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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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Assessed for eligibility (n=98)
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- Received intervention (n=20)
- Did not receive intervention (n=1)

v
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Allocated to 250 mg/d GSH (n=20)
- Received intervention (n=20)
- Did not receive intervention (n=0)
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- Did not receive intervention (n=0)
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~ 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

@ Springer



254 Eur J Nutr (2015) 54:251-263
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

25
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Respiratory Burst Index

5 | Neutrophil Phagocytosis

Phagocytotic Index
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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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