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HeLa cell line stably transfected with the tat gene from
human immunodeficiency virus type 1 has a decreased
antioxidant potential. In this work, we used this model to
investigate the effect of a high glucose level ð20 mMÞ on the
glucose induced cytotoxicity and on the antioxidant
system. In comparison to cell culture under control
medium, HeLa-wild cell cultured under 20 mM glucose
did not exhibit necrosis or apoptosis, contrary to HeLa-tat
cell presenting a significant increase in necrotic or
apoptotic state. Moreover after 48 h culture under high
glucose level the HeLa-tat proliferation rate was not higher
than the one of HeLa-wild cells. In HeLa-wild cell high
glucose level resulted in an induction of glutathione
reductase activity in opposition to HeLa-tat cells where no
change was observed. High glucose level resulted in 20%
increase in GSSG/GSH ratio in HeLa-wild cells and 38%
increase in HeLa-tat cells. Moreover, high glucose level
resulted in a dramatic cytosolic thiol decrease and an
important lipid peroxidation in HeLa-tat cells. No
significant change of these two parameters was observed
in HeLa-wild cells. In both cell lines, high glucose resulted
in an increase of total SOD activity, as a consequence of the
increase in Cu,Zn-SOD activity. High glucose did not result
in an increase of Mn-SOD activity in both cell lines. As a
consequence of tat tranfection Mn-SOD activity was 50%
lower in HeLa-tat cells in comparison to HeLa-wild cells.
This work emphasizes the importance of the antioxidant
system in the glucose induced cytotoxicity.
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Abbreviations: Cu,Zn-SOD, Cu,Zn-dependent superoxide dismu-
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nicotinamide dinucleotide diphosphate; MDA, malondialdehyde;
Mn-SOD, Mn-dependent superoxide dismutase; MTT,
3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide;
PNPD, p-nitrophenyl disulfide; ROS, reactive oxygen species; -SH,
thiol groups; Tat, transactivator protein of HIV-1; TFA, triflur-
oacetylacetone

INTRODUCTION

Free radicals in tissues are generated by both
enzymatic and non-enzymatic pathways leading to
the formation of reactive compounds by reduction or
oxidation. Reactive oxygen species (ROS) in most
cells can be involved in physiological functions,[1 – 4]

but they may also cause cellular injury by hydro-
peroxidation, ischemia/reperfusion, inflammation,
ionizing radiation exposure, diabetes and aging.[5,6]

On the other hand, a number of enzymatic and
nonenzymatic cellular antioxidative defenses
protect cells from the attack of oxygen free rad-
icals.[7,8] The most important and versatile protector is
reduced glutathione (GSH).[9] GSH is present in most
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mammalian cells and plays an important role in many
biological processes such as sulfur-containing amino
acid metabolism, and participates in the cellular
defense system against oxidative stress by reducing
disulfide linked proteins and other cellular mol-
ecules, or by scavenging free radicals and reactive
oxygen intermediates.[10]

There is strong evidence that glucose, under
physiological conditions, is prone to oxidation
and consequently generates hydrogen peroxide and
reactive intermediates such as hydroxyl free
radicals and a-hydroxyaldehydes.[11] It has been
suggested that oxidative stress plays an important
role in tissue damage associated with diabetes[12]

and that peroxide formation is increased in parallel
to elevated glucose oxidation.[13] In different studies, it
has been suggested that variations in glucose
concentrations are sufficient to induce cell death
through a free radical-mediated mechanism,[14]

delay in various phases of the cell cycle of human
endothelial cells,[15] inhibition of endothelial cell
replication[16] and to induce an oxidative stress
in smooth muscle cells.[17]

The Tat protein from human immunodeficiency
virus type 1 (HIV-1) is essential for efficient HIV-1
gene expression. Tat acts by binding to a transactiva-
tion response element, a RNA stem-loop structure
located close to the 50 end of HIV-1 transcripts.[18]

The expression of some cellular genes and proteins is
influenced either positively or negatively by HIV-1
Tat.[19,20] HIV-1 Tat is secreted by HIV-1-infected cells
and can be taken up rapidly by other cells.[21] Thus,
Tat can potentially influence cellular gene expression
in infected and non-infected cells. Flores et al. have
demonstrated that in HeLa cells transfected with Tat
(HeLa-tat cells) the activity of the Mn dependent-
superoxide dismutase (Mn-SOD) was decreased to
50% compared with the level measured in parental
cells accompanied with a reduction of protein
expression.[22] A likely consequence of decreased
Mn-SOD activity is increased oxidative stress
reflected by a decrease in the total amount of
glutathione or a decreased ratio of GSH to oxidized
glutathione (GSSG). Moreover, they have demon-
strated that the total GSH content present in HeLa-tat
cells decreased compared with control cells. Thus,
HIV-1 Tat might provide the link between viral
infection and the observed oxidative stress and
consequent CD4 þ T-cell depletion in AIDS.[22] In
these conditions, HeLa-tat cells are a good model to
investigate the implications of free radicals in cell
damage.

In the present study, HeLa-tat and parental cells
were used to explore the effect of high glucose
concentrations, based on the fact that HeLa-tat
present a lower antioxidant defense system, in
order to examine the implications of low antioxidant
protection in glucose-induced cytotoxicity.

EXPERIMENTAL PROCEDURES

Materials

Opti-MEM, fetal calf serum (FCS) were purchased
from Gibco-BRL, (Grand Island, NY). The solution of
0.05% trypsine and 0.02% EDTA was from Gibco-
BRL, (Grand Island, NY). MTT kit 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide),
reduced nicotinamide dinucleotide diphosphate
(NADPH) were from Boehringer Mannhein
(Mannhein, Germany). Glucose, mannitol, p-nitro-
phenyl disulfide (PNPD), 5,4-dithiobis(2-nitroben-
zoic) acid (DTNB) acridine orange, ethydium
bromide, paraformaldehyde, Triton X-100, terbutyl
hydroperoxide, thiobarbituric acid (TBA),
1,1,3,3,-tetraethoxypropane and dimethyl sulfoxide
(DMSO) were from Sigma Chemical Company
(St. Louis, MO). Nitric, hydrochloric acids, hydrogen
peroxide (H2O2), pyridine, ethanolamine, 3-vinyl-
pyridine butanol, metaphosphoric acid and hexane
were purchased from Merck (Darmstadt, Germany)
and ammonium acetate from Prolabo (Paris, France)
and were high purity grade. Trifluoroacetylacetone
(TFA) was purchased from Aldrich (Milwaukee, WI,
USA).

Cell Cultures

The HeLa-tat and wild cell lines were obtained
from NIH-AIDS Research and Reference Reagent
Program (Besthesda, MD). Cells were cultured in
Opti-MEM, in the presence of 4% FCS. Prior to
experimental treatment, cells were grown to the
same density (3 £ 106 cells/ml). Cells were incu-
bated during 24 and 48 h with different mediums.

Control medium: This comprised the standard
culture medium described above containing 4%
FCS and 5 mM glucose.

High-glucose medium: This was identical to control
medium but supplemented with glucose to increase
its concentration up to 20 mM.

Mannitol osmotic control medium: This was similar
to control medium (glucose 5 mM) except that it was
supplemented with mannitol (15 mM) a nonperme-
able solute which served as an osmotic control
medium for the high-glucose medium.

Cytotoxicity Assay

The cytotoxic activity of glucose was determined by
a colorimetric assay. Cell viability was determined by
a modified MTT assay.[23] HeLa cells were seeded at a
density of 3 £ 103 cells per well in 96-well flat-
bottomed microtiter plates and incubated at 378C for
24 and 48 h in 0.2 ml culture medium Containing
serial dilutions of glucose. After incubation, 10ml of a
MTT solution (5 mg/ml in PBS) was added. After
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another 2 h incubation, supernatants were removed,
followed by the addition in 100ml DMSO to dissolve
the formazan crystals. The absorbance readings for
each well was performed at 550 nm in a plate reader.
Survival was calculated as the percentage of the
staining values of untreated cultures. Each concen-
tration was tested in duplicate and the experiments
were repeated three times.

Morphologic Study of Apoptosis

Apoptosis was evaluated by direct cell counting with
morphologic features of apoptosis after acridine
orange—ethydium bromide staining. HeLa-wild and
HeLa-tat cells were stained with a solution of orange
acridine ð0:1 mg=mlÞ and ethydium bromide
ð0:1 mg=mlÞ and fixed in 1% paraformaldehyde in
PBS, as previously described.[24] Cells were exam-
ined by fluorescence microscopy (Zeiss, Axiovert,
Germany). Dead cells (orange), living cells (green,
integrity cellular, normal aspect) and apoptotic cells
(green, apoptotic bodies and nuclear fragmentation)
were quantified.

Antioxidant Enzymes Activities

Cell supernatant was obtained after homogenization
of tissue in a potter in hypotonic Tris–HCl buffer, pH
7.4. Glutathion peroxidase (GPX) activity was
assessed as previously described[25] using terbutyl
hydroperoxide. Results were expressed as micro-
moles of nicotinamide dinucleotide (NADP þ )
obtained per minute. Catalase activity was deter-
mined by the method of Beers[26] by following the
decomposition of H2O2 at 240 nm. One unit of
catalase is defined as 1mmol H2O2 consumed per
minute. Glutathione reductase (Grase) was deter-
mined by the method of Carlberg and Mannervik.[27]

Results were expressed as micromoles of NADPH
oxidized per minute

Cu,Zn-SOD activity was determined on the
supernatant by monitoring the auto-oxidation of
pyrogallol using the Marklund method.[28] The
specific Cu,Zn-SOD inhibition by KCN (60ml of
KCN, 54 mM added to 300ml of lysate) allows the
Mn-SOD determination in the same conditions.[22]

The result of three separate experiments are given. A
normalization of enzyme soluble activities to protein
content was performed.

Glutathione Determination

The cell homogenates were deproteinized by adding
metaphosphoric acid 6%. After shaking, the mixture
was centrifuged. If not performed immediately, the
supernatant was stored at 2808C. Total cellular
glutathione contents were evaluated as previously
described.[29] The reduction rate of 5,4dithiobis

(2-nitrobenzoic) acid (DTNB) into 5-thio-2-nitro-
benzoate was spectrophotometrically evaluated at
412 nm. GSSG was determined under the same
conditions after adjusting pH with ethanolamine and
trapping GSH with 3-vinylpyridine. Results were the
mean of three independent experiments.

Intracellular Thiols Measurement

HeLa cells were seeded at a density of 3 £

106 cells/ml culture medium in 25 cm2 tissue culture
flask and incubated at 378C for 48 h. After the
incubation, the supernatant was removed and cells
were washed two times with phosphate buffered
saline PBS (without Ca2þ and Mg2þ) and detached
by incubation in PBS containing 0.05% Trypsin and
0.02% EDTA. The resulting cell suspension was
centrifuged, and the pellet was resuspended with
350ml of 2.5% DMSO in PBS. The p-nitrophenyl
disufide (PNPD) is a liposoluble reagent used for
thiol group measurements.[36] We developed a new
method to measure thiol groups in intact cells. The
compound was dissolved by heating at a concen-
tration of 6 mg/ml in DMSO and centrifuged. The
solution was diluted in DMSO (1:10). Cell suspen-
sion (350ml) was incubated with 8ml of PNPD
solution for 20 min in the dark. Then, cells were lysed
by freezing in N2 liquid and defrosting successively.
After centrifugation (10,000 rpm at 48C), 350ml of
supernatant was removed in 96-well flat-bottomed
microtiter plates for reading of the absorbance at
414 nm. In parallel, in the same conditions we
performed a standard curve with N-acetyl cysteine
solution (1 mM). Cell protein was determined by the
technique of Lowry. The results were expressed in
nmol –SH/mg of protein. Each concentration was
tested in duplicate and the experiments were
repeated three times.

Lipid Peroxidation Evaluation

For lipid peroxidation cells were lysed in deionized
water by three freeze–defrost cycles. After 10 min of
centrifugation 5000 rpm, (3200g ) the membrane-
containing pellet was resuspended in deionized
water for TBARs and protein determination. Product
of lipid peroxidation were evaluated after acid
hydrolysis at 958C to form malondialdhehyde
(MDA).[30] MDA can react with thiobarbituric acid
to yield and MDA–TBA adduct measured by
fluorimetry after extraction with butanol. The
wavelengths used were 532 nm (excitation) and
553 nm (emission). Values were reported to a
calibration curve of 1,1,3,3-tetraethoxypropane.
Results were expressed as mmol MDA/g of
membrane-containing pellet protein.

FREE RADICAL PROTECTION IN HELA-TAT CELLS CULTURED IN HIGH GLUCOSE 1019

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Statistical Analysis

All data in the text and figures are expressed as
mean ^ SD. In order to compare data from different
groups, non-parametric Kruskal–Wallis tests with
multiple comparison New Man Keuls tests and t-test
were used (SigmaStat statistical software v 2.0,
Jandel Scientifics). Statistical significance was set at
p # 0:05:

RESULTS

For each parameter measured, to prove that the
observed effect was due to intracellular process of
glucose and not to hyperosmolarity, we incubated
the cells with 5 mM glucose, and the corresponding
concentration of mannitol to obtain 20 nM final.
Mannitol had no effect on any measured parameter.

Proliferation Rate and Cytotoxicity

At time zero the number of cells for each group was
set at 3000 per well. The proliferation rate of the
HeLa-tat cells was higher for 5 mM glucose
(4.7 £ 103 and 1.2 £ 104 after 24 and 48 h, respect-
ively) in comparison to HeLa-wild (4 £ 103 and

7.5 £ 103 after 24 and 48 h, respectively, p , 0:05).
Culture in 20 mM glucose resulted in a decrease
in proliferation rate of HeLa-tat cells (4 £ 103 and
6.9 £ 103 after 24 and 48 h, respectively) which
became similar to the one of the parental cells
(4.1 £ 103 and 7 £ 103 after 24 and 48 h, respectively).

The spontaneous apoptotic levels in both HeLa-
wild and HeLa-tat were ,5%. We observed that 27%
of HeLa-tat cell cultured with 20 mM glucose led to
morphologic features of apoptosis, chromatin con-
densation and alteration. At this glucose level no
morphologic features of apoptosis in HeLa-wild cells
was observed.

Antioxidant Enzyme Activities and Cell Damage

In control glucose medium, GPx activity was
strongly decreased in HeLa-tat cells in comparison
to HeLa-wild (Table I). High glucose level induced a
significant decrease in GPx activity in HeLa-wild
cells (53%) and in HeLa-tat cells (37%). No significant
difference in catalase activity was observed.

In comparison to HeLa-wild cells, HeLa-tat cells
exhibited a significant increase in GRase activity.
High glucose level resulted in a 80% increase in this
enzyme activity in HeLa-wild, but no significant

FIGURE 1 Effects of glucose on lipid peroxidation in HeLa-wild and HeLa-tat cells. Cells were lysed in deionized water by freeze–
defrost cycles. After 10 min of centrifugation 5000 rpm the membrane-containing pellet was resuspended in deionized water for TBARs
and protein determination. After acid hydrolysis MDA-Thiobarbituric acid adducts were measured by fluorometry. Each value represents
the mean ^ SD of results from three experiments. Black: HeLa-wild, dashed: HeLa-tat *p , 0.05 compared with 5 mM glucose (control),
# p , 0.05 HeLa-tat cells compared with HeLa-wild cells for the same glucose level.

TABLE I Effect of high glucose concentration on antioxidant enzyme activities and intracellular thiols in HeLa-wild (HW) and HeLa-tat
(HT) cells. Metalloenzyme activities were measured in cell supernatant. Data are mean ^ SD of three different experiments

HW 5 mM G HW 20 mM G HT 5 mM G HT 20 mM G

GPx (U/g protein) 41.5 ^ 1.4* 19.1 ^ 1.6*† 14.6 ^ 1.4* 9.1 ^ 0.6*†

Total SOD (U/mg prot) 6.1 ^ 0.3 7.5 ^ 0.4* 5.8 ^ 0.2 7.1 ^ 0.3*
Cu Zn SOD (U/mg prot) 3.9 ^ 0.1 5.5 ^ 0.2* 4.1 ^ 0.2 4.7 ^ 0.3*
Mn SOD (U/mg prot) 3.8 ^ 0.2 3.7 ^ 0.3 1.7 ^ 0.09† 1.9 ^ 0.08†
Catalase (U/mg protein) 8.1 ^ 0.43 7.6 ^ 0.43 7.9 ^ 0.32 7.9 ^ 0.30
Glutathione reductase (U/g protein) 15.23 ^ 1.20* 27.4 ^ 0.92*† 38.1 ^ 2.40* 41.2 ^ 1.70*
GSSG/GSH £ 103 0.74 ^ 0.17* 0.90 ^ 0.13*† 0.92 ^ 0.15* 1.27 ^ 0.23*†

Thiols (nmol–SH/mg protein) 14.1 ^ 0.5 13.4 ^ 0.3* 12.5 ^ 0.4 6.9 ^ 0.9*†

* p , 0:05 HeLa-tat cells compared with HeLa-wild cells for the same glucose level. † p , 0:05 compared with 5 mM glucose (control).
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increase in HeLa-tat cells. GSSG/GSH was increased
in HeLa-tat. High glucose level resulted in a 20%
increase of this ratio in HeLa-wild cells and a 38%
increase in HeLa-tat cells. No change in cytosolic
thiol content with 20 mM glucose was observed in
HeLa-wild cells, contrary to HeLa-tat cells where
thiol groups were reduced to 43% (Table I).

The formation of TBARs was not significantly
different between HeLa-wild and HeLa-tat. High
glucose level induced only in HeLa-tat a significantly
increase in the formation of the marker of lipid
peroxidation (Fig. 1)

Total SOD and Cu,Zn-SOD activities were not
significantly different between HeLa-wild and HeLa-
tat cells. We confirm that HeLa-tat cells exhibit a 50%
decrease in Mn-SOD activity in comparison to
parental cells (Table I). When cultured in 20 mM
glucose total and Cu,Zn-SOD activities increase in
both cell lines, and no change was observed in Mn-
SOD activity.

DISCUSSION

Our experiments show that cells exhibiting a low
antioxidant defense system are prone to an import-
ant glucose-induced cytotoxicity. Oxidative stress is
one of the important mediators of cytotoxicity in
diabetes.[31] High glucose generates reactive oxygen
species (ROS) as a result of glucose auto-oxidation,
metabolism, and formation of advanced glycosyla-
tion end products. The concept of ROS-induced
tissue injury has recently been revised with the
appreciation of new roles of ROS in metabolic
diseases such as diabetes. Direct evidence for the
generation of ROS has previously been reported in
other cells by Graier et al.[32] These authors have
shown that ROS are released in dependence on the
concentration of glucose and that even small
variations of glucose have a distinct influence on
the release of ROS.

In control medium Hela-tat 50% loss in Mn-SOD
activity confirms the deleterious effect of tat protein
on antioxidants. Therefore this model is convenient
in studying the consequences of low antioxidant
defense of glucose-induced toxicity.

A number of enzymatic and non-enzymatic
cellular antioxidative defenses protect cells from
the attack of ROS. It has already been demonstrated
that oxidative stress induces antioxidative enzymes,
including SOD, catalase, and glutathione peroxidase.

A previous report[33] suggested that the gluta-
thione redox cycle is the key step to scavenging H2O2

in cytosol as well as in the mitochondria, which may
contribute to the integrity of the cell.[34] Several
studies have shown that the redox cycle is regulated
by the intracellular content of thiol rich proteins, and
by GPx and glutathione reductase activities as well

as NADPH levels.[35,36] Therefore any decrease in
those enzyme activities and substrate levels may
profoundly impair free radical-scavenging activity,
resulting in exacerbated cell damage following
exposure to free radicals generated by glucose. The
glutathione redox cycle is a key step in the
scavenging mechanism of glucose-dependent free
radical.[14] The levels of intracellular thiol groups,
mainly GSH but also metallothionein and other
protein thiol groups contribute to the regulation of
redox homeostasis in cells. Therefore, the thiol rich
compounds are antioxidant, which may regulate the
intracellular metabolism defending biological struc-
tures and functions from the noxious attack by ROS.
Our findings concerning cell thiol content and
reduced to oxidized glutathione ratio, suggest that
at high concentrations, glucose induces a decrease in
cysteine-rich molecules. Interestingly, the total thiol
groups content in HeLa-tat are lower and the TBARs
formation is important in HeLa-tat cells cultured in
20 mM glucose. Consequently the higher lipid
peroxidation of Tat cells cultured under high glucose
could be a consequence of the lower Se-GPx activity,
coupled with an induced activity of Cu,Zn-SOD.
Hence an increased SOD activity coupled with a
lower GPx activity results in an increased peroxide
formation which are not detoxified by peroxidase.
Ceriello et al.[37] showed that high glucose induced
an overexpression of antioxidant enzymes in
immortalized human endothelial cells, while in
transfected cells with GPX it did not. This underlines
the importance of GPX in the prevention of glucose-
induced free radical production. In opposition to
other results[38] in our conditions no induction in
Mn-SOD in both cell lines is observed. As a
consequence HeLa-tat are more sensitive to the
cytotoxic effect of glucose than the parental cell line
as no significant difference in glucose-induced
cytotoxicity is observed in parental cells cultured in
20 mM glucose. This could be due to the short term
incubation of the cells with glucose. It is also
interesting to observe that HeLa-tat cells cultured in
20 mM glucose lose their higher proliferation rate
described previously.[39] This result has to be put in
parallel with the necrosis and apoptosis process
observed for the high glucose level. Increase
oxidative stress may push the cells in different
pathways: necrosis or apoptosis. Whether one or the
other is chosen depends on the redox state of the cell.
Although signal transduction pathways linked to
high glucose have not been fully elucidated, the
current data provide evidence that ROS generated by
glucose metabolism may act as an integral signaling
molecules in addition to low antioxidant defense
conditions, leading to apoptosis. In conclusion
exposure of HeLa-tat cells to high glucose levels
worsens antioxidant depletion. The biological con-
sequences of such changes of the cellular redox state
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relate not only to an altered capacity to eliminate
ROS, but also to an increased susceptibility of the
cells to glucose-induced cytotoxicity. These results
emphasize the implications of free radical defense
system in glucose induced cytotoxicity.
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