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Abstract
4-Hydroxynonenal (4-HNE) has been suggested to be involved in stress-induced signaling for
apoptosis. In present studies, we have examined the effects of 4-HNE on the intrinsic apoptotic
pathway associated with p53 in human retinal pigment epithelial (RPE and ARPE-19) cells. Our
results show that 4-HNE causes induction, phosphorylation, and nuclear accumulation of p53 which
is accompanied with down regulation of MDM2, activation of the pro-apoptotic p53 target genes
viz. p21 and Bax, JNK, caspase3, and onset of apoptosis in treated RPE cells. Reduced expression
of p53 by an efficient silencing of the p53 gene resulted in a significant resistance of these cells to
4-HNE-induced cell death. The effects of 4-HNE on the expression and functions of p53 are blocked
in GSTA4-4 over expressing cells indicating that 4-HNE-induced, p53-mediated signaling for
apoptosis is regulated by GSTs. Our results also show that the induction of p53 in tissues of
mGsta4 (-/-) mice correlate with elevated levels of 4-HNE due to its impaired metabolism. Together,
these studies suggest that 4-HNE is involved in p53-mediated signaling in in vitro cell cultures as
well as in vivo that can be regulated by GSTs.
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Introduction
Exposure of cells and tissues to xenobiotics or physico-chemical sources of oxidative stress
(e.g. UV) causes the generation of reactive oxygen species (ROS), which in turn can cause
damage by interacting with cellular macromolecules such as DNA, proteins, and lipids, as well
as by forming secondary toxic products. ROS-initiated membrane lipid peroxidation (LPO) is
highly damaging to cells because a single oxidative event can start a chain reaction and lead
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to the formation of large amounts of LPO products including toxic electrophiles such as 4-
hydroxynonenal (4-HNE) [1]. In recent years, 4-HNE has been shown to be an important
second messenger involved in signaling for cell cycle arrest, differentiation, apoptosis and
regulation of the expression of a multitude of genes including p53, in cells of diverse origin
[1-3]. P53 plays an important role in apoptosis, growth arrest, genomic stability, cell
senescence, and differentiation. It is normally kept at a low concentration in cells by its
relatively short half-life. Some cells may also have a latent form of p53 which is inactive for
transcription [4-6]. Diverse cellular and stressful events such as DNA damage, hypoxia, and
oxidative stress activate the p53 gene by causing it to accumulate rapidly through a
posttranscriptional mechanism, generally in a proportion to the extent of DNA damage [4,7].
In addition to induction through stress signals, increased quantities of p53 protein in cells are
found in cells modified by T antigen and E1a, the gene products encoded by the DNA viruses
SV40 and adenovirus, respectively [8]. While the SV40 Tag is known to bind to the p53 protein
[9], and extend the lifespan of human cells [10], more recent studies have demonstrated a
functional p53 in the SV40-transformed human [9] and even the murine [11] cells.

Once activated by phosphorylation [12-14], the modified and stable p53 can induce up-
regulation of the downstream target genes, p21 and Bax [15-18]. Expression of the p21 gene
product inhibits the cyclin-dependent kinase activity and arrests cell cycle progression while
p53-dependent Bax synthesis induces apoptosis by binding to Bcl-2 and antagonizing its non-
apoptotic ability. Since generation of 4-HNE has been suggested to be a common denominator
in mechanisms of apoptosis caused by diverse forms of oxidative stress [19,20], it is likely that
it would also affect the expression and activation of p53. This idea is supported by our recent
studies showing that alterations in the intracellular levels of 4-HNE in HLE B-3 cells affect
the expression of a multitude of genes including p53 [21,22]. Thus, it is possible that 4-HNE-
mediated activation of p53 may be one of the mechanisms responsible for 4-HNE-induced
apoptosis reported in many cell types [19,23-27].

Retina is particularly susceptible to oxidative stress because not only it is bombarded constantly
by ROS-producing UV and high-energy visible light [28], but also because retinal pigment
epithelial (RPE) cells maintain and support the photoreceptors by phagocytosis and degradation
of the photoreceptor outer segment membranes which are rich in polyunsaturated fatty acids
[29-31]. It has been suggested that LPO products contribute to retinal pigment epithelial
dysfunction, initiating retinal degenerative disorders including age-related macular
degeneration (ARMD) which is the leading cause of blindness in the developed world [32].
Present studies were designed to study the effects of 4-HNE on the expression and activation
of p53 in RPE cells focusing on the p53-mediated intrinsic pathway for apoptosis. Glutathione
S-transferase A4-4 (GSTA4-4)-mediated metabolism of 4-HNE is one of the major
determinants of the intracellular concentration of 4-HNE [21,22,33]. Therefore, we have also
examined the possible role of GSTA4-4 in regulation of 4-HNE-induced, p53-mediated
apoptosis in RPE cells. For these studies, we have chosen RPE cells of human fetal origin and
ARPE-19 cells developed from the retina of adult young male. Results of these studies indicate
that in these cells 4-HNE causes activation, phosphorylation, and enhanced nuclear
accumulation of p53, accompanied with activation of the signaling components involved in
p53-mediated apoptosis. Over-expression of either human GSTA4-4 or the corresponding
murine isozyme mGsta4-4 as well as the silencing of cellular p53 blocks these effects of 4-
HNE.

Materials and methods
Chemicals

Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin solution (P/S),
phosphate buffered saline (PBS), fetal bovine serum (FBS), HEPES, trypsin, and MEM non-
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essential amino acid solution were purchased from Gibco (Grand Island, NY). 4-HNE was
purchased from Cayman Chemical (Ann Arbor, MI). Reagents for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transblotting were purchased from Bio-
Rad (Hercules, CA). RIPA lysis buffer was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The Western blot stripping buffer was from Pierce (Rockford, IL). The apoptosis
detection system (CaspACE™ FITC-VAD-FMK in situ marker) was purchased from Promega
Inc. (Madison, WI). All other chemicals and reagents were obtained from Sigma-Aldrich (St.
Louis, MO).

Antibodies
Antibodies against p53 (DO-1, sc-126, mouse monoclonal), JNK1 (sc-571, polyclonal), p-JNK
(G-7, sc-6254, monoclonal) p21 (sc-6246, monoclonal), Bax (N-20, sc-493, polyclonal)
caspase3 (sc-7148, polyclonal) and MDM2 (sc-965, monoclonal), Histone H1 (sc-8030,
monoclonal), GAPDH (sc-32233, monoclonal) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA) while those against phosphorylated p53 (ser15, 9284S, polyclonal) were
obtained from Cell Signaling Technology, Inc. (MA). Polyclonal antibodies developed against
recombinant hGSTA4-4 in chicken and mGsta4-4 in rabbit have been characterized and
described by us previously [33,34]. Horseradish peroxidase (HRP)-conjugated secondary
antibodies as well those against GAPDH were purchased from Southern Biotech (Birmingham,
AL).

Cell lines
The simian virus SV40-transformed human fetal male RPE 28 cells (Coriell Institute, Camden,
NJ) which exhibit epitheloid morphology and retain physiological functions characteristic of
the primary human RPE cells were chosen as a suitable model for investigating the effect of
low levels of oxidative stress [31]. The ARPE-19 (ATCC CRL-2302) is a spontaneously arising
retinal pigment epithelia cell line derived from the normal eyes of a young male. Cells were
cultured in their standard medium containing 10% fetal bovine serum and antibiotics in a
humidified incubator at 37 °C in 5% CO2 atmosphere. Both cell lines were trypsinized and
passaged every 3-4 days.

Cell viability
The sensitivity of the RPE and ARPE-19 cells to 4-HNE was measured by the MTT assay as
described by Mosmann [35] with slight modifications. After determining the number of viable
cells in an aliquot of a log-phase culture by counting trypan-blue excluding cells in a
hemocytometer, the cells were re-suspended in the regular complete medium. About 2 × 104

cells in an aliquot of 190 μl of full serum medium were seeded in 96-well flat bottomed
microtiter plates for 24 h to allow attachment to the culture plates. After confirming cell
attachment, the cells were incubated for 18 h in fresh serum-free medium to avoid any
interaction between serum proteins and 4-HNE. No significant apoptosis was observed in
serum-deprived conditions. The next day, 10 μl of PBS containing various amounts of 4-HNE
was added. Eight replicate wells were used for each concentration of 4-HNE in these studies.
After 24 h incubation of the plates at 37 °C, 10 μl of MTT solution (5 mg/ml in PBS) was added
to each well, and the plates incubated for an additional 4 h at 37 °C. The plates were then
centrifuged at 2000g for 10 min and the medium aspirated from each well. 100 μl of
dimethylsulfoxide (DMSO) was added to each well and the intracellular formazan dye crystals
were dissolved by shaking the plates at room temperature for at least 30 min. The absorbance
of formazan at 562 nm was measured using a microplate reader (El × 808 BioTek Instruments,
Inc). A dose-response curve was plotted and the concentration of 4-HNE resulting in a 50%
decrease in formazan formation was calculated as the IC50 value of 4-HNE.
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Exposure of cells to 4-HNE for signaling studies
RPE and ARPE-19 cells were plated at a density of 4 × 105 per 8.0 ml of complete medium in
100 mm dishes overnight. To investigate the effects of 4-HNE in p53-mediated cellular
signaling, we cultured the cells overnight in serum-free conditions as above and then incubated
them with different concentrations (0-75 μM) of 4-HNE prepared in phosphate buffered saline
(PBS) for a period of 2 h.

Preparation of cell and tissue extracts
Cells treated as above were thereafter collected, washed with PBS and re-suspended in radio-
immunoprecipitation assay (RIPA) lysis buffer, containing 1 × PBS (pH 7.4), 1% Nonidet-
P-40 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl suphate, 1 mM
phenylmethanesulfonyl fluoride (PMSF), and 2 μg/ml of pepstatin. After sonicating three times
for 5 s, the lysates were centrifuged at 14,000 rpm for 15 min and the supernatants collected.

Brain, heart, lung, kidney, liver, and eye from wild-type and mGsta4 knockout mice were
quickly removed after they had been sacrificed and immediately transferred to -80 °C until
they were to be used. After washing with 20 mM potassium phosphate buffer (pH 7.0)
containing 1.4 mM β-mercaptoethanol, the tissue samples were homogenized in ice-cold RIPA
buffer containing PMSF and incubated on ice for at least 30 min. Homogenates were
centrifuged at 14,000 rpm for 15 min and the extracts collected as supernatants were used for
analyses. Protein concentrations were determined by the Bradford assay [36].

Western blot analysis
Total cell extracts, containing 25-60 μg protein were separated by SDS-PAGE (4-20% gels)
and transferred onto a nitrocellulose membrane (Bio-Rad). 16% gels were used for the detection
of caspase3. After blocking the membrane with 5% non-fat dry milk in Tris-buffered saline
(TBS) at room temperature for 1 h, it was incubated overnight at 4 °C with the appropriate
primary antibody in blocking buffer. After washing with TBS, the membrane was incubated
with the appropriate secondary antibody at room temperature for 1 h. The membrane was again
washed with TBS, and immunoblots were developed with the ECL (chemiluminescence)
reagents from Pierce according to the manufacturer's instructions. For JNK and p-JNK
immunoblot detection, the procedure was slightly modified in that the membranes were
blocked with 1% non-fat milk and 1% BSA instead of the blocking buffer containing 5% non-
fat milk. Also, the primary JNK antibody was incubated in Tris-buffered saline (TBS)
containing 1% milk, 1% BSA, 50 mM NaF and 0.05% Tween 20 (T-TBS).

Transient transfection with GSTA4
We carried out transient transfection in RPE cells using 10 μg of either empty pTarget-T vector
(VT) or the pTarget vector with the open reading frame (ORF) of the restored Kozak
hGSTA4 sequence (hGSTA4-Tr), using Lipofectamine PLUS reagents (Invitrogen, Carlsbad,
CA) as per the manufacturer's instructions. Similarly, ARPE-19 cells were transiently
transfected with the mouse pRC/CMV mGsta4 [37] and with the vector alone. For 4-HNE
exposure experiments, GSTA4 transiently transfected RPE and ARPE-19 cells were treated for
1 h with 20 μM 4-HNE in serum-free medium and cell lysates prepared again as described
above.

Silencing of p53expression using siRNA
The p53 siRNA transfection was essentially carried out according to manufacturer's
instructions. P53 si RNA (h) (sc-29435) and control si RNA (sc-37007) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA) to transfect RPE cells. Briefly, RPE cells (2 ×
105 cells per well) were plated in a six-well tissue culture plate, in 2 ml of antibiotic free growth
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medium supplemented with FBS. Cells were cultured at 37 °C until 60-80% confluency. For
each transfection, 50 pmol of siRNA was diluted with 100 μl siRNA transfection medium
(solution A) and 8 μl of siRNA transfection reagent was diluted with 100 μl siRNA transfection
medium (solution B). Solution A was directly added to solution B, mixed gently and the mixture
was incubated for 30 min at room temperature. Cells were washed with 2 ml of siRNA
transfection medium and 0.8 ml of siRNA transfection medium was added to the mixture of
the solutions A and B, gently mixed and overlaid onto the washed cells and incubated for 24
h at 37 °C. After 24 h, 2 ml of fresh normal medium was added to each well and cells were
further incubated for 48 h. Control cells were treated in a similar manner with a mixture of
scrambled siRNA. Cells were harvested at appropriate time points and the silencing of p53
was examined.

In situ detection of apoptosis
ARPE-19 (2 × 104) cells were plated in complete medium onto chamber slides a day before
the experiment. On the day of the experiment, the cells were assessed for their confluency
(60-80%) and starved of serum for at least 2 h before treatment with different concentrations
(0-50 μM) of 4-HNE in serum-free medium for 2 h at 37 °C. About 1 μ 105 RPE cells (VT and
hGSTA4-Tr) were treated with 20 μM 4-HNE in serum-free medium for 1 h at 37 °C. Apoptotic
cells were detected by staining with 10 μM CaspACE™ FITC-VAD-FMK in situ marker for
30 min in the dark. After rinsing twice with PBS, the slides were fixed with 4%
paraformaldehyde for 1 h, mounted in a medium containing DAPI (1.5 μg/ml), and observed
under the fluorescence microscope (Olympus, Japan).

Determination of 4-HNE levels
Intracellular 4-HNE levels in RPE cells were measured spectro-photometrically by using the
Biotech LPO-586 228 kit (Oxis International, Portland, OR) as per the manufacturer's
instructions as well as by the HPLC method described below. Empty vector- and hGSTA4-
transfected RPE cells were sus pended in ice and sonicated (3×, 10 s, 30 W) on ice. Cellular
proteins were precipitated with ice-cold 70% perchloric acid (1 ml). After centrifuging at
10000g for 10 min, the supernatants were extracted with 2 ml of dichloromethane (HPLC
grade) by gentle vortexing. The extracts were once again centrifuged at 1500 rpm for 10 min.
The organic layer was collected, dried under nitrogen, re-suspended in 100 μl ethanol and
filtered through nylon 66 filters (Micron Separations Inc. NY). The Beckman Coulter System
Gold HPLC equipment connected to a Beckman 168 Photo Diode Array (PDA) detector and
the Beckman Ultrasphere (5 μm, 4.6 × 25 cm) column was used for HPLC analysis of the
filtrate, using 70% sodium phosphate, pH 2.6, 30% acetonitrile as the mobile phase. The
column eluate was monitored for 4-HNE at 202 and 224 nm [38] and peaks were analyzed by
Beckman 32 Karat software. 4-HNE concentrations of the samples were quantified by using a
calibration graph prepared by HPLC analysis of standard 4-HNE concentrations (0-1000 pmol)
plotted against peak areas.

Results
4-HNE is toxic to RPE/ARPE-19 cells

Because retina is rich in polyunsaturated fatty acids and LPO is believed to be involved in the
etiology of retinopathy [39], we first determined the cytotoxicity of 4-HNE to RPE and
ARPE-19 cells in cultures which was estimated from the percentage of cells surviving the
exposure of varying concentrations of 4-HNE for 2 h. Results of these experiments showed
decrease in the cell viability with increasing concentrations of 4-HNE (Fig. 1). The IC50 values
for 4-HNE for the RPE and ARPE-19 cells were found to be 52 ± 1.4, and 46 ± 3.2 μM (n =
8), respectively.
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4-HNE enhances p53 levels in RPE/ARPE-19 cells
It has been shown that 4-HNE causes apoptosis in a variety of cells including RPE cells [19,
20,24,25]. P53 is known to be involved in the intrinsic pathway for apoptosis [4,5,40,41].
Therefore, to examine any possible role of p53 in the mechanisms of 4-HNE-induced apoptosis,
we first determined the effect of 4-HNE on the levels of p53 in RPE and ARPE-19 cells. Upon
4-HNE treatment, a dose dependent increase in the intracellular levels of p53 was observed
which peaked at 30 μM 4-HNE (Fig. 2A). In cells treated with 50 lM 4-HNE the level of p53
was slightly less than the optimally induced levels at 30 μM 4-HNE. This was probably because
as seen in Fig. 1, close to 50% cell death was observed at this concentration of 4-HNE. There
was also a time dependent induction of p53 at least up to 2 h in RPE cells exposed to 20 lM 4-
HNE (Fig. 2B).

4-HNE induces phosphorylation of p53
One of the potential mechanisms through which the activity of p53 protein may be regulated
is through its phosphorylation on Ser and Thr residues within its N and C-terminal regions
[12,13,42]. Therefore, we examined the phosphorylation status of p53 in 4-HNE-treated RPE
cells using the anti-phosphoserine-15 antibody which specifically detects p53 phosphorylated
at serine 15. The results of these studies showed that within 0-30 μM range, 4-HNE caused a
dose-dependent increase in phosphorylated p53 in RPE and ARPE-19 cells which correlated
with the increased intracellular levels of total p53 protein (Fig. 2C). At 50 μM 4-HNE, the level
of phosphorylated p53 was slightly less than the maximally induced level by 30 μM 4-HNE,
because of the toxicity of 50 μM 4-HNE to the cells as discussed above.

4-HNE-induces accumulation of p53 innucleus
In order to investigate whether or not 4-HNE facilitates nuclear accumulation of p53, we
examined p53 expression in the cytoplasmic and nuclear fractions of RPE cell extracts by
Western blot analysis. The results presented in Fig. 3A indicated a time dependent increase in
p53 levels in the nuclear fraction of cells treated with 20 μM of 4-HNE. These results were
consistent with the results of immunocytochemical localization experiments (Fig. 3B) which
clearly indicated an increase in the concentration of p53 in the nuclear compartment of cells
treated with 4-HNE. In previous studies [4,6], it has been shown that oxidative stress causes
enhanced nuclear accumulation of p53. It is possible that this effect of oxidative stress may in
fact be mediated by 4-HNE.

4-HNE causes degradation of MDM2
Mouse double minute 2 (MDM2), a ubiquitin ligase, is a negative regulator of the p53 protein
that blocks p53 transcriptional activity directly and mediates the degradation of p53 protein
[43]. Under the conditions of oxidative stress, MDM2 polyubiquitylates itself which leads to
the degradation of MDM2 resulting in an increase in the half-life of p53 [43]. During present
studies, we also examined the effect of 4-HNE on MDM2 in ARPE-19 cells exposed to different
concentrations of 4-HNE. Results of Western blot analyses presented in Fig. 3C indicated that
treatment with increasing concentrations of 4-HNE caused a gradual decrease in the
intracellular levels of MDM2 which was consistent with the increased levels of p53 in 4-HNE
treated cells.

4-HNE causes induction of p21 and Bax in RPE/ARPE-19 cells
Since induction of p53 in response to cellular stress has been linked to apoptosis by the
transcriptional activation of its target genes, including p21WAFI and Bax [15-18], we examined
the effect of 4-HNE on the expression of these p53 associated pro-apoptotic genes. Bax has
been identified as the first p53 target gene to encode an effector protein for p53-mediated
apoptosis [17]. An increase in level of Bax was observed in RPE and ARPE-19 cells treated
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with the increasing concentrations of 4-HNE (Fig. 4a left and right panels). A dose-dependent
up-regulation in the expression of the p21WAFI was also observed in these cells (Fig. 4b, left
and right panels). Together, these results indicated that exposure of 4-HNE leads to an increased
nuclear accumulation and phosphorylation of p53 as well as an up-regulation of some of the
pro-apoptotic genes associated with p53.

4-HNE activates JNK in RPE cells
Enhanced LPO and rise in the intracellular levels of 4-HNE is a common occurrence when
cells are exposed to stressors such as heat shock, oxidant chemicals, and UV radiation and a
sustained activation of JNK is observed during stress-induced apoptosis in many different cell
types [19,20,44,45]. Therefore, we examined the effect of 4-HNE on the expression and
phosphorylation of JNK. 4-HNE caused a dose-dependent increase in the phosphorylation of
JNK in both RPE and ARPE-19 cells (Fig. 4c). These results showed that a sustained activation
of JNK occurred in RPE cells exposed to 4-HNE.

Exposure of ARPE-19 cells to increasing concentrations of 4-HNE resulted in an increase in
JNK protein in these cells as indicated by significant differences in the intensities of the two
bands (JNK1/2 46 and 54 kDa) in 4-HNE treated and the control cells (Fig. 4d right panel).
However, in RPE cells (Fig. 4d left panel) such differences in JNK1/2 of control and 4-HNE
treated cells were not observed.

4-HNE activates caspase3 in RPE/ARPE-19 cells
Over-expression of wild-type p53 has been shown to elicit a rapid loss of cell viability and
trigger apoptosis in a wide array of cell types [46]. In the effector stage of apoptosis, caspase3
(CPP32) is activated by its proteolytic cleavage into 17- and 12-kDa fragments [47]. Results
presented in Fig. 5(panel A) showed that 4-HNE caused a dose dependent cleavage of a 17-
kDa fragment from the caspase3 zymogen, CPP32. These results were also supported by in
situ immunofluorescence studies with ARPE-19 cells which also showed a dose-dependent
increase in the activation of caspase3.

Silencing of p53 expression in RPE cells attenuates 4-HNE-induced cell death
In order to further establish the role of p53 in 4-HNE induced apoptosis in RPE cells, the cells
were transfected with p53 siRNA to silence the expression of p53. Silencing of p53 expression
in these cells was achieved in RPE cells after 48 h of p53 siRNA transfection as judged by the
Western blot analyses (Fig. 6A) which showed almost complete depletion of p53 expression
when compared with control and scrambled siRNA transfected RPE cells. P53 depleted (-/-)
RPE cells were found to be significantly resistant to the 4-HNE induced cell death as compared
to p53 expressing (+/+) cells as analyzed by the MTT assay (Fig. 6B). These results support
the involvement of p53 in the mechanisms of 4-HNE-induced cell death in RPE cells.

Over-expression of GSTA4 inhibits 4-HNE induced apoptosis
During stress conditions causing LPO, the induction of GST isozymes with high catalytic
efficiency to conjugate 4-HNE to GSH has been shown [19,20]. These cells with induced GSTs
acquire an enhanced capability to dispose off 4-HNE and are resistant to apoptosis caused by
various oxidants [19,20].We therefore, examined whether or not the over expression of
GSTA4-4 in RPE/ARPE-19 cells had any effect on 4-HNE-induced and p53-mediated
apoptosis. RPE cells were transiently transfected with the hGSTA4 isozyme and in parallel
experiments; ARPE-19 cells were transfected with the murine isozyme mGsta4. Both these
enzymes have high catalytic efficiency towards 4-HNE. Expression of hGSTA4-4 and
mGsta4-4 in respective cells was confirmed by Western blot analysis as indicated by the results
presented in Fig. 7(panels A and B) showing a strong expression of these isozymes in the
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transfected cells. As reported previously, there was a marked reduction in the intracellular
levels of 4-HNE in GSTA4-transfected cells which was about 30% of that observed in the empty
vector-transfected cells.

The extent of 4-HNE-induced apoptosis was compared in the vector and GSTA4-transfected
RPE cells by assessing the activation of caspase3. Results of these experiments showed that
both, hGSTA4-transfected RPE and mGsta4-transfected ARPE-19 cells acquired significant
resistance to apoptosis as judged by the lack of caspase3 activation in 4-HNE treated transfected
cells examined by Western blots (Fig. 7; panel C), and in situ immunofluorescence studies
(Fig. 7; panel D). Together, these results suggested that GSTA4-transfected RPE cells acquired
resistance to 4-HNE-induced p53-mediated apoptosis due to an accelerated metabolism of 4-
HNE in these cells.

GSTA4-4 over-expression attenuates P53 expression and activation of associated pro-
apoptotic genes

We have also compared the effect of 4-HNE on activation of p53 in empty vector and
hGSTA4-transfected RPE cells. Results in Fig. 8A indicated that transfection of RPE cells
either with empty vector or the hGSTA4 vector did not affect the expression of p53. However,
exposure of empty vector-transfected RPE cells to 4-HNE resulted in a significant up-
regulation of p53 expression. On the other hand, 4-HNE-treatment did not up-regulate p53
expression in hGSTA4-transfected cells. In fact, expression of p53 was suppressed in these
cells. Since phosphorylation of p53 has been shown to influence its activity under conditions
of stress, we examined the effect of 4-HNE on the levels of phospho p53 in these cells. Results
presented in Fig. 8B indicated that levels of phospho p53 increased in 4-HNE treated empty
vector-transfected cells but were significantly suppressed in hGSTA4-transfected cells.
Interestingly, the treatment of mGsta4-4 over-expressing ARPE-19 cells with 4-HNE (20 μM)
also resulted in the significant suppression of p53 expression (Fig. 8C). The effect of
hGSTA4-transfection on the components of p53-mediated pathway for apoptosis in RPE cells
exposed to 4-HNE was also examined. Transfection of RPE cells with hGSTA4 resulted in a
significant down-regulation of the basal expression of Bax (Fig. 8A and B) in these cells.
Treatment with 4-HNE resulted in a pronounced up-regulation of Bax in empty vector-
transfected cells which was not seen in the hGSTA4-transfected cells. Cells transfected with
empty vector also showed an increased expression of pJNK upon 4-HNE treatment which was
not seen in hGSTA4-transfected cells (data not shown). Taken together, these results suggest
a regulatoryrole of GSTA4-4 in p53-mediated, 4-HNE-induced apoptosis.

Increased levels of 4-HNE in tissues of mGsta4 null mice lead to the induction of p53
Earlier studies in our laboratory have shown that 4-HNE levels in the tissues of mGsta4 (-/-)
null mice are about 3-fold higher than that observed in the tissues of wild-type (+/+) mice
[48]. Therefore, we compared the levels of p53 in the brain, heart, lung, kidney, liver, and eye
tissues of mGsta4-4 (+/+) and (-/-) mice. The results of these studies presented in Fig. 9
indicated enhanced p53 levels in all these tissues of mGsta4 -/- mice as compared to the tissues
of +/+ mice. These results show for the first time that in vivo expression of p53 is determined
by the intracellular or ambient levels of 4-HNE in tissues and it is regulated by GSTs.

Discussion
The role of 4-HNE as a small signaling molecule has been advocated during the past decade
and numerous studies have shown that it can modulate the expression of many genes, affect
cell cycle signaling, and activate membrane tyrosine kinase receptors to influence the activi
ties of key regulatory proteins such as protein kinase C isoenzymes [6,49-51]. Present studies
demonstrating that 4-HNE can modulate the intracellular levels and functions of p53 further
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substantiate the role of 4-HNE as a molecule which can modulate cell cycle events. Here we
demonstrate that exogenous addition of 4-HNE to the media of RPE cells in culture leads to
an induction of p53. Earlier studies have shown a similar 4-HNE-induced dose-dependent
increase in the expression of p53 in the cytoplasmic and nuclear compartments of an unrelated
cell line, CRL2571 [52]. This would suggest that this effect of 4-HNE is not limited to a specific
cell line and is perhaps a generalized phenomenon. A dose-dependent induction of the p53 in
various cells by ionizing radiations [53] and hydrogen peroxide has been reported [54,55].
Since 4-HNE levels are increased in cells exposed to ionizing radiations or oxidants it is more
than likely that 4-HNE is involved in the induction of p53 in ARPE-19 cells by radiation/
oxidants.

Earlier studies have also shown that lowering of the intracellular levels of 4-HNE can lead to
the suppression of p53 expression [26,27]. The results of present studies when taken together
with these earlier studies suggest that the intracellular concentration of 4-HNE is one of the
major determinants for the cellular levels of p53 which is widely accepted as a major cell cycle
regulatory protein [20].

The induction of p53 by 4-HNE can be inhibited by the over expression of either hGSTA4 or
mGsta4 which accelerates disposition of 4-HNE. This would suggest that the effect of 4-HNE
on p53 is either a direct effect of 4-HNE or any of its metabolites or degradation products of
4-HNE that can also trigger p53-mediated apoptosis. Present studies show that not only do the
p53 levels increase in 4-HNE treated cells, the levels of phosphorylated p53 are also elevated.
Since phosphorylation of p53 has been suggested to contribute to its stabilization, it is possible
that the overall increase in p53 levels in 4-HNE-treated cells may be the consequence of a two-
pronged effect of 4-HNE where it down-regulates the degradation of p53 by MDM2 and also
stabilizes the gene product through its phosphorylation.

The effect of 4-HNE on the expression of various genes has been extensively studied in cell
cultures [7,26,27,56]. However, the in vivo relevance, if any, of these studies is not clear.
Present studies demonstrate for the first time that the rise in p53 levels in tissues of these mice
positively correlates with increased 4-HNE levels in these tissues. We have previously
demonstrated that in the tissues of mGsta4 null mice the levels of 4-HNE increase by about
three-fold [48]. This would suggest that the levels of p53 in mice in vivo, are regulated by the
intracellular and/or ambient levels of 4-HNE. The levels of p53 were found to be increased in
most of the tissues examined in these studies suggesting that the observed effects of 4-HNE
on expression and stabilization of p53 may have physiological significance in vivo.
Furthermore, these results provide support to the idea that 4-HNE mediated induction of p53
is not limited to any particular cell type. It is important to realize that within the cells, 4-HNE
has a short half-life and it is difficult to assess its concentrations within the cells at a given time
point. However, our studies clearly demonstrate that p53 accumulation within cells increases
up to a certain threshold with any rise in the ambient 4-HNE levels. MDM2 was found to be
down regulated in RPE cells exposed to different concentrations of 4-HNE. Under the influence
of stress stimuli such as radiations and chemicals, MDM2 polyubiquitylates itself to allow
enhanced accumulation of p53 with a concomitant increase in the half-life of p53 from minutes
to hours and therefore acts as a negative regulator of p53 expression. The intracellular levels
of 4-HNE correlate with oxidative stress [19,20] and therefore it is possible that the promotion
of polyubiquitylation and degradation of MDM2 [43] in UV or oxidant treated cells is mediated
via 4-HNE.

Our results also demonstrate that 4-HNE modulates not only the intracellular levels of p53 but
also its functions. It is well-established that oxidative stress-induced apoptosis is mediated
through an intrinsic pathway involving p53 [27,56]. The involvement of p53 in the mechanisms
of 4-HNE induced cell death was further confirmed by silencing the expression of p53 which
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lead to enhanced resistance of the RPE cells to 4-HNE-induced cytotoxicity. Increased
resistance in p53 depleted ARPE-19 cells to apoptosis caused by gamma radiations and other
genotoxic agents also support these findings [57].

We demonstrate that along with the induction and phosphorylation of p53, 4-HNE also
activates the signaling components of the p53-mediated pathway of apoptosis. Bax, p21, JNK,
and caspase3 are all activated in response to exposure to 4-HNE. Since these effects can be
inhibited by accelerating GSTA4-4-mediated conjugation of 4-HNE to GSH, it is further
indicated that 4-HNE directly modulates these components of p53-linked apoptotic machinery.
4-HNE has also been shown to inhibit thioredoxin reductase (TrxR), which is a component of
defense mechanisms against oxidative stress [58-60]. It will be of interest to see if the effects
of 4-HNE on p53 are mediated by TrxR enzyme system in RPE cells. Present findings showing
that 4-HNE can mimic the effects of stress or stress-induced DNA damage in signaling for
apoptosis suggest that 4-HNE may be an initiator of chemical signals in stress-induced
apoptosis via the p53-mediated intrinsic pathway.
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Fig. 1.
Cytotoxicity of 4-HNE to RPE and ARPE-19 cells: Cells (2 × 104) were plated in 96-well
plates in complete growth medium for 24 h to allow for complete attachment to the culture
plates. Next day, cells were incubated for 18 h in fresh serumfree medium to avoid any
interaction between serum proteins and 4-HNE and solutions containing various amounts of
4-HNE prepared in PBS were added to achieve the final concentrations of 0-75 μM 4-HNE.
Eight replicate wells were used for each concentration of 4-HNE used in these studies and the
plates were incubated at 37 °C for 2 h. The MTT assay was performed as described in Materials
and methods section. The OD562 values of samples subtracted from those of respective blanks
(no cells) were normalized with control values. Results presented are percent cell survital in
4-HNE treated groups with respect to control cells (mean ± SD; n = 8).

Sharma et al. Page 13

Arch Biochem Biophys. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Effect of 4-HNE on induction and phosphorylation of p53 in RPE and ARPE-19 cells: Western
blot analyses of 4-HNE treated RPE and ARPE-19 cells showing the activation of p53 with
dose (A) and time (B), and p53 phosphorylation (C). For (A) and (C) cells were treated with
0-50 μM 4-HNE in the medium for 2 h. To assess the time dependent activation of p53 (B),
RPE cells (4 × 105) were treated with 20 μM 4-HNE and incubated for 0, 15, 30, 60, and 120
min. Cells were harvested after completion of incubation and extracted in RIPA lysis buffer
as described in the Methods section. Cell extracts (50 μg protein) were resolved on 4-20%
SDS-PAGE and immunoblotted using anti-p53 (A), (B) and anti-phospho p53 (serine-15) (C)
antibodies, respectively as the primary antibodies. GAPDH was used as the loading control.
Blots were developed with West Pico-chemiluminescence reagent (Pierce). Representative blot
from three different experiments yielding similar results has been presented.
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Fig. 3.
4-HNE-induced nuclear accumulation of p53 and degradation of MDM2 in RPE cells: RPE
cells (2 × 106 cells in 100 mm petri dishes and 1 × 104 cells/chamber) were treated with 20
μM 4-HNE for different time intervals (0, 30, and 60 min). (A) Cells were harvested from the
petri dishes and their cytoplasmic and nuclear extracts were prepared by using Imgenex cell
processing kit according to the manufacturer's instructions. Western blot analyses for the
expression of p53 in cytoplasmic and nuclear extracts (50 μg protein) were carried out using
anti-p53 antibodies. Western blot presented show a time dependent decrease of p53 in
cytoplasmic fractions with corresponding increase of p53 in the nuclear fractions. (B) 4-HNE
treated cells in chamber slides were fixed in 4% paraformaldehyde, blocked with 1% goat
serum and incubated with anti-p53 antibodies overnight at 4 °C. The cells were washed with
PBS, incubated with FITC-conjugated secondary antibodies for 2 h, mounted with Vectashield
mounting medium containing DAPI nuclear stain and the slides were viewed under Olympus
fluorescence microscope. Photographs were taken with 40× objective. Photomicrographs show
an enhanced nuclear accumulation of p53 with time as judged by the increase in green
fluorescent stain in the nucleus. (C) Western blot analysis showing a gradual decrease of
MDM2 levels in RPE cells treated with 0-50 μM 4-HNE for 2 h. Blots were probed with anti-
MDM2 polyclonal antibodies. (D) Bar chart showing the percentage of cells with 4-HNE (20
μM) induced nuclear accumulation of p53 at different time points (mean ± SD, n = 3). (For
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interpretation of color mentioned in this figure the reader is referred to the web version of the
article.)
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Fig. 4.
4-HNE-induced activation of Bax, p21, JNK, and p-JNK in RPE and ARPE-19 cells: The
expression of Bax (a) p21 (b) p-JNK (c), and JNK (d) in RPE and ARPE-19 cells exposed to
different concentrations of 4-HNE. RPE and ARPE-19 cells were treated with 4-HNE (0-50
lM) for 2 h in serum-free medium. Cell extracts (50 μg protein) were resolved on 4-20% SDS-
PAGE and immunoblotted. The blots were probed with anti-Bax, anti-p21, anti-JNK, and anti-
p-JNK antibodies, respectively. GAPDH (e) was used as the loading control. Blots were
developed with West Pico-chemi luminescence reagent (Pierce).
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Fig. 5.
Effect of 4-HNE on caspase3 in RPE and ARPE-19 cells: (A) Cell extracts (50 μg protein)
from RPE cells treated with 4-HNE (0-50 μM) for 2 h were resolved on 4-20% SDS-PAGE
and immunoblotted using the anti-caspase3 antibody as the primary antibody. Activation of
caspase3 was monitored by the appearance of the 20/17 kDa bands. The blot was developed
using West Pico-chemiluminescence reagent (Pierce). (B) In situ analysis of activated caspase3
in ARPE-19 cells. About 2 × 104 cells were grown in chamber slides and treated with 0, 10,
30, 50 μM 4-HNE for 2h. The activation of caspase3 in these cells was examined by staining
with 10 μM CaspACE™ FITC-VAD-FMKin situ marker following the manufacturer's
instructions. The slides were mounted with Vectashield DAPI mounting medium and observed
with a fluorescence microscope (Olympus) using the standard filter sets for DAPI and FITC.
Appropriately marked different panels show blue DAPI-stained and green FITC-stained cells
in the figure. The photographs were taken at 400× magnification. (For interpretation of color
mentioned in this figure the reader is referred to the web version of the article.)
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Fig. 6.
Silencing of p53 protects RPE cells from 4-HNE induced cytotoxicity: (A) RPE cells (1 ×
105) were transfected with si RNA of p53 and scrambled siRNA as described in Methods
section. The depletion of p53 in cells was confirmed by Western blot analysis. (B) P53 depleted
and p53 expressing control cells were treated with 0-50 μM of 4-HNE for 2 h and assayed for
cytotoxicity by MTT assay. The plot shows the percent cell survival (mean ± SD, n = 4) at
different concentrations of 4-HNE.
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Fig. 7.
Effect of GSTA4 transfection on 4-HNE-induced caspase3 activation and apoptosis: (A)
Expression of hGSTA4-4 and (B) mGsta4-4 in the transfected RPE and ARPE-19 cells,
respectively. Aliquots (50 μg) of 28,000 g supernatant fraction of homogenates of the vector
(VT) and hGSTA4-transfected (hGSTA4-Tr) RPE cells and mGsta4-transfected ARPE-19 cells
were subjected to SDS-PAGE in 4-20% gels. Western blot analyses were performed using the
polyclonal primary antibody against recombinant hGSTA4-4 and mGsta4-4. The blot was
developed using chemiluminescence (Supersignal West Pico, Pierce) reagents. (C) Western
blot analysis for caspase3 activation in the VT and hGSTA4-Tr RPE cells treated with 20 μM
4-HNE for 1 h. Cell extracts (50 μg protein) were resolved on 4-20% SDS-PAGE and
immunoblotted using the anti-caspase3 antibody as the primary antibody. Activation of
caspase3 was monitored by the appearance of 20/17 kDa band in the VT transfected, 20 μM
4-HNE-treated RPE cells only. The blots were developed using chemiluminescence
(Supersignal West Pico, Pierce) reagents. (D) In situ analysis of activated caspase3 in VT and
mGsta4-Tr RPE cells. 1 × 105 RPE cells were treated with 20 μM 4-HNE for 1 h. The activation
of caspase3 in these cells was examined by staining with 10 μM CaspACE™ FITC-VAD-FMK
in situ marker following the manufacturer's instructions. The slides were mounted with
Vectashield DAPI mounting medium and observed with a fluorescence microscope (Olympus)
using the standard filter sets for DAPI and FITC. Different panels show blue DAPI-stained
and green FITC-stained cells as marked in the figure. Green FITC-labeled VT cells show a
significant increase in the level of caspase3 activation after 4-HNE treatment. (For
interpretation of color mentioned in this figure the reader is referred to the web version of the
article.)
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Fig. 8.
Effect of 4-HNE on the expression of p53, phospho p53, and Bax in GSTA4-4 over-expressing
RPE cells: (A) Expression of p53, phospho p53, and Bax, in VT and hGSTA4-Tr RPE cells
treated with 4-HNE (20 μM) for 1 h was monitored by Western blot analysis. Cell extracts (50
μg protein) were resolved on 4-20% SDS-PAGE and immunoblotted using the anti-p53, anti-
phospho p53, and anti-Bax, respectively as the primary antibodies. GAPDH was used as the
loading control. The blot was developed using chemiluminescence (Supersignal West Pico,
Pierce) reagents. (B) A bar graph showing densitometric analysis of bands (using Kodak 1D
image analysis software) of p53, phospho p53, and Bax, respectively. (C) Effect of 4-HNE on
p53 expression in mGsta4-4 overexpressing ARPE-19 cells.
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Fig. 9.
Expression of p53 in different tissues of mGSTA4 (+/+) and (-/-) mice: Mice eye, brain, heart,
lung, kidney, and liver were homogenized in lysis buffer containing 50 mM Tris-HCl (pH 7.5),
1 mM sodium orthovanadate, 50 mM NaF, PMSF (20 μg/ml), 4 mM EDTA, 1 mM EGTA,
1% NP-40, 150 mM sodium chloride, 100 μM leupeptin, 0.07 μg/ml pepstatin, 10 μg/ml
soybean trypsin inhibitor, 1:100 protease inhibitor cocktail and centrifuged at 14000 rpm.
Supernatants containing 50 μg tissue proteins were loaded on 4-20% SDS-PAGE and p53 was
assayed by Western blot analysis using anti-p53 antibody as the primary antibody. GAPDH
was used as a loading control. Blots were developed with West Pico-chemiluminescence
reagent (Pierce).
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