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a b s t r a c t

The serineethreonine kinase Akt regulates proliferation and survival by phosphorylating a network of
protein substrates; however, the role of a negative regulator of the Akt pathway, the SH2-domain-con-
taining inositol 5-phosphatase (SHIP2) in apoptosis of the hepatocytes, remains unknown. In the present
study, we studied the molecular mechanisms linking SHIP2 expression to apoptosis using overexpression
or suppression of SHIP2 gene in HepG2 cells exposed to palmitate (0.5 mM). Overexpression of the
dominant negative mutant SHIP2 (SHIP2-DN) significantly reduced palmitate-induced apoptosis in
HepG2 cells, as these cells had increased cell viability, decreased apoptotic cell death and reduced the
activity of caspase-3, cytochrome c and poly (ADP-ribose) polymerase. Overexpression of the wild-type
SHIP2 gene led to a massive apoptosis in HepG2 cells. The protection from palmitate-induced apoptosis
by SHIP2 inhibition was accompanied by a decrease in the generation of reactive oxygen species (ROS). In
addition, SHIP2 inhibition was accompanied by an increased Akt and FOXO-1 phosphorylation, whereas
overexpression of the wild-type SHIP2 gene had the opposite effects. Taken together, these findings
suggest that SHIP2 expression level is an important determinant of hepatic lipoapotosis and its inhibition
can potentially be a target in treatment of hepatic lipoapoptosis in diabetic patients.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a common liver
disease that contributes to awide range of liver diseases including a
simple steatosis to non-alcoholic steatohepatitis (NASH) [1,2]. He-
patic neutral lipid accumulation mainly triacylglycerol is the hall-
mark of NAFLD. This excessive lipid accumulation in hepatocytes
promotes lipotoxicity-induced apoptosis (lipoapoptosis) [3]. In
particular, several studies have suggested that saturated free fatty
acids (FFAs) such as palmitic acid can induce endoplasmic reticu-
lum (ER) stress and mitochondria mediated lipoapoptosis in he-
patocytes. In addition, enhanced hepatic lipoapoptosis is severely
associated with infiltration of inflammatory cells andmacrophages,
inflammatory and fibrotic cytokine release, and fibrogenesis [4].
Therefore, increased hepatocyte apoptosis by saturated FFAs
ni).
appears to be the major contributor to the development and pro-
gression of NAFLD and NASH.

Activation of the phosphoinositide 3-kinase (PI3-K) is a pivotal
step in signaling pathways which control many biological functions
including anti-apoptosis, cytoskeletal reorganization, chemotaxis,
and cell proliferation [5]. Active PI3-K phosphorylates phosphati-
dylinositol diphosphate (PIP2) and converts it to phosphatidylino-
sitol triphosphate (PIP3). Following stimulationwith growth factors
or cytokines, enhanced PIP3 levels recruit Akt from the cytosol to
the plasma membrane, where it is phosphorylated by PDK1 and
another kinase on Thr 308 and Ser 473, respectively [6]. Akt acti-
vation leads to phosphorylation of several downstream substrates
such as Bcl-2-associated death protein (BAD), glycogen synthase
kinase-3 and forkhead transcription factors. These activated pro-
teins can then suppress the apoptotic pathways through multiple
downstream effectors [7].

The level of PIP3 is a critical point to regulate several metabolic
and non-metabolic events in different cells. PIP3 level is determined
by a balance between the generation by PI3-K and degradation by
lipid phosphatases such as phosphatase and tensin homolog (PTEN)
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and SH2-domain-containing inositol 5-phosphatase (SHIP2). These
lipid phosphatases dephosphorylate PIP3 and convert it to PIP2 [8].
SHIP2 acts as a negative regulator of the insulin signaling both
in vitro and in vivo [9]. An increased expression of SHIP2 has been
reported from the skeletalmuscle and adipose tissues of db/dbmice
[10,11]. Several in vivo and in vitro studies have demonstrated that
the alterations of SHIP2 expression have a major impact on the in-
sulin signaling by modulating the activity of Akt [9,12,13]. More
importantly we have recently shown that SHIP2 modulation affects
lipid and lipoprotein metabolism via changes in the activity of the
insulin signaling pathway [14]. Therefore, given the important role
of Akt in regulating both the insulin signaling and cell survival
pathways, we in this study proposed that SHIP2 as a modulator of
Akt could be involved in regulating apoptosis in hepatocytes.
Accordingly, in this study we investigated the role of SHIP2 in
apoptosis induced by palmitate in HepG2 cells.

2. Materials and methods

2.1. Cell culture

HepG2 and HEK T293 packaging cells were purchased from the
Pasteur Institute of Iran. Cells were maintained at 37 �C (in an
atmosphere of 5% CO2) in DMEM containing 10% FBS, 2 mM
glutamine, and 1% penicillinestreptomycin. For palmitate treat-
ment, appropriate amount of palmitae was first dissolved in 50%
ethanol at 54 �C and then this solution was added to DMEM
containing 1% BSA. In order to conjugate palmitate with BSA, this
media was gently shacked at 37 �C for 2 h. After filtration, HepG2
cells were treated with this media for 24 h. BSA (1%) was used as
control.

2.2. Retroviral infection

T293 packaging cells were transfected with pBABE-SHIP2
construct (SHIP2-WT), pBABE-dominant negative form of SHIP2
gene (SHIP2-DN) (these vectors were a kind gift fromDr. Christophe
Erneux) and pBABE-GFP vector simultaneous with the helper vec-
tors such as PMD2 and PUMVC. Viral supernatants were collected
during 48e96 h after transfection. HepG2 cells were infected with
the viral supernatants in the presence of 10 mg/ml of polybrene.
Infected cells were selectively stabled with 2 mg/ml pouromycin.

2.3. Cell viability assays

Cell viability was measured using the MTT assay, which is based
on the conversion of MTT to formazan crystals by mitochondrial
dehydrogenases. Additionally, we assessed the cell toxicity using
the dead-cell stain propidium iodide (PI). Briefly, for PI assay, the
cells were washed twice with PBS and then were stained with PI
(7 mM) for 1 h in the dark at room temperature. Thereafter, the
samples were analyzed using a FACS can flow cytometery (Becton
Dickinson). Data from 10,000 events were analyzed.

2.4. Measurement of intracellular reactive oxygen species (ROS)
level

ROS productionwas assessed after staining the cells with 5-(and
6)-chloromethyl-20, 70-dichlorodihydro fluorescein diacetate, acetyl
ester (CM-H2-DCFDA). To distinguish living from the dead cells, we
used PI as a second indicator dye. Briefly, the cells were grown to
reach 50e75% confluence in 6-well plates. After washing the cells
with PBS, CM-H2-DCFDA (0.25 mM) and PI (3 mg/ml) was added to
each well. Cells were incubated for 10 min at 37 �C and then ROS
level and cell viability was simultaneously analyzed by flow
cytometry. Only cells negative for PI staining were analyzed for
DCFDA-dependent green fluorescence. A total of 10,000 PI negative
cells were analyzed for each strain.

2.5. Western blot analysis

Western-blot analysis was carried out according to our previous
report [15]. The antibodies used were SHIP2 (R&D system), p-Akt
(S473), Akt, p-FOXO-1, cleaved poly (ADP-ribose) polymerase
(PARP) [Cleaved PARP (Asp214), Cat# 9541S], cleaved caspase-3,
cytochrome c (Cell Signaling Technology, Beverly, MA, USA), and
b-actin (Abcam, Cambridge, MA, USA).

2.6. Real-time-PCR

Real time PCR was carried out according to our previous report
[16].

2.7. Statistical analyses

All statistical analyses were performed using SPSS18.0 (SPSS,
Chicago, IL, USA). Comparisons among all groups were performed
with the one-way analysis of variance. Values of p < 0.05 were
considered statistically significant. Results are expressed as the
mean ± SEM.

3. Results

3.1. Generation of functionally active SHIP2 modulated cells

In order to study the role of SHIP2 in hepatocytes apoptosis, we
generated SHIP2 stable HepG2 cells which overexpress the wild
type (SHIP2-WT) and the dominant negative mutant (SHIP2-DN)
of SHIP2 genes. Our results showed that the SHIP2-WT and SHIP2-
DN cells had around 2.8 and 3.3 fold more mRNA expression
compared to the GFP control cells, respectively (Fig. 1
Supplementary file). Data of mRNA level were confirmed at pro-
tein level, as SHIP2-WT and SHIP2-DN cells had 3.5 and 3.8 fold
more protein levels compared to control cells, respectively (Fig. 1
Supplementary file).

3.2. Palmitate decreases cell viability and induces apoptosis in
HepG2 cells

Because previous studies have reported that palmitate induces
apoptosis in various cell types [17e19], we first determined the
appropriate dose of palmitate for inducing apoptosis in HepG2
cells. The results of the MTT assay revealed that lower than
0.5 mM of palmitate did not significantly suppressed the viability
of HepG2 cells (Fig. 1A), while higher concentrations drastically
reduced the cell viability. Therefore, we chose 0.5 mM palmitate
for the next experiments. After 24 h of palmitate treatment, the
cell viability was reduced by approximately 50% in comparison
with the vehicle treated (BSA) control group (Fig. 1A). In addition,
0.5 mM palmitate induced a significant increase (47%) in the
apoptotic cell death characterized by PI staining (Fig. 1B).

3.3. SHIP2 inhibition ameliorates palmitate-induced apoptosis in
HepG2 cells

Several studies have documented that Akt as a survival factor
regulates apoptosis in different cells [20,21]. Since the activity of
Akt is controlled by lipid phosphatases such as SHIP2, we then
tested whether SHIP2 inhibition affects palmitate-induced
apoptosis in HepG2 cells. Our data showed that the inhibition of



Fig. 1. Analysis of cell viability and apoptotic cell death in SHIP2 modulated cells. A: Cell viability of HepG2 cells after treatment with different concentrations of palmitate for 24 h.
HepG2 cell viability was assessed by MTT assay. B: Assessment of the viability of the SHIP2 modulated cells at the presence of 0.5 mM palmitate. C: Determination of the cells death
by PI staining. DeF: The effect of SHIP2 modulation on the cleaved PARP, cleaved caspase-3 and cytochrome C protein level. Values are mean ± SEM of at least three independent
experiments. *p < 0.05 and **p < 0.001 vs BSA treated cells. GFP: Green fluorescent protein, Pal: 0.5 mM Palmitate, DN: overexpressed dominant negative SHIP2 gene, WT:
overexpressed wild type SHIP2 gene.
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SHIP2 via the dominant negative expression significantly protected
palmitate-induced reduction in HepG2 cell viability (Fig. 1C). SHIP2
inhibition also could ameliorate palmitate-induced apoptotic cells
death by 39% in HepG2 cells (Fig. 2B). On the other hand, SHIP2-WT
overexpression per se reduced the cell viability and increases the
rate of apoptotic cell death by 30% and 76%, respectively (Fig.1BeC).
These findings suggest that the expression level of SHIP2 is a
determinant factor in control of the apoptotic cell death in a lip-
otoxic condition.

3.4. SHIP2 inhibition attenuates palmitate-induced apoptosis
through reduction of caspase-3, cytochrome c and PARP activation

In the subsequent experiments, we analyzed the cleaved
caspase-3, the cleavage of PARP and cytochrome c, three well-
established hallmarks of apoptosis. Immunoblot results showed
that the expression of PARP cleavage significantly increased after
24 h treatment with 0.5 mMpalmitate (Fig.1D). The analysis results
of cleaved caspase-3 and cytochrome c were similar to that of the
cleaved PARP (Fig. 1EeF).

To address the impact of SHIP2 inhibition on palmitate-induced
activation of caspase-3, cytochrome c and PARP, we evaluated the
levels of these three proteins in SHIP2 modulated cells. We
observed that SHIP2 inhibition significantly reduces the cleaved
PARP, cleaved caspase-3 and cytochrome c levels at the presence of
0.5 mM palmitate by 59%, 61% and 32%, respectively (Fig. 1DeF).
Interestingly, overexpression of SHIP2-WT could significantly in-
crease the levels of the cleaved PARP (2.5 fold), cleaved caspase-3
(1.6 fold) and cytochrome c (2.0 fold) in comparison with the
GFP control cells. Taken together, these data suggest that the effect
of SHIP2 modulation on apoptosis is mediated through regulating
the activation of the caspase-3, cytochrome c and PARP in HepG2
cells.
3.5. SHIP2 inhibition attenuates palmitate-induced apoptosis
through reduction of ROS generation

It has been previously shown that palmitate induces oxidative
stress in different cells [18,22]. To investigate whether the effects of
SHIP2 on apoptosis is mediated through the ROS production,
HepG2 cells were co-incubated with 0.5 mM palmitate and 50 mM
ascorbic acid as a ROS scavenger. Ascorbic acid co-treatment
reduced ROS level (Fig. 2A) and prevented palmitate-induced
apoptosis of HepG2 cells (Fig. 2B). In addition, ascorbic acid co-
treatment led to an improvement in the viability of HepG2 cells
treated with palmitate (Fig. 2C). As shown in Fig. 2E, the SHIP2-DN
cells treated with palmitate had significantly lower ROS production
(39%), compared to the control cells. To study the impact of ROS in
the apoptotic cell death of the SHIP2-WT cells, we measured the
death of these cells by PI staining at the presence of 50 mM ascorbic
acid. Interestingly, ascorbic acid could significantly reduce the
apoptotic cell death of the SHIP2-WTcells (Fig. 2F) compared to the
GFP control cells.

3.6. SHIP2 inhibition prevents palmitate induced-apoptosis via
increase in phosphorylation of Akt and FOXO-1

Previous studies have shown a role for the transcription factor
forkhead box protein O-1 (FOXO-1) inmediating palmitate-induced
apoptosis in hepatocytes [23] and skeletal muscle cells [18]. Akt
activation has been shown to increase the FOXO-1 phosphorylation,
which results in inhibition of FOXO-1 entry into the nucleus [23].
According to these observations, we first evaluated the Akt phos-
phorylation in palmitate treated cells. Treatment of HepG2 cells
with palmitate resulted in a 41% reduction in phospho-Akt level
compared to the controls (Fig. 3A). SHIP2 inhibition reverted this
effect; whereas overexpression of the SHIP2-WT resulted in a



Fig. 2. Determination of ROS level at the presence of palmitate. A: Detection of ROS level after co-treatment of HepG2 cells with 0.5 mM palmitate and 50 mM ascorbic acid (Asc). B:
The flow cytometric analysis of ROS production in HepG2 cells using CM-H2-DCFDA and PI double staining. Lower left quadrant (DCFDA�/PI�) represents viable cells with low ROS,
lower right quadrant (DCFDAþ/PI�) represents viable cells with high ROS, upper left quadrant (DCFDA�/PIþ) represents dead cells with low ROS, and upper right quadrant
(DCFDAþ/PIþ) represents dead cells with high ROS. C) Analysis of the cell viability by MTT assay. D: Determination of ROS level in SHIP2-DN cells treated with palmitate, E: The flow
cytometric analysis of ROS production in the SHIP2-DN cells after treatment with palmitate. F: Analysis of the death of the SHIP2-WTcells at the presence of ascorbic acid. Values are
mean ± SEM of at least three independent experiments. *p < 0.05 vs BSA treated cells. GFP: Green Fluorescent Protein, Pal: 0.5 mM Palmitate, DN: overexpressed dominant negative
SHIP2 gene, WT: overexpressed wild type SHIP2 gene, Asc: Ascorbic acid.

S. Gorgani-Firuzjaee et al. / Biochemical and Biophysical Research Communications 464 (2015) 441e446444
decrease in phospho-Akt (52%) compared to control cells. Next, we
investigated the role of FOXO-1 in palmitate-induced apoptosis by
evaluating its phosphorylation in HepG2 cells. We found that
palmitate reduces the FOXO-1 phosphorylation in HepG2 cells.
Interestingly, SHIP2 inhibition prevented palmitate-reduced FOXO-
1 phosphorylation, whereas overexpression of the SHIP2-WT
decreased the FOXO-1 phosphorylation in HepG2 cells by 52%
(Fig. 3B).

4. Discussion

Non-alcoholic steatohepatitis (NASH), the most extreme form of
NAFLD, is a progressive liver disease that is characterized by stea-
tosis and liver inflammation leading to liver cirrhosis and hepato-
cellular carcinoma. Lipoapoptosis induced by the excessive fat
accumulation is the underlying factor leading to the infiltration of
inflammatory cells, the release of inflammatory and fibrotic cyto-
kines, and fibrogenesis in the liver [24]. Thus, therapeutic strategies
that combat these lipotoxic events could have the beneficial effects
on the progression of simple steatosis to NASH. In the present
study, we provided evidence that SHIP2 as a negative regulator of
the Akt pathway can be considered as a potential target for atten-
uating the lipoapoptosis in hepatocytes.

A few studies have addressed the role of SHIP2 in the suscep-
tibility of the cells to apoptosis [25,26]. However, the role of SHIP2
in palmitate-induced apoptosis in HepG2 hepatocytes is not well
understood. In this study using different approaches we were able
to demonstrate that SHIP2 inhibition could prevent palmitate-
induced apoptosis in hepatocytess. By contrast, overexpression of
the SHIP2-WT gene led to a massive apoptosis in HepG2 cells. Our
results are in the line with the data obtained from previous studies
in brain [26] and podocytes [25]. Soed et al. have shown that the
number of apoptosis-positive cells was increased in cerebral cortex
of the transgenic mice overexpressing SHIP2 [26]. In another study,
it was reported that overexpression of SHIP2 in cultured podocytes
promotes apoptosis via reduction in Akt phosphorylation [25]. By
contrast, SHIP2 inhibition in INS1E insulinoma cells did not prevent
palmitate-induced apoptosis in spite of an increased Akt activity



Fig. 3. Effect of SHIP2 modulation on Akt and FOXO-1 phosphorylation. A: The phosphorylation levels of Akt. B: The phosphorylation levels of FOXO-1. Values are mean ± SEM of at
least three independent experiments. *p < 0.001 vs BSA treated cells. GFP: Green Fluorescent Protein, Pal: 0.5 mM Palmitate, DN: overexpressed dominant negative SHIP2 gene, WT:
overexpressed wild type SHIP2 gene.
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[27]. In addition, it has been reported that SHIP2 did not induce
apoptosis of OPM2 human myeloma line [28]. The reasons for
discrepancies between the studies are not clear, but it could be
attributed to different cell types and/or inducers of apoptosis used.

The mechanism by which SHIP2 influences lipoapoptosis in
HepG2 cells is most likely regulated via the changes in the activity
of the Akt/FOXO-1 pathway. Akt, a serine/threonine kinase, is
phosphorylated by PI3-K [18]. Once phosphorylated and activated,
Akt can regulate a wide range of cellular processes involved in
protein synthesis, cell survival, proliferation, and metabolism [29].
Akt regulation of cell survival involves the direct inhibition (phos-
phorylation) of pro-apoptotic signals such as Bad and FOXOs.
Phosphorylation by Akt inactivates FOXOs resulting in their accu-
mulation in the cytoplasm. Therefore, we in this study hypothe-
sized that the effects of SHIP2 inhibition on palmitate-induced
apoptosis may be exerted through regulating this pathway. In the
present study SHIP2 inhibition prevented palmitate-induced
reduction of phospho-Akt, confirming that SHIP2 acts as an up-
stream regulator of the Akt in these cells. This finding is consistent
with previous studies in different cell types such as 3T3-L1 adi-
pocytes, L6 myotubes, C3A hepatoma and INS1E [12,27,30]. All
these studies have demonstrated an enhancing Akt phosphoryla-
tion following the inhibition of SHIP2. We also observed an
increased FOXO-1 phosphorylation in parallel with increased Akt
phosphorylation in SHIP2-DN cells treated with palmitate. These
data imply that SHIP2 inhibition could prevent the apoptosis of
HepG2 cells by regulating the activity of the Akt/FOXO-1 pathway.
These events ultimately lead to a decreased nuclear accumulation
of FOXO-1 protein resulting in a decreased expression of apoptotic
genes in HepG2 cells. According to our data, apoptosis induced by
overexpression of the SHIP2-WT appears to be mediated through
the modulation of the Akt/FOXO-1 pathway. Overexpression of
SHIP2-WT resulted in a decreased FOXO-1 phosphorylation in
parallel with decreased Akt phosphorylation in HepG2 cells.

Another mechanism linking SHIP2 to apoptosis is oxidative
stress. A growing body of evidence suggests that the oxidative
stress due to excessive production of ROS is the main contributor to
the pathophysiology of diabetic complications [22,31]. Increasing
ROS production has been demonstrated to account for apoptosis in
response to palmitate in numerous cell lines [32,33]. However, the
role of ROS in stimulating lipoapoptosis appears to be cell-type
dependent as palmitate-treated neonatal cardiomyocytes undergo
apoptosis independently of the oxidative stress [34]. In the current
study, ROS production was identified at increased levels following
palmitate-induced apoptosis in HepG2 cells, consistent with pre-
vious studies [22,33,35]. We also found that ascorbic acid co-
treatment simultaneously normalized palmitate-induced ROS
accumulation and the apoptotic cell death indicating that apoptosis
initiation is dependent on ROS accumulation in HepG2 cells. In
addition, SHIP2 modulation was able to affect the status of the
oxidative stress in HepG2 cells. Overexpression of the SHIP2-DN
gene led to a reduction in ROS level in the cells treated with
palmitate. Furthermore, ascorbic acid, a ROS scavenger, could pre-
vent the apoptotic death of HepG2 cells overexpressing the SHIP2-
WT gene. These findings imply that the alterations in the oxidative
status and ROS production may be the link between SHIP2 modu-
lation and apoptosis in HepG2 cells.
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