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ABSTRACT

Redox mechanims play important roles in replication of human immunodeficiency virus type 1 (HIV-1) and cel-
lular susceptibility to apoptosis signals. Viral replication and accelerated turnover of CD4* T cells occur through-
out a prolonged asymptomatic phase in patients infected by HIV-1. Disease development is associated with steady
loss of CD4™ T cells by apoptosis, increased rate of opportunistic infections and lymphoproliferative diseases,
disruption of energy metabolism, and generalized wasting. Such pathological states are preceded by: (i) depletion
of intracellularantioxidants, glutathione (GSH) and thioredoxin (TRX), (ii) increased reactive oxygen species (ROS)
production, and (iii) changes in mitochondrial transmembrane potential (A¥ ). Disruption of AW, appears to be
the point of no return in the effector phase of apoptosis. Viral proteins Tat, Nef, Vpr, protease, and gp120, have
been implicated in initiation and/or intensification of oxidative stress and disruption of AW ,,. Redox-sensitive
transcription factors, NF-xB, AP-1, and p53, support expression of viral genes and proinflammatory lymphokines.
ROS regulate apoptosis signaling through Fas, tumor necrosis factor (TNF), and related cell death receptors, as
well as the T-cell receptor. Oxidative stress in HIV-infected donors is accompanied by increased glucose utiliza-
tion both on the cellular and organismal levels. Generation of GSH and TRX from their corresponding oxidized
forms is dependent on NADPH provided through the pentose phosphate pathway of glucose metabolism. This
article seeks to delineate the genetic and metabolic bases of HIV-induced oxidative stress. Such understanding
should lead to development of effective antioxidant therapies in HIV disease. Antiox. Redox Signal. 2, 551-573.

INTRODUCTION

INFECTION BY THE HUMAN IMMUNODEFICIENCY
VIRUS TYPE 1 (HIV-1) leads to a complex dis-
ease characterized by a variety of clinical symp-
toms, dysregulation of the immune system
ranging from profound T-cell depletion to au-
toimmunity, opportunistic infections, systemic
inflammatory responses, energy deficit, de-
mentia, and increased incidence of cancers
(Pantaleo et al., 1993). Although the complexi-

ties of pathogenic mechanisms elicited by the
virus are still being delineated, understanding
the selective depletion of CD4" T cells remains
a primary target of HIV research.

During the course of HIV infection, three ma-
jor phases can be distinguished. Extensive
viremia occurs within a few weeks after infec-
tion, giving rise to an acute mononucleosis-like
syndrome. A second and relatively latent pe-
riod represents an ongoing fierce battle be-
tween virus replication and replenishing of the
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CD4" T cell reservoirs. During latency, viral
particles are constantly being produced while
as much as 5% of CD4™" T cells are killed and
regenerated daily (Ho et al., 1995; Wei et al.,
1995). On average, 10 years following infection,
the delicate balance between viral replication
and turnover of CD4" T cells becomes dis-
turbed and a steady decline of CD4" T-cell
counts ensues. Diminished CD4" T-cell func-
tion gives rise to opportunistic infections, lym-
phomagenesis, and autoimmune phenomena
at the final stages of disease. Infection by HIV
increases the levels of reactive oxygen inter-
mediates (ROS) both within the infected cells
and the plasma of asymptomatic patients early
in the course of the disease (Table 1). Redox sig-
naling plays an important role in gene tran-
scription and replication of HIV-1 (Table 2), as
well as regulation of cellular susceptibility to
apoptosis signals (Hamilos and Wedner, 1985;
Halliwell and Gutteridge, 1990; Lipton et al.,
1993; Buttke and Sandstrom, 1994; Stamler,
1994; Korsmeyer, 1995; Los et al., 1995a; Banki
et al., 1996,1998; Adler et al., 1999). This review
will assess redox checkpoints and underlying
metabolic mechanisms regulating HIV replica-
tion and death of infected (Fig. 1) and unin-
fected cells (Fig. 2).

TaBLE 1.
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EVIDENCE FOR OXIDATIVE STRESS
INDUCED BY HIV

Association of oxidative stress with HIV in-
fection was originally implied from finding di-
minished levels of reduced glutathione (GSH)
in the plasma and lymphocytes of HIV-infected
individuals (Eck et al., 1989). GSH, a cysteine-
containing tripeptide, is the major source of in-
tracellular free thiols and an important antiox-
idant (Meister and Anderson, 1983). GSH levels
declined in the plasma, peripheral blood
mononuclear cells (PBMC), monocytes (Eck et
al., 1989; de Quay et al., 1992), and lung ep-
ithelial lining fluid of HIV-infected persons
(Buhl et al.,, 1989). Diminished intracellular
GSH levels were reported in both CD4" and
CD8™ T cells on the basis of flow cytometry of
glutathione-S-bimane fluorescence (Roederer
etal.,1991;Staal et al., 1992). Cysteine deficiency
of HIV-infected individuals served as a ratio-
nale for treatment with N-acetylcysteine (NAC)
(Droge et al., 1992). More recently, decreased
GSH was correlated with increased levels of ox-
idized glutathione (GSSG) in HIV-infected
CD4™" T cells, suggesting that a lack of reduc-
ing equivalents rather than decreased GSSG
synthesis was responsible for GSH deficiency

EvIiDENCE FOR OXIDATIVE STRESS INDUCED BY HIV

Evidence

Body site/cell type

Reference

GSH and cysteine depletion

Plasma of HIV-infected patients

(Buhl et al., 1989;
Eck et al., 1989;
Jacobson et al., 1990;
Droge et al., 1992;
Staal et al., 1992;
Fujita et al., 1993)

GSH and NAC inhibited HIV replication
GSH elevation
GSH depletion/GSSG elevation

TRX depletion

TRX elevation
Inhibition of HIV apoptosis by NAC

Increased ROS levels

Increased ROS levels

Vitamins E and C decrease ROS levels

Correlation of GSH levels and CD4 cell count

Inverse correlation of ROS levels and CD4
cell count

Monocytic cell line
CD4'T cells
Peripheral blood T cells

Lymph nodes of HIV-infected
patients

Plasma of HIV-infected patients

Peripheral blood T cells,
monocytes

Jurkat and H9 T cells

Peripheral blood monocytes

Plasma of HIV-infected patients

Peripheral blood CD4* T cells

Plasma of HIV-infected patients

(Kalebic et al., 1991)

(van der Ven et al., 1998)

(Aukrust et al., 1995;
Lopez Galera et al., 1996;
Staal, 1998)

(Masutani et al., 1992)

(Nakamura et al., 1996)
(Malorni et al., 1993;
Kinscherf et al., 1994)
(Banki et al., 1998)
(Elbim et al., 1999)
(Allard et al., 1998b)
(Herzenberg et al., 1997)
(Malorni et al., 1998)
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TaABLE 2. REDOX-REGULATED ProOCEsseEs IN HIV-INFECTED CELLS

Effect

Body site/cell type Reference

ROS enhance promoter activity of the HIV-1
LTR

Tat-induced stimulation of Sp1-DNA
interactions

Oxidative stress leads to caspase activation

Tat induces oxidative stress and caspases

Tat-induced Fas-ligand expression

Tat-induced stimulation of JNK and AP1

Tat-induced stimulation of NF-«B activity

Redox status directly affects NF-xB activity

Monocyte and T cell lines
HeLa cells

HIV-infected T cell lines

Brain cell cultures

Human peripheral blood T cells

Human T cell lines

HIV-infected peripheral blood T
cells

Human T and monocytic cell lines

(Kurata, 1996)
(Seve et al., 1999)

(Banki et al., 1998)

(Kruman et al., 1998)

(Ehret et al., 1996)

(Bofill et al., 1995)

(Westendorp et al.,
1995b)

(Staal et al., 1990;
Israel et al., 1992)

(Aukrust et al., 1995; Lopez Galera et al., 1996).
The level of another thiol antioxidant, thiore-
doxin (TRX) is diminished in HIV-infected cells
(Masutani et al., 1992). There are several forms
of TRX or adult T-cell leukemia-derived factor.
Its 12-kD form is comprised of 105 amino acids
with a redox-active dithiol site (Tagaya et al.,
1989; Nakamura et al., 1997). Within the cell, TRX
can translocate to the nucleus to regulate DNA-
binding affinity of redox-sensitive transcription
factors (Nakamura et al., 1997). TRX is also se-
creted by lymphocytes in response to oxidative
stress and functions as chemoattractant for neu-
trophils, monocytes, and T cells (Bertini ef al.,
1999). Its 80- or 84-amino-acid-long amino-ter-
minal fragment, termed eosinophil cytotoxicity-
enhancing factor, stimulates HIV replication
(Newman et al., 1994). Thus, increased TRX lev-
els in the plasma of HIV-infected individuals
may contribute to the vicious cycle of viral repli-
cation (Nakamura et al., 1996). Elevated serum
levels of lipid peroxidation products, malondi-
aldehyde (Sonnerberg et al., 1988), and hy-
droperoxide (Revillard et al., 1992; Allard et al.,
1998a) indicative of ongoing oxidative stress,
were also found in HIV-infected patients com-
pared to uninfected controls.

MITOCHONDRIA AND ROS

ROS modulate various signal-transduction
pathways. ROS can elicit positive responses
such as lymphocyte activation (Hamilos and
Wedner, 1985; Hildeman et al., 1999) and pro-

liferation (Suthanthiran et al., 1990), as well as
negative responses such as apoptosis (Hocken-
berry et al., 1993; Kane et al., 1993; Lipton et al.,
1993; Buttke and Sandstrom, 1994). Although
HIV can infect almost any human cell type, the
major targets are CD4" T cells and monocytes.
Upon infection by HIV, peripheral blood CD4™*
T cells rapidly die by apoptosis (Meyaard et al.,
1992). Infection of CD4™ T cells leads to a sev-
eral-fold increase in mitochondrial ROS levels,
an initial increase of the mitochondrial trans-
membrane potential (A¥,,) followed by a later
fall in AW, caspase activation, and phos-
phatidylserine externalization (Banki et al.,
1998). Disruption of AWy, is associated with re-
lease of cytochrome ¢ from the mitochondria
(Green and Reed, 1998). Cytochrome c activates
apoptosis-activating factor 1 (Apaf-1), which in
turn activates caspase 9 and caspase-3 (Li et al.,
1997). Sequential activation of effector/execu-
tioner caspases such as caspase-3, caspase-6,
and caspase-7 leads to cleavage of key factors
necessary for cell survival. Caspase-3, formerly
called CPP-32 (Salvesen and Dixit, 1997),
cleaves IkB-a between Asp-35 and Ser-36 (Bar-
kett et al., 1997). Cleavage by caspase-3 blocks
the ability of IkB-a to undergo phosphoryla-
tion-induced degradation. Thus, accumulation
of IkB-a would inhibit activation of NF-«B and
their responsive genes (Barkett et al., 1997).
Substrates of caspases also include structural
proteins such as lamins, actin, fodrin, and en-
zymes such as poly(ADP-ribose) polymerase
(Salvesen and Dixit, 1997) and caspase-acti-
vated DNase (CAD). CAD degrades the ge-
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FIG.1. Schematic overview of redox signaling and apoptosis pathways in HIV-infected cells. HIV-1 Tat promotes
elongation of viral RNA by RNA polymerase II (RPII), enhances viral RNA transcription by redox-mediated stimu-
lation of NF-«B, Sp1, Ap1, and JNK activities. Tat-induced ROS and Vpr-mediated changes in mitochondrial trans-
membrane potential increase susceptibility to apoptosis triggered by oxidants, TNF, and FasL. Expression of the Fas
and TNF receptors is enhanced by the Nef protein. Activation of caspase-8 through Fas signaling and mitochondrial
injury leads to the release of executioner caspase-activating factors. This process is inhibited by Bcl-2 and its viral ho-
mologues. The process is enhanced through cleavage of Bcl-2 by HIV-1 protease. Fas ligand (FasL) crosslinks the Fas
receptor (Fas/Apol/CD95), which recruits an adapter protein with a Fas-associated death domain (FADD). Viral
FLIPs (VFLIPs) possess a death effector domain similar to those of FADD and caspase 8 and, thus, interrupt Fas sig-
naling. While not shown, vFLIPs may also block TNF receptor-mediated signaling through FADD shared by both the
Fas and TNF pathways. Upon recruitment of caspase 8, its oligomerization causes self-cleavage and activation of
downstream effector caspases (Salvesen and Dixit, 1997). Caspase-3 activated DNase (CAD) causes host cellular DNA
fragmentation (Enari et al., 1998).

nomic DNA by cleavage at regular, 180- to 200- and GSH levels (Constantini et al., 1996). HIV-
bp intervals (Salvesen and Dixit, 1997; Enari et 1 Tat inhibits expression of manganese super-
al., 1998). oxide dismutase which, in turn, may be re-

The AV, is subject to regulation by an oxi- sponsible for elevation of ROS levels (Flores et
dation-reduction equilibrium of ROS, pyridine al., 1993). The Bcl-2 family of proteins play an
nucleotides NADH/NAD + NADPH/NADP), important role in maintaining mitochondrial


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860050192323&iName=master.img-000.png&w=420&h=410

REDOX MECHANISMS IN HIV DISEASE 555

HIV-1/gp120

PI3K  PTK
NWPTK ¥ Caspase 8 l
A Kinase cascade .o —-....___

/

GROWTH

v PARP
70K U1 RNP
LAMIN

ACTIN

FIG. 2. Inflammatory cytokine and activation-induced oxidative stress and apoptosis pathways in T lymphocytes.
Elevated serum levels of proinflammatory cytokines, tumor necrosis factor-a (TNF-a) and interleukin-1 (IL-1) signal
through their specific receptors. Through death-domain (DD)-containing proteins, TNFR interacts with TRAF2, which,
in turn, activates IKK via the MAPKKK /ASK1 cascade. ASK-1 is maintained in its inactive form when bound to TRX.
ROS dissociate TRX from ASK-1 and promote multimerization required for kinase activity. Subsequently, IKK acti-
vation leads to phosphorylation-mediated degradation of I-kB and translocation of NF-«B and translocation of NF-
kB into the nucleus. IL-1 also activates NF-«B through the TRAF pathway via the IL-1 receptor accessory protein (IL-
1RACP) and IL-1 receptor-activated kinase (IRAK). Antigen, e.g., HIV-1/gp120, binding-initiated signaling through
the T-cell receptor complex/CD3 and the CD28 co-stimulatory molecule activate phosphatidylinositol 3-kinase (PI3K)
and protein tyrosine kinases (PTK). This results in Ca flux into mitochondria followed by increased production of
ROS and NF-«B activation (Green and Thompson, 1994; Los et al., 1995b; Tatla et al., 1999). Mitochondrial membrane
integrity is maintained by a balance of membrane-stabilizing Bcl-2 and Bcl-X;, and pore-inducing Bax and Bad (Gross
et al., 1999) as well as the metabolic capacity to synthesize reducing equivalents (Fig. 4). Controlled increase of ROS
levels activates NF-«B and promotes cell growth. Excess ROS production and disruption of AV, leads to activation-
induced cell death executed by activation of caspase 3 (digesting vitally important proteins PARP, 70K UIRNP, lamin,
and actin) and caspase 3-dependent DNase (CAD, causing nuclear DNA fragmentation).

membrane integrity (Green and Reed, 1998) ished membrane potential and increased pro-
(Fig. 1). This apoptosis-regulatory function duction of ROS. By contrast, overexpression of
may be related to their ability to form ion chan- Bcl-2 or Bcl-X;, will antagonize these effects by
nels (Gross ef al., 1999). Enforced dimerization forming heterodimers with Bax or Bad. Bcl-2
of proapoptotic Bax or Bad results in dimin- overexpression also inhibits release of cy-
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tochrome ¢ from mitochondria (Kluck et al.,
1997; Yang et al., 1997). Thus, cleavage of Bcl-2
by HIV-1 protease may contribute to elevated
ROS levels and apoptosis (Strack et al., 1996).
Although persistent replication of HIV leads to
apoptosis of CD4* T cells, monocytes and tis-
sue macrophages actively produce virions
without undergoing apoptosis. Viral replica-
tion in monocytes is associated with dimin-
ished Bcl-2 and TRX and augmented ROS lev-
els (Elbim et al., 1999). In macrophages, ROS
enhance the production of proinflammatory
lymphokines and chemokines (Chaudri and
Clark, 1989). In turn, these chemokines stimu-
late respiratory burst by neutrophils, which are
the major source of oxidant generation, and de-
pletion of plasma antioxidants at all stages of
the disease (Babior, 1984; Ryder et al., 1988).

OXIDATIVE STRESS AND
HIV GENE TRANSCRIPTION

The promoter of HIV is located in the 5" long
terminal repeat (LTR) region of the viral
genome (Fig. 3). It contains recognition sites for
several transcription factors, including Spl,
TBP, NF-«B, p53, and AP-1 (Jones and Peterlin,
1994; Pereira et al., 2000). These cellular factors
control the rate of transcription from the inte-
grated provirus. Despite the importance of
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these factors, elongation of transcripts initiated
at the HIV-1 promoter are rather inefficient in
the absence of the Tat protein. Function of Tat
is dependent on a bulged RNA stem-loop
structure, TAR (Tat activation region), present
at the 5’ end of the viral RNA. Tat binds a Tat-
associated kinase (TAK), which phosphory-
lates the carboxy-terminal domain of RNA
polymerase II (Herrmann and Rice, 1995), thus
increasing the generation of full-length tran-
scripts up to 100-fold (Emerman and Malim,
1998). Indirectly, Tat may also enhance the rate
of transcription initiation through stimulation
of activities of redox-sensitive transcription fac-
tors, NF-kB, p53, and AP-1 (Sen and Packer,
1996; Li and Karin, 1999). On one hand, HIV-1
Tat increases ROS levels by inhibiting expres-
sion of manganese superoxide dismutase (Flo-
res et al., 1993). On the other hand, via a TAR-
like structure in the tumor necrosis factor (TNF)
promoter, Tat increases expression of TNF-«
and -B (Buonaguro et al., 1994) which, in turn,
further enhances oxidative stress. TNF-a in-
creases transcription from the HIV-1 LTR in
trans by stimulation of p53 binding to its recog-
nition motif adjacent to the Sp1 sites (Gualberto
and Baldwin, Jr., 1995). Thus, Tat enhances
HIV-1 gene expression through both transcrip-
tion initiation and elongation. Shifting of the
redox equilibrium toward oxidation stimulates
translocation of NF-«B into the nucleus and en-

Nascent viral RNA

-
Fia B g

Proviral DNA U3

Gag/pol/env —»

LTR/promoter

FIG. 3.

Schematic organization of the HIV-1 promoter. U3, R, and U5 regions of the long terminal repeat (LTR)

promoter and the 5’ coding region are shown. The rectangular arrow indicates transcription start site of viral RNA.
Locations of three Spl core promoter binding sites and two NF-«B, p53, and Ap-1 motifs are shown. Sp1 recruits
RNA polymerase II (RPII) to the TATA box located 23 nucleotides 5’ from the transcription start site. The nascent vi-
ral RNA loop is recognized by Tat. Tat recruits Tat-associated kinase (TAK), which phosphorylates the carboxyl-ter-
minal domain of RPII, leading to stable elongation of viral RNA. Transcription of viral RNA is enhanced by redox-

sensitive transcription factors NF-«B, p53, and AP-1.
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hances DNA-binding by Spl, allowing tran-
scription from the HIV-1 LTR to occur (Staal et
al., 1990; Israel et al., 1992). Activation of NF-
kB is controlled by the IkB family of inhibitor
proteins (Piette et al., 1997). In the cytosol, I«B
is bound to NF-kB, preventing its translocation
to the nucleus. Redox-mediated phosphoryla-
tion and subsequent degradation of IkB re-
leases NF-«B and allows its nuclear transloca-
tion (Schmidt et al., 1995, Traenckner and
Baeuerle, 1995; Imbert et al., 1996; Li and Karin,
1999). Activation of NF-«B may also occur by
a redox-dependent degradation of IkB without
prior phosphorylation (Kretz-Remy et al.,
1998). Once NF-kB is translocated in the nu-
cleus, its binding to the NF-«kB motif may also
be redox-controlled (Okamoto et al, 1992;
Hayashi et al., 1993; Droge et al., 1994; Okamoto
et al., 1997). The NF-kB/Rel protein family of
transcription factors contains a cysteine residue
within their arginine-rich DNA-binding do-
main (Droge et al., 1994). TRX stimulates HIV
LTR promoter activity and DNA-binding activ-
ity of NF-«B through reduction of a disulfide
bond involving cysteine 62 of p50 subunit of
NF-«B (Matthews et al., 1992). Along the same
line, elevated levels of GSSG inhibit DN A-bind-
ing activity and transcriptional activation by
NF-«B (Galter et al., 1994). Thus, TRX and GSSG
have important regulatory roles in NF-«xB-me-
diated HIV gene transcription (Fig. 4).

RELATIONSHIP OF OXIDATIVE STRESS,
APOPTOSIS, AND VIRAL REPLICATION

In the early stages of infection, viral in-
hibitors of apoptosis allow for more extensive
production of progeny (Table 4). At later
stages, viral inducers of apoptosis facilitate
spread of progeny to uninfected cells (Table 5).
This general rule may also apply to HIV. Over-
expression of the adenovirus E1B 19K, a pro-
tein functionally homologous to Bcl-2, inhib-
ited HIV-induced apoptosis and enhanced
viral replication and persistence in Jurkat cells
(Antoni et al., 1995). Along the same line, over-
expression of Bcl-Xy, inhibited apoptosis and vi-
ral replication in U937 monocytic cells (Mar-
shall et al., 1999). Activity of Bcl-2 may be
regulated in a biphasic manner in HIV-infected
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cells. In the early stages of infection, Bcl-2 pro-
tein level is down-regulated by viral protease-
mediated cleavage (Strack et al., 1996; Aillet et
al., 1998). Initial down-regulation of Bcl-2 may
facilitate opening of mitochondrial permeabil-
ity transition pores (Gross et al., 1999), in-
creased oxidative stress (Hockenberry et al.,
1993; Kane et al., 1993; Shimizu et al., 1998), and
higher rate of viral gene expression and repli-
cation. From day 5 post infection, viral repli-
cation is accompanied by increasing Bcl-2 tran-
scription and protein levels which inhibit
apoptosis and may contribute to viral persis-
tence and CD4* T and monocytic cell lines (Ail-
let et al., 1998).

Therefore, it follows that regulating the lev-
els of oxidative stress is a key determinant of
viral replication and latency as well as survival
of HIV-infected cells. Balance of ROS produc-
tion and antioxidant defenses is clearly critical
in triggering caspase activation and apoptosis
of HIV-infected cells (Banki et al., 1998). The
caspases themselves are cysteine-dependent
enzymes, and as such appear to be redox sen-
sitive (Hampton and Orrenius, 1998; Sen et al.,
1999). Prolonged and excessive oxidative stress
may actually limit caspase activity in HIV-in-
fected cells (Hampton and Orrenius, 1998).
Death of virus-infected cells is known to occur
independently from activation of the Fas path-
way (Glynn et al.,, 1996; Banki et al, 1998;
Gandhi ef al., 1998). HIV clearly has the ability
to induce oxidative stress and kill virus-in-
fected cells through apoptosis (Table 1). The
loss of CD4* T cells is proportionate to the vi-
ral load in the plasma of HIV-infected individ-
uals (Mellors et al., 1996). However, there is
compelling evidence that uninfected CD4* T
cells also undergo apoptosis (Finkel et al., 1995;
Su et al., 1995). Bystander apoptosis of unin-
fected T cells may be mediated through the Fas
pathway. Expression of the Fas ligand is up-
regulated on HIV-infected macrophages
(Bradley et al., 1996) and T cells (Xu et al., 1997;
Zauli et al., 1999), which transduces death sig-
nal through the Fas receptor expressed on ac-
tivated T cells (Alderson et al., 1993). Up-regu-
lation of the Fas ligand is mediated via the
redox-sensitive transcription factor NF-«B (Ka-
sibhatla et al., 1999). Cell-surface expression of
the Fas receptor is also redox-sensitive (Orlin-
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FIG. 4. Metabolic control of AV, and ROS levels. Intracellular antioxidants GSH and TRX-DT are regenerated at
the expense of NADPH supplied primarily through metabolism of glucose via the PPP. Glutathione reductase and
TRX reductase synthesizes GSH and TRX-DT at the expense of NADPH. Formulation of the PPP and its efficiency to
provide NADPH is dependent on the expression of G6PD and TAL. AWV, is controlled by intracellular
GSH/NADH/NADPH levels, integrity of the permeability transition pore complex largely comprised of adenine nu-
cleotide translocator (ANT, inner membrane), voltage-dependent anion channel (VDAC, outer membrane), and
translocation and dimerization of pro- and anti-apoptotic Bcl-2 family members in the intermembrane space (Gross
et al., 1999). Phosphorylation of BAD by mitochondria-anchored PKA results in antiapoptotic sequestration of BAD
into the cytosol. Secreted TRX functions as a chemoattractant for proinflammatory neutrophils and macrophages.
Among PPP products, ribose 5-phosphate is required for nucleotide and DNA synthesis and support cell growth
(Mayes, 1993), whereas C3—-C7 influence mitochondrial function and ROS production (Barbieri et al., 1994; Benov and
Fridovich, 1998).

ick et al., 1997; Li et al., 1998). Export of the Fas
receptor from the Golgi complex to the cell sur-
face appears to be enhanced by p53 (Bennett et
al., 1998). Killing of uninfected CD4" T cells can
be induced by HIV glycoprotein 120-express-

nate interaction between the antigen and the
corresponding T-cell receptor (Zauli et al.,
1996).

Disease progression and functional abnor-
malities of T and B cells have been correlated

ing cells (Banda et al., 1992), independently
from Fas or TNF signaling (Ohnimus et al.,
1997). ROS also regulate T-cell receptor-medi-
ated activation-induced apoptosis (Hildeman
et al., 1999). Therefore, a generalized oxidative
stress is likely to promote cell death upon cog-

with an altered cytokine production profile,
shift from T helper type 1 (Th1) to Th2-type cy-
tokines (Clerici and Shearer, 1994). Secretion of
Th1 cytokines, interleukin-2 (IL-2), interferon-
v (IFN-v), and IL-12, necessary for maintenance
of a classical T-cell-mediated immunity, is di-
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TaBLE 3. METABOLIC CHANGES ASsOCIATED WITH HIV INFECTION

Marker Body site/cell type Reference

Cachexia Systemic (Coodley et al., 1994;
Sharpstone et al., 1996;
Mulligan and Bloch, 1998)

Altered glucose metabolism Brain, gut (Rottenberg et al., 1996;

Enhanced expression of glucose transporter

Increased uptake of vitamin C

Decreased phosphatidylinositol metabolism
Decreased de novo ribonucleotide synthesis
Decreased adenylate/guanylate ratio

HIV-infected H9 cells, brain

Monocytic and T cell lines

HIV-infected peripheral blood T cells
HIV-infected peripheral blood T cells
HIV-infected peripheral blood T cells

Lutz et al., 1997)
(Sorbara et al., 1996;
Kovitz and Morgello, 1997)
(Rivas et al., 1997)
(Hofmann et al., 1990)
(Bofill et al., 1995)
(Tabucchi et al., 1994)

minished while production of Th2 cytokines, in
particular, IL-4, IL-5, IL-6, and IL-10, promoting
B-cell function, is increased in HIV-infected pa-
tients (Clerici and Shearer, 1994). Interestingly,
Thl-type cytokines protect against apoptosis,
whereas Th2-type cytokines increase cell death
(Clerici and Shearer, 1994). The nef (Collette et
al., 1996) and tat genes of HIV-1 are thought to
mediate a Th1 to Th2 shift in cytokine produc-
tion (Rubartelli et al., 1998). Diminished IL-2
production may be responsible for descreased
Bcl-2 and increased Fas expression and a gen-
erally augmented apoptosis sensitivity of T cells
in HIV-infected patients (Lenardo et al., 1999).
Interestingly, expression of the receptor for IL-

2 is dependent on activation of NF-«B (Ginn-
Pease and Whisler, 1998). Balance of ROS pro-
duction and endogenous synthesis of antioxi-
dants, such as thioredoxin (Nakamura et al.,
1997), GSH, and NADPH are critical for con-
trolling susceptibility to IL-2-dependent prolif-
erative (Tian et al., 1998) and cell death signals
(Ursini et al., 1997; Banki et al., 1998).

OXIDATIVE STRESS AND
CHANGES IN METABOLISM

Resting energy expenditure (REE) of HIV-in-
fected subjects is elevated with disease pro-

TaBLE 4. VIRAL PROTEINS INHIBING APOPTOSIS

Protein Virus Pathway Reference
Large T SV40 Inactivates p53 (Bargonetti et al., 1992)
E1B 19K Adenovirus Bcl-2 homologue (Rao et al., 1992)
¥134.5 HSV ND (Chou and Roizman, 1992)
BHRF1 EBV Bcl-2 homologue (Henderson et al., 1993)
HMW5-HL ASFV Bcl-2 homologue (Neilan et al., 1993)
pX HBV p53 antagonist (Wang et al., 1995)
E6 HPV p53 antagonist (Scheffner et al., 1990)
p35, Iap Baculovirus Protease inhibitor (Clem and Miller, 1994)
CrmaA Cowpox Protease inhibitor (Ray et al., 1992)
Vpr HIV-1 Interference with TCR signaling (Ayyavoo et al., 1997)
Vpr HIV-1 Inhibits bax/enhances bcl-2 expression (Conti et al., 1998)
Tax HTLV-I Fas, oxidative stress (Masutani et al., 1996;

Kishi et al., 1997)
Bcl-2 HIV-1 Oxidative stress (Aillet et al., 1998)
23K E8-FLIP EHV-2 Fas, vFLIP (Bertin, 1997;

Thome et al., 1997)
ORF159L-FLIP MCV Fas, vFLIP (Bertin, 1997;

Thome et al., 1997)
ORF71-FLIP HVS Fas, vFLIP (Bertin, 1997;

Thome et al., 1997)
ORF189-FLIP HHV-8 Fas, vFLIP (Bertin, 1997;

Thome et al., 1997)

ND, Not determined.
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TaABLE 5. VIRAL PROTEINS STIMULATING APOPTOSIS

Protein Virus Pathway Reference

E1A Adenovirus Activates p53 (Whyte et al., 1988;
White et al., 1991)

E7 HPV Activates p53 (Pan and Gripe, 1995)

NS-1 Influenza Fas, bcl-2 antagonism (Hinshaw et al., 1994)

ND parvovirus B19 ND (Morey et al., 1993)

Tax HTLV-I Bcl-2 (Yamada et al., 1994)

Nef SIV-1 Increased Fas ligand expression (Xu et al., 1997)

gp120 HIV-1 CD4-crosslinking (Banda et al., 1992;
Ohnimus et al., 1997)

Tat HIV-1 Oxidative stress (Westendorp et al., 1995a;
Ehret et al., 1996)

Tat HIV-1 Increases bax/inhibits bcl-2 expression (Sastry et al., 1996)

Protease HIV-1 Bcl-2 cleavage (Strack et al., 1996)

Nef HIV-1 Increased Fas ligand expression (Zauli et al., 1999)

Nef HIV-1 Interaction with TCR{ chain (Xu et al., 1999)

gp120 HIV-1 CXCR4-crosslinking (Herbein et al., 1998;
Blanco et al., 1999)

Vpr HIV-1 G, arrest in dividing cells (Bartz et al., 1996;

Planelles et al., 1996;
Yao et al., 1998;
Shostak et al., 1999)

ND, Not determined.

gression (Grunfeld et al., 1992). Multiple fac-
tors, including opportunistic infections, malab-
sorption, diarrhea, medications, and altered
metabolism, contribute to a generalized wast-
ing and loss of lean body and muscle mass
(Kaminski, Jr. et al., 1998). Elevated levels of
TNFa, a “cachectic” lymphokine, oxidative
stress, and reduced plasma levels of antioxi-
dants correlate with the wasting syndrome
(Walmsley et al., 1997; Allard et al., 1998a).
GSH is the most abundant intracellular re-
ducing equivalent that protects the cell from
damage by excess ROS (Mayes, 1993). De novo
synthesis of GSH appears to be limited by cys-
teine deficiency in HIV-infected patients (Eck
et al., 1989; Droge et al., 1994). Regeneration of
GSH from its oxidized form, GSSG, depends on
NADPH produced by the pentose phosphate
pathway (PPP) (Mayes, 1993). Accordingly, in-
creased oxidative stress in HIV-infected donors
is accompanied by increased glucose utiliza-
tion both on the cellular (Sorbara et al., 1996)
and organismal levels (Rottenberg et al., 1996;
Kovitz and Morgello, 1997; Lutz et al., 1997)
(Table 3). Increased glucose utilization is sup-
ported by enhanced expression of glucose
transporter GLUT1 in HIV-infected H9 cells
(Sorbara et al., 1996) and in the HIV-infected
brain (Kovitz and Morgello, 1997). Of note, ox-
idative stress results in elevated GLUT1 ex-

pression (Kozlovsky et al., 1997). Increased ex-
pression of GLUT1 may be responsible for ac-
cumulation of vitamin C in HIV-infected cells
(Rivas et al., 1997). The oxidized form of vita-
min C, dehydroascorbate, is transported into
the cell via GLUT1 (Vera et al., 1993). Intracel-
lularly, dehydroascorbate is reduced back to vi-
tamin C at the expense of GSH (Meister, 1994).
Under physiological conditions, vitamin C has
a predominantly antioxidant role (Carr and
Frei, 1999). Pro-oxidant and pro-apoptotic ef-
fects of vitamin C may be related to hydroxy-
lation (Udenfriend et al., 1954) and/or forma-
tion of ascorbyl radicals (Sakagami and Satoh,
1997). In the event of oxidative stress, vitamin
C can be further oxidized to ascorbate free rad-
ical (Munoz et al., 1997), which may explain its
toxicity for HIV-infected cells (Rivas et al.,
1997). Vitamin C, by itself, can enhance apop-
tosis of human lymphocytes and myelogenous
leukemia cell lines (Amano et al., 1998; Pod-
more et al., 1998). These findings can explain
the controversial impact of vitamin C treatment
on survival of HIV-infected cells (Harakeh et
al., 1990; Aoki et al., 1994; Rivas et al., 1997). Ad-
ditionally, metabolites of vitamin C, a 6-carbon
sugar, may also contribute to cell death. Ribose
5-phosphate and other short-chain sugars are
directly capable of inducing apoptosis (Barbi-
eriet al., 1994; Benov and Fridovich, 1998). High
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glucose concentration can lead to oxidative
stress (Efanova et al., 1998; Fine et al., 1999;
Nomura ef al., 1999; Greene et al., 1999), NF-«B
activation, and cell death (Du et al., 1999).
Asymptomatic HIV-infected patients show di-
minished ribonucleotide synthesis (Bofill et al.,
1995), whereas symptomatic patients also ex-
hibit diminished production of adenylate nu-
cleotides (Tabucchi et al., 1994; Bofill et al.,
1995). These observations may be related to de-
pletion of NAD, an essential substrate of
poly(ADP-ribose) polymerase activated by cas-
pases during apoptotic signaling (Banki et al.,
1998). Phosphatidylinositol synthesis is also di-
minished in HIV-infected cells (Allard et al.,
1998a). CD3-mediated up-regulation of phos-
phatidylinositol 3’-kinase inhibits cleavage of
caspase-8 and may be responsible for selective
resistance of Th2 cells to Fas-induced apopto-
sis (Varadhachary et al., 1999). Oxidative stress
can trigger phosphatidylinositol 3’-kinase,
which may trigger selective Fas-mediated
killing of Th1 cells (Deora et al., 1998).

REDOX SIGNALING
AND THE MITOCHONDRIAL
TRANSMEMBRANE POTENTIAL

Changes in mitochondrial membrane in-
tegrity leading to the release of cytochrome c
and other caspase-activating factors (Salvesen
and Dixit, 1997) appear to be the point of no re-
turn in the effector phase of apoptosis (Li et al.,
1997). Mitochondrial membrane permeability
is subject to regulation by an oxidation-reduc-
tion equilibrium of ROS, pyridine nucleotides
(NADH/NAD + NADPH/NADP), and GSH
levels (Constantini et al., 1996) (Fig. 4). Regen-
eration of GSH from its oxidized form, GSSG,
depends on NADPH produced by the PPP
(Mayes, 1993). In fact, a fundamental function
of PPP is to maintain GSH in a reduced state
and thereby protecting sulfhydryl groups and
cellular integrity from emerging oxygen radi-
cals. Regeneration of the dithiol form of an-
other antioxidant, TRX, is mediated by TRX re-
ductase at the expense of NADPH (Holmgren
and Bjornstedt, 1995).

The PPP comprises two separate, oxidative
and nonoxidative, phases. Reactions in the ox-
idative phase are irreversible, whereas all re-
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actions of the nonoxidative phase are fully re-
versible. The two phases are functionally con-
nected. The nonoxidative phase converts ribose
5-phosphate to glucose 6-phosphate for use by
the oxidative phase and thus, indirectly, con-
tributes to generation of NADPH. Different en-
zymes are rate limiting in the two phases. The
oxidative phase primarily depends on glucose
6-phosphate dehydrogenase (G6PD) (Wood,
1985), whereas transaldolase (TAL) is the rate-
limiting enzyme for the nonoxidative phase
(Heinrich et al., 1976). Formulation of the PPP
and its efficiency to provide NADPH is de-
pendent on the expression of G6PD (Salvemini
et al., 1999; Tian et al., 1999) and TAL (Wood,
1974; McIntyre et al., 1989; Banki et al., 1996,
1998, 1999; Ni and Savageau, 1996). TAL over-
expression lowers G6PD and 6-phosphoglu-
conate dehydrogenase (6PGD) activities and
NADPH and GSH levels and renders the cell
highly susceptible to apoptosis induced by
serum deprivation, hydrogen peroxide (H>O5),
nitric oxide (NO), TNF-a, and Fas signaling.
When TAL levels are reduced, G6PD and 6PGD
activities and GSH levels are increased and
apoptosis is inhibited. TAL activity profoundly
impacts the balance between the two branches
of PPP and the ultimate output of NADPH and
GSH (Banki et al., 1996). These findings are con-
sistent with a dominant role for TAL within the
metabolic network that controls the propaga-
tion of biochemical signals (Ni and Savageau,
1996).

Levels of TAL expression can determine the
extent of mitochondrial ROS production,
changes in the mitochondrial transmembrane
potential (A¥,,) and subsequent caspase acti-
vation, PS externalization, and cell death dur-
ing HIV infection (Banki et al., 1998). Overex-
pression of TAL accelerated HIV-induced
oxidative stress, protease activation, PS exter-
nalization, and cell death in two human CD4"
T cell lines. In contrast, suppression of TAL ac-
tivity abrogated these effects and blocked HIV-
induced cell death. Thus, increased mitochon-
drial ROS production is a defining step in
HIV-induced apoptosis and may serve as a pos-
sible target in the development of new thera-
peutics against HIV disease.

Signaling through the APO-1/Fas/CD95
antigen (Westendorp et al, 1995a) and the
structurally related cell surface receptor for
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TNF (Lahdevirta et al., 1988; Malorni et al., 1993)
is accelerated in activated T cells. Elevation of
AV, and ROS levels precede externalization of
phosphatidylserine (PS), disruption of AWy,
and cell death, both in Jurkat human T cells and
peripheral blood lymphocytes. Changes in
AV, and ROS levels can be controlled by TAL
through the supply of reducing equivalents
from the PPP. Overexpression of TAL acceler-
ated Fas-induced ROS production, AV, eleva-
tion, activation of caspase-8 and caspase-3, pro-
teolysis of poly(ADP-ribose) polymerase, and
PS externalization, while suppression of TAL
diminished these activities. A series of caspase
inhibitor peptides, DEVD-CHO, Z-VAD.fmk,
and Boc-Asp.fmk, block Fas-induced PS exter-
nalization, disruption of AW¥,,, and cell death,
showing that these changes are sequelae of cas-
pase activation. By contrast, caspase inhibitors
do not affect Fas-induced elevation of ROS lev-
els and AV ,,. Early increases in ROS levels and
AWV, as well as the dominant effect of TAL ex-
pression on activation of caspase-8/FLICE, the
most upstream member of the caspase cascade,
suggest a pivotal role for redox signaling at the
initiation of Fas-mediated apoptosis.

Stimulation of the Fas or the RNF1 receptor
can activate a second pathway, mediated by
DAXX which can activate the Jun NH,-termi-
nal kinase (JNK) cascade through the redox-
dependent apoptosis signal-regulating kinase
1, ASK1 (Chang et al., 1998; Nishitoh et al., 1998;
Hoeflich et al., 1999). ASK1 can undergo ROS-
mediated multimerization in response to Fas or
TNF stimulation (Gotoh and Cooper, 1998). In
nonstressed cells, ASK1 is associated with TRX.
The TRX-bound form of ASK1 cannot multi-
merize and remains inactive as a kinase (Saitoh
et al., 1998). Stimulation of the Fas or TNF re-
ceptor results in a ROS-dependent dissociation
from TRX and multimerization of ASK1. Such
activation of ASK1 can be prevented by an-
tioxidants (Saitoh et al., 1998). The precise
mechanism by which Fas and TNF signaling
leads to changes in AV, and ROS levels re-
mains to be defined.

Alterations of AWy, occur early in HIV-in-
fected patients (Cossarizza et al., 1997). De-
crease of AV, was associated with elevated
TNF-a or HIV Gag 24 levels and compensated
by in vitro incubation with antioxidants (Cos-
sarizza et al., 1997). Mitochondrial damage was
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also shown in uninfected cells, possible ex-
plaining their increased susceptibility to cell
death (Carbonari ef al., 1997).Indeed, activation
of normal peripheral blood T cells with mito-
genic stimulation alone elicited changes in
AV, (Banki et al., 1999) and increased suscep-
tibility to Fas-induced apoptosis (Miyawaki et
al., 1992). Proapoptotic effects of the HIV-1 Vpr
protein may also be mediated through dis-
turbing AVy,, thus, causing dysfunction of the
mitochondrial respiratory chain (Macreadie et
al., 1997). Vpr can form cation-selective ion chan-
nels across lipid bilayers and consequently per-
turb transmembrane potentials (Piller et al.,
1998). The carboxyl terminus of Vpr binds to the
adenine nucleotide translocator in the perme-
ability transition pore complex of the mitochon-
drial membrane (Figs. 1 and 4), thus causing
rapid dissipation of AWy, (Jacotot et al., 2000). The
HIV-1 Nef protein inhibits activity of Ca?*-de-
pendent K* channels in human glial (Kort and
Jalonen, 1998) and T lymphoid cells (Zegarra-
Moran et al., 1999) and interferes with signaling
through the TCR ¢ chain (Xu et al., 1999) and the
Fas receptor (Xu et al., 1997). It is presently un-
known whether Nef can influence AW ,,.

Proteins of the Bcl-2 family are localized to
membranes of distinct organelles, including
mitochondria (Korsmeyer, 1995; Green and
Reed, 1998). They play key roles in mainte-
nance of A¥,,. Both the proapoptotic (Bax, Bad)
and antiapoptotic members (Bcl-2, Bcl-X;) of
the family can form ion-conducting channels in
lipid membranes (Gross et al., 1999). Bax can
create a channel in the outer mitochondrial
membrane thus releasing cytochrome ¢ and
other caspase-activating moieties into the cy-
tosol. Bcl-2 and Bcl-X;, inhibit this process
through dimerization with Bad or Bax. Activ-
ity of Bad is controlled by a mitochondria-an-
chored cAMP-dependent protein kinase (PKA,
Fig. 4) (Harada et al., 1999). Cleavage of Bcl-2
by HIV-1 protease may contribute to increased
ROS levels and apoptosis (Strack et al., 1996)
via disruption of AW,.

HIV INFECTION AND

ANTIOXIDANT SUPPLEMENTS

The ultimate goal of HIV research is devel-
opment of an effective vaccine. While this goal



REDOX MECHANISMS IN HIV DISEASE

is being pursued, significant progress has been
made in recent years by using highly active an-
tiretroviral therapy (HAART) (Finzi and Sili-
ciano, 1998). HAART can reduce the number of
HIV-infected cells to ~107 CD45RO" rest-
ing/memory T cells in the entire body. Latent
infection of these long-lived memory T cells
may represent a major barrier of complete erad-
ication of the virus. Survival of HIV-infected
patients on HAART has dramatically im-
proved. However, only about 10% of HIV-in-
fected individuals can afford or tolerate com-
bination therapy with reverse transcriptase and
protease inhibitors (Kotler, 1998). Antioxidants
are usually affordable and well tolerated. Nev-
ertheless, the efficacy of current modalities re-
mains questionable (Kotler, 1998). Decline of
GSH levels in HIV-infected cells was associated
with cysteine deficiency and served as a ratio-
nale for treatment with NAC (Droge et al.,
1992). In double-blind placebo-controlled stud-
ies, NAC administration resulted in: (i) a rela-
tive increase of the CD4/CDS8 ratio and ele-
vated serum selenium levels without effecting
the viral load (Look et al., 1998) and (ii) dimin-
ished serum TNF-« levels and a slower decline
of the CD4" T cell count (Akerlund et al., 1996).
L-2-Oxothiazolidine = 4-carboxylate (OTC),
which is converted into cysteine by 5-oxopro-
linase, significantly increased serum GSH lev-
els without affecting GSH content of peripheral
blood lymphocytes in a placebo-controlled
study of asymptomatic HIV-infected patients
(Barditch-Crovo et al., 1998). Selenium and B-
carotene supplementation were also reported
to increase serum GSH levels in HIV-infected
individuals (Delmas-Beauvieux et al., 1996).
Combined supplementation of vitamin E and
C was found to diminish oxidative stress,
serum lipid peroxides, and malondialdehyde
in HIV-infected patients (Allard et al., 1998b).
Because vitamin C can increase death of HIV-
infected cells (Aoki et al., 1994; Rivas et al.,
1997), vitamin E alone may have had a more
beneficial effect.

CONTROVERSIES
Both the significance and the source of HIV-

induced oxidative stress have become contro-
versial. Oxidative stress was originally implied
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from finding diminished GSH levels in the
plasma, PBMC (Eck et al., 1989; de Quay et al.,
1992), and lung epithelial lining fluid of HIV-
infected persons (Buhl et al., 1989), and cysteine
deficiency of HIV-infected individuals served
as a rationale for treatment with NAC (Droge
et al., 1992). Altered signaling through the re-
dox-sensitive transcription factor NF-«B in
AIDS was attributed to GSSG deficiency
(Droge et al., 1994). Another study failed to
show GSH deficiency in PBMC of HIV-infected
patients (Pirmohamed ef al., 1996). As raised by
the respective authors themselves, differences
in methodology may explain some of the dis-
crepancies. Oral administration of NAC raised
intracellular GSH levels, diminished the loss of
CD4* T cells, and increased survival in a co-
hort of HIV-infected patients (Herzenberg et al.,
1997). Administration of GSH itself was found
to inhibit development of a murine model of
AIDS (Palamara et al., 1996). In another report,
NAC failed to increase GSH in lymphocytes
and plasma of AIDS patients (Witschi ef al.,
1995). Clearly, further double-blind placebo-
controlled studies are needed to define the role
of NAC in treatment of AIDS. More recently,
decreased GSH was correlated with increased
levels of GSSG in HIV-infected CD4*1 T cells,
suggesting that a lack of reducing equivalents
rather than decreased GSSG synthesis was re-
sponsible for GSH deficiency (Aukrust et al.,
1995; Lopez Galera et al., 1996). Increased mi-
tochondrial ROS production appears to pre-
cede decline of GSH levels (Banki ef al., 1998).
Disruption of mitochondrial membrane in-
tegrity, a source of rapid ROS release, was re-
cently associated with a direct pore-forming ef-
fect of Vpr (Jacotot et al., 2000). Inversely, AW,
is also subject to regulation by reducing equiv-
alents.

Therefore, a dominant role for Vpr in ROS
production requires confirmation using infec-
tious HIV virions or DNA with targeted vpr
mutations rather than vpr expression vectors
and peptides alone (Jacotot et al., 2000). The
fundamental issue of whether HIV-1 predom-
inantly kills infected cells or causes death of un-
infected cells remains controversial. Evidence
has been provided that HIV-1 directly kills
CD4* T cells via a Fas-independent mechanism
(Gandhi et al., 1998). However, Fas signaling
may play a role in apoptosis of uninfected cells
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(Finkel et al., 1995; Su et al., 1995). These latter
observations point out the significance of solu-
ble mediators of oxidative stress, such as in-
creased TRX and pro-apoptotic cytokines,
TNF-a, and IL-1. Alternatively, deficiencies in
cysteine/GSSG (Droge et al., 1994), purine
(Tabucchi ef al., 1994; Bofill et al., 1995), and glu-
cose metabolism (Rottenberg et al., 1996; Sor-
bara et al., 1996; Lutz et al., 1997; Kovitz and
Morgello, 1997) may also contribute to gener-
alized oxidative stress and bystander cell
death. Resolution of these controversial issues
will help understand the pathogenesis of HIV
disease.

CONCLUSIONS AND
FUTURE DIRECTIONS

Oxidative stress and apoptosis commonly
occur in virally infected cells (Schwarz, 1996)
resulting in spread of virions, while ongoing
virus replication within the host cell is sup-
ported by viral inhibitors of apoptosis (Table
5). Perhaps, it is a unique feature of HIV that
oxidative stress plays an important role in vi-
ral replication and apoptosis of productively
infected as well as noninfected but activated T
cells. Several HIV-encoded proteins, Tat,
gp120, Vpr, Nef, and protease, have already
been identified as triggers of oxidative stress,
disruption of AW,,, and apoptosis (Table 4).
The precise sequence of activation and intricate
networking of these pro-oxidant viral proteins
and their cellular targets are largely unknown.
While increased ROS levels are readily de-
tectable by oxidation-sensitive fluorescent
probes, the precise chemical composition of the
ROS produced, their specific relationship to vi-
ral gene transcription, AWy, and cell death also
remain to be determined. Infection by HIV
leads to diminished cysteine and GSH and in-
creased TRX plasma levels. Increased glucose
transporter expression and augmented glucose
utilization may reflect increased metabolic de-
mand needed to execute or combat oxidative
stress in the infected cells. Therefore, short-
chain sugars capable of altering susceptibility
to apoptosis may become attractive targets for
development of novel pharmacological agents
aimed at controlling cell survival through me-
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tabolism. Additionally, patients harboring HIV
are commonly infected by other lymphotropic
viruses, such as Epstein-Barr virus (EBV), cyto-
megalovirus (CMV), and human herpesvirus-
8, or less commonly, by human T-cell lym-
photropic virus type I (HTLV-1) or HTLV-IL.
Therefore, delineation of the interplay of pro-
and antioxidant proteins from several viruses
may be required for understanding the patho-
genetic importance and therapeutic relevance
of redox signaling in HIV disease.
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ABBREVIATIONS

Apaf-1, Apoptosis-activating factor 1; ASFV,
African swine fever virus; CAD, caspase-acti-
vated DNase; CMV, cytomegalovirus; EBV, Ep-
stein-Barr virus; EHV-2, equine herpesvirus-2;
FLICE, Fas-associated death domain-like ICE;
GLUT1, glucose transporter 1, GSH, reduced
glutathione; GSSG, oxidized glutathione;
G6PD, glucose 6-phosphate dehydrogenase;
HAART, highly active antiretroviral therapy;
HBV, hepatitis B virus; HHV-8, human her-
pesvirus-8; HIV-1, human immunodeficiency
virus type 1; HO,, hydrogen peroxide; HPV,
human papilloma virus; HSV, herpes simplex
virus; HTLV-I/II, human T-cell lymphotropic
virus type I/1I; ICE, IL-1B8-converting enzyme;
IFN-vy, interferon-r; IL-2, interleukin-2; JNK,
Jun NH,-terminal kinase; LTR, long terminal
repeat; MCV, human molluscipoxvirus; NAC,
N-acetylcysteine; NO, nitric oxide; OTC, L-2-
oxothiazolidine 4-carboxylate; PBMC, peripheral
blood mononuclear cells; 6PGD, 6-phospho-
gluconate dehydrogenase; PS, phosphatidylser-
ine; PPP, pentose phosphate pathway; REE, rest-
ing energy expenditure; ROS, reactive oxygen
species; SIV-1, simian immunodeficiency virus
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type 1, SV40, simian virus 40; TAK, Tat-associ-
ated kinase; TAL, transaldolase; TAR, tat activa-
tion region; Tat, trans-activator of transcription;
Th1, T helper type 1; TNF, tumor necrosis factor;
TRX, thioredoxin; vFLIP, viral FLICE-inhibitory
protein; AWy, mitochondrial transmembrane po-
tential.
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