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Abstract
Dysregulation of cell signaling by electrophiles such as 4-hydroxynonenal (4-HNE) is a key
component in the pathogenesis of chronic inflammatory liver disease. Another consequence of
inflammation is the perpetuation of oxidative damage by the production of reactive oxidative
species such as hydrogen peroxide. Previously, we have demonstrated Akt2 as a direct target of 4-
HNE in hepatocellular carcinoma cells. In the present study, we used the hepatocellular carcinoma
cell line HepG2 as model to understand the combinatorial effects of 4-HNE and hydrogen
peroxide. We demonstrate that 4-HNE inhibits hydrogen peroxide mediated phosphorylation of
Akt1 but not Akt2. Pretreatment of HepG2 cells with 4-HNE prevented hydrogen peroxide
stimulation of Akt-dependent phosphorylation of downstream targets and intracellular Akt activity
compared with untreated control cells. Using biotin hydrazide capture, it was confirmed that 4-
HNE treatment resulted in carbonylation of Akt1, which was not observed in untreated control
cells. Using a synthetic GSK3α/β peptide as a substrate, treatment of recombinant human
myristoylated Akt1 (rAkt1) with 20μM or 40μM 4-HNE inhibited rAkt1 activity by 29% and
60%, respectively. We further demonstrate that 4-HNE activates Erk via a PI3 kinase and PP2A-
dependent mechanism leading to increased Jnk phosphorylation. At higher concentrations, 4-HNE
decreased both cell survival and proliferation as evidenced by MTT assays and EdU incorporation
as well as decreased expression of cyclin D1 and β-catenin, an effect only moderately increased
by the addition of hydrogen peroxide. The ability of 4-HNE to exert combinatorial effects on Erk,
Jnk and Akt-dependent cell survival pathways provides additional insight into the mechanisms of
cellular damage associated with chronic inflammation.

Introduction
Oxidative stress has been implicated in a wide range of chronic inflammatory diseases in the
liver including Hepatitis C, primary biliary cirrhosis and alcoholic liver disease (ALD) [1-4].
Under conditions of chronic inflammation, reactive species such as hydrogen peroxide
(H2O2) and 4-hydroxy-2-nonenal (4-HNE) are produced within the cell. 4-HNE is a primary
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marker for measuring increased oxidative stress in cells and is increased in ALD [3]. In
experimental models of steatohepatitis and liver fibrosis, influx of proinflammatory cells
stimulates production of reactive oxidative species (ROS) and formation of lipid peroxides
such as 4-HNE, leading to increased cell death via either apoptosis or necrosis [5-7]. 4-HNE
is a potent electrophile that will react with nucleophilic amino acids such as Cys, Lys and
His [8]. A number of signaling proteins have been identified to be modified by 4-HNE
within cells, including the lipid phosphatase PTEN and protein kinases such as Akt2 and
LKB1 [9-11]. In addition, using RKO cells treated with 100μM 4-HNE, Codreanu et. al.,
identified over 1500 proteins using biotin hydrazide capture followed by LC/MS proteomic
analysis [12].

Under conditions of enhanced oxidative stress, a major cellular response is the activation of
the Akt pathway. Hydrogen peroxide has been shown to induce activation of Akt by several
mechanisms including inactivation of PTEN and activation of the PI3K pathway [13, 14].
Although H2O2 is a known activator of Akt, very little is known concerning the specific
isoform of Akt activated. In a recent study, knockdown of Akt1 led to increased resistance to
low micromolar concentrations of H2O2 in human lens epithelial cells via upregulation of
Akt2 [15]. In other studies, using mouse embryonic fibroblasts, a deficiency in both Akt1
and Akt2 led to increased resistance to H2O2 mediated apoptosis at concentrations up to
1mM [16]. Combined, these observations suggest cell type specific regulation of H2O2
resistance via different Akt isoforms.

Previously, 4-HNE has been shown to decrease cellular proliferation in several cell types
including prostate and breast cancer cells [17, 18]. One of the major proteins involved in
cellular proliferation is the protein kinase Akt. Protein kinases such as Akt regulate the cell
cycle and proliferation via phosphorylation of multiple proteins including glycogen synthase
kinases 3β (inactivation leading to increased stability of cyclin D1) and ubiquitin ligase
mouse double minute 2 (MDM2) (inhibition of p53 degradation) [19, 20]. 4-HNE has been
shown to inhibit insulin signaling via direct modification of Akt2 leading to a decrease in
phosphorylation of both GSK3β and MDM2, both downstream targets of Akt [11]. It is well
known that under oxidative stress and inflammatory conditions, 4-HNE is not the only
reactive intermediate produced. Therefore, examining combinatorial effects of different
reactive species may provide greater insight into the pathogenesis of inflammation. In this
study, we report that pre-incubation HepG2 cells with 4-HNE inhibits H2O2 mediated
activation of the Akt pathway in leading to decreased cell proliferation and decreased
expression of cyclin D1.

Materials and Methods
Treatment of HepG2 cells

HepG2 cells were maintained at 50-80% confluence in RPMI supplemented with 10% Fetal
Bovine Serum, 100mM Hepes, 100 IU/ml Penicillin, 100g/ml Streptomycin. Cells were
plated into 6 well plates at a density of 1×106 cells per well. The following day, the cells
were washed twice in serum-free RPMI and treated with indicated concentrations of 4-HNE
in serum free media. Where indicated, Ly294002 (Calbiochem/EMD Biosciences,
Philadelphia, PA) (50μM/30 min), okadaic acid (Calbiochem) (100nM/30 min), U0126
(Calbiochem) (10μM/30 min) or H2O2 (1.0 mM/5 min) (Sigma Aldrich, St. Louis, MO) was
added as described.

Western blotting
Following treatment, cells were lysed for 5 min in 50mM HEPES, 100mM NaCl, 1% triton
X-100, 2mM EDTA (pH 7.7) plus protease and phosphatase inhibitors Sigma (St. Louis,
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MO), followed by sonication for 3X10 s. For each gel, 10 μg of whole cell lysates was
loaded per well on 7% SDS PAGE gels, electroblotted to PVDF, blocked in Tris buffered
saline with 1% Tween (TBST) and 5% nonfat dry milk for 1 h and incubated overnight in
primary antibody. The rabbit polyclonal 4-HNE antibody was used at 1:1000 as previously
described [21]. The following secondary antibodies were used at 1:5000 dilution in TBST/
5% NFDM: HRP conjugated goat polyclonal anti-rabbit (Jackson Immunoresearch
laboratories, West Grove, PA), HRP conjugated donkey polyclonal anti-mouse (Jackson).
Blots were subsequently processed and developed using chemiluminescence as previously
described [9]. All Western blots were quantified using NIH freeware Image J.

Primary antibodies
The following primary antibodies were used at 1:1000 dilution in TBST/5% BSA: rabbit
polyclonal: pAkt (Ser473), pAkt (Thr308), pAkt (Thr450), pMDM2 (Ser166), pGSK3β (Ser9),
GSK3β (#’s 4060, 4691, 3521, 9323, 9315. Cell Signaling, Danvers, MA), mouse
monoclonal: actin 1:5000 (Sigma #A5441), Akt2 (1:1000#5329 Cell Signaling), Akt1
(1:1000 #2967 Cell Signaling), total MDM2 (ABCAM AB-10567).

Preparation of recombinant activated Akt1
The N-terminal myristoylation sequence from Src tyrosine kinase was added to Full-length
Akt1 by PCR from Flag Ha tagged Akt1 PCDNA3 (Addgene #9021) using the following
oligonucleotides: -5’ (5’- ccc aag gac ccc agc cag cgc atg agc gac gtg gct att gtg -3’ sense),
5’-cat atg cat ggg gag cag caa gag caa gcc caa gga ccc cag c -3’) for the N-terminus and (5’-
ggt acc tca ggc cgt gcc gct ggc -3’ antisense). All oligonucleotides were purchased from IDT
(Coralville, IA.). Following amplification, the each fragment was TOPO-cloned into
pCR2.1-TOPO (Invitrogen, Carlsbad, CA), transformed into TOP-10 cells and grown
overnight on LB-ampicillin plates (100 μg/mL) according to the manufacturer’s
instructions. Colonies were picked and placed into 3-mL LB cultures for 16 h with 100 μg/
mL of ampicillin. DNA was subsequently purified using Qiagen minipreps (Qiagen,
Valencia, CA) and sequences were verified at the University of Colorado Cancer Center
core facility. myrAkt1 pCR2.1 was digested for 1h with Nde1/Kpn1 (New England Biolabs,
Ipswich, MA), and ligated overnight into pACGHLTA ΔGST using T4 DNA ligase (New
England Biolabs). MyrAkt1 pACGHLTA ΔGST was subsequently co-transfected with
linearized Baculogold DNA (BD-Pharmingen, San Diego, CA) into SF-9 cells using
lipofectamine by the UCDenver Cancer Core Protein Center. Virus was amplified for 5
days, viral titer determined and SF-9 cells were infected for 48 hours. Recombinant protein
was purified as previously described [11].

Akt activity assays
Akt activity was determined by immunoprecipitation of p-Ser473 Akt from 150mg of total
protein lysates and in vitro phosphorylation of a GST-GSK3α/β fusion protein (1μg/assay).
Detection of phosphorylation was via Western blotting using anti-phospho GSK3α/β
polyclonal antibodies as previously described [11].

Determination of intracellular carbonylation of Akt1
Akt1 protein carbonylation was determined using 150μg of total cellular protein as
previously described [9].

Assessment of cellular proliferation by EdU incorporation
Cell proliferation was assessed using a Click-iT EdU incorporation kit (Invitrogen/
Molecular Probes) and confocal microscopy. In these studies, the HepG2 cells were seeded
at 0.5×106 cells in triplicate per well onto coverslips in 12-well plates and allowed to attach
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for 16 h. Medium was removed by aspiration, and the HepG2 cells were either pretreated
with 4-HNE (12.5-100 μM) or untreated and then treated with in H2O2 (1mM) for 5 min
serum free medium for 24 h. At 20h, 10μM ethynyl-2-deoxyuridine was added and the cells
were allowed to incubate for an addition 4 h. The medium was removed, cells were fixed for
30 min 3.7% paraformaldehyde and coverslips were processed according to the
manufacturer’s instructions. Confocal images were taken with a 40X oil immersion
objective on a Nikon Eclipse TE2000-E instrument, with identical instrument laser and
contrast settings used within each group. Images were acquired using EZ-C1 software
(Nikon, Melville, NY). Cell proliferation was determined by a comparison of the total
number of cells with total nuclei with EdU incorporation counting a minimum of 10 fields
with 100 nuclei per condition. EdU was visualized using Alexa flour 488 (excitation 485nm/
emission 565 nm), nuclei were stained with Hoechst 33342 (excitation 355 nm/ emission
465 nm).

Assessment of cell survival by MTT assay
Growth inhibition/cell survival in the human liver HepG2 cell line was measured using the
MTT colorimetric assay [22]. In these studies, the HepG2 cells were seeded at 2×103 cells
per well in 96-well plates, in triplicate, and allowed to attach for 16 h. Medium was removed
by aspiration, and the HepG2 cells were either pretreated with 4-HNE (12.5-100 μM) or
untreated and then treated with in H2O2 (1mM) for 5 min serum free medium for 4 and 24 h
time periods. The medium was removed, and MTT (50 μg) in complete medium (50 μL)
was added to each well and incubated for a further 4 h. Inhibition of cell growth was
determined by measuring the cellular reduction of MTT to the crystalline formazan product,
dissolved by the addition of DMSO (100 μL). Optical density was determined at 550 nm
using a Molecular Devices Thermomax microplate reader.

Statistical analysis
Relative densitometry of Western blots was quantified using ImageJ (http://rsb.info.nih.gov/
ij/). All data and statistical analysis was performed using one-way analysis of variance and
Prism 4 for Windows (GraphPad Software, San Diego, CA). All data are expressed as mean
+/- S.E. and p values <0.05 were considered significant.

Results
In many cell types H2O2 is a known activator of Akt; however, little is known concerning
the specific isoforms activated in hepatocarcinoma cells. In order to evaluate the specific
isoform(s) of Akt involved in H2O2 mediated signaling, total activated Akt (pAkt Ser473)
was immunoprecipitated from H2O2 stimulated HepG2 cells and the specific Akt isoform
activated identified using isoform specific antibodies. From the Western blot (Figure 1A), in
control cells, only phosphorylation of Akt2 was detectable. Following H2O2 treatment,
relative levels of phospho Ser473/4 of Akt1 increase 10-fold and Akt2 increase 30-fold
indicating activation (Figure 1B). These data indicate an activation of both isoforms of Akt
by H2O2 stimulation in HepG2 cells, with Akt1<Akt2. Previously, it has been demonstrated
that 4-HNE activates Akt2 but not Akt1 [11]. Surprisingly, when cells are stimulated with
H2O2 following pretreatment with 4-HNE, phosphorylation of Akt1 is reduced to the level
of untreated cells whereas phosphorylation of Akt2 is decreased 3-fold compared to H2O2
alone. The level of Akt2 phosphorylation is still 6 fold greater than untreated cells and
significantly greater than 4-HNE alone. This suggests 4-HNE inhibits H2O2 induced
phosphorylation of Akt1 but does not completely inhibit phosphorylation of Akt2.

From Figure 1, there is no evidence that 4-HNE inhibits the ability of H2O2 to produce
intracellular ROS. To verify these results, HepG2 cells were incubated with 4-HNE, H2O2
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or 4-HNE plus H2O2 in the presence of an intracellular indicator of ROS (DCFDA). From
Supplemental figure 1, 4-HNE did not significantly affect the ability of H2O2 to produce
intracellular ROS.

4-HNE significantly reduced both hydrogen peroxide mediated Akt1 and Akt2
phosphorylation. Therefore the capacity of 4-HNE to inhibit H2O2 stimulation of Akt
signaling was examined. From Figure 2A, at concentrations of 100μM, 4-HNE did not
inhibit H2O2 mediated total Akt phosphorylation. Statistical analysis of data for total
phosphorylation of Ser473/4 on Akt indicates a decrease compared to cells treated with H2O2
alone (Figure 2A, B) which was not significantly different. Compared to untreated controls,
H2O2 led to a 27-fold increase in phospho-Thr308/9 Akt (Figure 2A, C). 4-HNE alone
increased Thr308/9 phosphorylation by 5-fold. Preincubation with 4-HNE followed by H2O2
significantly decreased phospho-Thr308 to the level of 4-HNE alone. Phosphorylation of Akt
at Thr450 by C-jun-N-terminal kinases (JNKs) has been reported under conditions of
hypoxia [23]. 4-HNE is a known to activate Jnks [24, 25]. In this system neither hydrogen
peroxide nor 4-HNE had a significant effect on Akt Thr450 phosphorylation (Figure 2A,
Supplemental Figure 2). Previously, 4-HNE has been demonstrated to lead to a decrease in
PTEN phosphorylation at Ser380, in this system, phosphorylation of PTEN was significantly
decreased by 4-HNE alone and 4-HNE plus H2O2 (Figure 2A, Supplemental Figure 2) [9].
Based on the phosphorylation status of Akt, we hypothesized that there should be an
increased in phosphorylation of downstream substrates of Akt. From the Western blot,
downstream phosphorylation of the Akt targets MDM2 and GSK3β are clearly suppressed
following 4-HNE pre-incubation. Densitometric analysis indicate that GSK3β
phosphorylation is decreased by 6-fold (p<0.001) and MDM2 phosphorylation is decreased
by greater than 7-fold (p=0.012) compared to H2O2 alone (Figure 2A, D, E). In summary,
these data indicate 4-HNE-mediated inhibition of Akt downstream signaling by H2O2 in
HepG2 cells.

Previous reports have demonstrated 4-HNE-mediated increases in p-Ser473 Akt and PtdIns
(3,4,5)P3 at the plasma membrane [9]. Although 4-HNE inhibited H2O2-dependent Akt
signaling, inhibition could be due to prevention of H2O2 mediated intracellular Akt
localization. To determine the effects of 4-HNE on H2O2 stimulated cellular localization of
Akt1, confocal microscopy using transiently transfected eGFP or eGFP-tagged Akt1 was
performed. Localization of eGFP did not change under any of the conditions examined (data
not shown). From Supplemental Figure 3, in the serum-free control cells, eGFP-Akt1
localizes to both the cytoplasm and the nucleus with very little plasma membrane
association. Compared to control cells, the addition of 4-HNE led to an increase in nuclear
accumulation of GFP-Akt1 with a mild increase in plasma membrane localization. However,
treatment with H2O2 led to an increase in both nuclear and plasma membrane association.
Pretreatment of 100μM 4-HNE did not affect H2O2 stimulated localization of eGFP-Akt1 to
the plasma membrane and nucleus. Combined, these data indicate that 4-HNE does not
affect H2O2 stimulated localization of Akt1 within the cell.

To determine if cellular total Akt activity is inhibited by 4-HNE, Akt activity assays were
performed using lysates obtained from HepG2 cells pretreated with increasing
concentrations of 4-HNE (0-100μM) ± H2O2. From densitometric analysis of the Western
blot in Figure 3, compared to hydrogen peroxide stimulation, 4-HNE alone significantly
reduces Akt activity in a concentration dependent manner.

Previously, Akt2 was determined to be a direct target of 4-HNE in HepG2 cells. Treatment
of HepG2 cells with 4-HNE led to an increase in carbonylation of both total Akt and Akt2
[11]. To determine if carbonylation of cellular Akt1 occurs following 4-HNE, a method of
biotin hydrazide modification of protein bound reactive aldehydes was utilized [9]. From the
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Western blot in Figure 4A, a substantial increase in carbonylated Akt1 is evident.
Subsequent densitometric analysis of the Western blots demonstrated a greater than 30-fold
increase in Akt1 carbonylation following 4-HNE treatment (Figure 4B). This clearly
indicates 4-HNE-mediated modification of Akt1 in HepG2 cells. Combined with previous
data, the data presented in Figures 4 and 5 demonstrate increased carbonylation and
inhibition of both Akt1 and Akt2 activity in HepG2 cells.

Based on the increase in Akt1 carbonylation an effort was made to identify intracellular sites
of modification using immunoprecipitations of total Akt from 2mg of total protein and a
ThermoFisher LTQ Orbitrap mass spectrometer. Surprisingly, although Akt1/2 was
detectable in the Western blot, no detectable peptides from Akt were identified (data not
shown). This suggests that although Akt is identifiable as carbonylated by Western blot,
total protein levels are not sufficient for detection by LC/MS.

Although it does not occur naturally in cells, the addition of Src myristoylation sequence on
the N-terminus of Akt leads to a constitutively active form of the protein and enables the
ability to examine the effects of 4-HNE on an active form of Akt1. To verify the direct
effects of 4-HNE on Akt1, purified recombinant myristoylated Akt1 (rmyrAkt1) was treated
with increasing concentrations of 4-HNE followed by Western blotting for 4-HNE
modification. The data presented in Figure 5A clearly indicate a concentration-dependent
increase in 4-HNE modification of rAkt1. To determine if 4-HNE will directly inhibit Akt1
activity, rmyrAkt1 was incubated with increasing concentrations of 4-HNE followed by an
Akt activity assay. From Figure 5B, rmyrAkt1 activity is significantly inhibited by 29% and
60% following incubation with 20 and 40μM 4-HNE respectively, corresponding to molar
ratios of 5:1 and 10:1 (4-HNE:rmyrAkt1).

The addition of 4-HNE has been shown to decrease cellular proliferation in HepG2 cells
[26]. To ascertain the effects of 4-HNE by itself or in combination with H2O2 on cell
proliferation, cells were pretreated with 4-HNE (12.5-100μM) followed by 1mM H2O2 and
compared with either 4-HNE alone or H2O2 alone. Proliferation was then assessed using
incorporation of 5-ethynyl-2-deoxyuridine into DNA 24 hours post treatment. As
demonstrated in Figure 6, treatment with H2O2 alone led to a 27% decrease (p<0.001) in
EdU incorporation compared to untreated cells. When examining the effects of 4-HNE, a
concentration-dependent decrease in EdU incorporation was observed. At 100μM 4-HNE,
no incorporation of EdU was evident. Combined these data indicate a concentration-
dependent inhibition of cell proliferation by 4-HNE.

The addition of 4-HNE has also been demonstrated to effect cell survival. To assess the
effects of 4-HNE on overall cell survival, MTT assays were performed under at 4 and 24 h
post-treatment. There was no appreciable decrease in cell survival in cells treated with 1mM
H2O2 alone (Data not shown). From Figure 7, at 4 h and 24 h, treatment using increasing
concentrations of 4-HNE for 24 h led to a concentration-dependent decrease in cell survival
(12.5μM 4-HNE-94% survival, 100μM 4-HNE-67% survival). The combination of H2O2
followed by 100μM 4-HNE treatment for 24h (59% survival) resulted in a statistically
significant decrease in cell survival compared with 100μM 4-HNE alone (67% survival).
Combined with the data presented in Figure 6, 4-HNE directly affects both proliferation and
survival in HepG2 cells.

Both β-catenin and cyclin D1 are implicated in cellular proliferation [27, 28]. To evaluate
the effects of 4-HNE on the expression of cyclin D1 and β-catenin, cells were treated with
H2O2, 4-HNE, or 4-HNE followed by stimulation with H2O2. Following exposure, cells
were incubated for an additional 4 or 24h, lysed and Western blotted for cyclin D1 and β-
catenin. From the Western blots presented in Figure 8A-D, 1mM H2O2 did not induce a

Shearn et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decrease in cyclin D1 or β-catenin expression at 4 or 24 h. Likewise, at 4 h, 12.5μM 4-HNE
did not have a significant effect on cyclin D1 expression (Figure 8A). At 24 h 12.5μM 4-
HNE led to a 40% decrease in cyclin D1 expression compared to untreated cells (Figure
8B); however, this decrease was not significant. At 4 and 24 h, treatment with 100μM 4-
HNE or 100μM 4-HNE plus 1mM H2O2 led to a significant decrease in cyclin D1 (Figure
8C, D). β-catenin expression did not significantly decrease until 100μM 4-HNE was added
and cells had incubated for 24 h (Figure 8D). Furthermore, the addition of 1mM H2O2
following 4-HNE led to a significant decrease in β-catenin expression compared to 4-HNE
alone. Taken together, the data in Figures 6,7 and 8 indicate the 4-HNE decreases both β-
catenin and cyclin D1 levels resulting in a decrease in cell proliferation and cell survival.

In addition to the Akt pathway, expression of cyclin D1 and β-catenin can be regulated by
activation of the c-Jun-N-Terminal Kinase (JNK) and extracellular-signal-related kinase
(Erk) pathways [29-31]. To understand the relative contribution of Erk to 4-HNE-mediated
decreases in cell proliferation cells were treated as with either 1mM hydrogen peroxide or
100μM 4-HNE in the presence of an Erk inhibitor (U0126). Phosphorylation and expression
of p42/44 Erk was examined. From Figure 9A, both hydrogen peroxide and 4-HNE led to an
increase in Erk phosphorylation that was abrogated by U0126. Erk has previously been
demonstrated to be regulated by PI3 kinases and by protein phosphatase 2A (PP2A) [31-33].
To determine the relative role PI3 kinase and PP2A play in 4-HNE mediated Erk activation
were treated with 4-HNE in the presence of a PI3 kinase inhibitor (LY294002) (Figure 9B)
or a PP2A inhibitor (okadaic acid) (Figure 9C). From the data in Figure 9B, 4-HNE-
mediated Erk phosphorylation was increased in the presence of the inhibitor indicating PI3
kinases play a role in 4-HNE-mediated activation of Erk. Inhibition of PP2A also led to an
increase in 4-HNE-mediated Erk phosphorylation (Figure 9C). Combined, these data
indicate Erk activation by 4-HNE is mediated by both PI3 kinase and PP2A.

From Figure 6, the pretreatment of 4-HNE followed by hydrogen peroxide stimulation led to
a significant decrease in cell proliferation and survival. To determine the role of Erk and Jnk
on 4-HNE-mediated decreases in proliferation, cells were treated as in Figure 2 and western
blotted for Erk and Jnk phosphorylation. Both hydrogen peroxide and 4-HNE led to an
increase in Erk phosphorylation (Figure 9D and 9E). 4-HNE pretreatment did not
significantly affect hydrogen peroxide stimulated phosphorylation of Erks. From Figure
10A, B, and C, compared to untreated cells, hydrogen peroxide alone led to a mild increase
in p46/p54 Jnk phosphorylation, 4-HNE however significantly increased p46/p54 Jnk
phosphorylation. This increase was not significantly affected by the addition of hydrogen
peroxide. Combined these data suggest that 4-HNE activates both the Erk and the Jnk
pathways in HepG2 cells.

Discussion
4-HNE is a product of lipid peroxidation formed under conditions of oxidative stress.
Exposure of cells to elevated concentrations of 4-HNE can have pleiotropic effects
depending on the concentration and the cell type. For instance, 4-HNE can bind and activate
growth factor receptors such as EGFR leading stimulating cell proliferation and
atherogenesis [34-36]. Conversely, in Jurkat T-cells, 4-HNE promotes apoptosis via p53
induction [37]. In HepG2 cells, 4-HNE led to a decrease in cell viability, but was not
cytotoxic as determined by LDH release or total cellular DNA content [26]. Previous studies
have demonstrated that 4-HNE activates JNK signaling leading to an increase in apoptosis
[24, 25]. Although the effects of 4-HNE on cell signaling have been extensively studied,
most models do not examine the effects of 4-HNE in combination with ROS that are
produced concurrently under conditions of chronic inflammation. In the present study, we
demonstrate that 4-HNE inhibits H2O2-mediated activation of the Akt pathway by
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modulating phosphorylation status and via direct modification of Akt1. We further show that
in addition to Erk and Jnk activation, total Akt activity is downregulated leading to a
decrease in cell viability.

Although activation of the Akt pathway promotes an increase in cell survival and
proliferation, the precise isoform of Akt has yet to be determined and could vary from cell
type to cell type. Akt1 has been linked to cell proliferation, as demonstrated by the report
that deletion of Akt1 led to a decrease in proliferation of cardiomyocytes [38]. Deletion of
Akt2 decreased glucose metabolism and sensitized cardiomyocytes to ischemic injury [39].
Ablation of Akt2 however, promotes a decrease in cell proliferation and survival in breast
cancer cells [40]. In the present study, we report an increase in both Akt1 and Akt2
phosphorylation and activation following H2O2 treatment. Activated Akt1 levels increased
by 10-fold and activated Akt2 levels increased by 30-fold, suggesting both proteins play a
role in H2O2-mediated cellular responses. Surprisingly, p-Ser473 Akt1 was decreased to the
level of untreated cells in the 4-HNE plus H2O2 treatment, whereas p-Ser474 Akt2 remained
10-Fold higher than untreated cells. This suggests differential regulation of Akt1 and Akt2
by 4-HNE. With respect to p-Thr450 Akt, we find no change in phosphorylation with 4-HNE
or H2O2 treatment. Yet we find 4-HNe mediated increases in both Erk and Jnk
phosphorylation. This suggests that in HepG2 cells, Thr450 on Akt may not be a target for
Jnk.

Hydrogen peroxide has previously been shown to upregulate both the Akt/GSK3β pathway
and MDM2 pathway [41, 42]. Treatment of cardiomyocytes with H2O2 increased MDM2
expression and phosphorylation leading to increased protection against H2O2 mediated
oxidative stress [43]. This in turn leads to increased degradation of p53 due to its
ubiquitination. In human retinal pigment epithelial cells, 1mM H2O2 increased
phosphorylation of Akt at Ser473 and GSK3β at Ser9 [42]. In prostate epithelial cells,
depletion of mitochondrial DNA led to Akt2 activation, MDM2 phosphorylation and
glucose uptake [41]. Previous experiments have indicated that 24h treatment of HepG2 cells
with H2O2 leads to a decrease in cell viability and an increase in apoptosis [44]. In the
present study, treatment with 1mM H2O2 increased both GSK3β and MDM2
phosphorylation by over 2-fold (Figure 2), and led to a decrease in cell proliferation (Figure
6) but not a decrease in cell survival (Figure 7) or an increase in apoptosis (data not shown).
A possible reason for the discrepancy is that Lin et al. treated with 1mM H2O2 for 24h,
whereas in our study, cells were treated for 5 min followed by 24h incubation without H2O2.
Following 4-HNE pretreatment phosphorylation of both was significantly decreased below
levels of untreated cells. Examination of Akt activity in these cells clearly indicates 4-HNE
mediated inhibition of H2O2 stimulation of Akt signaling (Figure 3). In summary,
preincubation of 4-HNE inhibits H2O2 stimulation of the Akt pathway in HepG2 cells.

β-catenin and Cyclin D1 are key regulators of cell proliferation in HepG2 cells [45]. Both
are known to be regulated by the Akt pathway as well as by Erk and Jnk signaling. Cyclin
D1 is an important regulator of the G1 to S phase transition and is elevated during cell
division and proliferation [20]. In HepG2 cells, Akt, Jnk and Erk all have an effect on levels
proliferation [29, 46]. Treatment of HepG2 cells with resveratrol led to decreased
proliferation, decreased Akt activation and an increase in Erk phosphorylation [46]. In
another study, Inhibition of Jnk signaling protected against adiponectin induced apoptosis
and caspase activation [29]. We find that both Jnk and Erk phosphorylation is increased
following 4-HNE. Upregulation of the Akt/GSK3β/cyclin D1 signaling pathway promotes
cell proliferation [20]. SiRNA knockdown of β-catenin decreases cell growth [47]. Cyclin
D1 and β-catenin have also been shown to be regulated by oxidative stress. Increased
oxidative stress has been linked to a decrease in cyclin D1 in various lung, prostate and
colon cancer cell lines [48]. In previous reports, β-catenin levels increase following 4-HNE
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exposure in cultured retinal epithelial cells and in MCF-7 cells [17, 49]. Hepatocytes have
high concentrations of glutathione providing significant protection against oxidative stress
[50]. Treatment of HepG2 cells with H2O2 at concentrations less than 1mM did not lead to
an increase in apoptosis, whereas treatment of other cell types such as A549 lung cancer
cells with 50-200μM H2O2 led to a decrease in cyclin D1 expression and cell survival [44,
48]. Activation of Akt pathways promote increases in cell growth, proliferation and survival
[51]. In our model, H2O2 led to a decrease in proliferation but not cell survival or expression
levels of β-catenin and cyclin D1 (Figures 6, 7, 8). In addition, caspase 3 activation was not
detected (data not shown). Preincubation with 4-HNE led to a concentration-dependent
decrease in both proliferation and the expression of β-catenin and cyclin D1. Examining cell
survival, a combinatorial effect between 4-HNE and H2O2 was not evident until
concentrations of 4-HNE approached 50-100μM. This effect however was small. In
summary, by itself, 4-HNE leads to decreased proliferation as evidenced by downregulation
of both cyclin D1 and β-catenin. The addition of H2O2 decreases cell proliferation but does
not have a significant effect on cell survival except when in combination with concentrations
of 4-HNE greater than 50μM.

Currently, very little is known concerning the isoform of Akt responsible for modulation of
cyclin D1 and β-catenin. Recent evidence suggests a role for Akt1 in cyclin D1 expression
and ablation of Akt1 but not Akt2 led to a decrease in tumor induction and cyclin D1
expression in mammary epithelia [52]. Although the exact isoform was not examined,
treatment of MCF-7 cells with 4-HNE increased both Akt and GSK3β phosphorylation as
well as increased β-catenin expression [17]. Treatment of bovine adrenal chromaffin cells
with LiCl decreased Akt1 levels and increased β-catenin suggesting a role for Akt1 in β-
catenin regulation [53]. In addition, phosphorylation of Akt by the protein kinase CK2 leads
to hyperactivation of Akt and upregulation of β-catenin [54]. In a recent report, decreased
GSK3β phosphorylation promoted GSK3β activation and degradation of β-catenin [55]. In
this system, although Akt is phosphorylated, GSK3β phosphorylation is significantly
decreased providing a plausible mechanism for the discrepancy between the studies [11].

In the present study, we demonstrate inhibition of total Akt activity, decreased
phosphorylation of Akt1 and inhibition of recombinant myrAkt1 in vitro by 4-HNE. This
suggests that in HepG2 cells, as described in Scheme 1, preincubation with 4-HNE is
sufficient to inhibit H2O2-mediated stimulation of Akt signaling via both Akt1 and Akt2.
The mechanism, however, is subtly different in that 4-HNE directly modifies Akt1 (leading
to inhibition of activity) as well as preventing phosphorylation of Akt1 at Ser473 leading to
reduced activation of Akt1. PTEN is inhibited and Akt2 is still phosphorylated at Ser474

following 4-HNE pretreatment [9]. Based on previous data, enzymatic activity of Akt2 is
inhibited by direct modification of Akt2 by 4-HNE [11]. The inhibition of both Akt isoforms
in combination with Erk and Jnk activation leads to a decrease in cyclin D1 expression and
β-catenin expression and a decrease in cell proliferation. Furthermore, the inhibition of Akt
kinases by 4-HNE during conditions of chronic inflammation and oxidative stress could
contribute to decreased cell survival and cell death observed in chronic inflammatory
diseases such as ALD and steatohepatitis. How these process are reflected in actual in vivo
models of chronic inflammation remains to be elucidated.
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Abbreviations

ALD alcoholic liver disease

Erk extracellular-signal-related kinase

JNK c-Jun-N-Terminal Kinase

GSK3β glycogen synthase kinase 3 beta

4-HNE 4-hydroxy-2-nonenal

MDM2 ubiquitin ligase murine double minute oncogene 2

NASH non-alcoholic steatohepatitis

PDK-1 phosphoinositide-dependent kinase 1

PI3K phosphatidylinositol 3-kinase

PtdIns (3,4,5) P3 phosphatidylinositol 3,4,5 tris-phosphate

PTEN phosphatase and tensin homolog deleted on chromosome 10

ROS reactive oxidative species
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Highlights

• 4-hydroxynonenal inhibits H2O2 mediated Akt activation

• Inhibition is due to 4-HNE directly modifying Akt1

• 4-HNE exerts a combinatorial effect on Erk, Jnk and Akt signaling.

• This effect by 4-HNE decreases proliferation and survival in HepG2 cells
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Figure 1. Hydrogen peroxide activates both Akt1 and Akt2 in HepG2 cells
(A) HepG2 cells were treated with 1mM hydrogen peroxide (5 min), 100nM insulin (15min)
or 100μM 4-HNE (60min). Cells were lysed and 150μg of total lysate immunoprecipitated
using p-Ser473/4 Akt polyclonal antibodies. Immunoprecipitates (IP) were run on an 8%
SDS PAGE, blotted and probed for Akt1, Akt2. (B) Quantification of hydrogen peroxide-
mediated phosphorylation of Akt1 and Akt2 on Ser473/4. Experiment was performed in at
least triplicate and subjected to 1-way ANOVA with Tukey’s multiple comparison test *p<.
05, ***p<0.001
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Figure 2. Inhibition of hydrogen peroxide-mediated Akt signaling by 4-HNE
Cells were treated in serum free media with 100μM 4-HNE or control for 60 min, washed in
serum free media and stimulated with 1mM hydrogen peroxide for 5 minutes. Cells were
lysed and processed as stated in methods. (A) Western blot using antibodies for the
following proteins: Akt (Ser473/4), Akt (Thr 308/9), Akt (Thr 450), Akt1, Akt2, PTEN,
PTEN (pSer380), p-GSK3β (Ser9), GSK3β, p-MDM2 (Ser166), MDM2 and actin (Note:
Film exposures for pSer473 Akt are less than 2 seconds). Each blot is representative of 3
independent experiments, for MDM2 samples were run on a 5% SDS PAGE gel, all other
samples were run on a 7% SDS PAGE. (B) Quantification of pSer473/4 Akt. (C)
Quantification of pThr 308/9 Akt. (D) Quantification of pSer 9 GSK3b. (E) Quantification
of pSer 166 MDM2. Statistical analysis was via 1-way analysis of variance with Tukey’s
multiple comparison test *p<0.05, ***p<0.001.
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Figure 3. Inhibition of hydrogen peroxide stimulation of Akt activity by 4-HNE in HepG2 cells
Western blot and quantification of in vitro Akt kinase activity assay using a synthetic
GSK3αβ peptide and increasing concentrations of 4-HNE (0, 10, 25, 50, 100μM) ± 1mM
hydrogen peroxide. All samples performed in triplicate. Statistical analysis was via 1-way
analysis of variance with Tukey’s multiple comparison test **p<0.01, ***p<0.001.
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Figure 4. Akt1 is modified by reactive aldehydes following 4-HNE treatment in HepG2 cells
(A) Streptavidin (S.A.) pulldown of 4-HNE modified Akt1 from HepG2 cells. Protein (125
μg) from 4-HNE treated (100μM/60 min in serum free media) or untreated cells was
incubated for 2 h with 2.5 mM biotin hydrazide, dialyzed and purified using streptavidin
beads. Samples were subsequently analyzed using SDS PAGE/Western blotting with rabbit
polyclonal anti-Akt1 antibody. All samples were performed in at least triplicate. (B)
Densitometric analysis and quantification of Western blots. Statistical analysis was via 1-
way analysis of variance with Tukey’s multiple comparison test **p<0.01
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Figure 5. Effects of 4-HNE on recombinant myrAkt1
(A) Western blotting of rAkt1 treated with 4-HNE. Purified rAkt1 was incubated with
increasing molar ratios of 4-HNE for 30 min at room temperature. Samples were boiled in
5X SDS loading buffer, run on an 8% SDS PAGE gel, blotted and probed for 4-HNE using
anti-4-HNE polyclonal antibodies followed by stripping and re-probing for Akt1. (B)
Inhibition of rAkt1 by 4-HNE. Purified rAkt1 was incubated with increasing ratios of 4-
HNE and phosphorylation assays performed using a GST fusion GSK3α/β synthetic
substrate as per methods. All samples were performed in at least triplicate. Statistical
analysis was via 1-way analysis of variance with Tukey’s multiple comparison test
***p<0.001.
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Figure 6. Effect of 4-HNE pretreatment and H2O2 on cell proliferation in HepG2 cells
Cells were pretreated with 4-HNE (12.5-100μM) (60 min) and then treated with 1mM H2O2
for 5 min or treated with 4-HNE (12.5-100μM) alone. Cells were then incubated for 24 h in
media containing serum. Effects of 4-HNE on cellular proliferation was measured by the
incorporation of EdU over the final 4 h. Statistical analysis was via 1-way analysis of
variance with Tukey’s multiple comparison test (n = 8); **p<0.01, ***p<0.001.
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Figure 7. Effect of 4-HNE pretreatment and H2O2 on cell survival in HepG2 cells
Cells were pretreated with 4-HNE (12.5-100μM) (60 min) and then treated with 1mM H2O2
for 5 min or treated with 4-HNE (12.5-100μM) alone. Cell survival was measured by MTT
analysis at 4 and 24 h post- treatment. Points, mean (n = 3); bars, S.D, *p<0.05.
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Figure 8. 4-HNE decreases both cyclin D1 and β-catenin expression in HepG2 cells
Cells were treated in serum free media with 4-HNE (12.5, 100μM) or control for 60 min,
washed in serum free media and stimulated with 1mM H2O2 for 5 minutes. Cells were then
washed 2X in RPMI and incubated for an additional 4 or 24 h in RPMI plus serum, lysed
and western blotted for β-catenin or cyclin D1. (A) Effects of 12.5μM 4-HNE and H2O2 on
β-catenin/cyclin D1 expression (4h). (B) Effects of 12.5μM 4-HNE and H2O2 on β-catenin/
cyclin D1 expression (24h). (C) Effects of 100μM 4-HNE and H2O2 on β-catenin/cyclin D1
expression (4h). (D) Effects of 100μM 4-HNE and H2O2 on β-catenin/cyclin D1 expression
(24h). Blots were quantified using ImageJ and plotted as described in methods (cyclin D1
(gray), β-catenin (black)). Each blot is representative of 3 independent experiments,
Statistical analysis was via 1-way analysis of variance with Tukey’s multiple comparison
test *p<0.05, **p<0.01, ***p<0.001.
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Figure 9. 4-HNE leads to increased Erk activation via a PI3K/PP2A dependent mechanism
Cells were treated in serum free media with 100μM 4-HNE or control for 60 min following
preincubation with (A) U0126 (10μM 30 min), (B) Ly294002 (50μM 60 min) or (C)
Okadaic acid (100nM 30 min). (D) Cells were treated in serum free media with 100μM 4-
HNE or control for 60 min, washed in serum free media and stimulated with 1mM H2O2 for
5 minutes. After treatment, cells were lysed and Western blotted for phosphorylation of p42/
p44 Erk. (E) Quantification of blot depicted in Figure 8d. Statistical analysis was via 1-way
analysis of variance with Tukey’s multiple comparison test *p<0.05, **p<0.01, ***p<0.001.
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Figure 10. Effects of 4-HNE and hydrogen peroxide on Jnk phosphorylation
Cells were treated in serum free media with 100μM 4-HNE or control for 60 min, washed in
serum free media and stimulated with 1mM H2O2 for 5 minutes. (A) Western blot of p46/54
Jnk phosphorylation. Quantification of p46 (B) and p54 Jnk (C) phosphorylation Western
blots were quantified using ImageJ (NIH Freeware) and analyzed using 1-way-ANOVA and
GraphPad. **p<0.01, ***p<.001.
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Scheme 1. 4-HNE inhibits hydrogen peroxide mediated stimulation of Akt1/2 leading to
decreases in cell proliferation
Under normal conditions, H2O2 increases Akt1/2 phosphorylation stimulating cell survival
pathways. Under conditions of chronic inflammation, phosphorylation of Akt1 is on Ser473
is abrogated and phosphorylation of Ser474 Akt2 is reduced. Carbonylation of PTEN
contributes to increased Akt1 and Akt2 phosphorylation. Both Akt1 and Akt2 are also
carbonylated by 4-HNE inhibiting enzymatic activity. 4-HNE-mediated Akt inhibition in
combination with Erk and Jnk phosphorylation leading to reduced levels of both cyclin D1
and β-catenin and subsequent reduced cellular proliferation.
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