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introduction

Glutathione (GSH), the main ‘intraceliular defence
against oxidative stress, is decreased in plasma, lung
epithelial-lining fluid, and T lymphocyvtes in individuals
infected with human immunodeticiency virus (HIV). This
deficiency may potentiate HIV replication and accelerate
disease progression, especially in individuals with increased
concentrations of inflammatory cytokines because such
cytokines stimulate HIV replication more efficienty in
GSH-depleted cells. GSH deficiency also contributes to the
overall depression of immune functions. Drugs that
replenish GSH. such as N-acetvicysteine, counteract
oxidative stress and inhibit HIV transcription and
replication in models of acute and latent HIV infection.
Here we review the role of GSH in HIV infection and the
potential for counteracung GSH deficiency with drugs. .

Metabolism and functions of glutathione

GSH is a cysteine-containing tripeptide (y-glutamyi-
cysteinyi-glycine) that is found in eukaryotic cells at
millimolar concentrations. Its cellular functions inciude
aminoacid transport, acting as a cofactor in enzymic
reactions, and maintenance of protein sulphydryl redox
status. Furthermore, GSH is a defence against electrophylic
xenobiotics and intracellular oxidants (free radicals, reactive
oxygen intermediates).' Therefore, GSH is also a reguiator
of cellular redox potental. Synthesis and degradation of
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Fig 1—GSH metabolism.

Simplified representation of the major biosynthetic pathway and
orotective  functions (detoxifving free radicals, peroxides. and
xenobiotics) of GSH. X. xenobiotic; GSSG. GSH disulphide. Enzyme
names are naticised.

GSH are part of the y-glutamyl cycle in which GSH is
synthesised by the action of two ATP-consuming enzymes:
v-glutamyicysteine synthetase and GSH synthetase (fig 1).
Reduced GSH can be oxidised to GSH disulphide either
non-enzymically or through the activity of GSH peroxidase
‘fig 1). Under normal conditions, GSH disuiphide can be
reduced by GSH disulphide reductase to regenerate GSH.

Adequate concentrations of GSH are required for mixed
lymphocyte reactions,? T-cell proliferation,® T and B cell
differentation,® cytotoxic T-cell activity, and natural killer
cell actvity.* Decreasing GSH by 10 to 40% can inhibit
completely T-cell activation in vitro.® Thus, an intraceliular
GSH deficiency in lymphocytes has profound effects on
immune functions.

Decreased glutathione concentrations in HIV
' infection

Several groups have demonstrated depleted GSH in the
tissues of HIV-infected individuals (fig 2). Eck and
colleagues® were the first to show that HIV-infected
individuals have decreased concentratons of acid-soluble
thiols (cysteine and GSH) in their piasma and in cell lysates
of peripheral blood mononuclear cells (PBMCs).* These
changes were found in symptom-free individuals, indicating
that they were not the consequence of a wasting syndrome.
The samne patients also had increased plasma glutamate
concentrations, which inhibit the cystine uptake needed for
GSH synthesis. Buhl et al’ confirmed the lower plasma
GSH concentrations and, in addition, showed that GSH
concentrations were decreased in lung epithelial-lining
tluids of 14 symptom-free HIV-infected individuals. This
tinding indicates that HIV infection is accompanied by a
svstemic deficiency of extracellular GSH. HIV-infected
children also have plasma and whole-blood GSH
deficiencies.®

We have examined intraceliular GSH concentrations in
PBMC subsets (CD4 and CD8 T cells, B cells, and
monocvtes) tfrom 134 HIV-infected individuals in different
stages of HIV-related disease.” With a fluorescence-
activated-cell-sorter-based flow cytometric method we
showed that in heaithy controls there are two distinct types

of CD4 and CD8 T ceils containing high and low
intraceliular concentrations of GSH.'® Whereas the ratio of
these two cell types varies considerably from individual to
individual, the GSH concentrations of each type are highly
conserved among individuals. High-GSH T cells are
depleted from the CD4 and CD8 T cell subpopuiations of
HIV-infected individuals, even in the symprom-free stages
of the disease.® The selective loss of high-GSH T cells
resuits in lower median GSH concentrations in the T cells of
HIV-infected individuals. For example, in patients with
symptomatic acquired immunodeficiency syndrome
(AIDS), GSH concentrations in CD8 and CD4 T cells are
62 and 63%, respectively, of those found in seronegative
controis. Other PBMC subsers (eg, B cells and monocytes)
do not show significant decreases in GSH concentrations.
However, some changes in GSH regulation seem to occur
in B lymphocytes. B-cell GSH concentrations vary
considerably more among HIV-infected than among
healthy individuals. Furthermore, in HIV-infected
individuals, but not in uninfected controls, GSH
concentrations correlate with increased expression of the
pan B-ceil surface antigen CD20."

Further proof. of the early depletion of GSH after HIV
infection came from a study which showed that thiol
depletion occurred soon after infection (within one week) in
a primate model for AIDS in which macaques were infected
with simian immunodeficiency virus.!? The same study also
found alterations in serum cysteine and glutamate
concentrations, similar to those found in human beings,
indicating that thiol depletion may be a general consequence
of simian immunodeficiency virus and HIV infection.

Glutathione concentrations and regulatidn
of HIV transcription and replication in vitro

Inflammatory cytokines (interleukins 1 and 6, and
tumour necrosis factor alpha) and phorbol esters can
sumulate HIV production in vitro.?* N-acetylcysteine,
which replenishes and enhances intracellular GSH, inhibits
cvtokine-stimulated HIV replication in acutely infected
Molt4 T cells,'* chronicaily infected cells,'s and in normal
PMBC:s infected in vitro.* GSH and GSH esters aiso block
cytokine-stimulated HIV transcription.!¢

The mechanism for thiol regulation of HIV activation can
largely be explained by the influence of thiols on the nuciear
factor kB (NF-xB) transcription factor. NF-xB is a nuciear
factor that binds to the enhancer of the x light chain'” and
greatly increases HIV transcription and replication.'s
Stimulation of NF-xB with tumour necrosis factor alpha
with or without phorbol muyristate acetate, which can
generate intracellular oxidants," is effectively inhibited by
N-acetylcysteine.?® Moreover, oxidants (eg, H,0,) activate
NF-xB and HIV transcription direcdy and N-
acetylcysteine blocks this activation.?* By contrast, diamide
pretreatment oxidises intracellular GSH and facilitates
cytokine-stimulated HIV-directed transcription.®® Thus,
transduction of the NF-xB (and HIV) activation signal is
more likely or potentiated when thiol concentrations are low
and is less likely or inhibited when thiols are maintained at
high concentrations—ie, redox mechanisms regulate HIV
actvation. We do not know if N-acetylcysteine acts to
replete GSH concentrations or to scavenge oxidants
directly. Under cermain conditions, N-acetyicysteine is
a direct scavenger of reactive OXygen intermediates
‘ROIs).2? When de-novo GSH synthesis is inhibited by
buthionine sulphoximine (an irreversible inhibitor of
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Fig 2—Reaported GSH concentrations in HIV-infected individuais with and without symptoms.
GSH concentrations in plasma.®’ lung epitheliai-lining fluid (ELF),” cell lysates,* and leucocytes

(intraceliular).? nr=not reported.

v-glutamvicysteine synthetase), and GSH concentrations
are lowered. N-acetvicysteine still inhibits HIV
transcription and replication (F. Staal. M. Roederer.
unpublished). The degree of inhibition by N-acetyicysteine
is essentally the same without buthionine sulphoximine.
These resuits accord with those of Mihm et al,** who have
suggested that cysteine itself may have a direct regulatory
role.

Chronic oxidative stess and decreased
glutathione concentrations during HIV
infection

HIV repiication can be expected to proceed more rapidly
in immunosuppressed individuals who have infections that
induce inflammatory responsés. Indeed, HIV-infected
individuals often have increased serum and plasma
concentratons of inflammatory cytokines (which stimulate
NF-xB and thereby HIV activation).>* These cvtokines
stimuiate the production of ROl in certain cell tvpes.!” The
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Fig 3—Potentially synergistic effects of thiol-enhancing drugs
and antiretroviral drugs on HIV infection.

Reverse-transcriptase inhibitors are ineffective at intubiting wviral
production once atency has been established. However, thiol-enhancing
drugs. sucn as N-acetyicystene (NAC), inhibit the sumuiation of viral
production ounng latency. AZT, azidothvmidine (2idovudine), ds DNA,
double stranned DNA' GSE. GSH aster: iL. interleitkin: TNF  tumour
necrosis f1actor

principal defence against oxidative stress within cells is
GSH. which scavenges ROIs and is consumed by this
process, resulting, potentially, in lower intraceilular GSH
concentrations. Therefore, inflammartory responses in
HIV-infected individuals can cause thiol loss so that NF-xB
activation and HIV transcription are favoured. Whatever
the exact mechanism of the decrease in GSH
concentrations, it is likely that GSH deficiency contributes
1o the pathogenesis of AIDS. Exactly how HIV causes
immunodeficiency is unclear and several hypotheses,
including autoimmune changes® and the presence of an
HIV-encoded superantigen,® have been advanced.
However, in view of the requirement for well-reguiated
GSH concentrations for immune function, GSH deficiency
has to be included among the factors leading to the
svmptoms of HIV infection and immune-cell depletion.

Lowered GSH concentrations are probably not restricted
to H1V infection, but may occur whenever concentrations of
inflammarorv cvtokines are increased (eg, in acute
respiratory distress syndrome,”” cerebral malaria.*® and
multiple sclerosis™).

Therapeutic strategies

Restoration of GSH concentrations will decrease ROls,
inhibit HIV stimulation by inflammatorv cytokines, and
(partly) block viral production. Replenishment may also
restore some immune functions of T lymphocytes and
alleviate the cachexia that is often seen in the late stages of
AIDS. Many drugs with antioxidant properties (not only
GSH-repienishing drugs) may be suitable. Penicillamine
inhibits HIV production in vitro and in vivo, but has
unwanted side-effects.® Pentoxifylline, an effective
inhibitor of tumour necrosis factor aipha, decreases HIV
replication and has been proposed for treaument of AIDS.*
Vitamin C can also inhibit HIV replication in vitro in
synergy with N-acetylcysteine but not with GSH.*

Whatever the merits of the drugs listed above, GSH
prodrugs are most likely to be effective at alieviating GSH
deficiency. We and others have proposed using N-
acetvicysteine as a therapeutic agent in AIDS. 14102333
N-acetvicysteine has antiretroviral effects in vitro, low
toxicity in vivo. a long history of use in patients. can be given
orally in a palatable form, and is inexpensive.. The

pharmacokinetics of this drug are well-established.* and
high doses have been used WILIOUT SlAc-Cilcuis—aa ass
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anudote for paracetamoi (acetaminophen) ioverdose,’ for
example. Several clinical triais to establish the effects of
N-acetvicysteine on HIV infection have started or are about
o start. Other GSH prodrugs include L-2-gxothiazolidine-
4-carboxylate (OTC), GSH esters, and GSH itself. OTCis
a cysteine prodrug requiring intracellular| conversion by
3-oxoprolinase. Although the pharmacokinetics of this drug
are known,* no in-vitro studies of its effects on HIV
replication have been reported. Buhl'etal” have proposed the
use of acrosolised GSH esters to correct GSH deficiency in
the lung epithelial-lining fluid of AIDS patients. Halliweil
and Cross®* have suggested that antioxidant therapy with
N-acetyicysteine and vitamin C is memed given the low
toxicities of these drugs.

GSH replacement therapy, espeailly with N-
acetvicysteine, is attractive because it inhibits expression of
integrated HIV and thus offers a novel route for interfering
with progression of the disease (fig 3).15 Kalebic et ai'¢ have
confirmed the inhibition of HIV expression by N-
acervicysteine, and have aiso shown that this drug inhibits
HIV mRNA production more effectively than do GSH
esters or GSH. All approved antiretroviral drugs are
reverse-transcriptase inhibitors and do ndt inhibit HIV
production once it is integrated into th¢ host genome.
Because of its mode of action, GSH repiacement therapy
may be effective in extending latency and in delaying the
development of opportunistic infections. Al combination of
N-acetyicysteine (or other GSH prodrugs) with reverse-
transcriptase inhibitors and other standard therapies (eg,
pentamidine for Prewmocystis carinti pneumpnia) may prove
1o be a useful treatment for HIV infection.
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