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Abstract Both clinical and experimental evidence indicates that AIDS-related Kaposi’s sarcoma (AIDS-KS) has a
multifactorial pathogenesis with factors such as HIV viral load, latent virus induction, and opportunistic infections
contributing to disease progression. However, a consistent feature that unites these apparently diverse putative etiologic
agents is sustained serum elevations of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a). While
virtually every cell responds to TNF-a with gene activation, the extent of TNF-a-mediated cellular signaling is regulated
by a delicate balance between signal activation and signal arresting events. Reactive oxygen intermediates (ROI), which
are generated as a consequence of TNF-a membrane interaction, are part of this TNF-a-initiated cellular activation
cascade. Previous studies in our laboratory have shown that AIDS-KS cells possess impaired oxygen intermediate
scavenging capacities, thereby establishing conditions permissive for the intracellular retention of ROI. In this study, we
used cellular capacity to upregulate the cytoprotective enzyme superoxide dismutase (SOD) to address the extent of
cellular response to TNF-a. Concurrent with the SOD analyses, nucleotide profiles were obtained to assess cellular
bioenergetic responses during TNF-a challenge. Proliferative growth levels of mitochondrial (Mn)SOD activities showed
an activity spectrum ranging from lowest activity in AIDS-KS cells, to intermediate levels in matched, nonlesional cells
from the AIDS-KS donors, to highest activities in HIV2 normal fibroblasts. In contrast, following TNF-a challenge, the
AIDS-KS and KS donor nonlesional cells showed a 11.89- and 5.86-fold respective increase in MnSOD activity, while
the normal fibroblasts demonstrated a 1.35-fold decrease. Subsequent thiol redox modulation studies showed that only
the normal fibroblast cultures showed a potentiation of TNF-a-mediated MnSOD upregulation following GSH
depletion. In addition, provision of the GSH precursor, N-acetylcysteine during TNF-a challenge only diminished
MnSOD activity and mitochondrial compartmentalization in the AIDS-KS cells, a finding that likely reflects the lower
levels of reduced thiols in this cellular population. Our data, which show that a perturbation in their cellular thiol redox
status accentuates AIDS-KS cellular responsiveness to TNF-a, suggest a biochemical rationale for the recognized TNF-a
AIDS-KS clinical correlation. J. Cell. Biochem. 68:339–354, 1998. r 1998 Wiley-Liss, Inc.
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Clinical and experimental evidence both sug-
gest that acquired immunodeficiency syndrome-
related Kaposi’s sarcoma (AIDS-KS) has a mul-
tifactorial etiology with factors such as latent
virus induction, sustained inflammation, and
aberrant cytokine production contributing to

disease progression [10,18,30,32]. Further, the
milieu in which AIDS-KS arises is paradoxical
due to the profound immunostimulation coincid-
ing with significant immunosuppression
[10,18,30,32]. Although AIDS patients develop
a CD41 lymphopenia, there is generally a spar-
ing effect on their neutrophils and macro-
phages [8]. Consequently, the host phagocytic
cellular response remains intact [8]. Activated
macrophages are the primary source for tumor
necrosis factor-a (TNF-a), a cytokine main-
tained to be integral in AIDS progression
[15,17,30]. Serum TNF-a levels, which are ini-
tially increased by human immunodeficiency
virus-positive (HIV1) seroconversion, are fur-
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ther augmented by opportunistic infections that
arise, like AIDS-KS, during the latter stages of
AIDS [8,18,30].

Since most cells constitutively express both
the 55- and 75-kDa tumor necrosis factor-a
(TNF-a) receptors, much of the modulation of
the extent of the TNF-a cellular response is
conducted at the signal transduction level
[15,43]. Upon TNF-a receptor interaction, a
signal transduction cascade is initiated through
activation of phospholipases C and A2, as well
as neutral sphingomyelinases [9,15,16]. Reac-
tive oxygen intermediates (ROI) are generated
as a direct consequence of TNF-a membrane
interaction (NAD(P)H oxidase release of O2

.-)
and subsequently act as secondary messengers
in TNF-a signal transduction [15,20]. Provided
efficient initial signal transduction occurs,
TNF-a can subsequently promote the down-
stream activation of both the mitogen activated
protein kinase (MAP kinase) cascade as well as
the multifaceted transcriptional activator,
nuclear factor kB (NF-kB) [15,40]. Notably, both
processes are highly effective at instigating over-
all cellular activation [6,7].

A diminished cellular capacity to degrade
ROI would provide conditions favorable for opti-
mal TNF-a responsiveness and subsequently
facilitate AIDS-KS disease progression
[14,20,42,44]. Intracellular conditions that ei-
ther increase the levels of ROI, or decrease
intracellular thiol levels, promote the activa-
tion of NF-kB [1,38]. Because of its regulatory
role in gene induction, one of the many results
of NF-kB activation would be enhanced cellular
cytokine expression, creating the opportunity
for autologous growth loops [4,7]. Additional
studies, which are supported by clinical trials
using antioxidants, have shown that increases
in the intracellular reduced thiol content in-
hibit TNF-a-mediated initiation of HIV replica-
tion [19,36,36].

Several biochemical interactions depict how
the cellular glutathione (GSH) redox status is
closely associated with ROI-mediated signal
transduction [20,42,44]. First, the intracellular
redox state (buffered by GSH) is coupled to the
oxidation state of cysteine residues in proteins
by thiol disulfide interchange [28,42]. Because
high levels of intracellular free thiols (primari-
ly GSH) can function as ROI scavengers, high
cellular levels of GSH decrease the opportunity
for ROI to act as secondary messengers [20,42].
Also, all protein tyrosine phosphatases (e.g.,

CD 45, the enzyme that downregulates the
MAP kinase cascade) are dependent on intact,
reduced thiol groups [14,44,51]. Finally, high
levels of intracellular reduced thiols may influ-
ence protein folding and enzyme activation,
thereby inhibiting activation of protein kinases
that phosphorylate inhibitory factor kB (IkB)
and subsequently activate NF-kB [42,45]

Previous studies in our laboratory have shown
that AIDS-KS cells possess impaired oxygen
intermediate scavenging capacities, which es-
tablishes a condition permissive for the intracel-
lular retention of ROI [22,23]. Relative to hu-
man microvascular endothelial cells or human
mucosal fibroblasts obtained from HIV2 do-
nors, AIDS-KS cells contain significantly lower
levels of GSH, as well as a key cofactor (NADPH)
necessary for reduction of the disulfide GSSG
[22,23]. Also, AIDS-KS cells show an impaired
adaptation to oxidant stress as indicated by
failure to upregulate catalase function [23] and
modulate bioenergetic profiles [22] subsequent
to oxidant challenge. Collectively, our data sug-
gest that as a consequence of their perturbed
thiol redox status, TNF-a-initiated ROI would
persist longer in AIDS-KS cells, resulting in a
more extensive signal transduction. In this
study, we used cellular capacity to upregulate
superoxide dismutase (SOD) activity to address
the extent of cellular response to TNF-a. Func-
tional SOD analyses and determination of the
intracellular distribution (cytosolic vs mitochon-
drial) of this cytoprotective enzyme were used
for the following reasons: (1) TNF-a is known to
upregulate mitochondrial (Mn) SOD expres-
sion [31], (2) assessment of SOD functional
activity addresses the efficacy of TNF-a-medi-
ated signal transduction, and (3) AIDS-KS cel-
lular survival in the sustained inflammatory
states that characterize late AIDS is contingent
on upregulation of cytoprotective enzymes like
SOD. Concurrent with SOD analyses, nucleo-
tide profiles were obtained to assess cellular
bioenergetic responses during TNF-a chal-
lenge.

Proliferative growth levels of MnSOD activ-
ity showed an activity spectrum ranging from
lowest activity in AIDS-KS cells, to intermedi-
ate levels in matched, nonlesional cells from
the AIDS-KS donors, to highest activities in
HIV2 normal fibroblasts. However, markedly
different SOD results were obtained subse-
quent to TNF-a challenge. We determined that
relative to either matched nonlesional fibro-
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blasts from the AIDS-KS donors, or HIV2 fibro-
blasts, AIDS-KS cells showed the most immedi-
ate and dramatic response to TNF-a, as reflected
by their 24-h post challenge SOD profiles. Fur-
ther, the GSH modulation studies substanti-
ated the contribution of the cellular thiol redox
status in TNF-a-mediated signal transduction
in AIDS-KS cells. Subsequent to GSH deple-
tion, the response of normal fibroblasts to TNF-a
mimicked that of AIDS-KS cells. In addition,
provision of the GSH precursor, N-acetylcys-
teine during TNF-a challenge diminished Mn-
SOD activity and mitochondrial enzymatic com-
partmentalization in the AIDS-KS cells but did
not affect normal or nonlesional cells.

This study describes for the first time a corre-
lation between an existing thiol redox perturba-
tion in AIDS-KS cells and their enhanced re-
sponsiveness to the AIDS relevant cytokine,
TNF-a. Also, we determined that the internal
control population; i.e., the matched nonle-
sional cells from the AIDS-KS donors behaves
as a biochemically distinct population, which
demonstrate intermediate levels of many of the
cellular biochemical parameters evaluated in
this study. We speculate that the AIDS-KS in-
creased responsiveness to TNF-a facilitates le-
sional progression by upregulating pathways
e.g. activation of NF-kB, conducive to the devel-
opment of KS cellular growth autonomy.

MATERIALS AND METHODS
Isolation and Culture of Cells

All cellular strains used in this study had
undergone ,20 population doubling levels.

AIDS-KS cells. HIV1 individuals that had
clinical lesions suggestive of KS were referred
for participation in this study by the Ohio State
University Department of Infectious Disease.
Prior to biopsy of the suspected KS lesion, an
examination was conducted to determine the
extent and clinical presentation of the individu-
als’ lesion(s). A portion of each biopsy was sub-
mitted for light microscopic examination to con-
firm the diagnosis of AIDS-KS.

The AIDS-KS cells were isolated from the
tissue specimen as previously described [23].
Prior to the TNF-a challenge assays, the
AIDS-KS cells were cultured on human fibronec-
tin-coated flasks (hFN) and grown in COM-
PLETE medium, which consisted of M-199
(GIBCO, Grand Island, NY), supplemented with
15 mM HEPES, 2.9 µg/ml l-glutamine, 1.1 µg/ml
Na pyruvate, sodium heparin (Sigma, St. Louis,

MO), 90 µg/ml) endothelial cell growth supple-
ment (prepared in-house, from bovine brain,
150 µg/ml), 15% heat-inactivated fetal bovine
serum (Hyclone, Logan, UT), 5% heat-inacti-
vated pooled, male human serum (Sigma).

Nonlesional fibroblasts from AIDS-KS
donors. At either the initial biopsy appoint-
ment, or the 1-week recall examination, nonle-
sional tissue was obtained from the AIDS-KS
donors’ clinically normal oral mucosa. A portion
of the specimen was submitted for microscopic
confirmation of ‘‘no pathologic change.’’ Nonle-
sional fibroblasts were isolated and cultured in
the same fashion as the AIDS-KS cells. Nonle-
sional cells from the AIDS-KS donors were in-
cluded as the endogenous control in this study,
as these cells have been exposed to the same in
vivo factors, e.g., sustained high serum levels of
TNF-a as the AIDS-KS cells, but have not un-
dergone transformation.

Normal fibroblasts from HIV2 gender
and age-matched donors. Tissue explants
were obtained from normal oral mucosa of HIV2

men, and a portion of the tissue submitted for
light microscopy to confirm a diagnosis of ‘‘no
pathologic change.’’Normal fibroblasts were iso-
lated and cultured in the same fashion as the
AIDS-KS cells. HIV2 fibroblasts were included
as the overall control cellular population. These
cells, which were obtained from clinically
healthy age-matched men, would not have been
exposed in vivo to the serum cytokine abnor-
malities characteristic of the HIV1 state. Also,
inclusion of normal fibroblasts provides a basis
for enzymatic activity comparison with pub-
lished values, as numerous studies on SOD
activities have been conducted on human fibro-
blasts.

Overall Sample Handling for Conduction
of Biochemical Assays

As complete of a biochemical profile as pos-
sible was obtained for each group of experi-
ments; i.e., cells from a specific treatment or
control group were pooled at harvest, and repre-
sentative cellular aliquots taken to assess con-
currently SOD, nucleotides, and, where appli-
cable, GSH. To prevent the loss of SOD activity
as a result of proteolytic enzymatic degrada-
tion, aprotinin (Sigma), 100 kallikrein inhibi-
tory U/ml, was incorporated into the washing
and buffer solutions used during cellular har-
vesting.
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Evaluation of Cellular Response to TNF-a

We previously determined that COMPLETE
medium contains an array of various cytokines
[3]. To reduce the interference from these vari-
ous cytokines and other serum factors, permit-
ting a more precise assessment of TNF-a-
mediated cellular effects, TNF-a challenge
assays were conducted in BASE medium (M-
199 medium supplemented with 0.5% heat-
inactivated fetal bovine serum (FBS), 2.9 µg/ml
l-glutamine, 1.1 µg/ml Na pyruvate, 15 mM
HEPES). At 24 h prior to the introduction of
human recombinant TNF-a (100 U/ml, Gen-
zyme, Cambridge, MA), the cultures were rinsed
twice with room temperature phosphate-buff-
ered saline (PBS), and COMPLETE medium
was replaced with BASE medium.

Cells were harvested, an aliquot taken for
enumeration and viability assessment (trypan
blue exclusion) the remaining sample resus-
pended to a volume of 400 µl in 50 mM phos-
phate buffer, pH 7.8 (SOD assay buffer), and
the sample transferred to a microfuge tube.
Two courses of liquid nitrogen freeze-thaw were
then used to disrupt plasma and mitochondrial
membranes, releasing MnSOD and cytosolic
(CuZn)SOD into the supernate. Preliminary
studies, using commercially available SOD
(Sigma), showed that this enzymatic harvest-
ing procedure did not result in loss of recover-
able SOD activity. The cellular samples were
then centrifuged at 4°C, 1,400 rpm for 3 min,
the supernate carefully removed, and the super-
nate volume recorded. The SOD samples re-
mained frozen at -80°C until assayed.

Assessment of Total, Cytosolic,
and Mitochondrial Cellular SOD Activity

Cellular levels of SOD were determined dur-
ing the following culture conditions: (1) prolif-
erative growth in COMPLETE medium; (2) fol-
lowing a 24-h serum deprivation in BASE
medium, then challenge with 100 U/ml TNF-a
for a period of 24 h (treated cultures); (3) follow-
ing a 24-h serum deprivation in BASE medium,
then culture for a period of 24 h in BASE
medium (control cultures); (4) following a 24-h
serum deprivation in BASE medium, then GSH
depletion, followed by a 24-h TNF-a challenge
in BASE medium; and (5) following a 24-h
serum deprivation in BASE medium supple-
mented with 30 mM N-acetylcysteine (NAC),

then a 24-h TNF-a challenge in BASE medium
plus 30 mM NAC.

Cellular SOD activity was determined, using
a modification of the method of Flohe and Ot-
ting [12], by calculating the rate of inhibition of
the reduction of cytochrome c. The assay was
conducted on a DU 7400 Beckman spectropho-
tometer, equipped with a Peltier temperature
regulating device, at 550 nm, 25°C, using a
xanthine/xanthine oxidase system to generate
O2

.-. Acetylated cytochrome c was used to in-
crease the specificity of the assay, as this form
of cytochrome c can still be reduced by O2

.-, but
can no longer undergo redox enzymatic reac-
tions [2]. A five-point SOD standard curve (0.05,
0.10, 0.50, 0.75, 1.00 U/ml) was conducted with
each assay, with one unit of SOD activity de-
fined as the amount of enzyme that results in a
50% inhibition of the reduction of acetylated
cytochrome c. To determine mitochondrial
(Mn)SOD activity, 2 mM (final concentration) of
KCN was added to the MnSOD samples to
inhibit cytosolic (CuZn)SOD activity. CuZn-
SOD activity was then calculated by subtrac-
tion of the MnSOD levels from the total (samples
without KCN) SOD activity. Cellular SOD activ-
ity was reported in units of activity/mg of cell
protein.

Determination of NAD(P)H Oxidase Activation
Subsequent to TNF-a Challenge

Previous reports have shown that TNF-a
membrane interaction results in NAD(P)H oxi-
dase activation in both phagocytic and some
nonphagocytic cells [41]. Due to the importance
of oxidative burst generated ROI in signal trans-
duction, studies were conducted to determine
whether or not NAD(P)H oxidase was acti-
vated, resulting in the generation of O2

.- in our
cellular populations as a consequence of TNF-a
binding.

Cells were grown to confluence in COMPETE
medium. At 24 h prior to TNF-a challenge, the
cells were rinsed with room temperature PBS,
and BASE medium added. On the day of assay,
the cells were harvested, resuspended to a 1ml
volume in PBS-85 µM cytochrome c, and placed
in microfuge tubes. The SOD or comparable
volume of PBS was placed in the sample tubes
prior to the introduction of TNF-a. Experimen-
tal groups consisted of (1) 100 U/ml TNF-a, (2)
100 U/ml TNF-a plus 20 U/ml SOD, (3) reagent
control (PBS without either TNF-a or SOD),
and (4) enzymatic control (PBS without TNF-a
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but including 20 U/ml SOD. The samples were
then placed on a shaking platform in a 37°C, 5%
CO2 incubator for 30 min. Following incuba-
tion, an aliquot was taken for cell counts and
viability, then the samples were centrifuged at
4°C, 1,400 rpm for 3 min, the supernate care-
fully removed, and the cellular pellet kept for
protein determination. Samples were read at
550 nm to determine the extent of cytochrome c
reduction, then a few crystals of sodium dithion-
ite were added to completely reduce the cyto-
chrome c. The data were expressed as the per-
centage of the total reduction of cytochrome c
per milligram protein.

Modulation of Cellular GSH Status
Prior to TNF-a Challenge

To address the contribution of the cellular
thiol redox status in TNF-a-mediated cellular
signaling, modifications of the cellular GSH
status were conducted in these studies prior to
TNF-a challenge.

GSH depletion. Cellular levels of GSH were
decreased by a method previously employed
[24]. Cellular synthesis of GSH was inhibited
by a 2-h incubation in BASE medium contain-
ing 1 3 10-4 M buthionine sulfoximine, followed
by a rinse with room temperature PBS. To
decrease the existing levels of GSH, the cul-
tures were then incubated for 1 h in BASE
medium containing 100 µM 2-cyclohexene-1-
one (2 CHX-1-one). We have previously shown
that this method is highly effective at reducing
cellular GSH levels without promoting intracel-
lular retention of GSSG and is readily revers-
ible [24]. The cultures were then rinsed with
room temperature PBS, BASE medium contain-
ing 100 U/ml TNF-a added, and cells incubated
at 37°C, 5% CO2 for 24 h.

Augmentation of cellular thiol status.
The BASE medium was supplemented with the
membrane permeable GSH precursor, 30 mM
NAC, during both the 24-h serum starvation
and TNF-a challenge incubations.

Determination of Cellular GSH Levels

Cellular levels of GSH were determined ac-
cording to the method of Eyer and Podradsky
[11]. NADPH, GSH glutathione reductase (type
IV), and DTNB were obtained from Sigma.

Rapid reaction kinetics were followed on a
SLM-AMINCO (Urbana, IL) dual-wavelength
spectrophotometer, with the following instru-
ment settings: 412 nm vs 550 nm, 3-nm band-

width, 0.05 Abs, 50 sec/in. Sample concentra-
tions (nmol/ml) were determined by comparison
with a 10- point (0.2- to 2-nmol/ml) standard
curve conducted concurrently. The results are
expressed as nmol GSH/mg protein.

Determination of Cellular Bioenergetic Status

Cellular levels of nucleotides and nucleosides
were determined by high-performance liquid
chromatography (HPLC), by a modification of
the method of Geisbuhler et al. [13], as reported
in our publications [22,23,25].

Protein Determination

Cellular protein levels were determined by
the Lowry method, using bovine g-globulins as
the standard protein [21].

Statistical Analysis

Nonparametrical statistics (the Kruskal-
Wallis One-Way ANOVA, followed by the two
tailed Mann-Whitney U-test) were used to
evaluate the nucleotide profiles and SOD re-
sults obtained during proliferative growth and
the initial TNF-a challenge assays. Statistical
evaluation of the thiol redox modulation stud-
ies was conducted using an ANOVA followed by
a multiple t-test.

RESULTS
Culture Group Differences in Proliferative

Growth SOD Activities and Bioenergetic Profiles

Initial studies were conducted to determine
cellular SOD and bioenergetic profiles during
proliferative growth in COMPLETE medium.
The cellular strains from all three groups (AIDS-
KS, nonlesional from the KS donors, healthy
HIV- ) showed positive adaptations to in vitro
culture in COMPLETE medium as demon-
strated by high mitotic indices, possession of an
average energy charge (e.c.) of .0.92:

(e.c. 5 [ATP] 1 1⁄2 [ADP]/[ATP] 1 [ADP] 1 [AMP])

indicative of ongoing active oxidative metabo-
lism, and retention of a constant, strain specific
cellular phenotype (Table I).

Comparison of the proliferative growth SOD
results showed similarities as well as differ-
ences among the three groups (Fig. 1). While all
three groups contained comparable total levels
of SOD, the mitochondrial (MnSOD) levels re-
vealed an activity spectrum ranging from high-
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TABLE I. Bioenergetic Profiles of Cellular Populations During Proliferative Growth, Control, and
TNF-a Challenge Conditionsa

Nucleotide Normal Nonlesional AIDS-KS

ATP
Proliferative
Control

32.47 6 6.85
27.70 6 5.15**

34.64 6 5.50
26.08 6 6.38

29.42 6 14.54
17.11 6 4.04**

TNF-a challenge 23.04 6 4.82† 22.83 6 6.19 15.93 6 6.07†

Total adenine nucleo-
tides

Proliferative
Control

35.31 6 6.14
30.03 6 5.91*

36.85 6 5.87
28.34 6 6.52

31.96 6 14.52
19.51 6 4.31*

TNF-a challenge 25.77 6 4.49 25.11 6 4.70 18.01 6 5.42

NAD1

Proliferative 6.88 6 1.58 8.07 6 2.09 6.78 6 3.08
Control 4.74 6 1.16 5.16 6 1.31 4.54 6 0.86
TNF-a challenge 4.09 6 0.22 4.95 6 1.14 4.69 6 1.72

NADH
Proliferative 2.90 6 0.41 4.02 6 2.24 3.04 6 0.65
Control 3.63 6 0.71 4.86 6 1.55 3.60 6 0.65
TNF-a challenge 3.21 6 0.45 3.52 6 0.95 3.82 6 1.58

NADP1

Proliferative 0.20 6 0.56 0.20 6 0.08 0.12 6 0.04
Control 0.18 6 0.14 0.19 6 0.15 0.17 6 0.07
TNF-a challenge 0.13 6 0.08 0.26 6 0.11 0.14 6 0.10

NADPH
Proliferative 0.25 6 0.06** 0.25 6 0.08* 0.12 6 0.04*,**
Control 0.32 6 0.07†,‡ 0.19 6 0.05‡ 0.19 6 0.05†

TNF-a challenge 0.28 6 0.06** 0.21 6 0.07 0.14 6 0.08**

GTP
Proliferative 4.88 6 0.89 5.18 6 0.90 3.88 6 1.89
Control 4.58 6 0.93 4.17 6 0.92 3.33 6 1.16
TNF-a challenge 3.89 6 0.56 3.85 6 0.77 3.02 6 1.15

UTP and CTP
Proliferative 5.81 6 0.66 6.61 6 1.72 4.37 6 2.26
Control 5.44 6 0.99 4.49 6 1.13 2.91 6 1.26
TNF-a challenge 4.99 6 1.15 4.64 6 1.30 3.02 6 1.46

Energy charge
Proliferative 0.95 6 0.03 0.97 6 0.01 0.92 6 0.06
Control 0.95 6 0.01 0.96 6 0.02 0.92 6 0.02
TNF-a challenge 0.94 6 0.04 0.94 6 0.03 0.92 6 0.03

ATP/ADP
Proliferative 18.27 6 8.52 19.93 6 3.95 13.94 6 7.13
Control 15.66 6 3.02 14.52 6 5.36 12.11 6 4.77
TNF-a challenge 13.06 6 5.82 15.32 6 8.92 9.74 6 4.63

Redox poise
Proliferative 0.46 6 0.10 0.52 6 0.26 0.52 6 0.15
Control 0.82 6 0.10 0.95 6 0.23 0.82 6 0.13
TNF-a challenge 0.83 6 0.11 0.76 6 0.34 0.88 6 0.29

aCultured acquired immunodeficiency syndrome-related Kaposi’s sarcoma (AIDS-KS), nonlesional cells from the AID-KS
donors (nonlesional) and fibroblasts from HIV2 donors (normal) were harvested for nucleotide analyses during either
proliferative growth in COMPLETE medium (M-199 supplemented with 15 mM HEPES, 2.9 µg/ml 1-glutamine, 1.1 µg/ml Na
pyruvate, 90 µg/ml Na heparin, 150 µg/ml bovine brain extract, 15% heat-inactivated fetal bovine serum, 5% heat-inactivated
male human serum), or during culture in BASE medium (M-199 supplemented with 1-glutamine, Na pyruvate, and HEPES,
and 0.5% FBS) without (control) or with 100 U/ml of TNF-a. Number of cellular strains employed (normal, nonlesional, and
AIDS-KS cultures, respectively) were as follows: proliferative: n 5 5, 7, 5; control n 5 6, 4, 4; TNF-a challenge n 5 6, 4, 5.
Values are depicted as mean levels 6 SD. Statistical analyses were conducted by using the Kruskal-Wallis one-way ANOVA,
followed by the Mann-Whitney U-test, two-tailed test.
*P , 0.010.
**P , 0.020.
†P , 0.040 (normal vs AIDS-KS).
‡P # 0.040 (normal vs nonlesional).



est activities in HIV2 donors’ cells, intermedi-
ate levels in nonlesional cells, and lowest
MnSOD activities in AIDS-KS cells. AIDS-KS
cells possessed significantly lower levels of both
MnSOD activity (0.62 6 0.29 SD U/mg, n 5 6
AIDS-KS; 2.48 6 0.52 units/mg, n 5 6, HIV2

donors P , 0.002), as well as percentage mito-
chondrial distribution (KS 5 14.80% 6 6.42,
n 5 6; HIV2 donors 5 39.02% 6 5.54, P ,
0.002) relative to HIV2 donors’ fibroblasts.
Relative to HIV2 donors’ cells, the nonlesional
cells also possessed significantly lower MnSOD
activities (1.15 6 0.53, n 5 3, nonlesional; 2.48 6
0.52, n 5 6, HIV2 donors, P , 0.048), as well as
a lower percentage of total SOD contained in
the mitochondria (18.71% 6 5.55, nonlesional;
39.02% 6 5.54, HIV2, P , 0.02). While the

nonlesional cells demonstrated both higher Mn-
SOD function and mitochondrial distribution
relative to the AIDS-KS cells, these differences
were not statistically significant (Fig. 1).

Nucleotide analyses showed several findings
common to all three groups during proliferative
growth (Table I). ATP represented the primary
high-energy phosphate, and NAD1/NADH the
primary redox pair. Also, comparable levels
(nmol/mg protein) of total adenine nucleotides,
high-energy phosphates and redox poise (ratio
NAD(P)H/NAD(P)1) were found in all three
groups. However, significant differences were
detected in levels of NADPH, the cofactor essen-
tial for GSSG reductase. Relative to either HIV2

donors’ fibroblasts, or nonlesional cells,
AIDS-KS cells contained significantly lower lev-

Fig. 1. Cellular levels of superoxide dismutase (SOD) activities
determined during proliferative growth. Cultured AIDS-related
Kaposi’s sarcoma (AIDS-KS), nonlesional cells from the AIDS-KS
donors (nonlesional) and fibroblasts from HIV2 donors (normal)
were harvested for determination of SOD activity and cellular
compartmentalization during proliferative growth in ‘‘COM-
PLETE’’ medium (M-199 supplemented with 15 mM HEPES, 2.9
µg/ml l-glutamine, 1.1 µg/ml Na pyruvate, 90 µg/ml Na heparin,

150 µg/ml bovine brain extract, 15% heat-inactivated fetal
bovine serum, 5% heat-inactivated male human serum). Values
are expressed as units of SOD activity/mg protein 1SD, with
one unit of SOD activity defined as the amount of enzyme that
results in a 50% inhibition of the reduction of acetylated cyto-
chrome c. Statistical analyses of cellular SOD activities were
conducted using the Kruskal Wallis One Way ANOVA, fol-
lowed by the two-tailed Mann-Whitney U-test.
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els of this thiol redox-regulating nucleotide
[Table I nmol NADPH/mg6S.D.; AIDS-KS 5
0.1260.06, n 5 5; HIV2 donors’ 5 0.2560.06,
n 5 5; (P , 0.020); nonlesional 5 0.2560.09,
n 5 7 (P , 0.010)]

Cellular SOD Modulation in Response to Serum
Deprivation and TNF-a Challenge

The TNF-a challenge experiments evaluated
cellular adaptation capacities at numerous lev-
els. As mentioned previously, the TNF-a/Mn-
SOD induction assays were conducted in BASE
medium to reduce interference from other se-
rum factors. Marked differences were observed
among the three groups in response to serum
deprivation (Fig. 2, Table II). Commensurate
with the removal of serum and its numerous
metabolism-stimulating cytokines and mito-
gens, the HIV2 donors’ control fibroblasts
showed a decrease in both MnSOD activity and
mitochondrial distribution when cultured in
BASE medium. However, when TNF-a was in-
cluded in the BASE medium, HIV2 donors cellu-
lar MnSOD levels and percentage of total SOD
distributed in the mitochondria returned to lev-
els approximating those detected during growth

in the serum-enriched COMPLETE medium
(Fig. 2, Table II).

In contrast, the AIDS-KS cells responded to
serum deprivation by a statistically significant
upregulation of both their MnSOD activity (Fig-
ure 2) and mitochondrial SOD (x 6 S.D.) distri-
bution (proliferative n 5 5, 14.80% 6 6.42 vs.
AIDS-KS con n 5 5, 61.45 6 17.64, P , 0.004)
While the MnSOD levels of the nonlesional
cells also increased during serum deprivation,
these differences were not statistically signifi-
cant.

The most profound responses to TNF-a chal-
lenge, as assessed by increased MnSOD activ-
ity and mitochondrial compartmentalization,
were shown by the AIDS-KS cells (Fig. 2, Table
II). While both the nonlesional and KS lesional
cells showed increases in MnSOD levels as a
result of serum deprivation, only the AIDS-KS
cells showed a statistically significant increase
in MnSOD activity in comparison of TNF-a
challenged vs. control cultures (Fig. 2, Table II).
Also, under conditions of serum deprivation,
both the AIDS-KS control and AIDS-KS TNF-a
challenged cells contained statistically signifi-
cantly higher levels of MnSOD activity and

Fig. 2. Comparison of proliferative, control and TNF-a chal-
lenged MnSOD levels in our cellular populations. Cultured
AIDS-KS cells (AIDS-KS), nonlesional cells from the AIDS-KS
donors (nonlesional), and HIV2 donor fibroblasts (normal) were
harvested during either proliferative growth in ‘‘COMPLETE’’
medium, or during culture in BASE medium (M-199 supple-

mented with l-glutamine, Na pyruvate, HEPES, and 0.5% heat-
inactivated fetal bovine serum) without (CON) or with (TX) 100
U/ml TNF-a. Values are expressed as units of MnSOD activ-
ity/mg protein 1SD. Statistical analyses conducted were the
Kruskal-Wallis One-Way ANOVA, followed by the two-tailed
Mann-Whitney U-test.
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mitochondrial enzymatic distribution relative
to the HIV2 donors’ control and treated cul-
tures, respectively (Fig. 2, Table II). Nonle-
sional cells from the KS donors demonstrated a
transitional TNF-a responsiveness profile that
more closely approximated the AIDS-KS cells
(Table II, Fig, 2).

Release of ROI as a Consequence
of TNF-a Binding

Cell strains from the HIV2 donors, AIDS-KS
lesional and nonlesional cells were assayed to
determine whether or not NAD(P)H oxidase
was activated subsequent to TNF-a binding.
Findings were similar in all three cellular popu-
lations and showed that (1) cellular harvesting
and incubation alone resulted in a small amount
of acetylated cytochrome c reduction (,30%),
(2) the addition of TNF-a markedly increased
cytochrome c reduction over levels obtained by
harvesting alone (,75% cytochrome c reduc-
tion), and (3) the inclusion of SOD diminished
cytochrome c reduction (decrease to 20% and
40% in the control harvest and TNF-a chal-
lenged cells, respectively). Collectively, these
data imply that (1) NAD(P)H oxidase is acti-
vated to a low level by nonspecific membrane
perturbing events such as cellular harvesting,
and (2) introduction of specific stimuli such as
TNF-a increases NAD(P)H oxidase activation
and ROI generation in all three cellular popula-
tions.

Bioenergetic Profile Modulations
During TNF-a Challenge

Several similar findings, consistent with de-
creased cellular proliferation subsequent to se-
rum deprivation, were found in the TNF-a chal-
lenge HPLC nucleotide analyses (Table I). All
three culture groups showed a decrease (rela-
tive to proliferative growth profiles) in high-
energy phosphates, the ATP/ADP ratio, total
adenine and nicotinamide nucleotides, and an
alteration in the NADH/NAD1 redox pair (de-
creased NAD1 with a concurrent increase in
NADH) resulting in a reduction in the overall
cellular redox state. The energy charge of all
three cellular populations remained .0.90, in-
dicative of ongoing cellular oxidative metabo-
lism.

Several significant intergroup differences,
which reflect cellular capacities to maintain
both ATP and adenine nucleotide levels and
GSH in its functional, reduced state, were noted
during culture in BASE medium. Relative to
the HIV2 fibroblasts, AIDS-KS cells possessed
significantly lower levels of ATP during both
control and TNF-a conditions, and lower total
adenine nucleotides during control growth
(Table I). Intermediate levels of ATP and total
adenine nucleotides, which more closely ap-
proximated normal fibroblasts, were detected
in the nonlesional cells from the AIDS-KS do-
nors during both control and TNF-a challenge
conditions. In addition, significant differences

TABLE II. 24-h Cellular SOD Enzymatic Activity and Cellular Compartmentalizationa

Cell group Total SOD CuZn SOD Mn SOD % mitochondrial

Norm Con (n 5 4) 6.99 6 0.75 5.68 6 0.97 1.31 6 0.30† 19.25 6 7.22†,‡

Norm TNF-a (n 5 3) 8.32 6 1.61 6.49 6 1.64 1.84 6 0.69* 22.41 6 8.50*
Nonles Con (n 5 5) 9.05 6 3.92 2.89 6 0.66 6.15 6 3.62 59.81 6 16.80‡

Nonles TNF-a (n 5 5) 11.44 6 5.96 4.71 6 5.72 6.74 6 3.40 66.26 6 24.18
KS Con (n 5 5) 7.36 6 3.09 3.31 6 2.05 4.05 6 1.09**,† 61.45 6 15.78†

KS TNF-a (n 5 5) 10.61 6 3.50 3.24 6 2.47 7.37 6 1.83*,** 71.72 6 14.65*

aPost-confluent cultured AIDS-related Kaposi’s sarcoma cells (KS), nonlesional cells from the AIDS-KS donors (Nonles), and
fibroblasts from HIV2 donors (Norm) were rinsed with room temperature phosphate buffered saline, and then incubated for
24 h (37°C, 5% CO2) in ‘‘BASE’’ medium (M-199 supplemented with 15 mM HEPES, 2.9 µg/ml 1-glutamine, 1.1 µg/ml Na
pyruvate plus 0.5% heat inactivated fetal bovine serum. The cultures were then provided fresh ‘‘BASE’’ medium with 100
U/ml human TNF-a (TNF-a) or without TNF-a (Con). Following a second 24 hour incubation, the cells were harvested, and
cellular superoxide dismutase (SOD) activities (mean units of activity 1 S.D. per mg cell protein) and cellular enzymatic
compartmentalization determined. Statistical analyses were conducted using the Kruskal Wallis One Way ANOVA, followed
by the Mann-Whitney U- (2-tailed) test.
*P , 0.036 KS TNF-a vs Norm TNF-a.
**P , 0.032 KS TNF-a vs KS Con.
†P , 0.016 KS Con vs Norm Con.
‡P , 0.016 Norm Con vs Nonles Con.
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were once again noted in the cellular NADPH
levels (Table I). During control culture condi-
tions (BASE medium only), HIV2 donor fibro-
blasts possessed significantly higher levels of
NADPH relative to either nonlesional or
AIDS-KS cells. Subsequent to TNF-a chal-
lenge, these differences in NADPH levels be-
tween normal and AIDS-KS cells were in-
creased, whereas the nonlesional [NADPH]
increased to levels similar to those detected in
normal, HIV2 fibroblasts.

Contribution of the Cellular Thiol Redox Status
in TNF-a-Mediated Signal Transduction

Our data, which showed a positive correla-
tion between the significantly lower levels of
the thiol redox regulating nicotinamide nucleo-
tide NADPH and heightened TNF-a responsive-
ness in AIDS-KS cells, in conjunction with our

previous findings which demonstrated that
AIDS-KS cells possess significantly lower lev-
els of GSH [22,23], prompted additional studies
to investigate the contribution of the cellular
thiol redox status in TNF-a-mediated signal
transduction.

This second series of TNF-a challenge experi-
ments were conducted using a new lot of TNF-a
which apparently elicited a greater biological
response per unit of activity. Consequently, fol-
lowing TNF-a challenge, all culture groups
showed a marked increase in MnSOD activity
and mitochondrial enzymatic distribution rela-
tive to levels present during proliferative growth
(Table III). In addition, during this series of
experiments, all culture groups responded to
serum deprivation with an increase in both
MnSOD activity as well as mitochondrial enzy-
matic distribution. The normal fibroblasts used

TABLE III. Responsiveness of SOD Activity and Cellular Enzymatic Compartmentalization to
Growth State, GSH Levels, and TNF-a Challengea

Cell group Total SOD Mn SOD % mitochondrial [GSH] nmol/mg

Norm pro 6.40 6 1.35* 2.48 6 0.52*,** 39.02 6 5.54* Not conducted
Norm con 10.92 6 4.31 6.12 6 3.60 49.95 6 19.97 12.40 6 1.66†

Norm TNF-a tx 15.78 6 7.89 10.21 6 5.50** 63.50 6 4.45* 8.61 6 1.67‡

Norm <GSH 1 TNF-a 18.73 6 4.11* 14.61 6 3.38* 78.31 6 7.80* 7.19 6 3.26
Norm NAC 1 TNF-a 16.66 6 8.59 10.04 6 4.94* 64.12 6 14.21* 22.68 6 6.06
Nonles. pro 6.15 6 1.05 1.15 6 0.53 18.71 6 7.55 Not conducted
Nonles. con 11.12 6 1.97 8.25 6 2.16 70.99 6 6.94 9.98 6 2.50
Nonles. TNF-a tx 13.15 6 3.48 10.43 6 2.91 82.37 6 20.16 5.87 6 1.35
Nonles. <GSH 1 TNF-a 12.45 6 0.25 8.52 6 1.45 68.53 6 9.23 2.11 6 1.17
Nonles. NAC 1 TNF-a 16.58 6 3.11 14.35 6 4.43 84.99 6 15.51 17.81 6 4.11
KS pro n 5 6 4.38 6 1.15* 0.62 6 0.29* 14.80 6 6.42*,** Not conducted
KS con 12.93 6 6.74* 6.75 6 3.01* 54.41 6 4.93* 6.85 6 1.75†

KS TNF-a tx 17.26 6 5.44* 12.58 6 6.35* 69.57 6 14.35* 3.10 6 0.41‡

KS < GSH 1 TNF-a 15.45 6 7.41* 14.29 6 8.00* 87.89 6 9.66* 3.40 6 2.99
KS NAC 1 TNF-a 19.39 6 12.38* 10.47 6 4.92* 60.57 6 16.57** 15.30 6 9.50

aPost-confluent cultured AIDS-related Kaposi’s sarcoma cells (AIDS-KS), nonlesional cells from the AIDS-KS donors
(nonlesional), and fibroblasts from HIV2 donors (normal) were rinsed with room temperature phosphate buffered saline, and
were incubated for 24 h (37°C, 5% CO2) in BASE medium (M-199 supplemented with 15 mM HEPES, 2.9 µg/ml 1-glutamine,
1.1 µg/ml Na pyruvate plus 0.5% heat-inactivated fetal bovine serum. The cultures were then provided fresh BASE medium
that either included 100 U/ml human TNF-a (tx) or excluded TNF-a (con). GSH levels were augmented by inclusion of 30 mM
N-acetylcysteine during both the 24-h h serum deprivation and TNF-a challenge. (NAC). At 3 h prior to TNF-a challenge,
levels of GSH were decreased by a 2-h incubation with 1 3 1024 M buthionine sulfoximine, followed by a 1-h incubation with
100 µM 2-cyclohexene-1-one (<GSH). Following a second 24-h incubation, the cells were harvested, and cellular superoxide
dismutase (SOD) activities (U/mg protein) and cellular enzymatic distribution determined. Proliferative levels (pro) of SOD
activity were obtained from cell harvested during log growth in COMPLETE medium (M-199 supplemented with HEPES,
1-glutamine, Na pyruvate, 15% heat-inactivated FBS, 5% heat-inactivated male human serum, 90 µg/ml Na heparin, 150
µg/ml endothelial cell growth supplement). Number of cell strains employed (normal, nonlesional, and AIDS-KS cultures,
respectively) were as follows: proliferative 6, 3, 6; n 5 3 for all the remaining groups. Statistical analyses for the SOD data
(x 6 SD) were conducted using the Kruskal–Wallis one-way ANOVA, followed by the Mann-Whitney U- (two-tailed) test.
*P , 0.024.
**P , 0.048.
GSH samples (nmol/mg protein): n 5 3 for all groups: ANOVA, followed by multiple t-test
†P , 0.05.
‡P , 0.01.
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for these studies included strains obtained from
different donors than those used in the initial
studies.

Earlier studies conducted in our laboratory,
using more than 20 strains of normal human
fibroblasts, have shown the GSH depletion pro-
tocol to be both effective (levels of GSH immedi-
ately post-treatment are ,1 nmol/mg protein),
and readily reversible [24]. However, these cur-
rent experiments revealed a cytopathic re-
sponse, which was limited to one AIDS-KS
strain and one nonlesional strain from a differ-
ent KS donor, when GSH depletion was fol-
lowed by TNF-a challenge. With the exception
of these two strains, the cellular viability of the
cultures used for the GSH modulation experi-
ments was .94% at harvest.

Cellular GSH levels determined at the 24-h
harvest (using intrastrain treatment group com-
parisons) showed pervasive findings among all
the three culture groups for every cell strain
evaluated: (1) the introduction of TNF-a de-
creased GSH levels (control vs TNF-a chal-
lenged); and (2) in a converse fashion, inclusion
of the GSH precursor, NAC, increased same
strain [GSH] relative to all other treatment
groups. Whereas in both the normal and nonle-
sional cultures the 24-h harvest levels of GSH
were lower in the GSH depletion/TNF-a chal-
lenge group relative to the corresponding group
provided TNF-a only, levels of GSH were con-
stant in the comparable AIDS-KS cultures irre-
spective of GSH depletion. Moreover, HIV2 do-
nor fibroblasts possessed statistically
significantly higher levels of GSH, relative to
AIDS-KS cultures, during both control and
TNF-a challenged growth conditions (Table III).
The nonlesional cells from the KS donors con-
tained levels of GSH which were intermediate
in distribution relative to normal and AIDS-KS
cells cultured under similar conditions.

The GSH modulation studies illustrated the
thiol redox contribution to cellular responsive-
ness to TNF-a. Only in the normal fibroblasts
was the reduction of GSH levels accompanied
by a marked relative increase in MnSOD activ-
ity following TNF-a challenge (Fig. 3). In con-
trast, the MnSOD activity of TNF-a challenged
nonlesional and AIDS-KS cells remained rela-
tively constant regardless of GSH depletion
(Fig. 3).

All three cellular groups tolerated the inclu-
sion of NAC, with cellular viability remaining
.95% in the NAC-treated cultures. While addi-

tion of NAC resulted in approximately a three-
fold GSH level increase in nonlesional and nor-
mal fibroblasts (TNF-a tx. vs NAC1TNF-a),
the GSH levels of the AIDS-KS strains showed
a higher magnitude (approximately fivefold)
increase after addition of NAC. However, de-
pending on the culture group, NAC inclusion
either decreased, increased or had no effect on
cellular response to TNF-a challenge (Fig. 3).
Provision of NAC to AIDS-KS cultures signifi-
cantly suppressed TNF-a-mediated increases
in mitochondrial enzymatic distribution rela-
tive to either nonlesional or normal cells, and
also resulted in significantly lower upregula-
tion of MnSOD activity relative to both normal
and nonlesional cultures (Fig. 3). In contrast to
the AIDS-KS cells, nonlesional cells responded
to the inclusion of NAC with moderate in-
creases in both MnSOD activity and percentage
of SOD localized in the mitochondria. The
MnSOD activities and mitochondrial enzy-
matic distributions of normal fibroblasts were
unresponsive to NAC and demonstrated compa-
rable levels of MnSOD activity and mitochon-
drial enzymatic distribution subsequent to
TNF-a challenge, regardless of the presence or
absence of NAC.

DISCUSSION

Although clinical evidence suggests that
AIDS-KS is a multifactorial disease, a consis-
tent feature of most putative AIDS-KS etiologic
agents is sustained serum elevations of proin-
flammatory cytokines such as TNF-a [18,30].
Serum TNF-a levels, which are initially in-
creased by HIV1 seroconversion, are further
augmented by opportunistic infections which
arise, like AIDS-KS, during the latter stages of
AIDS [18,30]. Further, many of the clinical
manifestations of late AIDS e.g. cachexia are
sequelae of these aberrantly elevated serum
cytokines [8,18,30]. Our data, which show that
a perturbation in the cellular thiol redox status
accentuates AIDS-KS cellular responsiveness
to TNF-a, suggest a biochemical rationale for
this recognized TNF-a AIDS-KS clinical correla-
tion. In vivo, elevated serum TNF-a levels
coupled with heightened responsiveness to
TNF-a would promote AIDS-KS development
by prolonged activation of signal transduction
pathways conducive to the establishment of
autologous growth loops [15].

As reflected by their energy charges, all three
cellular groups showed positive adaptations to
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culture in COMPLETE medium. However, dur-
ing proliferative growth, significant population
specific differences were detected. Statistically
significantly lower levels of NADPH were found
in AIDS-KS cells relative to either nonlesional

cells from the KS donors or normal fibroblasts.
This finding, which is consistent with our previ-
ous results [22], suggests that NADPH generat-
ing pathways such as the hexose monophos-
phate shunt, isocitrate dehydrogenase, malic

Fig. 3. Comparison of the relative efficacy of modification of
the cellular glutathione (GSH) status to modify TNF-a response
in cultured AIDS-related Kaposi’s sarcoma (AIDS-KS), nonle-
sional cells from the AIDS-KS donors (nonlesional) and HIV2

donor fibroblasts (normal). Post-confluent cultures were rinsed
with room temperature phosphate-buffered saline and were
incubated (37°C, 5% CO2) for 24 h in BASE medium. The
cultures were then provided fresh BASE medium that included
100 U/ml TNF-a (TX). GSH levels were augmented by inclusion
of 30 mM N-acetylcysteine during both the 24-h sera depriva-

tion and TNF-a challenge (NAC). At 3 h prior to TNF-a chal-
lenge, levels of GSH were decreased by a 2-h incubation with
1 3 10-4 M buthionine sulfoximine, followed by a 1-h incuba-
tion with 100 µM 2-cyclohexene-1-one (⇓GSH). Following a
second 24-h incubation, the cells were harvested and levels of
MnSOD activity and mitochondrial enzymatic compartmental-
ization determined. Data are represented as mean values 1SD,
n 5 3 for every group. Statistical analyses were conducted using
the ANOVA followed by the multiple t-test.
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enzyme and the energy dependent transhy-
drogenase may be compromised in AIDS-KS
cells [27]. Reduced NADPH levels would impair
the activities of enzymes such as GSSG reduc-
tase and thioredoxin, which are dependent on
NADPH for the provision of reducing equiva-
lents [29]. Previous studies from our laboratory,
in which AIDS-KS cells retained GSSG subse-
quent to oxidant challenge, support this premise
[22].

The SOD levels and cellular enzymatic com-
partmentalization detected during prolifera-
tive growth compare favorably with SOD stud-
ies reported by other investigators in human
fibroblasts [26,46]. Further, the large standard
deviations (which likely reflect the outbred hu-
man population) found during our enzymatic
analyses are also consistent with the findings of
other investigators [26,46]. During prolifera-
tive growth, HIV2 donor fibroblasts demon-
strated the highest MnSOD activity and mito-
chondrial enzymatic distribution. These
findings suggest that during optimal growth
conditions, normal fibroblasts’ MnSOD levels
are maintained by a high level of mitochondrial
oxidative metabolism and its accompaning in-
creased oxygen intermediate generation by the
electron transport system.

A consistent finding of this study was that
nonlesional cells from the AIDS-KS donors be-
haved as a biochemically distinct population,
with many of their assessed biochemical param-
eters determined to be in an ‘‘intermediate’’
position between the normal fibroblasts and
AIDS-KS cells. A relevant question, but one
that is difficult to address, is whether these
biochemical changes were present prior to HIV
infection, or developed as a consequence of the
HIV1 state. Ongoing studies in our laboratory
on cells isolated from AIDS-KS negative, same
risk group HIV1 donors with comparable viral
load and CD41 counts will help address this
question.

Because of our interest in redox regulation of
ROI-associated signal transduction, we deter-
mined whether or not TNF-a receptor occu-
pancy resulted in a release of oxygen intermedi-
ates in our cultured cells. Consistent with
results found by other investigators in non-
phagocytic cells [41], we determined that TNF-a
challenge resulted in generation of O2

.- in all
three cell populations. Subsequent to TNF-a
binding, oxygen intermediates can be gener-
ated by at least two plasma membrane associ-
ated enzymes (NAD(P)H oxidase and cyclooxy-

genase) with the resultant ROI functioning as
an intracellular signaling system [15,41].

The bioenergetic profile modulations observed
during the TNF-a challenge assays were consis-
tent with cells entering a quiescent state, and
potentially initiating a stress response, as a
consequence of serum deprivation [33]. Nota-
bly, during these experiments all culture groups
maintained their energy charges, and although
the ATP/ADP ratios did show a modest de-
crease, the resulting ratios remained high, sug-
gesting that the mitochondria remained in state
4 (ADP limiting) respiration. Also, during se-
rum deprivation, all culture groups showed a
reduction of their redox state, a finding that
may reflect coenzyme Q (ubiqinone) as a tar-
geted site for induction of the environmental
stress response [27,33]. These data that show
that the bioenergetic status of the AIDS-KS
cells was most affected by serum deprivation
and TNF-a challenge, in conjunction with our
previous studies [22,23] suggest that AIDS-KS
cells are more dependent on glycolytic path-
ways of metabolism, an accommodation that
may reflect impaired or reduced mitochondrial
oxidative metabolism in AIDS-KS cells [27].
Also, the lower NADPH levels in the AIDS-KS
cells may promote formation of protein mixed
disulfides, as TNF-a exposure is likely to be
accompanied by GSSG formation when GSH is
used to quench the TNF-a generated ROI. Fi-
nally, an oxidized thiol status would compro-
mise the activities of thiol-dependent enzymes
such as the tyrosine phosphatases, which are
essential in arresting the signal transduction
cascade initiated by TNF-a receptor interaction
[14,42,44].

Virtually every cell type responds to TNF-a
with gene activation and expression of pro-
inflammatory cytokines [5]. However, the ex-
tent of TNF-a-mediated cellular signaling is
regulated by a delicate balance between activa-
tion (generation of ROI and activation of ki-
nases) and arresting (quenching of ROI and
phosphatase activation) events [14,15,42,44].
Although the exact mechanism by which TNF-a
upregulates the activity of MnSOD has not
been elucidated, it is accepted that both tyro-
sine kinase activation and the cellular redox
state are integral in its regulation [39]. Recent
studies show that as a downstream event TNF-a
disrupts mitochondrial electron flow, resulting
in production of O2

.- at the ubiquinone site, with
the released ROI serving as secondary messen-
gers capable of activating the antioxidant re-
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sponse genes [39]. Related studies by Anderson
et al. suggest that ROI scavengers such as GSH
are key modulators in this process and act to
decrease the extent to which mitochondrial de-
rived oxidants increase tyrosine phosphoryla-
tion [1]. Pertinent to our study, the speculative
routes by which TNF-a increases mitochon-
drial ROI release all entail redox sensitive path-
ways including perturbations in Ca21 homeosta-
sis [39], phosphorylation events [14,39,44], and
thiol sensitive target proteins at the ubiqui-
none site [39]. Further, although the mitochon-
dria is a targeted organelle for both TNF-a’s
modulatory as well as cytotoxic actions, it is the
overall cellular capacity to respond to the in-
creased levels of ROI that determines whether
cell death or gene induction ensues [39]. Appar-
ently, those cellular strains from our study that
demonstrated a cytotoxic response to GSH re-
duction followed by TNF-a challenge had dimin-
ished ROI degrading capacities relative to the
other cultures.

It is well accepted that a large group of envi-
ronmental stimuli such as nutrient depriva-
tion, oxidant stress and cytokine exposure can
evoke a spectrum of similar responses inclusive
of activation of a wide variety of genes
[33,47,48]. Therefore, it is not unanticipated
that our results showed that the two forms of
environmental stress used in our study—se-
rum deprivation and cytokine challenge—were
accompanied by MnSOD induction, which dem-
onstrated an apparent agent additive effect,
with the greatest induction found in those cul-
tures that underwent both serum deprivation
and TNF-a challenge. Because not every cell is
equally endowed with the capacity to initiate a
stress response [33,47], the failure of the nor-
mal fibroblast strains to upregulate MnSOD
during serum deprivation during the initial
experiments likely reflects population heteroge-
neity. The capacity of disparate environmental
stimuli such as heat shock, oxidants, and cyto-
kines to all elicit cytoprotective enzyme upregu-
lation suggests a common signaling pathway
[33,47,48]. Further, our data, which showed a
reduction in the cellular redox state, MnSOD
upregulation, and decreased levels of high-
energy phosphates, suggest that the mitochon-
drion is a potential convergence site during
mediation of the stress response. Biochemical
features of ubiquinone that would promote its
use in ROI-based signaling include lipid solubil-
ity, its large stoichiometric excess relative to
other members of the mitochondrial respira-

tory chain, and its apparent mobility, which
permits collection and transfer reducing equiva-
lents from the more fixed respiratory chain
components [27].

Our results show that an inherent perturba-
tion in the AIDS-KS cellular thiol redox status
augments cellular responsiveness to TNF-a, and
that only in the normal fibroblasts did GSH
depletion potentiate TNF-a-initiated upregula-
tion of MnSOD. Therefore, while provision of
reducing equivalents per se was not a problem
(all culture groups showed a reduction of their
redox poise), the modulation of signal transduc-
tion appeared much more closely aligned with
cellular GSH status and its capacities to per-
form thiol disulfide interchange and quench
ROI.

Only in the AIDS-KS cells did NAC supple-
mentation curtail TNF-a-mediated upregula-
tion of MnSOD and mitochondrial enzymatic
compartmentalization. The ability of NAC to
downregulate TNF-a responsiveness most prob-
ably reflects the inherently lower levels of re-
duced thiols in AIDS-KS cells. At the biochemi-
cal level, NAC has the abilities to serve both as
a GSH precursor as well as the potential to
directly scavenge ROI, thereby acting as a ‘‘spar-
ing’’ agent for the cellular GSH stores [28,36].
Unlike the AIDS-KS cells, incorporation of NAC
to either the nonlesional or normal cells did not
suppress TNF-a responsiveness, a finding which
likely results from adequate endogenous GSH
stores in the nonlesional and normal cells. Also,
our SOD upregulation data are in agreement
with recent studies by Offerman et al., which
show that thiol antioxidants suppress expres-
sion of inflammatory response genes inAIDS-KS
cells [35]. We speculate that the lower levels of
GSH and other molecules in close redox commu-
nication e.g. NADPH found in AIDS-KS cells
are permissive for sustained activation of TNF-
a-initiated signal transduction pathways. Also,
we surmise that this increased sensitivity to
TNF-a facilitates AIDS-KS lesional progres-
sion by initiating pathways, e.g., activation of
NF-kB, conducive to enhanced autologous ex-
pression of growth promoting cytokines.

In conclusion, we present results that sug-
gest a biochemical basis for the well-recognized
clinical association between elevated TNF-a lev-
els andAIDS-KS progression. Our findings from
both this current and previous AIDS-KS stud-
ies suggest thatAIDS-KS cells possess biochemi-
cal perturbations which impair cellular capac-
ity to degrade oxidants, thereby resulting in
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intracellular retention of ROI and subsequent
oxidant stress [22,23]. Finally, our findings in
which AIDS-KS cells are exquisitely sensitive
to ROI are substantiated by data that have
demonstrated the clinical efficacy of redox cy-
cling drugs such as doxorubicin in the treat-
ment of AIDS-KS.[34]
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