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Abstract

Background Glutathione (GSH) deficiency is common in HIV-infected individuals and is
associated with impaired T cell function and impaired survival. N-acetylcysteine (INAC) is
used to replenish GSH that has been depleted by acetaminophen overdose. Studies here test
oral administration of NAC for safe and effective GSH replenishment in HIV infection.

Design Oral NAC administration in a randomized, 8-week double-blind, placebo-con-
trolled trial followed by optional open-label drug for up to 24 weeks.

Subjects HIV-infected, low GSH, CD4 T cells <500 p,Lfl , No active opportunistic infec-
tions or other debilitation; »=281. Study conducted prior to introduction of protease
inhibitors.

Results Whole blood GSH levels in NAC arm subjects significantly increased from 0-88 mm
to 0-98 mm, bringing GSH levels in NAC-treated subjects to 89% of uninfected controls
(P=0-03). Baseline GSH levels in the placebo group (0-91) remained essentially the same
during the 8 week placebo-controlled trial. T cell GSH, adjusted for CD4 T cell count and
B2-microglobulin levels, also increased in the NAC-treated subjects (P=0-04). Adverse
effects were minimal and not significantly associated with NAC ingestion.

Conclusion. NAC treatment for 8 weeks safely replenishes whole blood GSH and T cell
GSH in HIV-infected individuals. Thus, NAC offers useful adjunct therapy to increase
protection against oxidative stress, improve immune system function and increase detox-
ification of acetaminophen and other drugs. These findings suggest that NAC therapy could
be valuable in other clinical situations in which GSH deficiency or oxidative stress plays a
role in disease pathology, e.g. rheumatoid arthritis, Parkinson’s disease, hepatitis, liver
cirrhosis, septic shock and diabetes.
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Introduction

Glutathione (GSH) is a cysteine-containing tripeptide (y-
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glutamylcysteinylglycine) that plays a wide variety of phy-
siological roles, including regulation of signal transduction
[1,2], intracellular defense against oxidative stress [3,4],
and systemic defense against drug toxicity [5,6]. It is
central to the regulation of metabolic and cell cycle related
functions in all animal cells [7—11]. In addition, it regulates
T and NK cell function, for example: low GSH in T cells
impairs interleukin (IL)-2 production, IL-2 responses and
cytotoxic T cell activity [12-17]; low GSH in NK cells
impairs Kkilling activity [18,19]; and low GSH in antigen
presenting cells (APC) impairs IL.-12 production and
favours T helper (TH)2 over TH1 responses [20].

In the clinical setting, GSH deficiency and oxidative
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stress have been associated with a series of debilitating
diseases, ranging from Parkinson’s disease to HIV infection
[21-46]. In HIV infection, GSH levels are low in plasma
and other body fluids [32-38,40,41]. Furthermore, GSH
levels in erythrocytes and in individual T cell subsets (detected,
respectively, by high-pressure liquid chromatography (HPLC)
and with the fluorescence activated cell sorter [FACS] as the
GSH conjugate glutathione-S-bimane [GSB]), decrease as
HIV disease progresses [41,43—46]. The clinical significance
of this HIV-associated GSH deficiency is reflected by the
strong association demonstrated recently between
decreased survival in HIV disease and both low thiol
levels in serum [42] and low GSB levels in CD4 T cells
[46].

Clinical methods for replenishing GSH are well estab-
lished [47]. N-acetylcysteine (NAC), a prodrug that sup-
plies bioavailable cysteine necessary for the replenishment,
is routinely administered to overcome pharmacologically
induced GSH deficiency [5,6,48—-51], for example due to
acetaminophen or cyclophosphamide overdose. Thus,
Droge [12,32,52], ourselves [45,53] and other studies
[54-56] have suggested that NAC be evaluated as an
effective means for preventing or reversing the GSH defi-
ciency in HIV infection. In addition, Jahoor ez al. [41] argue
directly for treating HIV-infected subjects with a cysteine
source (e.g. NAC) based on i vivo kinetic evidence
demonstrating that GSH is deficient in subjects with
AIDS, ‘due in part to a reduced synthesis rate secondary
to a shortage in cysteine availability’.

Questions have been raised about the bioavailability of
NAC in HIV-infected people, based on measurement
of NAC blood levels in HIV-infected subjects. However,
since NAC is a cysteine prodrug that is rapidly converted to
cysteine and GSH in the liver, it is necessary to measure the
functional bioavailablitity of NAC in terms of its ability to
replenish GSH. Thus, the placebo-controlled trial reported
here was conducted to rigorously evaluate the functional
bioavailability of orally administered NAC and the safety of
administering it to replenish GSH in HIV-infected
individuals.

A limited trial by Akerlund ez al. [57] recently showed
that NAC administration increases plasma cysteine in HIV-
infected individuals with CD4 T cell counts above
200 uL ™! blood. In our study, in which all subjects [81]
were selected to have low GSH levels and half were chosen
to have CD4 T cell counts below 200 uLfl, we show that
oral administration of NAC significantly restores both T
cell GSH (GSB) and total GSH in whole blood.

We also monitored NAC toxicity and survival in an
open-label (not placebo-controlled) continuation study in
which subjects who completed the 8 week placebo-con-
trolled trial were given the choice of whether they wished to
take NAC for a period of 6 months (blinding was main-
tained until all subjects completed the open-label trial
segment). Finally, we determined survival of trial subjects
2 to 3 years after baseline measurements were obtained.
Protease inhibitors did not become available until all con-
tinuation studies were complete. Findings from these con-
tinuation studies, which may be biased by the open-label

design and therefore cannot be taken as conclusive,
suggest that long-term high-dose NAC ingestion is safe
and is associated with longer survival in HIV-infected
individuals.

Methods
Study Design

The objective was to test orally administered NAC for
efficacy in replenishing GSH and for safety in an 8-week,
randomized, double-blind, placebo-controlled trial con-
ducted with HIV-infected subjects who were selected to
be relatively healthy according to the criteria listed in the
next section. We then proposed to further test NAC safety
by monitoring subjects who complete the trial and elect
optional open-label NAC for up to 24 weeks and by
monitoring survival of all subjects 2—3 years after comple-
tion of the trial. (The length of time and the methods used
for survival monitoring were not specified in the trial
protocol, which did not require long-term survival mon-
itoring as a condition for completion of the trial. However,
survival monitoring was part of the original plan as the
primary measure of additional benefits of NAC treatment.)

The primary outcome variables, FACS-detected GSH
(GSB) in CD4 and CD8 T cell subsets, were measured in
peripheral blood samples taken at baseline and at 2-week
intervals during the placebo-controlled 8-week trial segment.
Total GSH in whole blood, another outcome variable, was
measured at baseline and at completion of the 8-week
placebo-controlled trial. Survival was not a formal outcome
variable; however, survival status was determined for 73/81
subjects within 2—3 years of trial enrollment. The randomiz-
ation code was not opened until all subjects had completed
the open-label trial phase.

The trial protocol was approved by the Human Subjects
Committee of the Stanford University School of Medicine.
It included a provision for trial termination if the physician
monitoring adverse events so decided.

Trial subjects

HIV-infected subjects were interviewed initially to identify
relatively healthy subjects, as judged by the normal mobi-
lity, normal activity and absence of active opportunistic
infections (see Table 1). From this group, subjects were
selected for trial entry if they had essentially normal clinical
laboratory values and evidence of GSH deficiency, indi-
cated by FACS-detected GSH (GSB) levels in lympho-
cytes. The target size of the trial (80 subjects) was
determined by power analyses that indicated that comple-
tion of the randomized trial by 64 such subjects would give
sufficient statistical power to recognize GSH restoration.
All subjects gave written informed consent.

Of 828 HIV-infected individuals recruited through
newspaper ads and interviewed initially, 251 were selected

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929
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Table 1 Criteria for trial entry

Criteria

Eligibility criteria

Exclusion criteria

HIV-infected (both ELISA and Western Blot);> 18 years; CD4 T cells <500 cells uL."!; and evidence of GSH
deficiency, indicated by a CD8 T cell GSB level one standard deviation or more below the mean for healthy
uninfected controls [46]. This threshold value corresponds to the median defined in a previous cross-sectional
study of HIV-infected subjects [46].

creatinine > 2 mg dL~!; neutrophil count <500 L.~ !; platelets <20 000 pL.~!; bright expression of CD45RA on all T
cells; active bleeding disorder; haemoglobin <85 gdL.™'; AST or ALT >5 times normal; active opportunistic
infections requiring acute treatment; current B cell lymphoma; active peptic ulcer; chronic diarrhoea; Karnofsky
scores < 60; change in antiretroviral therapy during the preceding 4 months; significant ingestion of NAC, GSH,
pentoxifylline or other GSH-replenishing drugs within the preceding 6 months; daily use of acetaminophen
during the preceding 7 days; systemic hydrogen peroxide therapy; immune modulators (including ranitidine and

cimetidine); steroids (topical excepted); a-interferon; coenzyme Q-10; daily intake of >400 I.U. vitamin
E; >2000 mg vitamin C;>25 000 IU beta-carotene; > 50 pg selenium, or other antioxidant therapy within the

preceding month.
Behaviour criteria

Agreement to maintain current vitamin and medication regime and to forego immune modulators, antioxidants,

acetaminophen (because it depletes GSH) and more than one alcoholic drink per day. Tetracyclines, ampicillin,
erythromycin, amphotericin, trypsin, chymotrypsin and prophylaxis for protozoal, fungal, bacterial or viral
infections including acyclovir) were proscribed within two hours of taking NAC.

for screening for GSH levels and 83 individuals were
ultimately randomized into the study according to four
strata: CD4 T cell count, 200—500 or<200 L ™' blood;
and the 90th percentile for GSB in CD8 T cells, 1-0-1-3
or<1-0. The basis for choosing the upper GSB threshold
for trial entry [1,3] is explained below. Three strata were
filled (21-24 subjects); one stratum (high CD4 and low
GSB) was partially filled (16 subjects).

The target population size for completion of the ran-
domized, placebo-controlled trial was 64 subjects.
Recruitment was terminated when 60-65 of 81 enrolled
subjects were considered likely to complete the full 8
weeks.

Acceptance into the trial was based on the disqualifying
and qualifying criteria listed in Table 1. Of the 83 initially
enrolled subjects, two were mistakenly classified as eligible
for enrolment. Thus, data are presented here for 81 cor-
rectly enrolled subjects (see Fig. 1). Data for assessing
change in GSH levels was lacking for 3 subjects who left
the trial after week 0. A total of 61 subjects completed the
8-week trial. The number of subjects who failed to com-
plete the trial (Fig. 1) was not significantly different
between the trial arms (P=0-26, Fisher exact test, 2
sided). The reasons for failure to complete are reported
in the footnote to Table 6.

Randomization

Randomization and blinding were performed by an inde-
pendent clinical research organization (PharmaQuest, now
Inveresk Research, San Rafael, CA) supplied at intervals
with lists of eligible subjects by strata. The drug arm to
placebo arm ratio was 1:1. PharmaQuest held the ran-
domization code until all subjects had completed the full
trial, including the open-label segment, and all data had
been collected and stored in non-modifiable form, i.e.

blinding was maintained until all subjects completed the
open-label trial segment.

Drug dosage

NAC and placebo were supplied as indistinguishable effer-
vescent tablets to be dissolved in water, juice or soda before
ingestion. Subjects were given 10 tablets (8000 mg of
NAC) per day in distributed [3,4] doses day . The drug
dose was reduced in accordance with the schedule specified
in the protocol if subjects reported an inability to tolerate
the highest dose. Median dosage throughout the trial was
6-9 g day '; average dose was 7-0 g day~'; median dose for
the last two weeks was 63 g day~'. The dosages recorded
for subjects in the trial and placebo arms were essentially
identical.

Open-label (continuation) study

Subjects who completed the trial were allowed to take open-
label NAC for up to 24 weeks. 26/31 subjects from the NAC
group and 22/30 subjects from the placebo group elected for
this option. The drug dosage reduction schedule used during
the placebo-controlled trial segment was also applied during
the open-label segment. The median NAC dose taken during
the trial plus continuation phase was 5-3g day ' and the
median time that subjects took NAC was 24 weeks.

Laboratory Analyses
Whole blood GSH

One mL of blood was drawn, mixed within 2 min with
1 mL of 10% sulfosalicylic acid (SSA) and frozen immedi-
ately on dry ice. Samples stored at —70°C were later
thawed, spun and supernatant GSH measured by HPLC

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929
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as previously described [46]. Because this procedure is
highly demanding and expensive, whole blood sample
collection and analysis was limited to samples collected at
0 and 8 weeks. GSH in erythrocytes accounts for nearly all
of the GSH in ‘whole blood’ samples.

GSB (FACS GSH) in T cell subsets

PBMC prepared by Ficoll-hypaque separation were
stained initially for 20min at room temperature with
monochlorobimane, which intracellular glutathione-S-
transferase couples to GSH to form the fluorescent GSH
adduct, glutathione-S-bimane (GSB). At the end of the
incubation period, cells were chilled rapidly, aliquoted and
stained with fluorochrome-coupled monoclonal antibo-
dies that reveal subset-defining T cell surface markers
(BD-Pharmingen, San Diego, CA) [43,46,58]. GSB
levels, determined by FACS in the individual T cell

Figure 1 Distribution of subjects during
the randomized, open-label and survival-
monitoring segments of the trial.

subsets were normalized to the median GSB level of a
frozen PBMC standard that was thawed and analyzed in
parallel with the samples in the experiment. The normal-
ized GSB fluorescence levels at the 50th and 90th
percentile of the GSB distributions for the subsets are,
respectively, referred to as CD4/50, CD4/90, CD8/50,
and CD8/90.

Intracellular sulthydryls other than GSH can potentially
bind monochlorobimane and generate fluorescent adducts
[59]. However, GSB values in individual T cell subsets
obtained by monochlorobimane staining under our condi-
tions primarily report reduced intracellular GSH since
GSB values for CD4 T cells (and other lymphocytes)
correlate with HPLC-measured GSH in whole blood
(r=0-64, P<0-0001) [46]. Furthermore, the low GSB
levels that we detect in T cells from HIV-infected subjects
[46] are consistent with the increased GSSG:GSH ratios
demonstrated by others [60] in bulk assays of T cells [60].

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929



Thus, GSB measurements can also provide an index of
oxidative stress.

Data collection

Data were obtained for 81 subjects at week 0 and, respec-
tively, for 76, 68, 56 and 61 subjects at weeks 2, 4, 6 and 8.
Trial visits (5) were scheduled at 2-week intervals during
the placebo-controlled segment. Weight, clinical signs and
symptoms were recorded; the patients’ daily drug diaries
were reviewed; pill counts were done on the returned drug
vials; and vital signs were taken by the study nurses. Blood
samples were drawn and clinical laboratory analyses (liver
and kidney function, haematology, CD4 T cell counts)
were performed at the Immuno-Diagnostics Laboratories
(IDL) San Francisco site. At baseline and at the final visit
(week 8), blood samples were also drawn for HPLC
analysis of whole blood GSH. Survival, determined 2-3
years after baseline data were collected, was ascertained by
direct contact, by contact with physicians or other reliable
sources, or by exhaustive search of death records. Methods
for measuring whole blood GSH by HPLC and intracel-
lular GSH (GSB) in T cell subsets by FACS have been
previously described [43,58,61-63].

Statistical Analyses

Unless otherwise indicated, all statistical analyses were
done on an intent-to-treat basis. All statistical calculations
were performed with SAS [64] or SAS JMP software
[65,66].

T cell GSB: area under the curve analysis

For each subject, the average change day ! in CD4/50
GSB during pretrial observation (2 measurements taken
over a one-month period) was subtracted from the average
CD4/50 GSB change day ! during the trial (2-5 measure-
ments, mainly 5, taken at 2-week intervals). Trial groups
were compared by analysis of covariance with data
weighted by the number of trial visits. Five outliers (4
GSB, 1 f3,-microglobulin) were excluded from this analy-
sis, which was therefore based on data from 76 subjects).

T cell GSB: regression analysis by baseline GSB tertiles

For each of the tertiles, the mean least-squared multiple
regression slopes of the GSB primary outcome values over
the 8-week trial were computed for the NAC and placebo
groups and the significance of the differences between the
groups determined (z-test, 1-sided alternative hypothesis,
meannac > MeaNpjacehoy. Lhe regression slopes were
adjusted for baseline covariates age; baseline CD4 and
CD8 T cell counts; viral load; B,-microglobulin; use of
antiretroviral drugs; completion of trial; and the baseline
values of the respective GSB primary outcome variables.

GSH replenishment in HIV-infection 919

Whole blood GSH

Treatment effect on whole blood GSH, computed as
(GSHyeers — GSHyeero)s Was examined by analysis of
covariance. See ‘Missing data and Outliers’ (below) for
method of estimating values for the intent-to-treat analysis.

Survival

The Cox proportional hazards model was used to calculate
survival functions and relative risks for the treatment
groups and explanatory covariates [67]. A simple test in
which a time-dependent explanatory variable was intro-
duced into the model and did not have a significant
regression coefficient, indicated there was not a significant
change of the hazard ratio with time, thereby validating the
proportional hazards assumption [68].

Missing data and outliers

Of the 81 subjects, 3 left the trial at week 0. Therefore,
change in GSB level for these subjects could not be
calculated. One baseline serum sample was lost, preventing
measurement of baseline [3,-microglobulin and viral load
for that subject. For intent-to-treat analyses, this sample is
assigned the median values of the viral load and (§,-micro-
globulin distributions for subjects in the same CD4 T cell
stratum. Outliers, identified by a JMP procedure [66] that
identifies values outside the distance computed as
(1-5xinterquartile range) from the respective upper or
lower quartile, were excluded where indicated.

Whole blood GSH

Since funding available for this study was limited, the trial
protocol was written to require whole blood GSH measure-
ments (which are very expensive) only for subjects who
completed the placebo-controlled segment of the trial. Of
the 61 subjects in this group, samples from 7 were either
not obtained or lost, leaving 54 subjects for whom data
were collected. Of these, five additional subjects were
classified as having missing data because one or both
values were in outlier range. There were no significant
differences in baseline data between subjects for whom
data was missing or available.

To perform an intent-to-treat GSH analysis, missing
values were estimated to favour the null hypothesis [69].
Distributions were computed based on data for all ‘non-
missing’ subjects. A series of 50 independent data sets were
then constructed in each, of which data (baseline and
change in GSH) for all missing subjects were replaced
with randomly selected values from the appropriate dis-
tributions. Each constructed data set was then indepen-
dently analysed for treatment effect by analysis of
covariance, and the results were combined to generate
median significance values for the input variables and the
model as a whole.

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929
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Table 2 Baseline demographic and clinical variables

Trial Arm

Variable NAC Placebo Control

Number of subjects 41 40

Trial completion (% finished) 76% 75%

Median NAC or placebo day ! (g) 6-9% 72

Race (% Caucasian, non-Hispanic) 76% 85%

Age (years) 38 38

Sex (% male) 100% 100%

Taking antiretroviral drugst 46% 53%

Haematocrit 40 40

AST UL 30 32

ALT QIUL™Y 29 37

B,-microglobulin (pgmL~! plasma) 2:0 2-3

Viral load (x10*mIL ™!, PCR assay) 68 80

CD4 T cells yL ! blood 203 160

CDS8 T cells uL.™* blood 648 705

CD4:CDS8 ratio 0-28 0-24

Subjects with CD4 T cells <200% 49% 55%

Primary outcome variables
GSB§ (CD4/50) 0-77 0-74 1-1
GSB (CD4/90) 1-4 1-3 1-7
GSB (CD8/50) 0-69 0-68 1-1
GSB (CD8/90) 1-1 1-1 1-6
GSH in blood (mM) 0-88 0-91 1-1

*Except for the number of subjects and for values indicated as percentages,

median values are shown for each variable.

TPercentage of subjects taking reverse transcriptase inhibitors. Protease inhibitors
were introduced after the survival monitoring phase of this trial was completed.

FPercentage of subjects in indicated arm.

§FACS measure of intracellular GSH (see methods).

Survival

Survival data were obtained for 73/81 subjects. Contact
was lost with the remaining 8 subjects, for whom we could
find no record of death despite extensive searching of death
records. To complete the data set for an intent-to-treat
analysis: six subjects with baseline CD4 T cells >200 uL. ™!
were scored as surviving at the end of the monitoring
period, since all other subjects with CD4 T cell counts in
this range were documented survivors; of two subjects with
CD4 T cells <200 [LL_I, one who did not take NAC
conservatively was scored as surviving until the end of the
monitoring period while the other, who took NAC, was
scored as deceased at the median survival time for subjects
with CD4 T cells <200 uL 1.

Results
Baseline demographic and clinical variables
Baseline data, computed as the mean of 2-3 wvalues

obtained prior to the beginning of the trial did not differ
significantly between the placebo and trial arm groups

(Table 2 and Fig. 2). Anti-retroviral usage was equivalent
in the two arms; protease inhibitors were not available until
after completion of the full trial, including placebo-
controlled and open-label trial segments and the 2-3
years survival monitoring period. The first subject was
enrolled in December, 1993 and all survival information
was obtained by July, 1996.

NAC administration increases whole blood GSH

NAC treatment significantly increases GSH levels measured
either as whole blood GSH (Table 3 and Fig. 3, this
section) or as FACS-measured GSH (GSB) in T cells
(Table 4, next section). At the start of the trial, baseline
values for whole blood GSH in trial subjects (Fig. 3, top
panel) did not differ between NAC and placebo arm
subjects. Furthermore, the GSH levels in both treatment
groups were significantly below levels in uninfected indi-
viduals. By the end of the 8-week trial, GSH levels in the
NAC arm rose almost to control level whereas placebo arm
GSH levels remained unchanged (Fig. 3). The treatment
effect, computed by least squares regression analysis for all
subjects for whom valid GSH data were acquired at the
beginning and the end of the trial (54 subjects —1 outlier,

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929
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defined by standard methods as indicated in the Methods
section; Table 3), is significant when treatment is the only
explanatory variable in the model (P=0-01) and is highly
significant when the explanatory variable baseline GSH is
included (P=0-0002).

To reduce bias due to missing GSH data for subjects
who either did not complete the trial or whose samples were
lost during processing, we performed an analysis (Table 3)
in which missing data values and replacement values for
outliers were estimated by a conservative method [69], i.e.
values were assigned randomly from distributions of GSH
values measured for subjects for whom valid data were
available (see Methods section ‘Missing Data and Outliers’).
Using this data assignment method, we constructed 50
independent data sets and then computed the significance
of the treatment effect for each data set in a least squares
linear regression model that included baseline GSH as an
explanatory variable. The median significance for the

48 HIV-uninfected controls. To be eligi-
ble for trial entry, subjects were required
to have screening CD8/90 levels below
1-3, i.e. within the shaded area.

treatment effect computed in this way is 0-03 (i.q. 0-005—
0-07) (Table 3).

Interestingly, the baseline values for GSH were signifi-
cantly lower among subjects who were taking AZT or other
nucloside reverse transcriptase inhibitors (NRTI) than
among subjects not taking these drugs (respectively,
n=27 and 26; median baseline GSH, 0-80 and 0-98;
P=0-02, Wilcoxon one-way Xz). NAC administration
significantly increased GSH levels in both groups
(P=0-007 and P=0-03, respectively), with the greatest
NAC arm increase occurring in the NRTT group (0-17 vs.
0-04). Thus, by the end of the trial, there was no significant
GSH difference between subjects taking or not taking
NRTI (P=0-5). Consistent with this, a least-squares
regression model with change in GSH as the dependent
variable that includes trial arm (P=0-02), with baseline
GSH and NRTT as covariates demonstrates that baseline
GSH is highly significant (P<0-0001) and that NRTT of

Table 3 NAC administration increases whole blood GSH in HIV-infected subjects

Subjects with complete data

All subjects* (missing values estimated)

Adjusted mean GSH Adjusted mean GSH
changef change
Variable Pt NAC Placebo P NAC Placebo
Trial Arm 0-0008§ 0-101 —0-027 0-03%* 0-072 —0-011
(0-03) (0-097) (—0-007)
Baseline GSH <0-0001 - - <0-0001 - -

*Missing values for GSH measurements were estimated based on values obtained by repeated random selection from distributions of
measured values (see methods). Median significance obtained for 50 random selections is shown.

tStandard least squares model: P=significance of the indicated variable in the model; P for the entire model <0-0001. Except for
baseline GSH, none of the baseline variables measured in this study was a significant covariate in this model.

}Change in whole blood GSH (mM) from the beginning to the end of the trial.

§Computed for 53/54 subjects for whom data for 0 and 8 week samples for whole blood GSH analysis were available (n=54). One
outlier whose value was > 4sd from the mean for the group was removed; values in parentheses were computed without the outlier

removed.
{[Values in parentheses were computed with no outliers removed.
**Interquartile range 0-005-0-07.

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929
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Figure 3 NAC treatment increases whole blood GSH and T cell subset GSB. HIV-infected subjects were treated for 8 weeks with orally
administered NAC or placebo. Whole blood GSH was measured by HPLC. GSB (intracellular GSH) was measured by FACS. (a) Whole
blood GSH: data are shown for 54 HIV-infected subjects (27 in each arm; 1 GSH outlier in the placebo group excluded) and 34 unin-
fected male controls. The grey bars show the distribution of subjects in each group as a function of GSH level (ordinate). The lines in the
middle of the ‘means diamonds’ show the mean for each group; the vertices at the top and bottom show the 95% confidence interval for
the mean. (b) T cell GSB: For this figure, 81 trial subjects were stratified independent of trial arm into three equal-sized groups (tertiles)
according to baseline values for the outcome variable being analyzed. Data are shown for the tertile containing subjects with the lowest
baseline GSB (n=27; 12 NAC and 15 placebo), for which the adjusted mean slopes for the NAC arm were significantly greater for the

primary outcome variables (P=0-02—0-03, ¢-test, 1-tailed). Mean increases for NAC arm subjects in this tertile, calculated from the
adjusted mean slopes and mean initial values over the 8-week trial period, were 6:6—15-3%. In the two tertiles containing subjects with
higher baseline GSB values (not shown), differences between the treatment arms for the four variables were not significant (P> 0-4).

Table 4 NAC administration increases GSB in HIV-infected
subjects

Adjusted mean
GSB changet

Variables P* NAC Placebo
Trial arm 0-04 0-038 0-009
Baseline (§,-microglobulin 0-04 - -
Baseline CD4 T cells 0-02 - -

*Standard least squares model fit. GSB data were available for
all (81) trial subjects. Four outliers were exclude from the analy-
sis; three on the basis of GSB change and one on the basis of
baseline B,-microglobulin values. P, significance of the indicated
variable in the model; P for the entire model <0-0004. Except
for the two baseline variables shown in the table, none of the
baseline variables measured in this study were significant covari-
ates in this model.

TChange in GSB (CD4/50) is computed as the difference
between the GSB values (area under the curve) obtained prior to
initiation of treatment and GSB values (area under the curve)
obtained until the subject completed or left the trial. Statistical
computations are weighted according to the number of trial visits
(equal to the number of data points acquired).

itself is not significant (P=0-43). There was no significant
interaction between trial arm (NAC) and NRTI (P=0-4)
with respect to GSH replenishment.

With the exception of the expected perturbation in ery-
throcyte parameters, we found no baseline variable differ-
ences that would indicate that the subjects taking NRTT had
more advanced or severe HIV disease. Thus, the findings
discussed above suggest (i) that NRTT usage may contribute
to lowering GSH levels in HIV-infected subjects and (ii) that
NAC reverses this GSH decrease. Consistent with this, we
find a trend suggesting that the elevated mean erythrocyte
volume (MCV) commonly encountered in subjects taking
NRTI is decreased by NAC treatment (P=0-07 for trial
arm; standard least squares model fit; #=30, 1 outlier
removed). In any event, since entry into the trial required
that subjects had adhered to a stable antiretroviral therapy
schedule for at least four months prior to entry into the trial,
and since subjects were required to maintain that therapy
schedule for the duration of the trial, changes in antiretro-
viral usage during the trial did not contribute to the effect of
NAC treatment on whole blood GSH observed here.
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Table 5 Decrease in viral load independent of trial-arm*

Change from baseline HIV copiest

Baseline HIV

(copies mL ™! blood) nt median % change interquartile range Py
<50000 28 4 —21-48 0.14
=50000 32 —-33 —54-0 0-004

*There was no significant change (P> 0-1) in viral load between the NAC and placebo arms
evaluated for all subjects or for subjects in each of the groups shown in the table.

TNumber of subjects in each group: <50,000, 16 NAC arm + 12 placebo arm; = 50,000, 15
NAC arm + 17 placebo arm; data was missing for 1 placebo subject.

}Viral loads at the beginning and end of the 8-week trial period were compared.

§2-tailed Wilcoxon Signed Rank Test.
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Figure 4 NAC administration is associated with increased survi-
val. Cox Proportional Hazards survival functions comparing the
survival of trial subjects who took NAC (randomized to the NAC
group and/or elected open-label NAC; n = 64) with those who
never took NAC (nz=17) adjusted for baseline CD4 T-cell count
and ($2-microglobulin. Ordinate: proportion of subjects remain-
ing alive. Abscissa: time (months) from the baseline visit. Signifi-
cance for the Cox model: P<0:0001 (Wald X?). Survival time is
computed from the beginning of the trial for all subjects. 2—-3
years survival data were acquired from death records or other
reliable sources for 73 of the 81 subjects. For the remaining 8
subjects (2 with CD4 T cells <200 L.}, the group within which
all recorded deaths occurred), data were conservatively estimated
to avoid bias in favour of a positive association between NAC
ingestion and survival (see Methods). For the 73 subjects for
whom survival data were obtained (ignoring estimated survival),
results for NAC vs. No-NAC were: P=0-0003; risk ratio=0-3
(0:1-0-6). The median NAC administration time computed for
all subjects who took NAC was 24 weeks; the median NAC dose
was 5-3g day~!. Reverse transcriptase inhibitor usage is not a sig-
nificant covariate (P=0-9). None of the subjects received pro-
tease inhibitors, which were introduced after the end of the 2—-3
years monitoring period.

NAC administration increases T cell GSB

Since relatively small increases (10-30%) in T cell GSB
levels are sufficient to bring most HIV-infected subjects into
normal range, we tested treatment effect by an ‘area under
the curve’ method that minimizes random measurement
error. For each subject, we calculated the difference between
the average pretrial change in GSB and the average GSB
change during the trial and tested for treatment effect in a
standard least squares model. We found that the treatment
variable (trial arm) was not significant when entered alone
(P=0-2 for all subjects) but was significant (P=0-04,
Table 4) when four outliers were removed by standard
methods and the model adjusted for covariates.

Least squares regression analysis of the rate of GSB
change computed over the treatment period also demon-
strates a significant NAC treatment effect. Consistent with
the importance of baseline GSH on the treatment effect in
the whole blood GSH analysis, a significant increase in
GSB in the NAC-treated group occurs in subjects whose
baseline GSB levels were in the lowest third (tertile) of the
placebo-controlled trial group, but was not significant in
the upper two tertiles (see Fig. 3(b)).

NAC administration does not change surrogate
markers of HIV disease progression

NAC treatment during the 8-week placebo-controlled trial
segment did not result in a significant change in either CD4
T cell count (P>0-9) or viral load (P> 0-1). Similarly, it did
not significantly affect CD8 T cell counts, CD4/CD8 ratio,
haematocrit, other haematological markers or (32-
microglobulin levels (P> 0-1 in all cases). Surprisingly, how-
ever, viral load decreased roughly 30% independent of trial
arm in subjects with over 50 000 HIV copies mL ! atbaseline
(P=0-004, Table 5). This suggests GSH-depleting medica-
tions and/or activities proscribed during the trial (e.g. ace-
taminophen and high alcohol consumption; see Methods)
may contribute to maintaining the high viral loads. Alter-
natively, it may merely reflect regression to the mean.

NAC treatment is safe for HIV-infected subjects

We found no evidence of toxicity associated with NAC
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Table 6 Safety of NAC treatment

Trial Arm
NAC (n=41%)

Placebo (n=407) P

Median number/subject/visit (i.q. range)

Symptom reportst 1-3 (0-9-2) 1-1 (0-5-2) >0-3

Number (%) of subjects
26 (68%) 29 (69%) 0-6
28 (90%) 22 (73%) 0-08

Dose reduction§
Election of open label

*From the NAC arm, 8 subjects were lost by the second week of the trial (2 left the trial
voluntarily, 3 developed opportunistic infections (OI) and were removed according to protocol,
1 withdrew with a rash and 2 others withdrew with GI symptoms). One NAC arm subject with-
drew after 4 weeks with fever, rash and GI symptoms while another finished nearly 8 weeks and
withdrew with a rash.

1From the placebo arm, 5 of the 10 subjects were lost by the second week of the trial: two
were removed for non-compliance and three left citing leukoplasia, nasal symptoms and fati-
gue/GI symptoms, respectively. The remaining five placebo arm subjects, all of whom reported
GI symptoms, left after 4 weeks.

}Symptom reports were mainly gastrointestinal upsets, with diarrhoea and nausea being the
most frequent. However, although gastrointestinal symptoms have been claimed to be asso-

ciated with NAC ingestion, there was no significant difference in the number or severity of
these symptoms between the NAC group and the placebo group. Among other complaints,
rash and headache were the most numerous. Additional complaints included fever, fatigue,
stomatitis, depression and cough. None of the illness reported required hospitalization. Among
subjects who reported symptoms 75% of the symptoms reported in both trial arms were mini-
mal (1 on a scale of 1-4). Only 3 patients reported symptoms above 2 on this scale. One of
these latter subjects left the trial after 4 weeks (see above).

§The median drug dose during the trial was 6-9 mg NAC and 7-2 mg placebo per day.

administration, either during the 8-week placebo con-
trolled trial segment or the 6-month open-label segment
(Table 6). Ten subjects in each arm withdrew or were
dropped from the study. There was no significant differ-
ence between the trial arms in the number of patients
reporting symptoms, the average number of symptoms
reported, the severity of symptoms reported or the fre-
quency of dose reduction (Table 6). Thus, NAC ingestion
per se was not associated with development of adverse GI
or other symptoms, indicating that GI symptoms observed
during the trial were either due to ingestion of the dis-
pensed formulation (independent of whether it contained
NAC or placebo), i.e. to ingestion of excipient(s), or were
unrelated to the treatment. (The dispensed formulation
was 8—10 fizzy tabs containing the drug or placebo that
subjects consumed per day, dissolved in water or juice, and
that contained non-nutritive sweetener and several grams
of bicarbonate.)

After completion of the double-blind portion of the trial,
subjects in both arms were offered 8 g day~* of open-label
NAC for up to 24 weeks. A total of 51 of the 61 subjects
who completed the trial chose this option; half stayed in the
continuation phase for the full 24 weeks; three-quarters
stayed at least 14 weeks. The number of subjects electing
for open-label NAC was higher in the NAC arm (28) than
in the placebo arm (22). As during the placebo-controlled
trial segment, there were no serious adverse reactions
ascribable to NAC ingestion during the open-label
period. Thus, consistent with previous data for uninfected
subjects [5,6,70], we found no adverse consequences of

NAC ingestion at high doses even for relatively long periods
(>5g day ! for 14—24 weeks).

NAC administration and survival

In previous studies, we have shown that low GSB levels
are associated with decreased survival in an overall study
group that included subjects from this trial [46]. We
have shown here that NAC is functionally bioavailable
and replenishes GSH in HIV-infected subjects (Tables 3
and 4; Fig. 3). Consistent with these findings, we find a
significant association between NAC ingestion and
improved 2-3 years survival in a Cox Proportional
Hazards analysis comparing the survival (adjusted for
baseline CD4 T-cell count and ($2-microglobulin) of trial
subjects who took NAC during the placebo-controlled
and/or the open label segment of the trial with those
who never took NAC (P<0-0001; Fig. 4). Initiation of
protease inhibitor therapy does not confound the analy-
sis, since these drugs were introduced after the survival
observation period was complete.

Interpretation of this finding is hampered by a potential
bias introduced by the self-selection of a proportion of
placebo-arm subjects who elected for open-label NAC and
by the failure to obtain detailed follow-up information
(drug usage, cause of death) for trial subjects once they
completed the open-label trial segment. Thus, unlike the
findings with respect to GSH replenishment, data from this
survival study can only be considered suggestive and is
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useful mainly as another indication of the safety of NAC
administration to HIV-infected subjects.

Discussion

A series of studies collectively document GSH deficiency in
HIV disease and link this deficiency to HIV disease pro-
gression [12,32-34,44,71-73] and decreased survival
[42,46]. The mechanism at least partially underlying this
deficiency has been shown to involve the decreased avail-
ability of cysteine, the limiting precursor required for GSH
synthesis [41]. Consistent with this, the randomized,
double-blind placebo-controlled trial reported here
demonstrates that oral administration of N-acetylcysteine
(NAC), the commonly used source of cysteine in clinical
settings [5,50], safely replenishes GSH in GSH-deficient
HIV-infected subjects.

An independent placebo-controlled trial (45 HIV-
infected subjects) has already shown that NAC adminis-
tration for four months to subjects with CD4 T cell counts
above 200 uL ™! blood raises plasma cysteine [57], and
hence increases the supply of the limiting precursor for
GSH. Here, we show directly that NAC replenishes GSH
in blood and in CD4 T cells in HIV-infected subjects
(whether their CD4 T cell counts are above or below
200 ,uLf1 blood). Further, we show that NAC administra-
tion at high doses for up to 8 months has minimal side-
effects. Several studies have reported results opposing these
findings [74-79]. However, the apparent contradictions
are based on misinterpretation of pharmacokinetic data
[74-76], inadequate study design [77,78], or the use of
GSH measurement or sample storage methods [79] that do
not meet current standards [80]. Thus, we conclude that
NAC is functionally bioavailable and safely replenishes
GSH in HIV-infected subjects, even when they have low
CD4 T cell counts.

GSH deficiency is not restricted to the era prior to
introduction of protease inhibitors and Highly Active
Anti-Retroviral Therapy (HAART). Droge, Breitkreutz
and colleagues recently demonstrated a massive sulphur
loss in HIV infection that is not ameliorated by HAART
[81]. Our preliminary measurements of GSB levels in
the HAART-treated subjects (De Rosa er al. unpub-
lished) agree with these findings. Importantly, Droge,
Breitkreutz and colleagues also report that administra-
tion of NAC to HIV-infected subjects in a placebo-
controlled trial (32 subjects) improves T and NK cell
function in patients under treatment with HAART or
other antiretroviral therapy [82]. This improvement fol-
lowing NAC administration most likely reflects GSH
replenishment as GSH depletion is known to lead to
decreased Tand NK cell function [12-20].

Several factors are likely to contribute to the GSH
deficiency in HIV disease. Inflammation, oxidative stress
and medications that are detoxified through GSH-
consuming pathways will all result in GSH loss and exces-
sive cysteine catabolism. Furthermore, HIV viral infection,
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through the production and release of TAT protein will
create additional oxidative stress and hence increase
cysteine loss [83,84]. Indeed, TAT-transgenic mice show
very low GSH levels [85]. Studies with these mice indicate
that their low GSH levels are due, at least in part, to TAT
interference with GSH synthesis. Similar interference may
be a feature of HIV disease in man. However, Jahoor and
colleagues [41] have shown directly that GSH synthesis
rates increase in HIV-infected people when NAC is sup-
plied as a cysteine source. Furthermore, we show here that
NAC treatment replenishes GSH in HIV infection. Thus,
as a practical matter, the mechanism responsible for GSH
deficiency in HIV disease ultimately results in the necessity
to increase the cysteine supply in order to restore GSH.

The potential consequences of GSH deficiency in HIV
disease should not be ignored. Our previously reported
retrospective study of 204 subjects [46] and a smaller study
by Marmor et al. [42] both demonstrate that survival
decreases dramatically at lower baseline CD4 T cell GSB
[46] and plasma thiol [42] levels. In addition, a recent
experimental study with HIV-infected chimpanzees, who
routinely develop high virus titres but do not get sick, links
the lack of disease progression in these animals to main-
tenance of normal GSH levels despite the infection [36].
Furthermore, as indicated above, Droge, Breitkreutz and
colleagues detected significant impairment of T cell func-
tion in the subjects in their study.

Finally, a recent study [86] has shown that subjects with
AIDS respond with significantly increased production of
reactive hepatotoxic intermediates (2= 0-001) when loaded
with a modest acetaminophen dose (1-5g). Thus, aceta-
minophen metabolism is compromised in subjects with
AIDS as it is in alcoholic and other GSH-deficient subjects
[5,6,48,49,51].

At a minimum, these findings suggest that it is advisable
for HIV-infected individuals to avoid unnecessary con-
sumption of acetaminophen and other drugs that are
toxic to GSH-depleted individuals. Further, prudence
suggests that they should exercise moderation in activities
such as excessive alcohol consumption and UV exposure
that contribute to GSH depletion. Administering NAC to
replenish GSH in these individuals, however, might be the
wisest course of all.

Since NAC effectively replenishes GSH in HIV-infected
people, it may also prove to be a useful therapeutic adjunct
for replenishing GSH in other clinical situations. GSH
deficiency induced by alcohol and certain drugs is well-
known. In addition, recent studies have implicated GSH
deficiency in acute respiratory distress syndrome (ARDS)
and septic shock [31,87—-89], hepatitis [29], liver cirrhosis
[18,90], hepatorenal failure [31], preeclampsia of preg-
nancy [91], cardiac failure [92], rheumatoid arthritis [93],
neurodegenerative disorders [25,94], aging [27,95], pan-
creatitis [96], age-related macular degeneration [97] and
diabetes [98,99]. Exploration of NAC therapy has already
begun in some of these diseases [31]. Although NAC is
clearly not a panacea, the success in treating hepatorenal
failure with NAC [31] provides good reason to suspect that
NAC treatment may support recovery or slow disease
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progression in a variety of settings when administered as
part of a specific therapeutic regime.

Finally, the potential association we have found
between NAC treatment (and hence GSH replenish-
ment) and improved survival in HIV infection argues
strongly for a definitive trial designed specifically to test
this association. Conduct of such a trial is virtually
impossible in this protease inhibitor era. However, there
are good reasons to test NAC as an adjunct to these
therapies, since NAC has many sites of potential action
that could improve health and drug tolerance. Further-
more, because NAC is inexpensive and safe enough to be
administered with minimal medical supervision, it could
prove useful in developing countries or other situations
where protease inhibitors are unavailable or inadvisable.
Thus, having shown that NAC effectively replenishes
GSH in HIV disease, our data argue both for NAC
treatment in suspected cases of GSH depletion due to
any cause and for further testing to determine whether
other potential benefits of NAC treatment can be identi-
fied in HIV disease.

Acknowledgements

This paper is dedicated to our co-author, Dr J. Gregson
Dubs, clinical site director for this trial, who died recently
following a long illness with an AIDS-related neoplasm.

We thank the HIV-infected individuals who participated
in this study. We also thank: Dr Frank J. T. Staal whose
seminal studies instigated this trial; Dr Byron Brown,
Stanford University Medical School; Dr John Sall, Senior
Vice-President of the SAS Institute for statistical advice;
Ms. S. O’Leary, Mr W. Clawson, Ms. N. Martin, Mr E.
Whunderlich and the members of the Herzenberg labora-
tory; the Stanford Center for AIDS Research (directed by
Dr T. Merigan) and the Stanford Shared FACS Facility
(directed by Dr D. Parks) for their efforts in making this
study a success. Dr E. Winger and the Immunodiagnostic
Laboratory (IDL, San Francisco), and Dr S. Wormsley and
Dr C.-M. Huang (PharMingen, San Diego, CA) deserve
special thanks.

The Elan Pharmaceutical Corporation (Gainesville,
GA), made this study possible by generously providing
the palatable NAC and placebo used in the trial. This
work was largely supported by grants from the National
Cancer Institute (CA-42509 and CA-81543), National
Institutes of Health (Bethesda, MD). Dr S. De Rosa was
supported by the University of California University Wide
AIDS Research Program, F97-ST-044. The Unicorn
Foundation (Chicago) and Project Inform (San Francisco)
also provided key financial support.

References

1 Staal FJT, Roederer M, Herzenberg LLA, Herzenberg LA.

Intracellular thiols regulate activation of nuclear factor
kappaB and transcription of human immunodeficiency virus.
Proc Natl Acad Sci USA 1990;87:9943-7.

2 Schreck R, Rieber P, Baeuerle PA. Reactive oxygen inter-
mediates as apparently widely used messengers in the activa-
tion of the NF-kappaB transcription factor and HIV-1.
EMBO ¥ 1991;10:2247-58.

3 Meister A. Glutathione ascorbic acid antioxidant system in
animals. ¥ Biol Chem 1994;269:9397-400.

4 Shan X, Aw TY, Jones DP. Glutathione-dependent protection
against oxidative injury. Pharmac Ther 1990;47:61-71.

5 Smilkstein MJ, Knapp GL, Kulig KW, Rumack BH. Efficacy
of oral N-acetylcysteine in the treatment of acetaminophen
overdose. Analysis of the National Multicenter Study 1976—
85. N Engl ¥ Med 1988;319:1557-62.

6 Thomas SH. Paracetamol (acetaminophen) poisoning. Phar-
macol Ther 1993;60:91—-120.

7 Vina J, Vina JR, Saez GT. Glutathione: metabolism and phy-
siological functions. Life Chem Rep 1986;4:1-35.

8 Dolphin D, Avramovic O, Poulson R. Glutathione.
Chemical, Biochemical, and Medical Aspects. Coenzymes and
Cofactors Vol 3A and 3B. New York: John Wiley & Sons;
1989.

9 Taniguchi N, Higashi T, Sakamoto Y, Meister A. Glutathione
Centennial: Molecular Perspectives and Clinical Applications.
New York: Academic Press; 1989.

10 Poot M, Teubert H, Rabinovitch PS, Kavanagh TJ. De novo
synthesis of glutathione is required for both entry into and
progression through the cell cycle. ¥ Cell Physiol
1995;163:555-60.

11 Adamson DC, Wildemann B, Sasaki M, Glass JD, McArthur
JC, Christov VI ez al. Immunologic NO synthase: elevations
in severe AIDS dementia and induction by HIV-1 gp41.
Science 1996;274:1917-9.

12 Droge W, Eck HP, Mihm S. HIV-induced cysteine deficiency
and T-cell dysfunction — a rationale for treatment with N-
acetylcysteine. Immunol Today 1992;13:211-4.

13 Yim C-Y, Hibbs Jr JB, McGregor JR, Galinsky RE,
Samlowski WE. Use of N-acetyl cysteine to increase intra-
cellular glutathione during the induction of antitumor
responses by IL-2. ¥ Immunol 1994;152:5796—805.

14 Hargrove ME, Wang J, Ting CC. Regulation by glutathione
of the activation and differentiation of IL.-4-dependent acti-
vated Kkiller cells. Cell Immunol 1993;149:433-43.

15 Iwata S, Hori T, Sato N, Ueda-Taniguchi Y, Yamabe T,
Nakamura H ez al. Thiol-mediated redox regulation of lym-
phocyte proliferation. Possible involvement of adult T cell
leukemia-derived factor and glutathione in transferrin recep-
tor expression. § Immunol 1994;152:5633—-42.

16 Chen G, Wang SH, Converse CA. Glutathione increases
interleukin-2 production in human lymphocytes. Int ¥ Immu-
nopharmacol 1994;16:755—-60.

17 Jeannin P, Delneste Y, Lecoanet-Henchoz S, Gauchat J-F,
Life P, Holmes D et al. Thiols decrease human interleukin
(IL) 4 production and II.-4-induced immunoglobulin synth-
esis. ¥ Exp Med 1995;182:1785-92.

18 Tsuyuki S, Yamauchi A, Nakamura H, Kinoshita K, Gomi T,
Tanaka K ez al. Possible availability of N-acetylcysteine as an
adjunct to cytokine therapy for hepatocellular carcinoma. Clin
Immunol Immunopathol 1998;88:192—-8.

19 Tsuyuki S, Yamauchi A, Nakamura H, Nakamura Y,
Kinoshita K, Gomi T et al. N-acetylcysteine improves cyto-
toxic activity of cirrhotic rat liver-associated mononuclear
cells. Int Immunol 1998;10:1501-8.

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929



20 Peterson JD, Herzenberg LA, Vasquez K, Waltenbaugh C.
Glutathione levels in antigen-presenting cells modulate Th1
versus Th2 response patterns. Proc Natl Acad Sci USA
1998;95:3071-6.

21 Jenner P, Olanow CW. Oxidative stress and the pathogenesis
of Parkinson’s disease. Neurology 1996;47:S161-S170.

22 Bains JS, Shaw CA. Neurodegenerative disorders in humans:
the role of glutathione in oxidative stress-mediated neuronal
death. Brain Res Rev 1997;25:335-58.

23 Pearce RKB, Owen A, Daniel S, Jenner P, Marsden CD.
Alterations in the distribution of glutathione in the substantia
nigra in Parkinson’s disease. ¥ Neural Transm 1997;104:
661-77.

24 Calabrese V, Bella R, Testa D, Spadaro F, Scrofani A, Rizza V
et al. Increased cerebrospinal fluid and plasma levels of ultra-
weak chemiluminescence are associated with changes in the
thiol pool and lipid-soluble fluorescence in multiple sclerosis:
The pathogenic role of oxidative stress. Drug Exp Clin Res
1998;24:125-31.

25 Jenner P, Olanow CW. Understanding cell death in
Parkinson’s disease. Ann Neurol 1998;44:S72—-S84.

26 White AC, Thannickal V], Fanburg BL. Glutathione defi-
ciency in human disease. ¥ Nutr Biochem 1994;5:218-26.

27 Sastre J, Pallardo FV, Vina J. Glutathione, oxidative stress
and aging. Age 1996;19:129-39.

28 Bianchi G, Bugianesi E, Ronchi M, Fabbri A, Zoli M,
Marchesini G. Glutathione kinetics in normal man and in
patients with liver cirrhosis. ¥ Hepatol 1997;26:606—13.

29 Barbaro G, Di Lorenzo G, Soldini M, Bellomo G, Belloni G,
Grisorio B er al. Vagal system impairment in human immuno-
deficiency virus-positive patients with chronic hepatitis C:
Does hepatic glutathione deficiency have a pathogenetic role?
Scand F Gastroenterol 1997;32:1261-6.

30 Atzori L, Cannas E, Dettori T, Dore M, Rosetti L ez al.
Plasma nitrite/nitrate and total thiols as markers of nitric
oxide production and oxidative stress in patients with chronic
obstructive pulmonary disease and chronic respiratory insuffi-
ciency. Med Sci Res 1998;26:375-6.

31 Holt S, Goodier D, Marley R, Patch D, Burroughs A,
Congiu L ez al. Improvement in renal function in hepatorenal
syndrome with N-acetylcysteine. Lancet 1999;353:294-5.

32 Eck H-P, Gmunder H, Hartmann M, Petzoldt D, Daniel V,
Droge W. Low concentrations of acid-soluble thiol (cysteine)
in the blood plasma of HIV-1-infected patients. Biol Chem
Hoppe-Seyler 1989;370:101-8.

33 Buhl R, Holroyd KJ, Mastrangeli A, Cantin AM, Jaffe HA,
Wells FB et al. Systemic glutathione deficiency in symptom-
free HIV-seropositive individuals. Lancer 1989;ii:1294-8.

34 de Quay B, Malinverni R, Lauterburg BH. Glutathione
depletion in HIV-infected patients: role of cysteine deficiency
and effect of oral N-acetylcysteine. AIDS 1992;6:815-9.

35 Helbling B, Von Overbeck J, Lauterburg BH. Decreased
release of glutathione into the systemic circulation of
patients with HIV infection. Eur ¥ Clin Invest 1996;26:
38-44.

36 Ehret A, Westendorp MO, Herr I, Debatin K-M, Heeney JL,
Frank R ez al. Resistance of chimpanzee T cells to human
immunodeficiency virus type 1 Tat-enhanced oxidative stress
and apoptosis. ¥ Virol 1996;70:6502-7.

37 Pacht ER, Diaz P, Clanton T, Hart J, Gadek JE. Alveolar
fluid glutathione decreases in asymptomatic HIV-seropositive
subjects over time. Chest 1997;112:785-8.

38 Walmsley SL, Winn LM, Harrison ML, Uetrecht JP, Wells
PG. Oxidative stress and thiol depletion in plasma and

GSH replenishment in HIV-infection 927

peripheral blood lymphocytes from HIV-infected patients:
toxicological and pathological implications. AIDS
1997;11:1689-97.

39 Malorni W, Rivabene R, Lucia BM, Ferrara R, Mazzone AM
et al. The role of oxidative imbalance in progression to AIDS.
Effect of the thiol supplier N-acetylcysteine. AIDS Res Hum
Retroviruses 1998;14:1589-96.

40 Aukrust P, Muller F, Lien E, Nordoy I, Liabakk NB ez al.
Tumor necrosis factor (TNF) system levels in human immu-
nodeficiency virus-infected patients during highly active anti-
retroviral therapy: Persistent TNF activation is associated
with virologic and immunologic treatment failure. ¥ Infec Dis
1999;179:74-82.

41 Jahoor F, Jackson A, Gazzard B, Philips G, Sharpstone D
et al. Erythrocyte glutathione deficiency in symptom-free HIV
infection is associated with decreased synthesis rate. Amer ¥
Physiol — Endocrinol Met 1999;39:E205-E211.

42 Marmor M, Alcabes P, Titus S, Frenkel K, Krasinski K,
Penn A er al. Low serum thiol levels predict shorter
times-to-death among HIV-infected injecting drug users.
AIDS 1997;11:1389-93.

43 Roederer M, Staal FJT, Osada H, Herzenberg LA,
Herzenberg LLA. CD4 and CD8 T cells with high intracellular
glutathione levels are selectively lost as the HIV infection pro-
gresses. Intl Immunol 1991;3:933-7.

44 Staal FJT, Roederer M, Israelski DM, Bubp J, Mole LA,
McShane D er al. Intracellular glutathione levels in T cell
subsets decrease in HIV infected individuals. AIDS Res
Human Retrov 1992;8:305-14.

45 Staal FJT, Ela SW, Roederer M, Anderson MT, Herzenberg
LA, Herzenberg LA. Glutathione deficiency and human
immunodeficiency virus infection. Lancer 1992;339:909—-12.

46 Herzenberg LA, De Rosa SC, Dubs JG, Roederer M,
Anderson MT, Ela SW ez al. Glutathione deficiency is asso-
ciated with impaired survival in HIV disease. Proc Nat Acad
Sci 1997;94:1967-72.

47 Anderson ME, Luo JL. Glutathione therapy: from prodrugs
to genes. Semin Liver Dis 1998;18:415-24.

48 Miners JO, Drew R, Birkett DJ. Mechanism of action of para-
cetamol protective agents in mice in vivo. Biochem Pharmacol
1984:33:2995-3000.

49 Slattery JT, Wilson JM, Kalhorn TF, Nelson SD. Dose-
dependent pharmacokinetics of acetaminophen: evidence of
glutathione depletion in humans. Clin Pharmacol Ther
1987:;41:413-8.

50 Jones AL. Mechanism of action and value of N-acetylcysteine
in the treatment of early and late acetaminophen poisoning: a
critical review. J Toxicol — Clin Toxicol 1998;36:277-85.

51 Calabresi P, Parks RE, Jr. Antiproliferative agents and drugs
used for immunosuppression. In: Goodman AG LSG, Rall
TW, Murad F, editors. Goodman and Gilman’s Pharmacological
Basis of Therapeutics. New York: Macmillan;1985.p.1247-306.

52 Droge W. Cysteine and glutathione deficiency in AIDS
patients — a rationale for the treatment with N-Acetyl-
Cysteine. Pharmacology 1993;46:61-5.

53 Roederer M, Staal FJT, Raju PA, Ela SW, Herzenberg LA,
Herzenberg LA. Cytokine-stimulated human immunodefi-
ciency virus replication is inhibited by N-acetyl-L-cysteine.
Proc Acad Natl Sci USA 1990;87:4884-8.

54 Kalebic T, Kinter A, Poli G, Anderson ME, Meister A,
Fauci AS. Suppression of human immunodeficiency virus
expression in chronically infected monocytic cells by glu-
tathione, glutathione ester, and N-acetylcysteine. Proc Natl
Acad Sci USA 1991;88:986-90.

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929



928 S. C. De Rosa er al.

55 Mihm S, Ennen J, Pessara U, Kurth R, Droge W. Inhibition
of HIV-1 replication and NF-kappaB activity by cysteine and
cysteine derivatives. AIDS 1991;5:497-503.

56 Ruffmann R, Wendel A. GSH rescue by N-acetylcysteine.
Klin Wochenschr 1991;69:857—62.

57 Akerlund B, Jarstrand C, Lindeke B, Sonnerborg A, Akerblad
AC, Rasool O. Effect of N-acetylcysteine (NAC) treatment
on HIV-1 infection: a double-blind placebo-controlled trial.
Eur ¥ Clin Pharmacol 1996;50:457—61.

58 Anderson MT, Roederer M, Tjioe I, Herzenberg LA er al.
Glutathione measurement on the flow cytometer. In: Herzen-
berg LA, Weir DM, Herzenberg LA, Blackwell C. editors.
Handbook of Experimental Immunology Vol 2. Boston: Blackwell
Scientific;1996.54.1-54.9.

59 van der Ven AJ, Blom H]J, Peters W, Jacobs LE, Verver TJ,
Koopmans P ez al. Glutathione homeostasis is disturbed in
CD4-positive lymphocytes of HIV-seropositive individuals.
European ¥ Clin Invest 1998;28:187—93.

60 Aukrust P, Svardal AM, Muller F, Lunden B, Nordoy I,
Froland SS. Markedly disturbed glutathione redox status in
CD45RA+CD4+ lymphocytes in human immunodeficiency
virus type 1 infection is associated with selective depletion of
this lymphocyte subset. Blood 1996;88:2626—33.

61 Anderson ME. Determination of glutathione and glutathione
disulfide in biological samples. In: Meister A. editor. Methods
Enzymol Vol 113. Orlando: Academic Press;1985.p.548-55.

62 Anderson MT, Trudell JR, Voehringer DW, Tjioe IM,
Herzenberg LA. An improved monobromobimane assay for
glutathione utilizing tris-(2- carboxyethyl) phosphine as the
reductant. Anal Biochem 1999;272:107-9.

63 Roederer M, Staal FJ, Anderson M, Rabin R, Raju PA,
Herzenberg LA. Disregulation of leukocyte glutathione in
AIDS. Ann N Y Acad Sci 1993;677:113-25.

64 SAS Institute Inc. SAS/STAT User’s Guide, Version 6. 4th edn.
Cary: North Carolina;1996.

65 Sall J. Tour guide of statistical analysis. In: Herzenberg LA,
Weir DM, Herzenberg LA, Blackwell C. editors. Handbook of
Experimental Immunology, Vol 2 Boston: Blackwell Scienti-
fic;1996.56.1-56.33.

66 JMP Development Group (SAS). FMP Statistics Graphics
Guide Version 3.1. Cary: SAS Institute Inc.;1995.

67 Cox D, Oakes D. Analysis of Survival Data. London: Chap-
man & Hall;1984.

68 SAS Institute. Changes and Enhancements Through Release 6.11.
SAS/STAT Software. Cary: SAS Institute Inc.;1996.p.809-84.

69 Herzenberg LA, Moore WA, De Rosa SC. Estimation of
missing values [letter]. Lancet 1999;354:686.

70 Holdiness MR. Clinical pharmacokinetics of N-
acetylcysteine. Clin Pharmacokinet 1991;20:123-34.

71 Castagna A, Legrazie C, Accordini A, Giulidori P, Cavalli G,
Bottigliere T et al. Cerebrospinal fluid S-adenosylmethionine
(SAMe) and glutathione concentrations in HIV infection:
effect of parenteral treatment with SAMe. Neurology
1995;45:1678-83.

72 Smith CV, Hansen TN, Hanson IC, Shearer WT. Glu-
tathione concentrations in plasma and blood are markedly
decreased in HIV-infected children. Sixth International Con-
ference AIDS — San Francisco, Friday 22 June 1990.,
1990;11:368.

73 Giorgi G, Micheli L, Fiaschi Al, Cerretani D, Romeo R, Dal
Pra P er al. L-2-oxothiazolidine-4-carboxylic acid and glu-
tathione in human immunodeficiency virus. Curr Ther Res
1992;52:461-7.

74 Walker RE, Lane HC, Boenning CM, Polis MA, Kovacs JA,

Falloon J er al. The safety, pharmacokinetics, and antiviral
activity of N-acetylcysteine in HIV-infected individuals. VIII
International AIDS Conference, Amsterdam, 1992; Abstract
(MoB 022).

75 Walker RE, Lane HC, Boenning CM, Fauci AS. The safety,
pharmacokinetics, and antiviral activity of N-acetylcysteine in
HIV-infected individuals. Keystone Symposium- ‘Prevention
and Treatment of AIDS’., 1992;Astract #Q 560.

76 Walker RE, Boenning CM, Murphy G, Polis MA, Kovacs JA,
Falloon J er al. Safety, pharmacokinetics and antiviral activity
of N-acetylcysteine in HIV-infected individuals. Am Rev
Respir Dis 1993;147:A1004.

77 Witschi A, Junker E, Schranz C, Speck RF, Lauterburg BH.
Supplementation of N-acetylcysteine fails to increase glu-
tathione in lymphocytes and plasma of patients with AIDS.
AIDS Res Human Retrov 1995;11:141-3.

78 Clotet B, Gomez M, Ruiz L, Sirera G, Romeu J. Lack of
short-term efficacy of N-acetyl-L-cysteine in human immuno-
deficiency virus-positive patients with CD4 cell counts <250/
mm (3). ¥ Acq Immun Defic Synd Hum Retrov 1995;9:98-9.

79 Look MP, Rockstroh JK, Rao GS, Barton S, Lemoch H,
Kaiser R e al. Sodium selenite and N-acetylcysteine in antire-
troviral-naive HIV-I-infected patients: a randomized, con-
trolled pilot study. Eur ¥ Clin Invest 1998;28:389-97.

80 Jones DP, Carlson JL, Samiec PS, Sternberg P Jr, Mody VC,
Reed RL er al. Glutathione measurement in human plasma
Evaluation of sample collection, storage and derivatization
conditions for analysis of dansyl derivatives by HPLC. Clin
Chim Acta 1998;275:175-84.

81 Breitkreutz R, Holm S, Pittack N, Beichert M, Babylon A,
Yodoi J et al. Massive loss of sulfur in HIV infection. AIDS
Res Hum Retroviruses 2000;16:203-9.

82 Breitkreutz R, Pittack N, Nebe CT, Schuster D, Brust ],
Beichert M ez al. Improvement of immune functions in HIV
infection by sulfur supplementation: two randomized trials
[In Process Citation]. ¥ Mol Med 2000;78:55—62.

83 Westendorp MO, Li-Weber M, Frank R, Krammer PH.
Human immunodeficiency virus type 1 tat upregulates inter-
leukin-2 secretion in activated T cells. ¥ Virol 1994;68:4177—
85.

84 Westendorp MO, Shatrov VA, Schulze-Osthoff K, Frank R,
Kraft M, Los M et al. HIV-1 Tat potentiates TNF-induced
NF-kappaB activation and cytotoxicity by altering the cellular
redox state. EMBO ¥ 1995;14:546-54.

85 Choi J, Liu RM, Kundu RK, Sangiorgi F, Wu W, Maxson R
et al. Molecular mechanism of decreased glutathione content
in human immunodeficiency virus type 1 Tat-transgenic
mice. ¥ Biol Chem 2000;275:3693-8.

86 Esteban A, Perez-Mateo M, Boix V, Gonzalez M, Portilla M,
Mora A. Abnormalities in the metabolism of acetaminophen
in patients infected with the human immunodeficiency virus
(HIV). Meth Find Exp Clin Pharmacol 1997;19:129-32.

87 Metnitz PG, Bartens C, Fischer M, Fridrich P, Steltzer H,
Druml W. Antioxidant status in patients with acute respira-
tory distress syndrome. Inzensive Care Med 1999;25:180-5.

88 Kretzschmar M, Pfeiffer L, Schmidt C, Schirrmeister W.
Plasma levels of glutathione, alpha-tocopherol and lipid per-
oxides in polytraumatized patients; evidence for a stimulating
effect of TNF alpha on glutathione synthesis. Exp Toxicol
Pathol 1998;50:477-83.

89 Buetler TM. Identification of glutathione S-transferase iso-
zymes and gamma-glutamylcysteine synthetase as negative
acute-phase proteins in rat liver. Heparology 1998;28:1551-60.

90 Pena LR, Hill DB, McClain C]J. Treatment with glutathione

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929



precursor decreases cytokine activity. JPEN ¥ Parenter Enteral
Nutr 1999;23:1-6.

91 Knapen MFCM, Mulder TPJ, Van Rooij IALM, Peters
WHM, Steegers EAP. Low whole blood glutathione levels in
pregnancies complicated by preeclampsia or the hemolysis,
elevated liver enzymes, low platelets syndrome. Obstet Gynecol
1998;92:1012-5.

92 Yucel D, Aydogdu S, Cehreli S, Saydam G, Canatan H ez al.
Increased oxidative stress in dilated cardiomyopathic heart
failure. Clin Chem 1998;44:148-54.

93 Maurice MM, Nakamura H, van der Voort EA, van Vliet Al,
Staal FJ, Tak PP ez al. Evidence for the role of an altered
redox state in hyporesponsiveness of synovial T cells in rheu-
matoid arthritis. § Immunol 1997;158:1458-65.

94 Juurlink BH, Paterson PG. Review of oxidative stress in brain
and spinal cord injury: suggestions for pharmacological and
nutritional management strategies. ¥ Spinal Cord Med
1998;21:309-34.

95 van Lieshout EMM, Peters WHM. Age and gender dependent

GSH replenishment in HIV-infection 929

levels of glutathione and glutathione S-transferases in human
lymphocytes. Carcinogenesis 1998;19:1873-5.

96 Wallig MA. Xenobiotic metabolism, oxidant stress and
chronic pancreatitis — Focus on glutathione. Digestion
1998;59:13-24.

97 Samiec PS, Drews-Botsch C, Flagg EW, Kurtz JC, Sternberg
P, Reed RL et al. Glutathione in human plasma: Decline in
association with aging, age-related macular degeneration, and
diabetes. Free Rad Biol Med 1998;24:699-704.

98 De Mattia G, Bravi MC, Laurenti O, Cassone-Faldetta M,
De Proietti A, De Luca O ez al. Reduction of oxidative stress
by oral N-acetyl-L-cysteine treatment decreases plasma
soluble vascular cell adhesion molecule-1 concentrations in
non-obese, non-dyslipidaemic, normotensive, patients with
non-insulin-dependent diabetes. Diabetologia 1998;41:
1392-6.

99 Dominguez C, Ruiz E, Gussinye M, Carrascosa A. Oxidative
stress at onset and in early stages of type 1 diabetes in chil-
dren and adolescents. Diabetes Care 1998;21:1736—42.

© 2000 Blackwell Science Ltd, European Journal of Clinical Investigation, 30, 915-929



