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ABSTRACT.  Infection of feline immunodeficiency virus (FIV) has been shown to induce apoptosis that might be associated with the
lymphocyte depletion in the infected cats.  To investigate the inhibitory effect of antioxidants on FIV-induced apoptosis, we examined the
effect of N-acetylcysteine (NAC) and ascorbic acid (AA) on apoptosis and virus replication in feline lymphoblastoid (Fel-039) and
fibroblastoid (CRFK) cell lines infected with FIV.   The treatment with NAC or AA induced a significant inhibition of viral replication
and apoptosis in Fel-039 cells and tumor necrosis factor α (TNF-α) - treated CRFK cells infected with FIV.  Both cell lines in the
presence of noncytotoxic concentrations of NAC or AA showed an increase of intracellular glutathione (GSH) level, which might protect
the cells against oxidative stresses exerted by FIV infection and TNF-α treatment.  On the basis of these in vitro results, we suggest that
antioxidant therapies aimed at restoring depleted GSH level might be effective for inhibition of viral replication and cell death associated
with the development of immunodeficiency. — KEY WORDS: apoptosis, ascorbic acid, FIV, N-acetylcysteine.
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Many of the pathological aspects in HIV infection are
not directly due to the viral replication, rather, they are
secondary effects due to the host responses to the infection.
One of the important aspects of this disease is  the chronic
inflammatory and oxidative stresses accompanied by the
infection [35].  Eck et al. [12] demonstrated that HIV-
infected individuals had decreased levels of thiols in their
blood as a possible association between this oxidative stress
and AIDS.

Reactive oxygen intermediate (ROI) seems to play an
important role in the induction of apoptosis as indicated by
several reports [23, 32, 36].  Fuchs et al. [15] reported that
pro-oxidants such as neopterin, released by activated
macrophages, may trigger apoptosis by destabilizing the
equilibrium between oxidants and antioxidants.  Gorman et
al. [16] supported the hypothesis that oxidative stress and
damage by free radicals may play an important role in the
development of apoptosis in neurodegenerative diseases.
Several reports also have indicated that processes of
apoptosis may be linked to “oxidative stress” in HIV
infection [17, 24].  From these finding, the regulation of
cellular redox status may appear to be a key component
which is responsible for the induction of apoptosis [23].

Glutathione (GSH), a tripeptide consisting of glutamic
acid, cysteine and glycine, is one of the important
intracellular defense systems against oxidative stresses.
Through the thiol group of cysteine, GSH maintains a
reducing environment and therefore protects the intracellular
constituents from oxidative stress.  As a substrate for the
glutathione peroxidase enzyme, GSH removes the
intracellular oxygen free radicals [10].  These observations
led to the following suggestion that treatment with
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Feline immunodeficiency virus (FIV) was first isolated
from immunodeficient cats in 1987 [32].  The cats infected
with FIV show a variety of clinical and pathological findings
similar to those in humans infected with human
immunodeficiency virus (HIV) [31, 32], indicating that
infection in cats may be useful as a small animal model for
human AIDS.

Experimental infection of cats with FIV is followed by
an acute phase (AP) for several weeks to months and an
asymptomatic carrier (AC) stage for many years.  Some of
the FIV-infected cats may subsequently develop AIDS-
related complex (ARC) and AIDS in which a variety of
clinical signs including weight loss, chronic infection,
neoplasia, diarrhea and  neurologic disease are observed
[11, 42].  Inversion of the CD4+/CD8+ T-lymphocyte ratio
and suppression of lymphocyte blastogenesis have been
demonstrated in these cats infected with FIV [1, 22].

FIV can replicate in feline peripheral blood mononuclear
cells (PBMC), lymphoblastoid cell lines and a fibroblastoid
cell line (CRFK) [7, 28, 32, 41].  Replication of FIV with or
without treatment of tumor necrosis factor a (TNF-α), has
been shown to induce apoptosis in these culture cells [29].
Cells undergoing apoptosis display profound structural
changes including shrinkage of the cells, condensation of
nuclear chromatin and formation of apoptotic bodies, which
are associated with DNA cleavage into multiple fragments
of approximately 200 bp [42].
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antioxidants may inhibit the apoptosis via decrease of the
free radical production [10] and restoration of  intracellular
GSH [18, 34].

N-acetylcysteine (NAC) is a thiol-containing compound
that has been used for many years in the treatment of chronic
bronchitis in humans [5, 6], and its mucolytic activity is
mainly related to  antioxidant properties [27] exerted directly
by sulfite groups or as a result of an increase in the
intracellular and plasma levels of cysteine, which is a
precursor of glutathione [12].  Ascorbic acid (AA) is also
an antioxidant which has been shown to inactivate a broad
spectrum of viruses and to inhibit viral replication in the
infected cells [30, 37].

In this experiment, we studied the effects of NAC and
AA on apoptosis and viral replication in FIV-infected cells
to develop a new strategy for the treatment of
immunodeficiency in FIV infection.

MATERIALS AND METHODS

Cell lines: Feline fibroblastic cell line (CRFK) [8] and
the same line chronically infected with Petaluma strain of
FIV (CRFK/FIV) were used for the experiment.  These  cells
were maintained in RPMI 1640 supplemented with 10%
fetal calf serum.  A feline T-lymphoblastoid cell line (Fel-
039) [41] was also used for this experiment, and was
maintained in RPMI 1640 supplemented with 10% fetal calf
serum, 50 mM 2-mercaptoethanol, and 100 U of
recombinant  human interleukin-2 per ml.  The viability of
the culture cells was determined by staining with 0.4%
trypan blue solution.

Treatments with NAC and AA: The stock solutions of 0.1
M NAC (Aldrich Chemical, Milwaukee, WI) and 0.06 M
AA (Sigma Chemical, St. Louis, MO) were dissolved in
RPMI 1640 medium and stored at －20°C.  The pH of the
NAC solution was adjusted to 7.0 with NaOH.  Since both
of the antioxidants are unstable in conventional culture
conditions [4], fresh antioxidants prepared in the growth
medium were given to the cell culture daily.  The cell lines
suspended at a density of 5 × 105 cells/ml in the growth
medium were cultured in the presence of NAC (10–60 mM)
or AA (10–640 µg/ml).

Infection with FIV: The Fel-039 cell line, which is highly
permissive to FIV replication, was infected with FIV of
Petaluma strain [26] derived from the supernatant of CRFK/
FIV cell culture.  The supernatant concentrated by
ultracentrifugation was inoculated into Fel-039 cell culture
at a multiplicity of infection of 10 TCID50/cell.  After
incubation for 24 hr, the cells were washed with the
complete medium and then cultured at a density of 5 × 105

cells/ml in fresh medium with or without antioxidants.
Determination of glutathione (GSH): Measurement of

intracellular GSH was carried out according to  the method
of Tietze [40].  Briefly, cells were rinsed twice with
phosphate buffered saline (PBS), pelleted by centrifugation
at 800 g for 10 min, lysed with 5% trichloroacetic acid and
centrifuged at 2,000 g for 20 min.  The resultant supernatant

(100 µl) was mixed with 200 µl of 0.3 M Tris-HCl pH 8
and 5 µl of DTNB (5,5'-dithiobis-2-nitrobenzoic acid), and
the absorbance at 450 nm was measured with an automatic
microplate reader.  This assay retained linearity at
concentrations of GSH as low as 100 ng/ml.

Reverse transcriptase (RT) assay: Virus particles in
culture supernatant were pelleted by ultracentrifugation at
100,000 g for 30 min after removal of the cell debris by
centrifugation at 8,000 g for 10 min.  The resulting pellets
were assayed for the detection of RT activity by
incorporation of digoxigenin labeled dUTP into DNA
(Boehringer Mannheim, Mannheim, Germany).

DNA fragmentation assay: Approximately 5 × 106 cells
collected from the culture were washed twice in PBS, and
then pelleted by centrifugation at 600 g for 5 min.  The
pellet was resuspended in a lysis buffer containing 1 mM
Tris-HCl pH 7.4, 1 mM EDTA, 0.5% Triton X-100 and 0.5
mg of proteinase K per ml and then incubated at room
temperature for 1 hr.  After centrifugation at 13,000 g for
15 min, the supernatant was extracted with phenol/
chloroform, precipitated with ethanol at －20°C, and then
resuspended in TE buffer (10 mM Tris-HCl pH 8 and 1mM
EDTA).  The DNA sample was subjected to electrophoresis
in 1.8% agarose gel containing ethidium bromide (0.4 µg/
ml).

RESULTS

Effects of NAC and AA on CRFK cells  infected with FIV:
Before the evaluation of the effects of NAC and AA, we
evaluated the cytotoxicity of both antioxidants in CRFK
cells.  No toxicity was observed when cells were grown in
the presence of 10 to 30 mM of NAC, or 20 to 80 µg of AA
per ml (data not shown).  The concentrations of 15 mM
NAC and 60 mg of AA per m l were chosen for the
experiments.

As shown in Fig. 1A, cell death was rapidly induced in
CRFK/FIV cells after treatment with TNF-α (100 U/ml).
In the 24 hr following  exposure to TNF-α, the cell viability
of CRFK/FIV markedly declined to 51.1%.  Even after
treatment with TNF-α, the viability of the FIV-infected cells
did not decline in the presence of 15 mM NAC (viability
88.3%) or 60 µg of AA per ml (viability 85.4%).

The increase in RT activity in CRFK/FIV cells reached a
peak of virus production 24 hr after addition of TNF-α.  In
contrast, NAC or AA treated cultures showed a striking
inhibition of RT production.  A noticeable drop (47.6%
inhibition) occurred after culturing the cells for 24 hr with
NAC under TNF-α influence, followed by a progressive
decline in RT levels.   In the presence of 60 µg of AA per
ml, the RT level in the culture supernatant of CRFK/FIV
cells treated with TNF-α decreased by 50%, 24 hr after
treatment (Fig. 2A).

As indicated by the morphology, the cell death induced
in CRFK/FIV cells after treatment with TNF-α was found
to be due to apoptosis (data not shown).  Also, a
characteristic DNA fragmentation of 180–200-bp
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nucleosomal laddering was observed in the infected cells
(Fig. 3A).  These finding indicated that the cell death in
CRFK/FIV cells induced by TNF-α was mediated via
apoptosis.  In contrast, as showed by  the DNA fragment
assay, the treatment with 15 mM NAC or 60 µg of AA per
ml inhibited the progression of apoptosis in cell cultures
exposed to TNF-α (Fig. 3A).

To examine the effect of NAC on the redox-state of the
cells, measurement of intracellular GSH was carried out.
The results obtained indicate that GSH level in FIV-infected
cells was significantly decreased (40.9%) in comparison
with that in uninfected controls.  The GSH level in CRFK/
FIV cells showed further decrease after treatment with TNF-
α.  Addition of 15 mM NAC significantly restored the GSH
level (77.2 % in comparison to the control) of the CRFK/

FIV cells treated with TNF-α.  Addition of 60 µg of AA per
ml also significantly restored the GSH content in these
CRFK/FIV cells treated with TNF-α (Fig. 4A).

Effects of NAC and AA in Fel-039 cells acutely infected
with FIV: Cytotoxic effect was not observed in Fel-039 cells
after treatment with concentrations less than 30 mM NAC
or less than 160 µg of AA per ml (data not shown).
Therefore, the  concentrations of 15 mM NAC and 60 µg of
AA per ml were chosen for analysis in Fel-039 cells.

In order to determine the kinetics of FIV growth,  RT
activity was examined.  As showed in Fig. 2B, RT level
increased slowly and then  reached a peak 12 days post-
infection in association with the decrease in cell viability
(Fig. 1B).

The cell viability of acutely infected Fel-039 cells (Fig.

Fig. 2. Inhibition of RT activity in CRFK/FIV and Fel-039/FIV cells by NAC and AA. (A) -⊕-
CRFK/FIV, -◇- CRFK/FIV treated with TNF-α, -○- CRFK/FIV treated with TNF-α and
NAC, -△- CRFK/FIV treated with TNF-α and AA. (B) -⊕- Fel-039, -◇- Fel-039/FIV, -○-
Fel-039/FIV treated with NAC, -△- Fel-039/FIV treated with AA. Triplicate cultures were
sampled for RT assay 0, 24, 48 and 72 hr after treatment with TNF-α and antioxidants in
CRFK/FIV cells, and every third day after infection with FIV in Fel-039 cells.

Fig. 1. Effect of NAC and AA on cell viability.  (A) -⊕- CRFK/FIV, -◇- CRFK/FIV treated
with TNF-α, -○- CRFK/FIV treated with TNF-α and NAC, -△- CRFK/FIV treated with
TNF-α and AA. (B) -⊕- Fel-039, -◇- Fel-039/FIV, -○- Fel-039/FIV treated with NAC, -△-
Fel-039/FIV treated with AA. Triplicate cultures were sampled for trypan blue exclusion test
0, 24, 48 and 72 hr after treatment with TNF-α and antioxidants in CRFK/FIV cells, and every
third day after infection with FIV in Fel-039 cells.
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1B) dropped by 44% in comparison with that of the
uninfected control 12 days after infection with FIV.  In the
parallel experiment, a significative percentage of cells
remained viable in FIV-infected Fel-039 cells in the
presence of NAC (viability 81%) or AA (viability 74%).

When the acutely infected Fel-039 cells were cultured in
the presence of NAC or AA, the RT value in the culture
supernatant 12 days after infection was reduced by 69.6%
and 64%, in comparison with the non-treated control cells,
for NAC and AA treatments respectively (Fig. 2B).  Since
the concentrations of NAC and AA did not induce the
inhibition of cell growth in Fel-039 cells, the inhibition of
virus replication was shown not to be due to the cytotoxic
effect of these antioxidants.

The cell death induced in Fel-039 cells by FIV infection
showed morphology characteristic to apoptosis (data not
shown).  Gel electrophoresis of the DNA of the FIV-infected
Fel-039 cells  showed  DNA ladders, whose sizes were
multiple of 180–200-bp.   The DNA fragmentation was

significantly inhibited by the treatment with NAC or AA,
indicating their effect on the inhibition of apoptosis in Fel-
039 cells infected with FIV (Fig. 3B).

In order to measure the acid-soluble thiol in Fel-039 cells,
the intracellular GSH level was examined.  As shown in
Fig. 4B, intracellular GSH levels markedly decreased by
45.6% when the Fel-039 cells were  infected with FIV.
Nevertheless, in the Fel-039 cells infected with FIV, the
treatment of NAC or AA restored the GSH levels throughout
the experiment (90.3% and 88.5% respectively).

DISCUSSION

The use of two different antioxidants, NAC and AA,
resulted in inhibition of apoptosis and FIV replication in
chronically and acutely infected cells in this study.

We demonstrated the decreased level of intracellular GSH
in the chronically FIV-infected CRFK cells after TNF-α
treatment and  acutely FIV-infected Fel-039 cells.  Depletion

Fig. 3. DNA fragmentation assay in CRFK/FIV and Fel-039 cells. (A) DNA samples extracted from CRFK cells 24 hr after
treatment with TNF-α and antioxidants, were subjected to electrophoresis in 1.8% agarose gel. Lane 1, uninfected CRFK cells
treated with TNF-α; lane 2, CRFK/FIV cells treated with TNF-α and NAC; lane 3, CRFK/FIV cells treated with TNF-α and
AA; lanes 4 and 5, CRFK/FIV cells treated with TNF-α. (B) DNA samples extracted from Fel-039 cells 12 days after infection
with FIV were subjected to electrophoresis in 1.8% agarose gel. Lane 1, 3 and 5, Fel-039/FIV cells; lane 2, Fel-039/FIV cells
treated with NAC; lane 4, Fel-039/FIV cells treated with AA; lane 6, uninfected Fel-039 cells.
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of GSH by 10-40% was shown to inhibit T-cell proliferation
and activation [13, 14, 38].  A low level of GSH potentiates
sensitivity to TNF-α, which has a direct stimulatory effect
on HIV expression and also increases susceptibility to
oxidative effects [20].  In addition, Zenger et al. [45] found
that cultures of feline astroglia cells infected with FIV
showed  significant decrease of intracellular GSH levels.
Supplementation of GSH has been shown to exert no
inhibitory effects on HIV production in vitro [19].  One
explanation for this is that the supplemented GSH cannot
enter the cells unless it is degraded or provided in an
acetylated form [25].  A simple and straightforward
approach to increase intracellular GSH concentration is to
use inducers of GSH, such as NAC or AA, which protect
the cells against oxidative stresses.  We measured the GSH
content in FIV-infected cells cultured in the presence of
NAC or AA, and found that it was significatively higher
than that in the cells without these agents.  In  the in vivo
system, Zimmerman et al. [46] showed that rats which were
administered with lethal dose of TNF-α could be rescued
by co-administration of NAC.  Therefore, it is highly
plausible to administer NAC as a therapeutic agent in FIV
and HIV infections.

We demonstrated that cell death or apoptosis in FIV
infected cells was halted by addition of NAC or AA.  In the
HIV system, addition of NAC or AA to an infected cell
culture inhibited TNF-α  through inhibition of NF-κB.
Transcription of TNF-α might be one of the targets directly
affected by variations of the cysteine supply and/or
intracellular GSH levels [19, 20].  Increasing the level of
GSH, which is a substrate for the glutathione peroxidase
enzyme, removes the intracellular oxygen free radicals [10].

These studies indicate that to prevent apoptosis

effectively, an inhibitor which neutralizes oxygen radicals
would be an important asset.  On the basis of our work, we
suggest that antioxidants such as NAC or AA can inhibit
the  oxidant stimulation which leads to apoptosis through
NF-κB activation.  The precise mechanisms by which
antioxidants block NF-κB activation remain unclear, but
may be related to the scavenging of oxygen radicals [43], as
reactive oxygen intermediates appear to participate in the
activation of the cytoplasmic precursor of NF-κB.  Oxidative
stress has recently been suggested to be involved in the
signal transduction pathway that leads to the activation of
NF-κB and subsequent HIV transcription [39].

We found that GSH supplementation through addition of
NAC and AA significantly inhibited the increase of RT
activity in both acute and chronic FIV-infection cell systems
used in this study.  These findings are consistent  with the
observations by Roederer et al. [34], in which they found
that NAC inhibited HIV replication in cytokine-stimulated
cells but not in unstimulated cells.  In Fel-039 cells acutely
infected with FIV, NAC and AA substantially inhibited the
viral replication in this study.  For models of chronic
infection, we used the CRFK/FIV cell line, which produced
a minimal amount of virus without stimulation with TNF-α.
We showed that NAC inhibited the replication of FIV by
the inhibition of TNF-α on the CRFK/FIV cells.  Poli et al.
[33] also demonstrated that NAC inhibited the HIV
replication which was enhanced by IL-6.  These results
could suggest that NAC may be effective in maintaining
viral latency by inhibiting the enhancement of lentivirus
replication by several stimulants.  The mechanism by which
NAC or AA inhibits FIV replication is not fully understood.
One of the cellular components that may underlie this
phenomenon is NF-κB.  It is conceivable that oxygen

Fig. 4. GSH levels in  CRFK and Fel-039 cells. (A) (1) CRFK cells, (2) CRFK/FIV cells, (3)
CRFK/FIV cells treated with TNF-α, (4) CRFK/FIV cells treated with TNF-α and NAC, (5)
CRFK/FIV cells treated with TNF-α and AA. (B) (1) Fel-039 cells, (2) Fel-039/FIV cells, (3)
Fel-039/FIV cells treated with NAC, (4) Fel-039/FIV cells treated with AA. The columns
represent the means ± standard deviation of three separate experiments assayed 24 hr after
treatment with TNF-α and antioxidants in CRFK/FIV cells and 12 days after infection with
FIV in Fel-039 cells.
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radicals can directly and specifically activate NF-κB in the
cells and consequently stimulate FIV replication.  The
antioxidants NAC and AA were shown to be able to block
NF-κB binding activity and HIV replication [24].  Agents
that interfere with NF-κB transcription activity may
therefore have an inhibitory effect on viral replication.
Inhibition of FIV replication by NAC and AA seems to be a
consequence of the oxygen radical-scavenging effect of the
thiol group of NAC through the inhibition of NF-κB activity.
This hypothesis can be supported by the observations of
Kawaguchi et al. [21], in which they showed that FIV
replication in CRFK and feline T-lymphoblastoid cells are
strongly dependent on the interaction of the nuclear factor(s)
that binds to the C/EBP site within the FIV Petaluma strain
long terminal repeat (LTR).

We would suggest that agents that interfere with FIV
virus replication may therefore have an important role in
controling cell death by apoptosis.  Certainly, FIV infection
has an early direct effect upon T-cell subsets in the cat [2],
with a selective loss of the CD4+ cells [3].  Thus, FIV
severely impairs the immune response and increases the
susceptibility to opportunistic secondary pathogens [9, 44].
Our finding has demonstrated that antioxidants could
contribute to the preservation of T-lymphocytes, tending to
improve the immunosuppression in FIV-infected cats.

Since the FIV infection induces the decrease of
intracellular GSH level, exogenous thiol sources can
effectively block the stimulation of viral replication.  The
NAC effectively blocked the cytokine-induced production
of the virus from latently infected cells.  Furthermore,
besides inhibiting the stimulation of FIV, thiol replacement
therapy may alleviate the distressing wasting that often
accompanies FIV infection.  From these observations, we
suggest that agents which raise intracellular GSH levels may
have a therapeutic value in the immunosuppressive
conditions in FIV infection.

NAC and AA, both have a long history of use in humans
as well in animals, and its safety and pharmacological
actions are well established.  This type of therapy may have
many positive effects on inhibition of viral growth and
apoptosis in the immune system in FIV-infected cats, which
may improve the clinical symptoms of these animals.
Furthermore, the FIV and cat system may provide invaluable
insight into the mechanism of pathogenesis and define novel
approaches to elicit protective therapy in HIV infection and
AIDS in humans.
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