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Abstract

The observations that people infected with HIV suffer not
only from an inflammatory stress but also from depleted gluta-
thione levels have led to a general hypothesis that these two
are causally related, and that treatment of AIDS should
include thiol-replenishment therapy. In particular, inflamma-
tory stimulations are dependent on intracellular thiol levels, as
they are potentiated at low glutathione levels (oxidative stress)
and inhibited at high glutathione levels. Inflammatory stress
may itself lead to decreased levels of glutathione. HIV has
taken advantage of inflammatory signals to regulate its own
replication; thus, the HIV infection is exacerbated by low lev-
els of glutathione. We have shown that N-acetylcysteine can
inhibit inflammatory stimulations, including that of HIV
replication. Since N-acetylcysteine can replenish depleted glu-
tathione levels in vivo, we suggest that it be used as an adjunct
in the treatment of AIDS.

tal effects on the general health of the infected
individual, but eventually contribute to the

The etiological cause of AIDS is the lenti-
virus termed human immunodeficiency virus
(HIV). However, many of the pathological
aspects of the disease are not directly due to
infection by the retrovirus; rather, they are
secondary effects due to the host response to
the infection. We have made the argument
that one of the more important aspects of this
disease is the chronic inflammatory and oxi-
dative stresses that accompany the infection
[1]. These stresses not only result in detrimen-

loss of CD4 (helper) T cells, increased oppor-
tunistic infections, immunodeficiency in gen-
eral, wasting disease and death.

Eck et al. [2] first demonstrated the possi-
ble connection between oxidative stress and
AIDS: that HIV-infected invididuals have de-
creased levels of thiols in their blood. Gluta-
thione is the major intracellular antioxidant,
and is the main defense against oxidative
stresses such as those presented by the pro-
duction of reactive oxygen intermediates.
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Buhl et al. [3] confirmed these results, further
demonstrating that the lung epithelial lining
fluid from HIV-infected individuals had se-
verely depleted glutathione levels.

Fauci and colleagues [4] have suggested
that the inflammatory cytokines, such as tu-
mor necrosis factor-alpha (TNF), play a ma-
jor role in the progession of AIDS. Such cyto-
kines can directly stimulate viral replication
[5]. Our research, confirmed recently by sev-
eral groups, demonstrates that the stimulation
of HIV replication brought about by inflam-
matory cytokines can be abrogated by N-ace-
tylcysteine (NAC) [6-10]. NAC is an antioxi-
dant which replenishes glutathione; thus, we
suggested that it functions by relieving the
oxidative stress induced by TNF. These data
led us to suggest that NAC, a safe, commonly
used drug, be used as an adjunct in the ther-
apy of AIDS.

Inflammatory Stress Accompanies AIDS

Sera from individuals infected with HIV
often show elevated levels of cytokines, espe-
cially those involved in inflammatory re-
sponses. Specifically, elevated levels of TNF
[11-16], IL-1a [16], IL-1B [1 7], IL-2[16], IL-6
[17, 18], inteferon-a [15, 19], and inteferon-y
[20] have been shown to occur with AIDS.
The level of neopterin, a molecule produced
by macrophages principally in response to
interferon-y, correlates not only with the pro-
gression of disease, but is also a strong predic-
tor for subsequent progression to AIDS [21-
25].

Functional studies on lymphocytes from
infected individuals also suggest that AIDS
is characterized by an inflammatory stress.
Polyclonal B cell activation was noted as early
as 1983 [26]. Several observations confirm
that B cells in HIV-infected individuals are
activated, including hypergammaglobulin-

emia, elevated expression of B cell activation
markers (and CD20), increased frequency of
B lymphomas, and elevated levels of plasma
IL-6 [18, 26-31].

In contrast to the B cells, T cells and mono-
cytes are less responsive if not anergic in HIV-
infected individuals. Both in vivo and in vitro
functions are defective in comparison to un-
infected controls [32]. This deficiency is prob-
ably brought about by excessive (or chronic)
stimulation with cytokines [33-35]

Inflammatory Stress Leads to
Oxidative Stress

Stimulation with inflammatory cytokines
such as TNF leads to the intracellular produc-
tion of reactive oxygen intermediates in a
wide variety of cell types [36]. The production
of these intermediates in response to stimula-
tion occurs not only in granulocytes, whose
activity relies on this production, but also in
other cell types such as B and T cells [37-40].
It is now becoming clear that the production
of reactive oxygen intermediates in these lat-
ter cell types is not a ‘side effect’, but may
rather represent an important aspect of the
signal transduction pathways for inflamma-
tory cytokines [41]. The main defense against
the toxicity of reactive oxygen intermediates
in the cell is glutathione. Glutathione, a cys-
teine-containing tripeptide, is present in 1-
10 mmol/l concentrations in the cytoplasm,
and thereby represents the major redox buff-
ering moiety. Through enzymatically-cata-
lyzed reactions, it reduces reactive species to
nontoxic species through its conversion to the
disulfide GSSG. GSSG is subsequently ex-
ported from the cell (or alternatively reduced
back to glutathione by glutathione reductase)
[42]. Thus, the redox status within the cell is
dependent on the (competing) levels of gluta-
thione and oxidative species.
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" Increasing Glutathione Levels
Inhibit Toxic Inflammatory Responses

Several studies have shown that glutathione
levels (and the production of reactive oxygen
intermediates) are critically involved in TNF-
induced cytotoxicity. While supplementation
of glutathione levels with NAC protects cells
against TNF cytotoxicity [43], depletion with
buthionine sulfoximine potentiates cytotoxic-
ity [44]. This is true not only for cell lines, but
in vivo: rats given lethal doses of TNF are res-
cued by coadministration of NAC [45], indi-
cating that the oxidative stress induced by
TNF can directly lead to death.

We suggested that the production of reac-
tive oxygen intermediates may be a prerequi-
site for the signal transduction of TNF. Using a
cultured cell line to study the stimulation by
TNF, we demonstrated that addition of NAC
inhibited the TNF-stimulated expression of
gene products responsive to this cytokine (e.g.
HIV core protein p24) [6]. This inhibition was
evident at the mRNA level [7], suggesting that
the block was in the signal transduction path-
way leading to increased transcription. This
hypothesis was confirmed by the observation
that NAC inhibits the activation of NF-xB [8,
10, 41], the enhancer-binding protein responsi-
ble for increasing transcription of TNF-respon-
sive genes. These results suggested the role of a
redox-sensitive step in the signal transduction
pathway for inflammatory cytokines.

More recently, Baeuerle’s group made the
crucial connection between the production of
reactive oxygen intermediates and the activa-
tion of NF-xB. They demonstrated that hy-
drogen peroxide (which is one of the reactive
species normally produced in cells) could di-
rectly and by itself activate NF-xB [41]. They
also showed that exogenous addition of NAC
inhibited the activation of NF-kB by a wide
variety of agents. On the basis of these results,
they hypothesized that reactive oxygen inter-

mediates are second messengers for the signal
transduction of inflammatory signals.

HIV has taken advantage of signalling
pathways by inflammatory cytokines to regu-
late its own transcription. Indeed, the HIV
long terminal repeat, which contains the tran-
scription-enhancing elements, has two bind-
ing sites for NF-kB [46]. Activation and bind-
ing of NF-xB is necessary and sufficient to
mediate the stimulation of viral transcription
as induced by TNF, IL-1, and phorbol esters
[5, 46-49]. This mode of regulation intro-
duces a positive feedback loop during the pro-
gression to AIDS: HIV infection (in an un-
known fashion) produces an inflammatory
stress, including elevated levels of inflamma-
tory cytokines; this stress, among other ef-
fects, can stimulate viral replication.

We have shown that inhibiting the TNF-
induced NF-xB activation with NAC leads to
inhibition of stimulated viral transcription
and replication. This inhibition was evident
both in several acute and chronic infection
models. For example, peripheral blood mono-
nuclear cells (PBMC) from uninfected indi-
viduals were infected with cultured HIV, in
the presence or absence of NAC. Even sub-
millimolar concentrations of NAC could
completely inhibit the stimulated viral repli-
cation induced by TNF [6]. For models of
chronic infection, we used the cell lines devel-
oped by Fauci’s group, ACH-2 (T cells) and
Ul (promonocytes) [4, 47]. These lines pro-
duce minimal virus until stimulated by a vari-
ety of agents including TNF and phorbol 12-
myristate-13-acetate diester (PMA) [50]. We
showed that NAC inhibits the TNF- and
PMA-stimulated evolution of virus from
these lines [7]. Poli et al. [51] further demon-
strated that NAC also inhibited the stimula-
tion by IL-6 and GM-CSF. These results sug-
gest that NAC may be effective in maintain-
ing viral latency by inhibiting the stimulated
expression of the integrated virion.
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Fig. 1. FACS analysis of intracellular glutathione in
CD4* and CD8* T cells. A Dual parameter plot of
monochlorobimane (MCB) fluorescence (measuring
glutathione) on the ordinate versus CD4 or CDS$ fluo-
rescence on the abscissa. Left panel: HIV-healthy con-
trol; middle and right panels: HIV* individuals classi-
fied as ARC. Note that the scale is logarithmic. Arrows
indicate the approximate positions of the low- and
high-glutathione T cells (as found in the normal con-
trols). The high-glutathione containing T cell classes
are virtually missing in these individuals. While a sig-
nificant loss of CD4 T cells was observed in these HIV+
individuals, there was no decline in the number of
CD8 T cells; however, the high-glutathione T cells are

HIV-Infected Individuals Have
Depleted Glutathione Levels

The decreased glutathione levels shown by
Eck et al. [2] and Buhl et al. [3] were measured
in serum samples or bulk lysates of cells. We
adapted a fluorescence-activated cell sorter
(FACS)-based assay [52] to measure intracel-
lular glutathione on a cell-by-cell basis in
PBMC, in order to study the depletion in
greater depth. We demonstrated a stark con-

missing in both subsets (cell counts: CD4: 806, 304,
and 53/pl, respectively; CD8: 524, 974, and 393/pl).
B Histograms of the glutathione in the CD8 (top) or
CD4 (bottom) cells from the HIV- control (solid line)
and the second HIV* individual (hatched line). Note
that the low end of the distributions are at the same
level of glutathione for both individuals, indicating
that the low-glutathione T cells have not decreased in
intracellular glutathione content; rather, the represen-
tation of cells has shifted from predominantly high-
glutathione to exclusively low-glutathione. Repro-
duced from Staal et al. [54] by permission; see this ref-
erence for experimental methodology.

trast in the intracellular glutathione levels in
PBMC from uninfected healthy individuals,
and those infected with HIV. In uninfected
individuals, glutathione levels are highly con-
served in different PBMC subsets [53]. How-
ever, in HIV-infected individuals, there is a
much broader range of glutathione levels [54],
indicating a systemic dysregulation of intra-
cellular glutathione levels. Furthermore, as
figure 1 shows, HIV-infected individuals dis-
play a specific loss of a class of T cells with
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from Staal et al. [54] by permis-
sion.

high glutathione (of both CD4 and CD8 lin-
eages) [53, 54]. While uninfected individuals
always have these high-glutathione T cells,
they are virtually absent in HI V-infected indi-
viduals, even at the asymptomatic stage. This
loss leads to the observed average decline in
intracellular glutathione levels in T cells in
infected individuals (fig. 2).

There are several possible explanations
for the loss of the high-glutathione T cells:
(i) these cells are more sensitive than the low-
glutathione T cells to some factor induced by
HIV, and are selectively killed; (ii) these cells
are removed from the periphery in response
to the HIV infection; (iii) the high-glutathione
T cells are converted into low-glutathione T
cells through loss or oxidation of glutathione;
(iv) the generation of new high-glutathione T
cells is abrogated, such that only low-gluta-
thione T cells are produced. Any explanation
must account for the observations that high-
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Fig. 2. Intracellular glutathione
levels in CD4+ and CD8" T cells
are lower in HIV* than in HIV- 5
individuals. Intracellular gluta- 1807 s
thione is determined as the median - o
of MCB fluorescence, with the av- csy  100] L '
erage median of normal, healthy (percent of % e °§9
subjects (random control) normal- normal) ¢ % ®
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glutathione cells of both the CD4 and CDS8
lineages are lost, and that the fraction of high-
glutathione CD4 T cells correlates extremely
well with the fraction of high-glutathione
CDS8 T cells, irrespective of the HIV-infected
status of the individual.

We feel that it is most likely that the loss of
the high-glutathione T cells is directly related
to the inflammatory and thus oxidative stress
present in these individuals. Chronic stimula-
tion and production of reactive oxygen inter-
mediates in a variety of cell types could lead
to systemic glutathione depletion; it may be
that the high-glutathione T cells are most sen-
sitive to this process. It is also possible that
the dysregulation of glutathione levels leads
(at least in part) to the anergy [32, 55] of T
cells and monocytes from infected individu-
als. In view of the sensitivity of T cell function
and proliferation on appropriate intracellular
glutathione levels [56-58], we expect that the
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Fig. 3. Dynamics of inflammatory cytokines, reac-
tive oxygen intermediates, and glutathione during the
progression of the HIV infection. Positive interactions
(stimulations) and negative interactions (inhibitions)
result in positive feedback loops between inflamma-
tory cytokines (such as TNF), the production of reac-
tive oxygen intermediates, decreases in intracellular
glutathione, and increases in HIV replication. Oppor-
tunistic infections can pump this cycle through stimu-
lation of the immune system; overproduction of TNF
(and possible other cytokines) may lead to progressive
wasting and eventual death. Reprinted from Roederer
et al. [1] by permission.

loss of high-glutathione T cells would have a
profound effect on the functionality of the T
cell compartment.

Whether or not decreased glutathione lev-
els are due to inflammatory stimulations
manifest at the level of the T cells remains to
be determined. Certainly, there are systemic
abnormalities that may lead to the deficiency
at the cellular level. For instance, Eck et al. [2]
also demonstrated that plasma cysteine levels
were depressed. Since cysteine can be the lim-
iting precursor for glutathione synthesis, low
cysteine levels can lead directly to low glu-
tathione levels. (Alternatively, oxidative
stresses could deplete both glutathione and

HIV Infection

AZT _m_l@s_,-l- Reverse Transcriptase

Provirus
DNA Integration
Y
Latency
Cytokines
NAC nhibits = NFxB A ONE 111, 1-6)
T Activation \
ROIs; HZOZ
L4
Expression

Fig 4. NAC is a novel approach to anti-HIV thera-
py. NAC inhibits the host-mediated stimulation of
viral transcription and production. Current therapies
(AZT, ddI, ddC) are directed at inhibition of the
reverse transcriptase and are ineffective in the inhibi-
tion of viral production after latency has been estab-
lished. Reprinted from Roederer et al. [1] by permis-
sion.

cysteine). Eck et al. also found increased lev-
els of plasma glutamate, which may exacer-
bate intracellular cysteine/glutathione defi-
ciencies by virtue of its inhibition of cysteine
uptake by cells.

Treatment of HIV Infection Should
Include Glutathione-Replacement
Therapy

It is on the basis of these results that we
suggest that glutathione-replacement therapy
be used as an adjunct in the treatment of HIV
infection. Such therapy may have beneficial

126 Roederer/Staal/Ela/Herzenberg/

Herzenberg

NAC: Potential for AIDS Therapy




effects at several sites (fig. 3): (1) Regulation
of viral stimulation by inflammatory cyto-
kines: Optimal stimulation of HIV occurs at
decreased glutathione levels; exogenous thiol
sources can effectively block the stimulation
of viral replication. (2) Maintenance of laten-
cy: NAC effectively blocks the cytokine-in-
duced production of virus from latently in-
fected cells, and may thus extend latency in
minimally viremic individuals. (3) Restora-
tion of glutathione levels in T cells: Prelimi-
nary results demonstrate that glutathione lev-
els are restored within one week of taking oral
NAC. Replenishment of glutathione may be
critical for restoration of leukocyte function,
by alleviating anergy. (4) Reduction of TNF
levels and activity: Besides inhibiting the
stimulation of HIV, thiol replacement ther-
apy may alleviate the distressing wasting (ca-
chexia) that often accompanies late-stage
AIDS.

While many antioxidants may function in
these regards, we feel that the most effective
will be glutathione-replenishing pro-drugs,

e.g. NAC, glutathione itself, and glutathione
ester. This is because these compounds not
only inhibit stimulation of HIV replication in
vitro, but can also restore depleted gluta-
thione levels in vivo. NAC has a long history
of use in humans, and its safety and pharma-
cokinetics are well established [59-62]. The
treatment of HIV infection with NAC repre-
sents an attempt to control the host-mediated
stimulation of viral replication, rather than
specifically aimed at HIV itself (fig. 4). This
type of therapy may have many positive ef-
fects on the symptomatology of the HIV in-
fection, e.g. reducing leukocyte anergy, immu-
nosuppression, development of opportunistic
infections, and wasting,
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