2.0 2.3
BMI (kg/m?)
Female
Mean 24.6 259 26.4 25.8
SD 4.26 3.90 5.80 4.72
Male
Mean 27.6 222 30.1 27.5
SD 5.45 4.61 3.99 5.26
All
Mean 25.3 25.2 27.5 26.2
SD 4.50 4.14 5.49 4.86

saline, and packed cells were stored at —80° C until
analysis.

Blood samples were collected between 9:00 am and
1:00 pm from an antecubital vein into three tubes con-
taining sodium heparin as an anticoagulant and immedi-
ately placed on ice. Tubes were mixed by gentle shaking,
and a 2.5-ml aliquot of whole blood was removed for
analysis of neutrophil phagocytosis and respiratory burst
(see below). Two 0.5-ml aliquots of whole blood were
removed and stored at —80 °C for future analyses. The
remaining blood was centrifuged for 10 min at 1,300x g to
obtain plasma, buffy coat and red cell fractions. Multiple
0.5-ml aliquots of plasma were placed into 1.5-ml cryovials
and immediately frozen at —80 °C. Packed red cells were
washed three times in saline, aliquoted (0.5 ml each) into
multiple cryovials and frozen at —80 °C. Buffy coat frac-
tions were combined, and lymphocytes were isolated by
Ficoll-Hypaque density gradient centrifugation. In brief,
after addition of 3 ml of Ficoll, buffy coats were centri-
fuged at 400g for 30 min at 19 °C. Lymphocyte layers
were removed and washed two times in PBS, followed by
centrifugation at 250g for 10 min. After the final wash,
lymphocytes were re-suspended in 5 ml PBS. Cell number
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was assessed after addition of 40 pl trypan blue to 10 pl of
cell suspension using a hemocytometer. Cells were re-
suspended in 95 % FBS, 5 % DMSO at concentrations of
2.5 x 10° cells/ml, frozen at —80 °C and stored in liquid
nitrogen until analysis of GSH, lymphocyte proliferation or
NK cell cytotoxicity (see below). Buccal cells were mixed
with an equal volume of PBS and centrifuged at 5,000g for
2 min. Cells were kept on ice until acid extraction as
described below.

Analytical procedures
Glutathione

The synthesis and regulation of GSH can vary in different
cells and tissues. Consequently, we measured GSH in a
variety of compartments including whole blood, erythro-
cytes, plasma, lymphocytes and exfoliated buccal mucosal
cells. For whole blood or red cells, 0.8 ml of 5 % (w/v)
metaphosphoric acid (MPA) was added to 0.2 ml of blood
or packed cells. Samples were centrifuged for 2 min at
14,000g, and supernatants were stored at —80° until ana-
lysis of free GSH. Levels of GSH and GSSG were
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determined in MPA extracts as described previously [38,
39]. GSSP was measured in acid-insoluble pellets after
reduction with KBH, and re-acidification with MPA as
described previously [32]. While GSH in whole blood is
concentrated in erythrocytes, lower but measurable levels
can also be detected in plasma. GSH in plasma is present
mostly in its oxidized forms, GSSG and GSSP [40].
Therefore, plasma samples were first reduced with sodium
borohydride prior to analysis to allow for the measurement
of total GSH (free + bound) [40].

To prevent the oxidation of lymphocyte and buccal cell
GSH that can occur during sample processing, these sam-
ples were also first reduced with sodium borohydride. In
brief, 400 pl of 5 % MPA was added to aliquots of packed
cells containing ~5 x 10° cells. After vigorous mixing
and incubation at room temperature for 15 min, samples
were centrifuged at 14,000g for 2 min. Supernatants were
stored at —80 °C until analysis for GSH.

Glutathione levels were expressed on a per milliliter basis
for plasma and whole blood, per gram hemoglobin for
erythrocytes, per 10° cells for lymphocytes and per gram
protein for buccal cells. Protein concentrations were mea-
sured by the bicinchoninic acid procedure (Pierce, Rockford,
IL). Hemoglobin was determined spectrophotometrically
using Drabkin’s reagent [41].

Glutamate-cysteine ligase activity was determined in red
cells by measuring the product, y-glutamylcysteine, formed
after incubating cell lysates with cysteine and glutamic
acid, as described previously [42].

Cyst(e)ine (cystine and cysteine) was analyzed in
plasma according to the spectrophotometric method of
Gaitonde [43].

Immune function

Neutrophil phagocytosis and respiratory burst assays were
performed on fresh whole blood samples, which were
available from 16 subjects from the placebo group, 18
subjects from the 250 mg/day GSH group and 20 subjects
from the 1,000 mg/day GSH group at baseline and 3 and
6 months. Lymphocyte and NK cell assays were performed
on frozen purified lymphocyte cell fractions. Fewer sam-
ples were available for these analyses; samples with a
sufficient number of viable cells were available from 8 to 9
subjects per group at baseline and 3 months for the lym-
phocyte proliferation assay and 5 to 6 subjects per group at
baseline and 3 months for the NK cell cytotoxicity assay.

Neutrophil phagocytosis was determined in fresh whole
blood samples (0.1 ml aliquots) incubated with E. coli
labeled with a pH-sensitive dye using the pHrodo™E. coli
BioParticles® Phagocytosis kit (Invitrogen). Dye-contain-
ing cells were analyzed with a FACScan flow cytometer
(Becton—Dickinson) using the 488-nm laser for excitation

and emission within the FL2 channel. Results were
expressed as a phagocytosis index calculated as the FL2
geometric mean of granulocytes incubated at 37 °C/FL2
geometric mean of granulocytes incubated at 4 °C. Thus,
the higher the index value, the greater the extent of
phagocytosis.

Neutrophil respiratory burst in fresh whole blood sam-
ples was determined by measuring the oxidation of dihy-
drorhodamine 123 by hydrogen peroxide produced by
activated neutrophils as described previously [44]. In brief,
0.1-ml aliquots of whole blood in triplicate were exposed
to 1 uM phorbol 12-myristate 13-acetate (PMA) for
15 min to activate granulocytes and then exposed to the
fluorescence probe dihydrorhodamine 123. Fluorescent
cells were detected using a FACSCanto flow cytometer,
and the portion of granulocytes that showed increased
fluorescence was determined along with the geometric
mean of FL1 fluorescence intensity per cell. Results are
expressed as the respiratory burst index calculated as the
FL1 geometric mean of PMA-stimulated cells/non-PMA-
stimulated cells. Thus, the higher the index, the greater the
respiratory burst activation.

Lymphocyte proliferation was measured at 2 time points.
Lymphocytes were thawed, washed three times and coun-
ted to determine cell viability. Cells were plated in tripli-
cate at both 1 x 10> and 5 x 10* cells per well of a
96-well flat-bottom plate in RPMI-1640 plus GlutaMAX
supplemented with 10 % fetal bovine serum (FBS), 100 U/
ml penicillin, 100 pg/ml streptomycin, 25 ng/ml sodium
pyruvate, 10 mM HEPES and 50 uM 2-mercaptoethanol.
Cells were rested for 48 h at 37 °C and 5 % CO, followed
by addition of media alone or 2 pg/ml of the T-cell mito-
gen phytohemagglutinin (PHA). Cultures were incubated
for further 72 h, and 1 pCi of 3H-thymidine was added for
the last 6 h of the assay. Cells were harvested using a
PHD™ cell harvester (Brandel, model 290) per the man-
ufacturer’s instructions. Intracellular radioactivity was
measured by liquid scintillation counting, and results were
expressed as CPM.

Natural killer cell cytotoxicity was assessed using a
standard >'Chromium-release assay. Briefly, lymphocyte
samples from each of the five time points were thawed,
washed three times, counted to determine cell viability,
added in triplicate to 96-well V-bottom plates in complete
RPMI-1640 supplemented with 10 % FBS and rested for
48 hat 37 °C and 5 % CO,. Human K562 cells [45] grown
in complete RPMI-1640 medium were labeled overnight
with 200 pCi sodium >'Chromate in saline, washed three
times and then added to lymphocytes (1 x 10* cells per
well) at an effector/target cell ratio of 10:1. After incuba-
tion for 4 h at 37 °C and 5 % CO,, cells were pelleted by
centrifugation and supernatants were analyzed for radio-
activity by gamma counting. Results are expressed as
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percent of target cells lysed (% lysis) calculated as (cpm
experimental — cpm spontaneous release)/(cpm maxi-
mum — spontaneous) x 100 as described previously [46].

Statistics

Sample size and power estimates were based on a two-
tailed type I error of 0.05, 15 % standard deviation, n = 16
per group and >80 % power. Minimal detectable percent
differences in GSH between treatment groups and placebo
were ~ 11 %. Descriptive statistics were provided as
means and standard deviations. The normality of data
distribution was assessed using the Kolmogorov—Smirnov
goodness-of-fit test. Group differences at baseline were
assessed by ANOVA followed by Tukey’s post hoc test or
x> where appropriate. General linear mixed models with
repeated measurement (Proc mixed) were used to test for
the effects of intervention, period and their interactions
with changes in all outcome variables. Potential con-
founding by age and gender was assessed, and none were
observed. Subgroup analyses of age groups (<40 years of
age, >40-50 years of age and >50 years of age) and gen-
der revealed no interactions. Correlations of changes in
outcomes with levels at baseline or between measures were
evaluated using Pearson (r) correlations. All statistical tests
were two-sided, and significance was set at P < 0.05. SAS
9.3 software (SAS Institute, Inc., Cary, NC, USA) was used
for all statistical analyses.

Results
Compliance and adverse effects

Overall, compliance was >94 % based on both pill counts
and pill diary entries. By pill count, compliance was
95.5 £+ 6.25 % (mean £ SD) in all subjects and did not
differ between treatment arms (placebo, 97.6 + 3.01;
250 mg GSH, 93.7 £8.38; and 1,000 mg GSH,
95.5 & 5.54). Four subjects had an overall compliance rate
of <90 % including three in the low-dose GSH group and
one in the high-dose GSH group.

No serious adverse effects were reported by the study
participants regardless of arm. All potential adverse events
reported were minor including colds, stomach virus,
lightheadedness, back pain, hot flashes, soft stools, eye
twitching, headaches, ear infection, urinary tract infection
and constipation. None were attributed to any specific
treatment arm. The number of these events reported was
similar in each arm of the study (placebo, 20; 250 mg
GSH, 18; and 1,000 mg GSH, 19). Two individuals drop-
ped out because of allergy-like symptoms, both of which
were in the placebo group.
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Effects of oral GSH supplementation on body GSH
stores

In whole blood, mean GSH levels significantly
increased in both low- and high-dose GSH groups after
1, 3 and 6 months of administration versus baseline
(Fig. 2). No increase was observed in the placebo group.
At 6 months, the increased levels were higher in the
1,000 mg dose group (31 %) than in the 250 mg group
(20 %) (P < 0.05). In the 1,000 mg group, GSH levels
increased in a time-dependent manner from 1 to
6 months of supplement administration. In the 250 mg
group, equivalent increases were observed after 1, 5 and
6 months. In both dose groups, GSH levels decreased
toward baseline levels following the 1-month washout
period. However, the levels in the 1,000 mg group
remained significantly greater than baseline after
washout (P < 0.05).

In erythrocytes, mean GSH levels significantly increased
after 1, 3 and 6 months in the 1,000 mg group and after
6 months in the 250 mg group (Fig. 2). Similar to whole
blood, maximum increases in GSH levels in erythrocytes of
about 35 % were observed after 6 months. In both dose
groups, GSH levels decreased toward baseline levels after
the 1-month washout period.

The effects of oral GSH on plasma total GSH levels
are summarized in Fig. 3. Concentrations ranged from
~0.2 to 8 nmol/ml, which are <1 % of levels in whole
blood. Increases in plasma GSH levels were observed in
the 1,000 mg group after 3 and 6 months of administra-
tion. While the mean level at 6 months was higher than
baseline in the low-dose group, this increase was not
statistically significant. In the high-dose group, the
increase appeared to be time dependent with levels pro-
gressively increasing from 3 to 6 months of administra-
tion, after which time GSH levels decreased toward
baseline levels after the 1-month washout period. Non-
significant time-dependent increases were found in the
250 mg group. There were no changes in the placebo
group.

The effects of oral GSH administration on lympho-
cyte total GSH levels are summarized in Fig. 3. Values
are expressed on a per million cell basis and ranged
from ~0.7 to 6.7 pmol/10° cells. Increases in lympho-
cyte GSH levels were observed in the high-dose GSH
group after 1, 3 and 6 months of administration. While
the mean level at 3 and 6 months was higher than
baseline in the low-dose group, these increases were not
statistically significant. No changes were observed in
the placebo group. A maximum increase of about 30 %
was observed after 6 months in the high-dose GSH
group. In the high-dose group, the increase appeared to
be time dependent with levels progressively increasing
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Fig. 2 Effect of oral GSH supplementation on GSH levels in whole
blood and erythrocytes. Subjects were randomized to placebo
(n =16), 250 mg/day GSH (n = 18) and 1,000 mg/day GSH
(n = 20). GSH or placebo supplementation continued for 6 months
followed by a 1-month washout. Blood was collected at baseline and
after 1, 3, 6 and 7 months. Free and protein-bound GSH was
determined in whole blood (upper panel) and in packed erythrocytes
(lower panel) as described in text. Erythrocyte GSH levels, expressed
on a gram hemoglobin basis, are presented as changes from baseline.
Bars are mean £+ SE. General linear models with repeated measure-
ment were used to test for effects of intervention, period and their
interaction with study outcomes. *Change from baseline within group
is statistically significant, P < 0.05. "Change from baseline is
significantly different from placebo group, P < 0.05

from 1-3 to 6 months of administration after which time
GSH levels decreased toward baseline levels during the
1-month washout period.

The effects of oral GSH administration of exfoliated
buccal cell levels are summarized in Fig. 3. Values are
expressed on a per milligram protein basis and ranged from
~0.6 to 11 pmol/mg protein. While variation in GSH
levels was high, a significant increase was observed in the
high-dose GSH group after 6 months of administration. No
changes were observed at other time points or in either the
low-dose GSH or placebo groups.

GSH levels in whole blood, erythrocytes, plasma, lym-
phocytes and buccal cells at baseline and after 6 months
are summarized for each treatment group in Supplemental
Table 1. There were no effects of either sex or age
observed for GSH levels in any blood compartment or
buccal cells. Likewise, sex and age had no impact on
changes in GSH levels due to treatment.

The effects of GSH supplementation on the levels of
the GSH precursor cysteine in plasma and the activity of
the rate-limiting GSH biosynthetic enzyme GCL in
erythrocytes were also examined after 6 months
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Fig. 3 Effect of oral GSH supplementation on total GSH in plasma,
lymphocytes and buccal mucosa. Subjects were randomized to
placebo (n = 16), 250 mg/day GSH (n = 18) and 1,000 mg/day
GSH (n = 20). GSH or placebo supplementation continued for
6 months followed by a 1-month washout. Blood and buccal cells
were collected at baseline and after 1, 3, 6 and 7 months. Total GSH
was determined in plasma, lymphocytes and buccal cells as described
in text. Lymphocyte and buccal cell GSH levels were expressed on a
10° cells and milligram protein basis, respectively, and are presented
as changes from baseline. Bars are mean *+ SE. General linear
models with repeated measurement were used to test for effects of
intervention, period and their interaction with study outcomes.
*Change from baseline within group is statistically significant,
P < 0.05. "Change from baseline is significantly different from
change from baseline in the placebo group, P < 0.05

(Supplemental Table 2). No changes were observed in
cyst(e)ine concentrations or GCL activity in any of the
groups.

Effects of oral GSH supplementation on GSH redox
status in blood

The major oxidized forms of GSH, GSSG and GSSP were
analyzed in whole blood, and the impact of oral GSH
supplementation on the ratio of oxidized to reduced forms
is summarized at baseline and after 6 months in Fig. 4. No
differences were observed in the placebo group for any of
the following ratios: GSSG/GSH, GSSP/GSH or (GSSG +
GSSP)/GSH. However, GSSG/GSH and (GSSG + GSH)/
GSSG ratios were both decreased significantly in the high-
dose GSH supplementation group and GSSG/GSH was
decreased significantly in the low-dose GSH supplemen-
tation group after 6 months.
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Effect of oral GSH supplementation by baseline GSH
levels

In order to determine whether effects of oral GSH differed
by baseline GSH levels, changes by treatment arm in each
of the measured outcomes were compared between indi-
viduals with levels below the median (<0.89 pmol/ml) and
above the median (>0.89 pumol/ml). No significant differ-
ences were observed between the two groups at 6 months
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Fig. 4 Effect of oral GSH supplementation on oxidized to reduced
glutathione ratios in whole blood. Subjects were randomized to
placebo (n = 16), 250 mg/d GSH (n = 18) and 1,000 mg/day GSH
(n = 20). GSH or placebo supplementation continued for 6 months
followed by a 1-month washout. Blood was collected at baseline and
after 1, 3, 6 and 7 months. GSH and its major oxidized forms, GSSG
and GSSP were determined in whole blood as described in text.
Symbols and bars are mean = SE

for GSH in blood, erythrocytes, plasma, lymphocytes and
buccal cells (data not shown). Likewise, changes in GSH
levels after 6 months in blood, erythrocytes, lymphocytes,
plasma and buccal cells were not significantly correlated
with GSH levels at baseline for subjects in the GSH-treated
groups (n = 38) (blood, r = 0.35; erythrocytes, r = 0.043;
plasma, r = —0.11; lymphocytes, r = 0.01; and buccal
cells, r = 0.018).

Correlation of GSH changes in different blood
compartments and buccal cells

To examine whether changes in GSH levels within indi-
viduals were consistent among the different blood com-
partments and buccal cells, correlational analyses were
conducted for individuals in the GSH-treated groups
(Table 2). Changes in blood GSH were highly correlated
with those in erythrocytes at 6 months (r = 0.83). In
addition, changes in lymphocyte GSH were significantly
correlated with those in both blood (r = 0.55) and eryth-
rocytes (r = 0.45). Changes in plasma GSH were weakly
correlated with those in erythrocytes (r = 0.33). No asso-
ciations were observed for GSH changes in buccal cells.

Effects of oral GSH on immune function markers
in blood

The effects of GSH administration on lymphocyte prolif-
eration are summarized in Fig. 5a. Increases in mean pro-
liferative capacity were observed after 3 months in both
GSH groups, but were not significant. No changes were
evident in the placebo group. The effects of GSH admin-
istration on NK cell cytotoxicity are summarized in
Fig. 5a. Increases in mean % lysis values were observed
after 3 months in both GSH groups, but were only signif-
icant in the high GSH dose arm (Ppuireq = 0.01). No
changes were evident in the placebo group. The effects of
GSH administration on neutrophil phagocytosis and
respiratory burst are summarized in Fig. 5b. No consistent
or significant change in either index was observed by study
arm after either 3 or 6 months.

Table 2 Correlation of GSH changes from baseline at 6 month in different blood compartments and buccal cells in GSH supplemented

individuals

Pearson’s correlation coefficients*

Erythrocytes Plasma Lymphocytes Buccal Cells
Blood 0.83 (<0.0001) 0.23 (0.18) 0.55 (0.0004) 0.04 (0.82)
Erythrocytes 0.33 (0.04) 0.45 (0.005) —0.12 (0.53)
Plasma 0.30 (0.07) 0.02 (0.92)
Lymphocytes 0.05 (0.80)

* r (P value), n = 38
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Fig. 5 Effect of oral GSH supplementation on immune function.
Subjects were randomized to placebo, 250 mg/day GSH and
1,000 mg/day GSH. GSH or placebo supplementation continued for
6 months followed by a 1-month washout period. Blood and buccal
cells were collected at baseline and after 1, 3, 6 and 7 months.
Lymphocytes collected at baseline and at 3 months were isolated by
density gradient centrifugation of whole blood on Ficoll-Hypaque
and utilized for analysis of NK cell cytotoxicity and lymphocyte
proliferation (a). NK cytotoxicity was assessed using °'Cr-labeled
human K562 cells as the target and measuring the percent of target
cells lysed after incubation with lymphocytes for 4 h at 37 °C.
Lymphocyte proliferation was assessed by measuring *H-thymidine
incorporation after incubation with phytohemagglutinin (PHA) as
described in the text. Results are expressed as CPM. Bars are
mean £ SE. For NK cytotoxicity n = 6 for placebo and 1,000 mg/
day GSH groups and n =35 for 250 mg/day GSH group. For
lymphocyte proliferation, n = 9 for placebo and 1,000 mg/day GSH
groups and n = 8 for 250 mg/day GSH group. Fresh whole blood

Discussion

The results of this randomized, double-blinded, placebo-
controlled study of long-term (6 months) supplementation
with GSH at two doses (250 mg/day and 1,000 mg/day)
demonstrate for the first time that orally administered GSH
in supplement form increased body GSH stores in humans.
These findings support the use of oral GSH supplementa-
tion as a strategy for increasing tissue GSH levels. Overall,
these results are consistent with previous in vivo studies in
laboratory animals and findings of specific intestinal
transport systems for GSH in laboratory animals in humans
[18-23, 30]. In two previous clinical investigations, oral
GSH supplementation was not associated with increased
tissue GSH levels. In one study, a single oral dose of GSH
(0.15 mmol/kg) had no impact on plasma GSH levels after
4.5 h [31]. However, due to the very short half-life
(1-2 min) of GSH in human plasma resulting from its rapid
removal by tissues such as kidney that are rich in y-glut-
amyl transpeptidase [47, 48], the accurate measurement of
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collected at baseline and at 3 and 6 months was used for assessment
of neutrophil phagocytosis and respiratory burst (b). Phagocytosis
was measured by incubation of whole blood with E. coli labeled with
a pH-sensitive dye using the pHrodo™ BioParticles kit (Invitrogen).
Dye-containing cells were analyzed by flow cytometry, and results
were expressed as a phagocytosis index calculated as the geometric
mean of gated granulocytes incubated at 37 °C/geometric mean of
granulocytes incubated at 4 °C. Respiratory burst was measured after
incubation of whole blood with PMA followed by addition of the
fluorescence probe dihydrorhodamine 123 and detection of fluores-
cent neutrophils by flow cytometry. Results are expressed as a
respiratory burst index calculated as the geometric mean of PMA-
stimulated cells/non-PMA-stimulated cells. Symbols and bars are
mean + SE. For phagocytosis and respiratory burst assays, n = 16,
18 and 20 for the placebo, 250 mg/day GSH and 1,000 mg/day GSH
groups, respectively. *Significantly different from baseline by
Student’s 7 test, P < 0.05

plasma GSH status in vivo is difficult and the ability to
detect an increase in plasma GSH levels after a single oral
dose is unlikely [40]. Our results were also not consistent
with those from a recent study of oral GSH supplementa-
tion (1,000 mg/day) that showed no effects on erythrocyte
GSH concentration and biomarkers of oxidative stress after
1 month [49]. However, in this study, GSH and GSSG
measurements did not account for possible differences in
erythrocyte volume and number which can significantly
impact GSH levels. In addition, erythrocytes were not
directly acidified immediately after collection, but rather
after an initial hemolysis step which can greatly decrease
the stability of both GSSG and GSH and lead to inaccurate
measurement [50].

The increases in free GSH levels in whole blood and
erythrocytes in the current study were dose dependent with
the greatest increases occurring in the high-dose
(1,000 mg/day) group. Increases in GSH were also time
dependent, particularly in the high-dose group, where
levels increased from 1-3 to 6 months and decreased
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toward baseline after the 1-month washout period. Using
this experimental design, the mechanism of GSH induction
could not be ascertained. In animal models, direct intestinal
absorption of GSH has been observed with transport being
facilitated by specific proteins including the cystic fibrosis
transmembrane conductance regulator (CFTR) [18, 19, 23,
30]. Facilitated transport of GSH has also been observed
and characterized in human intestinal epithelial cells
in vitro [30] and in buccal mucosal cells in vivo [23]. The
extent to which direct absorption may be responsible for
the present findings is not known. The progressive nature
of the increase in GSH levels may suggest that changes in
GSH metabolism may be occurring as a result of long-term
GSH supplementation leading to greater steady-state lev-
els. While it is possible that changes in dietary intake of
precursor amino acids resulting in increased GSH biosyn-
thesis could account for some of the observed changes, it is
unlikely that group-specific changes in intake would occur
with the randomized clinical trial design used. This is
supported by our finding that plasma cyst(e)ine levels of
erythrocyte GCL activity were unchanged.

In order to gain a more comprehensive assessment of
supplementation on body GSH stores, we measured GSH
levels in plasma, lymphocytes and exfoliated buccal
mucosal cells in addition to whole blood and erythrocytes.
In lymphocytes and buccal cells, only total GSH levels
(free + bound) were measured since the in vivo levels of
protein-bound GSH are very low in these cells and the
extent of artifactual GSH oxidation during processing can
be quite high. Total GSH was also measured in plasma
since overall GSH levels in plasma are low and the
majority of GSH is present in the oxidized state [40]. For
most measures, GSH increases were both time- and dose
responsive and were not impacted by baseline levels of
blood GSH. Increases in erythrocyte GSH were highly
correlated with those in lymphocytes and plasma support-
ing a generalized treatment effect of oral GSH on different
blood compartments. While increases in buccal cells were
not correlated with those in blood, it should be noted that
buccal cell GSH levels are highly variable due to hetero-
geneity of cells obtained in the sampling procedure and the
small number cells that are used for measurement which
severely limits the power to detect changes and correla-
tions. Overall, GSH was highly tolerated and its adminis-
tration was not associated with any signs of adverse effects.
The trial had high levels of compliance (95.5 % based on
pill count), a low dropout rate and no reported significant
adverse events in all treatment arms.

The impact of oral GSH on buccal cells is of interest
given the previous epidemiologic findings where increased
dietary intake of GSH from fruits and vegetables, and
higher blood GSH levels were associated with decreased
risk of oral cancer [17, 51]. Also, we recently identified a
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trinucleotide repeat polymorphism in the gene encoding the
rate-limiting enzyme in GSH biosynthesis (GCL) which is
linked with decreased GCL activity and GSH levels in vivo
and, in case control studies, observed an association
between this polymorphism and risk of oral and lung
cancers [52, 53]. Our present findings suggest that the
mechanism of GSH protection against oral cancer devel-
opment may involve increased GSH levels in oral tissues. It
is of interest to note that, in the previous study by Flagg
et al. [17], the differences in dietary GSH intake between
low and high oral cancer risk groups were 32-358 mg/day
in men and 34—-126 mg/day in women, well within the dose
ranges used in the present intervention trial.

While the majority of GSH in cells is in the reduced
form, GSH oxidation can occur resulting in the formation
of GSSG or GSSP. The levels of both GSSG and GSSP are
increased during periods of oxidative stress. The formation
of GSSP, a process known as protein glutathionylation, is
thought to play an important redox-sensitive regulatory
role in the cell [4, 54]. The ratio of GSSG or GSSP to GSH
has often been used as indicators of redox status or bio-
markers of oxidative stress [32]. In the present study, we
observed a significant decrease in the GSSG/GSH ratio as a
result of both low- and high-dose GSH supplementation.
This decrease may be indicative of a reduction in oxidative
stress resulting from long-term GSH supplementation.
Slight reductions in the ratio of GSSP/GSH were also
observed, but did not reach the level of significance. Since
the subjects were healthy non-smokers, the basal levels of
oxidative stress would be expected to be low, thus limiting
the ability to detect reductions by GSH. Larger differences
in these ratios would likely be expected in individuals
exposed to higher levels of free radicals and reactive
oxygen species such as tobacco smokers.

Regarding immune parameters, in the high-dose GSH
group after 3 months, a significant increase in NK cell
cytotoxicity was observed. An effect of GSH supple-
mentation on lymphocyte proliferation was suggested, but
the sample sizes for these assays were small and results
were not statistically significant. While the mechanisms
for these effects are not known, they are consistent with
previous in vitro studies demonstrating the importance of
intracellular GSH levels in NK cytotoxic activity [55-58].
These studies show that even partial depletion of intra-
cellular GSH can inhibit the effector phase of cytotoxic
cell response as well as IL-2-dependent functions. Our
results are also consistent with a previous clinical study in
which low intracellular GSH levels were correlated with
NK cell activity [59]. Overall, the present findings pro-
vide a basis for conducting larger studies focusing on
immune function.

A limitation of the trial was that there were few male
participants. We did not find significant differences in GSH
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levels by sex at any time point in the study, but caution
should be used when generalizing these findings to men.
Gender-related differences in blood GSH levels have been
noted in some studies [60, 61], but not in most others
including those conducted by our group [32, 38, 62, 63].
Also, there were limited samples available for analysis of
NK cell cytotoxicity and lymphocyte proliferation. While
significant increases in NK cell cytotoxicity were observed,
future studies with a larger sample size and additional time
points are required to provide more detailed information on
the impact of GSH on this important NK cell activity.

These findings may have implications regarding the
treatment of diseases associated with reduced GSH levels
[11]. HIV infection represents one such disease where GSH
depletion is thought to be an important factor leading to
impairments in immune function and disease progression
[33, 37, 64]. GSH precursors including cysteine and
N-acetylcysteine have been tested for their potential use in
the control of symptoms of HIV infection with improve-
ments being noted for some endpoints [65-67]. The use of
GSH itself in HIV infection may have advantages over its
precursors since it would not require GSH re-synthesis
within cells via GCL, the activity of which is reduced in
HIV+ macrophages [68]. Indeed, in vitro studies indicate
that GSH is more effective in restoring immune function in
macrophages from HIV-infected individuals that is N-
acetylcysteine [68].

Overall, results from this study demonstrate for the first
time the effectiveness of long-term GSH supplementation
at increasing body stores of GSH in humans. GSH was well
tolerated and was not associated with any negative side
effects. Beneficial effects on immune function were
observed, but additional studies are required to further
elucidate the nature of these effects. Importantly, no neg-
ative impacts on immune function were observed. These
new findings are consistent with studies in laboratory ani-
mals [18-23, 30] and suggest that oral GSH supplemen-
tation is an effective strategy for increasing body stores of
GSH.
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The Treatment of Pulmonary Diseases and Respiratory-Related
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Reduced glutathione or simply glutathione (y-glutamylcysteinylglycine; GSH) is found in
the cytosol of most cells of the body. GSH in the epithelial lining fluid (ELF) of the
lower respiratory tract is thought to be the first line of defense against oxidative stress.
Inhalation (nebulized or aerosolized) is the only known method that increases GSH’s levels in
the ELF. A review of the literature was conducted to examine the clinical effectiveness of
inhaled GSH as a treatment for various pulmonary diseases and respiratory-related conditions.
This report also discusses clinical and theoretical indications for GSH inhalation, potential
concerns with this treatment, its presumed mechanisms of action, optimal doses to be
administered and other important details. Reasons for inhaled GSH’s effectiveness include its
role as a potent antioxidant, and possibly improved oxygenation and host defenses. Theoretical
uses of this treatment include Farmer’s lung, pre- and postexercise, multiple chemical sensitivity
disorder and cigarette smoking. GSH inhalation should not be used as a treatment for primary
lung cancer. Testing for sulfites in the urine is recommended prior to GSH inhalation. Minor
side effects such as transient coughing and an unpleasant odor are common with this treatment.
Major side effects such as bronchoconstriction have only occurred among asthma patients
presumed to be sulfite-sensitive. The potential applications of inhaled GSH are numerous
when one considers just how many pulmonary diseases and respiratory-related conditions are
affected by deficient antioxidant status or an over production of oxidants, poor oxygenation
and/or impaired host defenses. More studies are clearly warranted.

Keywords: aerosolized glutathione (GSH)— antioxidant— inhaled GSH— nebulized
GSH - reduced GSH

Introduction

Reduced glutathione or simply glutathione
(v-glutamylcysteinylglycine; GSH) is found in the cytosol
of most cells of the body (1). It is a tripeptide consisting
of glycine, cysteine and glutamate. GSH functions in
several enzyme systems within the body that assist with
the quenching of free radicals and the detoxification of
fat-soluble compounds (Table 1) (2-5). It also plays a
significant metabolic role in supporting many different
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biochemical processes (e.g. amino acid transport, deox-
yribonucleic acid synthesis and immune system augmen-
tation) considered to be important mediators of health
status (6).

Glutathione in the epithelial lining fluid (ELF) of the
lower respiratory tract is thought to be the first line of
defense against oxidative stress (6). The ELF concentra-
tion of GSH is 140 times that of serum concentrations
with a redox ratio of >9:1 (7). In fact, alternations in
alveolar and lung GSH metabolism are widely recognized
as a central feature among many inflammatory lung
diseases (8—14). In healthy lungs, the oxidant burden is
balanced by local antioxidant defenses. However, in lung

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is

properly cited.


http://creativecommons.org/

2 of 9

Table 1. Enzyme systems involving glutathione

GSH in pulmonary diseases and respiratory-related conditions

Enzyme system

Function

Glutathione synthetase

Riboflavin-containing glutathione reductase

GSH transferase isoenzymes

Selenium-containing glutathione
peroxidase (GPX)

Leukotriene C, synthase

Gamma-glutamyl cycle.

Catalyzes the conversion of oxidized glutathione
(glutathione disulfide; GSSG) to its reduced form.

Conjugation of GSH with fat-soluble substances for
liver detoxification and the detoxification of
environmental carcinogens, such as those found in tobacco smoke.

Protects cells from hydrogen peroxides and lipid hydroperoxides.
If not neutralized, these peroxides will damage cellular membranes
and other vital cellular components.

Conjugation of leukotriene A4 with GSH, resulting in the generation
of leukotrienes C4. Gamma-glutamyl transpeptidase then metabolizes
leukotrienes C4 to leukotrienes Dy.

diseases cellular damage and injury is mediated by an
increased oxidant burden and/or decreased antioxidant
defenses.

In inflammatory lung diseases, supplementation with
exogenous sources of GSH would be necessary to reduce
the oxidant load and/or correct for antioxidant deficien-
cies within the lungs. A few published clinical studies
have shown the oral administration of GSH to be
ineffective at increasing plasma levels when given to
healthy subjects (15), or when used for the treatment of
hepatic cirrhosis (16). If the oral administration of GSH
cannot raise plasma levels in healthy and diseased
patients, it is doubtful that this method of delivery
would have any appreciable effects at increasing GSH
concentrations within the lungs.

Intravenous administration might be effective since it
bypasses the gastrointestinal tract, immediately enters the
blood stream, and presumably would saturate body
tissues such as the lungs. Unfortunately, the results of a
study did not show intravenous administration to be
effective at increasing GSH levels within the ELF (17).
When 600mg of GSH was delivered intravenously to
sheep, the levels in the venous plasma, lung lymph and
ELF increased only for a very brief period of time.
However, when the same amount of GSH was delivered
through inhalation (nebulized or aerosolized), the base-
line GSH level in the ELF (45.7 £ 10 uM) increased 7-fold
at 30-min (337 +£64 uM), remained above the baseline
level 1h later (P<0.001) and returned toward baseline
levels by 2h. Despite this short-term increase in GSH
concentrations within the ELF, the inhalation method
did not significantly increase the amount of GSH in the
lung lymph, venous plasma and urine during the 2h
study period. The authors of this report concluded that
inhalation specifically increased GSH levels at the lung
epithelial surface.

Given that inhalation is the only known method that
increases GSH levels in the ELF for a significant
duration, a review of the literature was conducted to
examine the clinical effectiveness of inhaled GSH as
a treatment for various pulmonary diseases and

respiratory-related conditions. Only reports involving
human subjects were included in the analysis. The clinical
and theoretical indications for GSH inhalation were
summarized and potential concerns with this treatment
reported. Other pertinent details such as its presumed
mechanisms of action and optimal doses to be adminis-
tered were compiled and evaluated.

Methods

Literature Search

Computer searches were conducted of English and non-
English language articles in the Biomedical Reference
Collection (1984 to August 2006), CINAHL (1982 to
August 2006), MEDLINE (1965 to August 2006) and
Nursing and Allied Health Collection (1985 to August
2006) databases. Articles were searched with the key
search terms ‘Nebulized Glutathione,” and ‘Glutathione’
in combination with ‘Aerosol’ OR ‘Inhalation.” These
keywords were also searched with words related to
pulmonary and/or respiratory disease. To supplement
the search, references of the articles found from the initial
search were reviewed. Hand searching of relevant
journals was also completed as part of the search.

Selection of Articles

To be included in the final review, articles had to report
on the use and administration of inhaled GSH for
pulmonary diseases and respiratory-related conditions in
human subjects. Only peer-reviewed articles were
reviewed.

Quality Assessment

An evidence grade was determined for each article. These
evidence grades were adapted from the hierarchy of
evidence developed by the Oxford Centre of Evidence
Based Medicine (Table 2) (18).



Table 2. Grades of evidence

A Systematic reviews of randomized controlled trials
and/or randomized controlled trials with or without
double-blind placebo control.

B Systematic reviews of observational studies and/or
high-quality observational studies including
cohort and case-control studies and/or cohort
‘outcomes’ research and/or nonrandomized
controlled trials.

Case-series, case-reports, and/or poor-quality
cohort and case-control studies.

D Expert opinion without explicit critical appraisal
or based on physiology, bench research or
“first principles.’

Results

A total of 12 reports were screened (9,10,17,19-27). Only
one report was excluded because it involved the use of
inhaled GSH in sheep (17). In total, 11 articles were
found to meet the inclusion criteria and were included in
this review (9,10,19-27). Table 3 displays the character-
istics of the studies included in this review.

Discussion

Based exclusively on the published evidence included in
this review, inhaled GSH is potentially indicated for the
following clinical conditions: cystic fibrosis (CF), chronic
otitis media with effusion (OME), HIV seropositive
individuals, idiopathic pulmonary fibrosis (IPF) and
chronic rhinitis. These conditions were chosen since the
published studies were of good quality, received A and B
evidence grades, and their respective results demonstrated
benefits from the use of GSH inhalation.

Inhaled GSH cannot be recommended as a potential
treatment for emphysema since the quality of evidence is
lacking at the present time. The emphysema case report
had notable limitations since serial spirometry was not
documented, and the placebo effect could not be
ruled-out (22). However, this does not necessarily
indicate that GSH inhalation would be of no benefit
for emphysema patients. There is experimental and
human data demonstrating a link between GSH, oxidant-
derived damage and possible protection against the
development of emphysema. An in vitro study demon-
strated that GSH could retard the oxidant-mediated
down-regulation of a-1-proteinase inhibitor activity in
smokers’ emphysema (28). This finding is important since
one of the principal pathophysiological mechanisms of
emphysema is the down-regulation of this enzyme by
means of oxidative damage (29). Moreover, in a recent
review of lung GSH and cigarette smoke-induced airway
disease, increased GSH in the ELF of chronic smokers
was presumed to be a protective adaptive mechanism
against the development of chronic obstructive pulmon-
ary disease (COPD) (30). Considering that not all chronic
smokers go on to develop COPD, the authors in that
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review pointed out that genetic variations in the
molecular mechanisms that regulate GSH metabolism
might explain why some individuals are better protected
against the development of COPD. It thus appears that
emphysema patients are subjected to progressive tissue
damage due, in part, to the consequences of GSH
deficiency and/or genetic variations in GSH metabolism.
Since GSH inhalation would presumably offer both
antioxidant protection and GSH replenishment, this
method of treatment would potentially benefit emphy-
sema patients.

Asthma is another condition where inhaled GSH
cannot be recommended since this treatment caused
notable side effects (e.g. breathlessness, bronchoconstric-
tion and cough) in the cited study (21). These side effects
were linked primarily to the production of sulfites that
occurred when GSH was in solution. GSH inhalation
should continue to be explored as a potential treatment
for asthma. None of the asthma patients in the study had
their urine tested for sulfites. A positive test for sulfites
would have eliminated these patients from entering the
study. Accordingly, the results might have been much
more favorable if patients without sulfite sensitivities
were included.

This issue of asthma and sulfite sensitivities is an
important one for clinicians to be mindful of. Sulfites are
found in beer, wine, restaurant salad bars, seafood,
potatoes, processed foods and many pharmaceuticals
(31). Many asthma patients report being sensitive to
sulfites. In an Australian study, ~30% of asthmatic
patients reported being sensitive to sulfites in wine (32).
A more recent and rigorous scientific study, however,
demonstrated that asthma patients can tolerate varying
amounts of sulfites in wines ranging from 20, 75 or 150
parts per million (ppm) (33). Only a small minority of
patients in this study (4 of 24 self-reported wine-sensitive
asthmatics) exhibited reactions when challenged with
300 ppm of sulfites. One report indicated that 4-8% of
asthmatics are sensitive to sulfites (34). Other reports
have estimated the incidence of sulfite sensitivity to be
around 5-11% (35,36). Even though the exact percentage
of sulfite-sensitive asthmatics is difficult to ascertain,
sulfite sensitivity is an important factor to assess when
using or evaluating research done on inhaled GSH.

Future Research Directions

There are additional clinical conditions that might benefit
from this type of treatment, but further studies are
necessary. One such condition is Farmer’s lung (FL),
which is a hypersensitivity pneumonitis caused by the
inhalation of thermophilic actinomycetes and spores of
Aspergillus specie (11). A study was undertaken to
investigate the effect of pulmonary GSH levels after
hay exposure in patients with FL and in asymptomatic
farmers (AF) (11). Fifteen symptomatic patients with FL
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Table 3. Summary of articles demonstrating the effectiveness of inhaled glutathione for the treatment of pulmonary diseases and respiratory-related

conditions
Reference Condition N Dosages of inhaled Outcome Evidence grade
GSH

21 Asthma Eight asthma patients 600mg once weekly for A subset of patients A: Randomized
[mean age, 29+7 3 months with clinically stable placebo-controlled trial
(standard deviation; mild asthma
SD) years] experienced a

bronchoconstrictor
effect when treated with
inhaled GSH.
(23) Chronic otitis media 30 patients (3—12 years of 600mg of GSH in 4 ml GSH should be A: Randomized
with effusion age; mean age, 5.8 years) of saline subdivided considered for the placebo-controlled trial
(chronic OME) and 30 controls (3-12 years  into five 2-min sessions  nonsurgical
of age; mean age, 6.1 years) by nasal aerosol every management of
3—4 waking h for chronic OME.
2 weeks

(24) Cystic fibrosis (CF) Nine patients [mean age, 0.05ml/kg of 10mM  The treatment group A: Randomized
16.1 +1.44 (SD) years] GSNO showed a modest placebo-controlled trial
received the improvement in
S-nitrosoglutathione oxygenation that was
(GSNO) and thought to be
11 patients [mean age, independent of the
19.9 £3.45 (SD) years] physiological effects of
received the phosphate- nitric oxide.
buffered saline (PBS)
solution

27 CF 19 patients (6-19 years of Total daily dose GSH can improve A: Randomized
age) were randomized to administered to the clinical parameters in placebo-controlled trial
treatment [mean age, patients in the CF patients, and that
13.3+4.1 (SD) years] or treatment group was effective treatment
placebo groups [mean age, 66 mg/kg of body should include the
12.9+4.9 (SD) years] weight correction of GSH

deficiency.
9) Idiopathic 10 patients with IPF [mean 600 mg twice daily for Inhaled GSH might be B: Nonrandomized con-
pulmonary age, 46+ 3 (SD) years] and 3 days beneficial among IPF trolled trial
fibrosis (IPF) 19 normal nonsmokers patients by reversing the
[mean age, 36 +3 oxidant-antioxidant
(SD) years] imbalance.
(19) Human 14 HIV seropositive 600mg twice daily for It is a reasonable B: Cohort ‘outcomes’
immunodeficiency individuals [mean 3 days therapeutic strategy to research
virus (HIV) age, 32+2 (SD) years] augment the deficient
seropositive GSH levels of the lower
individuals respiratory tracts of
HIV seropositive
individuals.

(20) Chronic rhinitis 13 patients with chronic 600 mg daily for 14 days  Statistically significant B: Nonrandomized
rhinitis and 13 healthy improvement in nasal controlled trial
subjects (4-15 years of age obstruction, rhinorrhea
for all subjects; mean age, and ear fullness.

8.2 years)
(10) CF Seven CF patients [mean 600 mg of GSH for Inhalation therapy with ~ B: Cohort ‘outcomes’
age, 25+ 1 (SD) years] 3 days GSH does normalize research
the respiratory
epithelial surface
oxidant—antioxidant
balance in CF patients.
(25) CF 21 patients with CF (16-37 300 or 450mg three Inhaled GSH B: Cohort ‘outcomes’

years of age for all
subjects)

times daily for 14 days

can permeate the lower
airways of the lungs
and improve important
parameters of lung
function in CF patients
despite not having any
effect upon markers of
oxidative injury.

research

(continued)
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Reference ~ Condition N Dosages of inhaled Outcome Evidence grade
GSH
(26) CF 17 patients with CF (18-29 450 mg three times daily  Inhaled GSH did not B: Cohort ‘outcomes’
years of age for all subjects;  for 14 days affect the oxidative research
mean age, 24 years) status of the patients
who were tested, but it
did favorably modulate
their immune responses.
(22) Emphysema One (95 year-old male) 120 mg of GSH in When the patient C: Case report

office, then 120 mg
twice daily for 3 days,
and continuation

of treatment (dose
unknown) for 2 years

returned for a follow-up
visit, he no longer
required the use of his
wheelchair and oxygen.
The striking results
were unexpected and
unlikely to be due to
placebo alone.

[mean age, 42+ 1 (SD) year] were compared with 10 AF
[mean age, 43+ 1 (SD) year] serving as the control group.
All patients had baseline lung function testing and testing
at various time intervals following hay exposures. The
authors of this study concluded that FL and AF patients
have characteristically different intrapulmonary levels of
GSH, and that the pathogenesis of FL is likely related to
GSH regulatory mechanisms. They also speculated that
AF patients have a better ability to upregulate their
pulmonary GSH levels, which would protect them
against active disease. Clinical testing of inhaled GSH
in patients with FL is warranted.

The administration of GSH inhalation before and/or
immediately following exercise is another potential
application of this novel treatment. Exercise is a known
inducer of oxidative stress leading to free radical
production, which can encourage lipid peroxidation and
tissue damage among individuals with deficient and/or
impaired antioxidant systems. As stated in the beginning
of this report, selenium is a cofactor in the GPX enzyme
that protects cells from hydrogen peroxides and lipid
hydroperoxides. When under situations of oxidative
stress, the GPX enzyme will markedly increase in
the lungs as an antioxidant adaptive response (37).
By supplying more GSH to the lung tissues, more of
this enzyme might be available to help reduce the
production of free radicals associated with exercise.
Although these assumptions are very speculative, it does
seem possible and even logical that GSH inhalation
would benefit those who regularly exercise by increasing
exercise tolerance, and by maintaining and/or replenish-
ing the antioxidant systems within the lungs.

Multiple chemical sensitivity disorder (MCSD) is
another condition that might be clinically responsive to
this treatment. Patients with this disorder are known to
have bronchial hyperreactivity and even exhibit asthma-
like symptoms (38). Unlike asthma, MCSD is not
associated with atopy and immunoglobulin E (IgE)-
mediated allergic mechanisms (39). The prevailing theory

explaining the cause of MCSD is a fusion between two
separate theories—the neural sensitization and nitric
oxide/peroxynitrite theories (40). This fusion theory,
proposed by Pall, links long term potentiation of N-
methyl-d-aspartate (NMDA) receptors at the synapses of
nerve cells by glutamate and aspartate to an increased
production of nitric oxide and its oxidant product,
peroxynitrite (40,41). Treatment with antioxidants may
improve symptoms of MCSD by reducing the peroxy-
nitrite elevations and other biochemical dysfunctions that
are associated with such elevations (40,41). Glutathione
inhalation may be ideal since the primary route by which
patients with MCSD get triggered is through smelling
and breathing. Sulfite sensitivity would have to be
considered since inhaled GSH could provoke adverse
events. This treatment might be capable of providing
antioxidant protection to both the upper and lower
respiratory airways, which would theoretically help to
reduce the symptoms of MCSD and the production of
peroxynitrite. More research studies are necessary.

Two final conditions, cigarette smoking and lung
cancer, are worth mentioning since they are intimately
related to each other and are affected by GSH and its
related enzymes. These conditions are influenced by the
glutathione S-transferase (GST) group of enzymes that
are found in significant quantities in the bronchioles and
alveoli of the lungs (42), and in very high concentrations
in the bronchial epithelium (43). Among smokers, a lack
of the GST mu enzyme was thought to be associated with
a greater risk of lung cancer, especially if there was a
cancer and/or lung cancer history among the relatives of
the patients in this study (44). Since the GST mu enzyme
detoxify carcinogens in tobacco, any deficiency of this
enzyme was presumed to be associated with an increased
risk of lung cancer. However, a more recent study
pertaining to the GST group of enzymes found no such
association (45). In this meta-analysis, polymorphisms in
the GST genes had no associations or weakly positive
associations with risk factors for lung cancer. Despite the
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need for more research, GSH inhalation might be
beneficial for smokers to augment their GST enzymes,
which would help facilitate the detoxification of carcino-
gens. Even though the best intervention for these patients
would be smoking cessation, many patients lack the
necessary willpower to quit. For these patients, regular
GSH inhalation might reduce oxidants generated from
cigarette smoke (~10' free radicals/puff) (46), and the
epithelial lung injury associated with smoking (47).

For lung cancer patients, the use of GSH inhalation is
not recommended. Cancer cells use multiple mechanisms
(e.g. altered transport of a drug, inhibition of drug-
induced apoptosis and elevation of cellular GSH) to
circumvent the cytotoxic effects of chemotherapeutic
agents (48). Early research studies showed that GSH
was able to reduce cytotoxicity to chemotherapeutic
compounds by boosting the metabolism of drugs to less
active compounds, or by the detoxification of free
radicals (49,50). More recently, research has revealed
that the levels of a specific GST enzyme increases among
cancer cells with higher differentiation grades, and that
these drug-resistant gene products are found in lung
carcinomas at the time of surgical resection (51). There is
also speculation that GSH might be capable of repairing
drug-induced injury at the DNA level (48). A recent
review article has described the involvement of glu-
tathione in the detoxification or inactivation of platinum
drugs—the most commonly employed drugs for the
treatment of advanced stage lung cancer patients (52).
Based on this information, it would be unwise and
illogical to use GSH inhalation while lung cancer patients
are undergoing active chemotherapy treatment.

Mechanism of Action

Inhalation of GSH results in a mechanism of action
confined to the upper airways and lungs (Fig. 1), and will
not influence plasma levels to a significant degree. In the
studies that measured both lung and plasma levels of
GSH, the plasma levels remained essentially unchanged
following GSH inhalation. Seven of the studies included
in this review demonstrated that GSH inhalation exerts
its effects wupon the lower respiratory tract
(9,10,19,24-27). The upper respiratory tract also appears
to benefit from GSH augmentation. Two studies invol-
ving patients with upper respiratory tract diseases showed
clinical benefits from GSH inhalation treatment (20,23).
The predominant mechanism responsible for GSH’s
therapeutic effects are probably related to its antioxidant
properties that offer protection against oxidative injury,
and/or assist with the normalization of the oxidant—
antioxidant balance within the upper and lower respira-
tory tract. Even though the majority of these studies
suggested that antioxidant protection was the principal
reason for the favorable treatment responses, some of the
studies were unable to demonstrate a change in markers

GSH in pulmonary diseases and respiratory-related conditions

of oxidation from this treatment. More data is necessary
to confirm the precise nature of GSH’s antioxidant
properties within the upper and lower respiratory tract.
Additional explanations for GSH’s therapeutic effects
might include an improvement in host defenses (e.g.
increased cytotoxic lymphocytes), and better oxygenation
(e.g. an increase in oxygen saturation). GSH inhalation
produced clinically meaningful results in the majority of
diseases that were studied. Specifically, GSH inhalation
was shown to improve clinical markers of respiratory
function that inevitably impact upon quality of life and
disease progression. These improvements were the most
important outcomes and features of this novel treatment.

Considerations Prior to Initiating GSH Inhalation

The urine should be tested for sulfite sensitivity. A special
test strip can be dipped in the urine, and is known as the
‘EM-Quant 10013 Sulfite Test.” It can be easily located
through any search engine on the Internet (53). Even
though instructions for sulfite testing have been published
elsewhere (54), a brief description of the procedure is
outlined below:

A random (fresh) urine sample is suitable, but a
first morning void may be preferable due to its
higher concentration. Once the test strip is
dipped in the urine (for 1s), the reaction zone
changes color to indicate the concentration of
sulfites present. After 30s, the color on the test
strip is compared to a color scale on the bottle
indicating the concentrations of sulfites in the
urine (can detect 10, 40, 80, 180 and 400 ppm of
sulfites). The resultant concentration should be
multiplied by a factor of 1.5 to provide the
amount of free sulfites in mg/l (ppm). The strip
will not detect below 10 ppm. The urine samples
should be preservative free, and the urinary pH
should also be tested with pH paper. If the urine
pH is below 6, then the amount of sulfites might
be underestimated by the test. In such cases,
consider adding sodium acetate or sodium
hydroxide to raise the pH to at least 7-10
(should not exceed a pH of 12), and then repeat
with a new test strip.

If the urine test were positive for sulfites (normally they
are absent), the use of inhaled GSH would be strictly
contraindicated.

Method of Delivery, Recommended Daily Dosages
and Side Effects

With a nebulizer, a solution of GSH is made into an
aerosol and is delivered to the upper respiratory tract
and the lungs through a mask that covers the nose
and mouth, or is delivered directly into the lungs via
a mouthpiece. Any compounding pharmacist would be
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Figure 1. Inhaled GSH’s mechanism of action. GSH, reduced glutathione; FEV,, forced expiratory volume in 1s; FVC, forced vital capacity.

able to prepare the solution of GSH at the desired
concentrations. The typical dosages wused in the
studies cited in Table 3 were 600 mg once daily, 600 mg
twice daily, 900mg daily, 1350mg daily or a daily
dose of 66mg/kg of body weight. Better results
are more likely to be achieved with doses of at least
600mg or more each day. One of the studies used
much larger doses (66 mg/kg of body weight) since the
authors speculated that these would be necessary to
replace half of the amount of GSH that is produced each
day (e.g. a 1501b male synthesizes 10 g daily and would
need 5g as a replacement dose) (27). When patients are
unresponsive to doses in the range of 600-1350mg per
day, it might be suitable to try doses that would replace
half the estimated amount of GSH that is synthesized
each day. These gram doses might yield better clinical
results.

In terms of side effects, GSH inhalation is very safe.
Minor side effects such as mild coughing and an
unpleasant odor were reported in some of the studies
included in this review. These minor side effects, better
described as mild nuisance problems, were not severe
enough to cause any of the study participants to
discontinue treatment with inhaled GSH. The only
worrisome or potentially life-threatening side effect to
note is bronchoconstriction, which would be more likely
to occur among sulfite-sensitive asthma and MCSD
patients. However, if proper precautions such as sulfite
testing are done prior to treatment, this serious side effect
should be avoidable.

Monitoring the Clinical Response to Inhaled GSH

For pulmonary diseases or respiratory-related conditions,
baseline pulmonary function testing with a spirometer or
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a simple peak flow meter is recommended prior to the
first treatment. After a prescribed period of treatment
time, pulmonary function tests should be repeated. This
will help to establish if there are any clinical improve-
ments from regular GSH inhalation.

Conclusions

GSH inhalation is an effective treatment for a variety of
pulmonary diseases and respiratory-related conditions.
Even very serious and difficult-to-treat diseases (e.g., CF,
IPF) yielded benefits from this novel treatment. GSH
inhalation is very safe, and rarely causes major or life-
threatening side effects. The potential applications are
numerous when one considers just how many pulmonary
diseases and respiratory-related conditions are affected by
deficient antioxidant status, poor oxygenation and/or

impaired host defenses. More studies are clearly
warranted.
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Project Manager, PCAC PHARMACY
CDER/OC/OPRO SERVICES, INC.

10903 New Hampshire Ave., Bldg 51, Rm 3249
Silver Spring, MD 20903
Email: toni.haliman{@fda.hhs.gov

RE: Docket FDA-2015-N-3534

Dear Ms. Hallman,

McGuff Compounding Pharmacy Services, Inc. (MCPS) is responding to the
FDA's questions to the nomination of (glutathione) Reduced L-glutathione’s
inclusion on the 503A bulk drug substances list due by March 2, 2018.

Responses:

Q. Does MCPS still want to pursue review by the FDA and consideration
by the PCAC of Reduced L-glutathione’s for inclusion on the 503A
bulk list?

A. Yes.

Q. Please submit in writing the disease state(s) or health condition(s) that ——
you are proposing for FDA's review, the dosage form and
strength/concentration proposed for each use, and clinical, if available COMPOUNDING
and other scientific articles in support of each use. If this information is PHARMACY
not submitted for a proposed use, FDA does not intend to review the
nominated substance for that use. SERVICES

A. Traditionally, pharmacies are not required to document the purported

use of a prescribed drug, compounded or otherwise. Hence, we
cannot report all the intended uses of compounded glutathione
preparations by practitioners who have prescribed them. However, in
alignment with the FDA’s own guidance definition that an API or bulk
drug substance is, “any substance that is intended for incorporation
into a finished drug product and is intended to furnish pharmacological
activity or other direct effect in the diagnosis, cure, mitigation,
treatment, or prevention of disease, or to affect the structure or any
function of the body...,” we have compiled the following information
based on our own historical experience with practitioners’ usages of
glutathione as well as those supported by literature:

Peripheral Obstructive Arterial Disease
Dosage Form: Aqueous parenteral solution of 100 mg/mL to 200
mg/mL concentrations

2921 W, MacArthur Blvd,
Suite 142

Santa Ana, CA 92704-6929

TOLL FREE: 877.444.1133
TEL: 714.438.0536

TOLL FREE FAX:
877.444.1155

FAX: 714.438.0520

EMAIL: answers@mcguff.com

WEBSITE: www.mcguff.com



Effect of Glutathione Infusion on Leg Arterial Circulation, Cutaneous
Microcirculation, and Pain-Free Walking Distance in Patients With Peripheral
Obstructive Arterial Disease: A Randomized, Double-Blind, Placebo-
Controlled Trial. ENRICO AROSIO, MD; SERGIO DE MARCHI, MD:
MASSIMO ZANNONI, MD; MANLIO PRIOR, MD:; AND ALESSANDRO
LECHI, MD. Mayo Clin Proc. 2002;77:754-759.

Parkinson’s Disease
Dosage Form: Aqueous intravenous solution of 100 mg/mL to 200
mg/mL concentrations

Glutathione—a review on its role and significance in Parkinson’s disease.
Martin H & Teismann P. The FASEB Journal. 2018;23(10):3263-3272.

The Use of Intravenous Glutathione for Symptom Management of
Parkinson’s Disease: A Case Report. Madalyn Otto, ND; Tracy Magerus,
ND; Jeffrey Langland, PhD. ALTERNATIVE THERAPIES.

Pulmonary Diseases & Respiratory-Related Conditions
Dosage Form: Agueous inhalation solution of 100 mg/mL to 200
mg/mL concentrations

The Treatment of Pulmonary Diseases and Respiratory-Related Conditions
with Inhaled (Nebulized or Aerosolized) Glutathione. Prousky J. eCAM.
2008;5(1):27-35.

A Pilot Study of the Effect of Inhaled Buffered Reduced Glutathione on the
Clinical Status of Patients With Cystic Fibrosis. Clark Bishop, MD, FCCP;
Valerie M. Hudson, PhD; Sterling C. Hilton, PhD: Cathleen Wilde, BS.
CHEST 2005; 127:308-317.

Roum JH, Borok Z, McElvaney NG, Grimes GJ, Bokser AD, Buhl R, Crystal
RG. Glutathione aerosol suppresses lung epithelial surface inflammatory
cell-derived oxidants in cystic fibrosis. J Appl Physiol (1985). 1999
Jul;87(1):438-43. [PMID: 10409605]

D.Hartl, et al. Inhaled glutathione decreases PGE, and increases
lymphocytes in cystic fibrosis lungs. Free Radic Biol Med. 2005 Aug
15;39(4):463-72. [PMID:16043018]

Cancer Treatment; Enhancement of Treatment and Alleviation of
Adverse Chemotherapy Effects

Dosage Form: Aqueous injection solution of 100 mg/mL to 200
mg/mL concentrations.

Neuroprotective Effect of Reduce Glutathione on Oxaliplatin-Based
Chemotherapy in Advance Colorectal Cancer: A Randomized, Double-
Blinded, Placebo Controlled Trial. Cascinu S et al. Journal of Clinical
Oncology. 2002;20(16):3478-3483.



Bohm S, Oriana S, Spatti G at al. Dose intensification of platinum
compounds with glutathione protection as induction chemotherapy for
advanced ovarian carcinoma. Oncology. 1999;57(2):115-20

J. F. Smyth, A. Bowman, T. Perren, P.Wilkinson, R. J. Prescott, K.J. Quinn &
M. Tedeschi. Glutathione reduces the toxicity and improves quality of life of
women diagnosed with ovarian cancer treated with cisplatin: Results of a
doubleblind, randomised trial. Annals of Oncology 8: 569-573, 1997.

Miko Enomoto T, Johnson T, Peterson N, Homer L, Walts D, Johnson N.
Combination glutathione and anthocyanins as an alternative for skin care
during external-beam radiation. Am J Surg. 2005;189(5):627-630; discussion
630-631.[PubMed 15862509]

Di Re F, Bohm S, Oriana S, Spatti GB, Zunino F. Efficacy and safety of high-
dose cisplatin and cyclophosphamide with glutathione protection in the
treatment of bulky advanced epithelial ovarian cancer. Cancer Chemother
Pharmacol. 1990;25(5):355-60.

Immune System Protection/Enhancement
Dosage Form: Aqueous injection solution of 100 mg/mL to 200
mg/mL concentrations

Atherosclerosis: pathogenesis and increased occurrence in individuals with
HIV and Mycobacterium tuberculosis infection. Guilford T et al. HIV/AIDS -
Research and Palliative Care. 2010;2:211-218.

Perricone C, De Carolis C, Perricone R. Glutathione: a key player in
autoimmunity. Autoimmun Rev. 2009;8(8):697-701.[PubMed 19393193]

Glutathione supplementation improves macrophage functions in HIV. Morris
D, Guerra C, Khurasany M, Guilford F, Saviola B, Huang Y, et al. J Interferon
Cytokine Res. 2013;33(5):270-9. PMID: 23409922

. Glutathione is unlikely to be stable under ordinary storage conditions
when compounded as a solution, cream, or gel, which are among the
nominated dosage forms. Please provide any information available
about how these issues are addressed for compounded products.
. MCPS has performed a stability study on for its Reduced L-
glutathione compounded aqueous injection preparations to
demonstrate formulation stability through the assigned Beyond-Use
Date. The following parameters were examined and/or tested as part
of the stability program:
i. Appearance, seal
ii. Appearance, vial
ii. Appearance, solution
iv. Foreign matter, visible particulate
v. pH
vi. Potency assay
vii. Endotoxin
viii. Sterility, Initial and at or after Beyond Use Date
ix. Method suitability, sterility test



X. Method suitability, Inhibition/Enhancement, Endotoxin
test
Xi. Container closure integrity
xii. Preservative Antimicrobial Effectiveness Test (for multi-
dose vial)
xiii. Preservative concentration assay (for multi-dose vial)
xiv. Potency assay of an expired sample, after 7 days of
exposure to 40-50 deg C

For dosage forms with which MCPS does have any stability data, the
shelf life given follows USP guidelines for Beyond-Use Date
assignments.

We would like to note that since the beginning of the year, we have received
four requests to affirm our nomination of certain bulk drug substances and to
provide FDA with additional information. No context has been provided for
these requests; they have been sent one after another with no explanation of
when the given ingredient will be considered by the Pharmacy Compounding
Advisory Committee (PCAC) or what identical requests from FDA may be
forthcoming. Because these requests also seek a response within a short
time — typically 10 days from our receipt of FDA's emailed messages — there
is very little time to react.

FDA is not being well served by this process, nor is public safety. Our
organization, along with the other nominators, is being forced to gather
information quickly, so the responses we are able to provide are inevitably
incomplete. As FDA and PCAC are expected to act on this information, the
implications for patient care and safety are significant. Information
concerning dosages, delivery methods, clinical studies supporting proposed
uses, etc. ought to be thorough and extensive. If PCAC is expected to make
recommendations — and the Agency to consider them — based on rushed and
incomplete information, good analysis and sound decision making are being
shortchanged. Ultimately, public health and safety are being jeopardized.

We hasten to add that FDA's original request for nominations asked only for a
substance’s “proposed use” and did not ask for the disease indication or
condition, nor to prioritize all uses, nor the scientific articles in support of each
use. Fulfilling these requests requires further time and consideration — much
more than 10 days or 2 weeks.

Based on the foregoing, we ask that FDA do the following:

- Provide at least 60 days for nominating organizations to respond
- When a request is made, indicate approximately when that bulk drug
substance will be considered by the PCAC.

We will continue to provide to the best of our ability the information that is
being requested by each bulk drug substance nomination questionnaire.
However, for all previous responses we have submitted as well as future
submissions, we reserve the right to add, modify or delete information
provided in our testimony before the committee.



We look forward to your timely response, and thank you very much for your
consideration.

Sincerely,

Ronald M. McGuff, President/CEO

McGuff Compounding Pharmacy Services, Inc.
2921 W. MacArthur Blvd., STE 142

Santa Ana, CA 92704
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Abstract: Atherosclerosis is a leading cause of coronary heart disease and stroke. Since 1981,
more than 980,000 cases of AIDS have been reported in the United States. According to the
Centers for Disease Control, more than 1 million Americans may be infected with HIV. By
killing or damaging CD4+T cells of the body’s immune system, HIV progressively destroys the
body’s ability to fight infections. People diagnosed with AIDS often suffer from life-threatening
diseases caused by opportunistic infections such as tuberculosis. HIV-infected individuals have
increased risks for atherosclerosis. This review summarizes the effects of oxidized low density
lipoproteins in impairing macrophage functions in individuals with atherosclerosis (with and
without HIV infection) thereby enhancing the susceptibility to Mycobacterium tuberculosis
infection.

Keywords: AIDS, HIV, Mycobacterium tuberculosis

Introduction

Oxidized low-density lipoprotein (ox-LDL) has been shown in several studies to be
an independent marker of the progression of atherosclerosis.'™ The pathophysiology
relates to macrophage ingestion of excess ox-LDL and the formation of foam cells,
the acknowledged trigger of atherosclerosis.’ It has been shown that both high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol contain
the antioxidant enzyme glutathione peroxidase embedded in the lipoprotein, and a
continuous supply of glutathione (GSH) is needed to prevent the oxidation of HDL and
LDL cholesterol.® The observation that excessive ox-LDL ingestion by macrophage
interferes with normal macrophage function may have implications in other disease
conditions in which low GSH plays a role, such as HIV infection. Individuals with
HIV infection are at increased risk for the progression of atherosclerosis’ as well
as infectious diseases such as tuberculosis (TB).® This review postulates that the
compromise in macrophage function that occurs with HIV may increase the risk of
both atherosclerosis as well as susceptibility to Mycobacterium tuberculosis (M. tb)
infection. The increase in ox-LDL ingestion and resulting macrophage dysfunction
may contribute to the increased risk for M. b infection in both HIV-positive and
HIV-negative individuals.

Atherosclerosis

Atherosclerosis is a leading cause of coronary heart disease and stroke, which were
responsible for more than 589,000 deaths in 2005 — almost 25% of all deaths in the
United States. Each year more than 1.2 million will suffer a coronary attack and almost
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800,000 people will suffer a stroke. Atherosclerosis is a
process in which deposits of fatty substances, cholesterol,
cellular waste products, calcium and other substances build
up in the inner lining of an artery. This build-up is called
plaque.’ It usually affects large- and medium-sized arteries.
Some hardening of arteries often occurs when people grow
older. Plaques can grow large enough to significantly reduce
the blood’s flow through an artery. But most of the damage
occurs when they become fragile and rupture. Plaques that
rupture cause blood clots to form that can block blood flow
or break off and travel to another part of the body. If either
happens and blocks a blood vessel that feeds the heart, it
causes a heart attack. And if blood supply to the arms or legs
is reduced, it can cause difficulty walking and eventually
lead to gangrene. Atherosclerosis can result in myocardial
infarction, and bits of plaque can lodge in arteries in the
brain, causing a stroke.’

Glutathione

GSH is a tripeptide that, in its reduced form, protects cells
against oxidizing agents, free radicals and reactive oxygen
intermediates (ROI). In addition to its antioxidant role,
GSH plays a vital role in maintenance of cell viability
and regulating immune cell functions.’ Synthesis of GSH
occurs in 2 steps. The initial step (the rate limiting step) is
the formation of a dipeptide, y-glutamyl cysteine, a reaction
that is catalyzed by y-glutamylcysteine synthetase. Intracel-
lular levels of L-cysteine are substantially lower than levels
of L-glutamate and glycine. Therefore, GSH synthesis
is limited by the availability of cysteine.!® The second
step involved in the synthesis of GSH is the formation of
v-glutamyl cysteine glycine, catalyzed by the enzyme GSH
synthetase.!* Intracellular GSH levels can be increased or
decreased by treatment with N-acetyl cysteine (NAC) or
buthionine sulfoximine (BSO), respectively. The most effi-
cient way to increase the levels of cysteine in cells grown
in vitro is to supply the culture medium with NAC, which
is easily taken up by the cells and is nontoxic. Intracel-
lularly, NAC is de-acetylated and cysteine is utilized for
GSH synthesis. BSO specifically inhibits the activity of the
v-glutamyl-cysteinyl synthetase enzyme, which catalyzes
the first step reaction in the synthesis of GSH,*!* leading to
inhibition in the synthesis of GSH.

Oxidized LDL

Oxidation of LDL (ox-LDL) cholesterol has been shown
to convert LDL cholesterol to a form that is recognized by
scavenger receptors on macrophages and to contribute to

foam cell formation.® It has been known for some time that
vitamin E and B-carotene are found in the LDL complex
and that decreases in vitamin E and (-carotene are early
events reflecting the initial stages of lipid peroxidation for-
mation.!'" It has only recently been shown that glutathione
peroxidase (GPx) is also found to occur naturally in the
LDL lipoprotein. Substituting the unique substrate for
GPx, reduced GSH, with liposomal GSH can slow the
formation of ox-LDL in vitro in human blood and slow
atherosclerosis in vivo in the ApoE“~) mouse model of
atherosclerosis.'?

Ox-LDL and atherosclerosis

Ox-LDL has been shown in several studies to be an inde-
pendent marker of the progression of atherosclerosis.! The
pathophysiology relates to macrophage ingestion of excess
ox-LDL and the formation of foam cells, the acknowledged
trigger of atherosclerosis.” The mechanism of ox-LDL
and the requirement for GSH to prevent oxidation of LDL
cholesterol has been described in Rosenblat et al'? using
liposomal GSH as the source of GSH in both human blood,
in vitro studies and in the mouse model of atherosclerosis.
This study demonstrated that both LDL and HDL contain
the antioxidant enzyme GSH peroxidase embedded in the
lipoprotein.'> As GSH is the single substrate for GSH
peroxidase, a continuous supply of GSH in the reduced
state is needed to prevent the oxidation of LDL and HDL
cholesterol. This study also demonstrated that preventing
the oxidation of LDL and increasing the intracellular GSH
levels is able to maintain normal macrophage function. It
is likely that the presence of excess amounts of ox-LDL
will be an indicator of general macrophage dysfunctions as
it has been shown to stimulate the release of macrophage
inflammatory protein 1-alpha (MIP-1alpha)’ as well as other
immune responses. Ox-LDL is known to be ingested by
macrophages and without adequate antioxidant function is
prone to form foam cells (Figure 1), a transition which is
also a contributing factor to the formation of atherosclerosis'*
and atherosclerotic lesions.'*!

Macrophages and atherosclerosis

Macrophages are derived from the circulating pool of mono-
cytes.'® Monocytes are produced in the bone marrow and,
in the absence of specific survival signals, are programmed
to undergo apoptosis in 24-48 hours.!*!” When monocytes
are recruited into local environments they differentiate into
macrophages. In arteries, macrophage scavenging function
may be diverted to the formation of plaque; in the lung
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Foam cell

CD36 mediated

internalization Oxidized LDL

Figure | Receptor mediated uptake of oxidized low density lipoproteins by
macrophages resulting in foam cell formation.

they become alveolar macrophages. In atherosclerosis,
macrophage oxidative impairment occurs in the GSH-related
antioxidant system,’> probably related to the unregulated
ingestion of ox-LDL via the CD36 receptor.'®°

Role of GSH in macrophage

function

In the natural state, GSH levels are maintained by both the
synthesis of GSH and by GSH reductase, an enzyme that
catalyzes the reduction of glutathione disulfide (GSSG) to
GSH, with NADPH as the reducing cofactor. Increasing the
expression of GSH reductase, the enzyme which returns GSH
to the biochemically reduced (functional) state, decreases
atherosclerotic lesions.? It has been shown that lymphocyte
proliferation after mitogenic lectin exposure is decreased?!
with low intracellular GSH.>!*?

The level of reduced GSH in the extracellular lung fluid
(ELF) or alveolar lining fluid has been estimated to be as
much as 140-fold higher than the level of reduced GSH
found in the plasma of the same individuals.” The antioxidant
GSH is essential for the detoxification of endogenous and
exogenous oxidant radicals and protection of cells residing
in the airway and alveolus®** and during oxidative stress
such as cigarette smoking.?® In disease states, the level of
ELF GSH may decrease dramatically to the point that acute
respiratory distress syndrome has only 0.05% of the amount
found in the normal ELE.%

In the lung, intracellular antioxidants are expressed at
a relatively low level in the lung epithelial tissue and are
not induced by oxidative stress. The major antioxidants in
the lung are extracellular and the GSH system is the major
antioxidant mechanism used in the airways.?® Alveolar
macrophage cells rely on the ELF level of GSH to provide
the biochemical support to maintain intracellular GSH
levels® and protect their membranes during the respiratory
burst.*

When macrophage GSH availability is limited, cellular
functions such as phagocytosis and microbial clearance are
compromised.?* The mouse model of decreased alveolar
macrophage GSH resulted in a decrease in the rate of phago-
cytosis of individual macrophages as well as a decrease
in the overall percentage of macrophages positive for
phagocytosis.?* Similar findings have been reported in the
alveolar function of guinea pigs exposed to ethanol in utero
resulting in low macrophage GSH. The addition of precursors
of GSH to the diet of the ethanol-exposed animals increased
the GSH levels in the ELF and alveolar macrophages and
maintained both the rate of internalization and the number
of macrophages positive for internalization.”* It was also
shown that decreased GSH availability in the ELF and
alveolar macrophages of ethanol-fed mice resulted in an
increase of apoptosis of macrophages that could be reversed
by maintaining GSH availability.*

GSH and arterial macrophage

functions in atherosclerosis

GSH deficiency in the macrophage has been shown to be
associated with compromise of mitochondrial function. GSH
plays an integral role in protecting the mitochondria from ROI
damage and it is the level of mitochondrial GSH that deter-
mines when cellular toxicity commences.'® GSH deficiency
in mitochondria contributes to macrophage dysfunction in
atherosclerosis. Data from a study of the upregulation of
GSH reductase in macrophages provide direct evidence that
the GSH-dependent anti-oxidant system in macrophages
plays a critical role in atherogenesis.?’ The study shows that
overexpression of GSH in either mitochondria or the cytosol
of macrophages decreases the severity of atherosclerosis in
this animal model.?

Ox-LDL-related peroxyl radical formation is implicated
in both mitochondrial dysfunction and macrophage lysis."”
Ox-LDL toxicity is related to compromise of mitochondrial
function including an increase in mitochondrial Ca*?,
opening of mitochondrial permeability transition pores and
depolarization of mitochondrial membrane potential.
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It has been observed that maintaining adequate GSH
levels in macrophage will prevent the toxicity of ox-LDL
in an in vitro macrophage model.>'** These findings help
explain why a decreased amount of reduced GSH in blood
has been shown to be an independent marker of progression
of atherosclerosis in 2 studies.!>!*

HIV

Worldwide, it is estimated that approximately 40 million
people are infected with HIV, two-thirds of whom live in
sub-Saharan Africa. Three regions, Africa, Asia, and Latin
America, have the highest rates of new infections. AIDS
is the fourth leading cause of death worldwide.** HIV is
the cause of AIDS. Both HIV-1 and HIV-2 cause AIDS,
but HIV-1 is found worldwide, whereas HIV-2 is found
primarily in West Africa. HIV preferentially infects and kills
CD4+ T lymphocytes, resulting in the loss of cell-mediated
immunity and a high probability that the host will develop
opportunistic infections. HIV-infected individuals have an
increased risk for atherosclerosis and susceptibility to M. tb
infection.

HIV and atherosclerosis

As people with HIV live longer due to effective combination
antiretroviral therapy (ART), cardiovascular disease has
become an increasingly important cause of morbidity and
mortality. But it remains controversial whether HI'V infection
contributes to accelerated atherosclerosis independent of
traditional cardiovascular risk factors. In a recent cross-
sectional study, more than 400 HIV-positive participants
without pre-existing cardiovascular disease in the FRAM
(Fat Redistribution and Metabolic Change in HIV Infection)
study were compared with HIV-negative participants in the
MESA (Multi-Ethnic Study of Atherosclerosis) cohort.”
The preclinical atherosclerosis was assessed by measuring
carotid intima-media thickness (IMT), or thickness of the
walls of the arteries in the neck that supply the brain. IMT
was evaluated at 2 sites in the artery, known as the internal/
bulb. Even after adjustment for traditional cardiovascular
disease risk factors, HIV infection was accompanied by
more extensive atherosclerosis as measured by IMT.” The
association of HIV infection with IMT was similar to that
of traditional cardiovascular disease risk factors, such
as smoking. The impact of HIV infection on preclinical
atherosclerosis overrides any small differences related to
antiretroviral therapy or specific drug classes. The effect of
HIV is so big that no drug or class of drugs stands out as
being an effective contributor.’

GSH and HIV-infection

Findings from our research laboratory as well as by other
groups confirm that intracellular levels of GSH are decreased
in patients with AIDS,* in whom the risk of TB is many times
that of healthy individuals.* The factors responsible for low
GSH in HIV infection are poorly understood. Infection with
HIV is believed to trigger a range of metabolic changes in
addition to the progressive deficits in cellular immunity and
increased susceptibility to opportunistic infections that are
its clinical hallmarks, and the progression to AIDS.3¢* The
decreased GSH content in immune cells of HIV-positive
individuals was at least in part attributed to the decrease in
plasma cysteine and increased plasma glutamate (an inhibitor
of cysteine permeation via the Xc-transport system), as
observed during early infection (Figure 2). The decreased
intracellular GSH and plasma cysteine observed in HIV
patients may also be due to chronic oxidative stress and this
may lead to the progression of the disease. The decreased
availability of cysteine can be overcome to some extent by the
cysteine precursor NAC.** Herzenberg and colleagues found
that NAC treatment improves the clinical situation and delays

TNF-AIpha
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Figure 2 Possible causes for decreased intracellular levels of glutathione in
individuals with HIV and/or M. tb infection.
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the disease progression.® This study showed that long-term
NAC administration to AIDS patients improves their hema-
tological profile, GSH content and life expectancy.®

Ox-LDL and HIV

Increased incidence of cardiovascular events in HIV
patients has sparked interest in elucidating the molecular
mechanism behind endothelial dysfunction resulting in
atherosclerotic pathology. While there is no evidence within
the literature of a molecular mechanism responsible for
increased cardiovascular risk within such HIV+ cohorts,
animal models expressing transgenic HIV-1 offer a promising
insight. One such study has shown significantly increased
aortic arch lectin-like oxidized-low-density-lipoprotein
receptor-1 (LOX-1) gene expression in HIV-1 transgenic
rats compared to control rats.* LOX-1 is an endothelial
receptor for ox-LDL and is hypothesized to be an early
marker of endothelial dysfunction. It has been proposed that
endothelial dysfunction is the first step in progression towards
atherosclerotic plaque formation. This same group has also
demonstrated significantly increased expression of inflamma-
tory endothelial adhesion molecules in the same HIV-1 model.
Both inducible vascular cell adhesion molecule-1 (VCAM-1)
and constitutively expressed intercellular adhesion
molecule-1 (ICAM-1) were both significantly elevated in
HIV-1 transgenic rats compared to control rats, strongly
suggesting for the first time that the HIV infection, inde-
pendent of antiretroviral therapy-associated dyslipidemia,
is capable of pathologic endothelial dysfunction that may
prelude atherosclerotic plaque formation in major blood
vessels.*

Tuberculosis

TB is the most prevalent infectious disease in the world.*’*
In recent years there has been a significant increase in the
incidence of TB due to the emergence of multi-drug resis-
tant strains of M. tb and the increased numbers of highly
susceptible immuno-compromised individuals arising from
the AIDS pandemic.® It is also believed that in developing
countries, as many as 40%-80% of individuals with AIDS
are at risk of developing TB.®** The innate and adaptive
immune systems contribute to host defenses against M. tb
infection.**>* Control of M. tb infection occurs both at the
macroscopic and cellular levels. At the macroscopic level,
the physical containment of viable mycobacteria within
fibrotic granulomas contributes to prevention of overt
disease.* Control of mycobacterial replication also occurs
within macrophages. Resident tissue macrophages provide

the first-line defense against M. b infection. Macrophages
and natural killer (NK) cells play an important role in innate
defense against M. tb infection.’'>

Tuberculosis and GSH

Our group reported that GSH plays a key role in limiting
intracellular growth of Mycobacterium bovis BCG in nitric
oxide (NO)-deficient macrophages, such as macrophages
derived from inducible nitric oxide synthase (NOS2)-knock
out mice and human peripheral blood monocyte-derived mac-
rophages (HMDM). Thus, GSH has direct antimycobacterial
activity distinct from its role as an NO carrier, functioning
as an effector molecule in innate defense against M. tb
infection.*’*12 These results unfold a novel and potentially
important innate defense mechanism adopted by human
macrophages to control M. b infection.’>? Consistent with
these observations, we have also found that GSH mediates
growth control of virulent M. tb in human blood cultures.>>
These results indicate that the inability of immune cells to
contain M. tb growth may be a consequence of the inability
of the immune cells to maintain adequate GSH levels during
in vitro infection.’ Furthermore, our recent studies indicate
that GSH in combination with cytokines such as interleukin
(IL-2) and IL-12, activate NK cells to control M. tb infec-
tion.”* Most importantly, our recent studies demonstrate
that GSH levels are significantly reduced in peripheral
blood mononuclear cells and red blood cells isolated from
TB patients and this decrease correlates with increased pro-
inflammatory cytokine production and enhanced growth of
M. tb.>* Our group was the first to report that GSH levels are
decreased in individuals with pulmonary TB and to correlate
GSH levels with protective immunity.** Furthermore, our
study provides a direct relationship between decreased GSH
levels, pro-inflammatory cytokine production and enhanced
growth of M. tb in TB patients.**

ROI, GSH and TB

ROI are generated from NADPH through a catalytic reac-
tion of membrane bound enzyme NADPH oxidase, which
is activated by assembling cytosolic regulatory components.
The most important characteristic of ROI, either in vivo or in
vitro, is peroxidation of lipids resulting in tissue damage and
death of affected cells. Lipid peroxidation is a chain reaction
providing a continuous supply of free radicals that initiate
further peroxidation.* Free radical-induced lipid peroxida-
tion causes marked alterations in the structural integrity
and functions of membrane. The lipid peroxides formed at
the primary site such as lungs could be transferred through
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the circulation to other organs and tissues.’*8 Jack et al*’
reported that several circulating markers of free radical
activity were increased in pulmonary TB patients and some
of these markers remain elevated even after completion of
antimicrobial chemotherapy, indicating ongoing oxidative
stress, which may contribute to decreased GSH levels. It
is our prediction that in active TB, increased levels of ROI
cause impaired cystine transport leading to decreased levels
of GSH (Figure 2).

TNF-0, ROl and GSH

It has been shown that TNF-o stimulates ROI production.
TNF-o could impair GSH-redox status by production of
ROI, and impairment of the GSH-reductase system, thereby
leading to decreased regeneration of reduced GSH from
oxidized GSSG (Figure 2). Moreover, enhanced ROI is
likely to increase TNF-o. in various cells, and depletion of
reduced GSH will increase the inflammatory response to the
cytokine. Nuclear factor-kappa B (NF-xB) is a DNA binding
protein and a ROI-sensitive transcription factor for several
cytokines, including TNF-o..>” While NF-kB activation
(leading to TNF-o. production) is induced and enhanced by
ROI, it can also be blocked by anti-oxidants such as vitamin
E and GSH-enhancing agents such as NAC.%’ Excessive
production of TNF-o and increased tissue sensitivity to this
cytokine has been implicated in the immunopathology of TB,
such as caseous necrotizing reactions. For example, excess
TNF-o (relative to its receptors) in human bronchoalveolar
lavage fluid was associated with tissue necrosis and cavity
formation.>! Systemic spillover of TNF-o. may account
for unwanted inflammatory effects like fever and wasting,
which manifests clinically as cachexia, consistent with the
original designation as cachetin. In HIV-infected persons,
the effects of TNF-o. may be particularly deleterious, as this
cytokine has been implicated as a stimulus for HIV expres-
sion and for activation-induced T cell apoptosis. For these
reasons, several studies have examined anti-TNF treatments
in persons with AIDS and in HIV+ TB.%2°% Thus enhanced
TNF-a production may represent a pathogenic loop, leading
to enhanced inflammation and ROI production, leading to
reduced GSH levels.

Atherosclerosis and tuberculosis

Atherosclerosis is an inflammatory disease involving the
accumulation of macrophages in the intima. Wnt5a is a nonca-
nonical member of the Wnt family of secreted glycoproteins.
Recently, human macrophages have been shown to express
Wnt5a upon stimulation with bacterial pathogens in vitro

and in granulomatous lesions in the lung of M. th-infected
patients. Wnt5a expression has also been linked to Toll-like
receptor-4 (TLR-4), an innate immune receptor implicated
in atherosclerosis. These observations, along with the fact
that Wnt5a is involved in cell