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Sestrin2 is involved in a different cellular response to stress conditions. However, the function of Sestrin2 in the
cardiovascular system remains unknown. In the present study, we tested whether Sestrin2 has a beneficial effect
on macrophage cell apoptosis induced by oxidized low-density lipoprotein (oxLDL). We found that oxLDL
induces expression of Sestrin2 in RAW264.7 cells in a time-dependent and dose-dependent manner. We also
found that knockdown of Sestrin2 using small RNA interference promotes cell apoptosis and reactive oxygen
species production induced by oxLDL. In addition, our results show that the c-Jun NH(2)-terminal kinase
( JNK)/c-Jun pathway is activated by oxLDL. Inhibiting the activity of the JNK pathway abolishes the increase
of Sestrin2 induced by oxLDL. These findings suggest that the inductive effect of Sestrin2 is mediated by the
JNK/c-Jun pathway. Our results indicate that the induction of Sestrin2 acts as a compensatory response to
oxLDL for survival, implying that stimulating expression of Sestrin2 might be an effective pharmacological
target for the treatment of lipid-related cardiovascular diseases.

Introduction

Atherosclerosis (AS) is considered a major cause of
cardiovascular diseases. It is characterized by the ac-

cumulation of cholesteryl esters, macrophages, and other ele-
ments in the intimal region (Parks and Lusis, 2013).
Macrophages accumulate in atherosclerotic lesions and con-
tribute to the initiation stage, development, progression, and
complication phases of AS (Rousselle et al., 2013). Elevated
reactive oxygen species (ROS) production by cells in athero-
sclerotic plaques, including macrophages, in individuals with
hyperlipidemia, smoking, and diabetes mellitus promotes ox-
idative modification of phospholipids on low-density lipopro-
tein (LDL) particles, and oxidized LDL (oxLDL) indeed
accumulates in arteries (Iwata and Aikawa, 2013). During the
past 20 years, apoptosis in atherosclerotic lesions has been
broadly reported. Macrophages, smooth muscle cells, and en-
dothelial cells can undergo apoptosis in atherosclerotic lesions.
Apoptosis in these cells may play different roles in athero-
genesis because of the complexity of atherosclerotic plaque
(Lusis, 2000). Although macrophages are relatively long-lived
cells, it is considered that a finite incidence of macrophage
apoptosis occurs during AS. Some studies indicated that mac-
rophage apoptosis played a protective role in the development
of AS by genetic engineering in mice (Liu et al., 2005; Tabas,

2005). Although foam cell apoptosis has long been hypothe-
sized to contribute to the development of AS, the mechanism of
macrophage apoptosis in AS remains unclear.

Sestrins are a family of stress-inducible proteins that are
conserved across various species and regulate metabolic
homeostasis (Budanov et al., 2004; Lee et al., 2013). In
mammals, the Sestrin family comprises three members
(Sestrin1–3), which can be induced by oxidative stress and
DNA damage in a p53-dependent manner. Sestrin2 is most
rigorously characterized in the liver and adipose tissue (Lee
et al., 2012; Bae et al., 2013). In fact, Sestrin2 plays a key
role in p53-dependent antioxidant defenses through regener-
ation of peroxiredoxins and inhibition of the target of rapa-
mycin complex-1 (TORC1) anabolic pathway (Budanov and
Karin, 2008). Additionally, Sestrins have antioxidant prop-
erties through inhibition of intracellular ROS. Importantly,
Sestrin2 is also expressed in endothelial cells and macro-
phage cells, where it displays a protective role (Essler et al.,
2009; Eid et al., 2013). However, the mechanism of protec-
tion by Sestrin2 in macrophages is not clearly understood.
The goal of this study is to investigate the role of Sestrin2 on
oxLDL-induced cell apoptosis in macrophages and its un-
derlying mechanisms. We report that inhibition of Sestrin2
increases oxLDL-induced apoptosis and ROS production in
RAW264.7 macrophages.
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Materials and Methods

Materials

Medium and fetal bovine serum were purchased from
HyClone. oxLDL was from Alfa Aesar, and the TBARS
content of oxLDL was ranging from 5 to 15 nmol MDA/mg
cholesterol. The primary antibodies of caspase-3, cleaved
caspase-3, phospho-c-Jun NH(2)-terminal kinase (p-JNK)
(Tyr185), JNK, p-c-Jun (Ser63), and c-Jun were from Cell
Signaling Technology, and the antibodies against Sestrin2
and GAPDH were obtained from Sigma.

Cell culture, treatment, and transfection

The RAW264.7 macrophages were purchased from the
Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). RAW264.7 cells were maintained
in DMEM (HyClone) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin
at 37�C under 5% CO2. oxLDL was used to treat
RAW264.7 cells for various doses and periods of time in
an effort to detect alterations in cell apoptosis and Sestrin2
expression in response to oxLDL treatment. RAW264.7
cells were treated with oxLDL at different concentrations
and time intervals. The small interfering RNA (siRNA)
targeting Sestrin2 RNA sequence purchased from Sigma
was found to downregulate Sestrin2 expression as evalu-
ated by western blot. Cells were transfected with either
Sestrin2 siRNA or nonspecific siRNA using Lipofectamine
2000 reagent according to the instructions of the manu-
facturer (Invitrogen).

Sestrin2 expression using western blot analysis

RAW264.7 cells were washed in cold phosphate-
buffered saline (PBS) thrice and lysed in RIPA buffer
supplemented with complete protease inhibitor for 15 min
at 4�C. Protein concentrations in every group were de-
tected using a BCA protein assay kit (Thermo Scientific
Pierce). SDS-PAGE immunoblotting was used to quantify
expression of Sestrin2, caspase-3, cleaved caspase-3, p-
JNK, JNK, p-c-Jun, c-Jun, and GAPDH. Electrophoresis
and immunoblotting were employed as described previ-
ously (Xie et al., 2011a, 2011b).

Apoptosis detection by FACS

RAW264.7 cells were incubated with oxLDL at dif-
ferent concentrations and time intervals. The cells were
then collected and incubated with phycoerythrin (PE)-
Annexin-V (BD Biosciences), resuspended in PBS (2%
paraformaldehyde), and detected by FACS. The percent-
age of PE-Annexin-V-positive cells was quantified as the
degree of apoptosis.

Caspase-3 activity assay

After incubation with oxLDL, RAW264.7 cells were then
lysed with passive lysis buffer (Promega), and the clear
supernatant was used for caspase-3 activity assay after
centrifugation according to the manufacturer’s instructions.
The BCA protein assay kit was used to detect protein con-
centration of the lysate, and the relative caspase-3 activities
were normalized to protein concentration.

ROS assay

Intracellular ROS levels were detected using the 5-
chloromethyl-2¢,7¢-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H2DCFDA) fluorescence probe, which converts to
dichlorofluorescein (DCF) after interaction with intracellular
ROS. RAW264.7 cells were washed thrice with PBS, incu-
bated with CM-H2DCFDA (25mM) in PBS for 1 h, and then
washed thrice with PBS. The spectrofluorometer was used to
detect cell fluorescence intensity.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using TriZol (Invitrogen), and
cDNA fragments were generated by reverse transcription.
Briefly, a total of 100 ng of cDNA was used in the real-time
polymerase chain reaction (RT-PCR) to measure mRNA ex-
pression. GAPDH was performed in the same reaction on all
samples tested as an internal control for variations in the
amount of RNA. The primer sequences used for the amplifi-
cation were designed using the Primer 5.0 software. The pri-
mer sequences (mouse) for Sestrin2 were forward 5¢-
GGCGGTGGTGATGGGTCTAC-3¢ and reverse 5¢-GACGA
CCCGGAAGTGGCCC-3¢ (NM_144907.1, 218bp), and for
GAPDH were forward 5¢-CGGCAAATTCAACGGCACAG
T-3¢ and reverse 5¢-GTTTTCCCAGTAGT AGAGGCGG-3¢
(NM_008084.3, 211bp). All reactions followed the typical
sigmoidal reaction profile, and the cycle threshold was used as
a measurement of amplicon abundance as described previously
(Xie et al., 2011a, 2001b).

Statistical analysis

GraphPad Prism software was used for statistical analysis.
Numerical variables with normal distribution were com-
pared with the unpaired t-test. Non-normal distribution data
were compared with the Wilcoxon rank sum test. Data are
expressed as mean – SEM. A value of p < 0.05 was consid-
ered statistically significant.

Results

The effect of oxLDL on cell apoptosis

The effect of oxLDL on cell apoptosis was studied using
FACS analysis with PE-Annexin-V staining. Treatment of
RAW264.7 cells with oxLDL for 24 h at concentrations of 0,
25, 50, and 100mg/mL resulted in a significant increase in
cell apoptosis compared with controls (Fig. 1A). At the
same time, cell apoptosis gradually increased after incuba-
tion with 50 mg/mL oxLDL for various periods of time
ranging from 0 to 48 h (Fig. 1B). In addition, we investi-
gated the change of caspase-3 activity in the presence of
oxLDL. Our results indicated that treatment with oxLDL in
RAW264.7 cells led to a significant increase in caspase-3
activity (Fig. 1C, D).

oxLDL induces the expression of Sestrin2
in RAW264.7 cells

We investigated the effects of oxLDL treatment on Sestrin2
expression in RAW264.7 cells. Cells were incubated with
oxLDL for various doses and periods of time. Expression of
Sestrin2 at mRNA levels was determined by RT-PCR, and
western blot analysis was used to detect Sestrin2 expression at
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protein levels. As shown in Figure 2A and B, at concentrations
of 0, 25, 50, and 100mg/mL, 24-h oxLDL treatment on
RAW264.7 cells led to a sustainable increase in mRNA and
protein levels of Sestrin2. Moreover, RAW264.7 cells were
incubated with 50mg/mL oxLDL for various periods of time

ranging from 0 to 48 h. The results showed a sustainable in-
crease of Sestrin2 at both mRNA (Fig. 2C) and protein levels in
a time-dependent manner (Fig. 2D). The increased levels of
Sestrin2 suggest a potential role of Sestrin2 in the treatment of
RAW264.7 cells suffering from oxLDL insults.

FIG. 1. Oxidized low-
density lipoprotein (oxLDL)
treatment increased cell apo-
ptosis in RAW264.7 cells.
(A, C) RAW264.7 cells were
stimulated with oxLDL at
various concentrations for
24 h. (B, D) RAW264.7 cells
were stimulated with oxLDL
at indicated doses (50mg/
mL) for varying periods of
time. Cell apoptosis was
determined by FACS analy-
sis with PE-Annexin-V
staining. Caspase-3 activities
were measured as described
in the Materials and Methods
section. Data are presented as
the mean – SEM of at least
three independent experi-
ments. *p < 0.05 versus
nontreated control.

FIG. 2. oxLDL induced the
expression of Sestrin-2 in
RAW264.7 cells. (A, B)
RAW264.7 cells were stim-
ulated with oxLDL at various
concentrations for 24 h.
(C, D) RAW264.7 cells were
stimulated with oxLDL at
indicated doses (50 mg/mL)
for varying periods of time.
Protein levels of Sestrin-2
were determined by western
blot analysis. mRNA levels
of Sestrin-2 were determined
by real-time polymerase
chain reaction (RT-PCR).
Data are presented as the
mean – SEM of at least three
independent experiments.
*p < 0.05 versus nontreated
control.
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Sestrin2 downexpression increases oxLDL-induced
apoptosis and ROS production

With further investigation, we studied the roles of Sestrin2
in oxLDL insults. The effects of Sestrin2 on cell apoptosis
and ROS production induced by oxLDL were examined
through inhibition of Sestrin2 using Sestrin2 small RNA in-
terference in RAW264.7 cells. Our results indicate that
transfection with Sestrin2 siRNA downregulates expression
of Sestrin2 in both control and oxLDL-treated cells (Fig. 3).
oxLDL has also been shown to induce apoptosis in multiple
cell lines. To determine whether Sestrin2 has a direct effect
on apoptosis, cell apoptosis and ROS production were de-
tected following Sestrin2 knockdown and oxLDL treatment.

As is shown in Figure 3, inhibition of Sestrin2 significantly
promotes apoptosis and ROS production in RAW264.7 cells
induced by oxLDL treatment. Caspase-3 is a critical execu-
tioner of apoptosis. Our results indicate that inhibition of
Sestrin2 exacerbates the effects of oxLDL on the activation of
caspase-3 (Fig. 3).

JNK/c-Jun mediates oxLDL-induced upregulation
of Sestrin2

It has been shown that different forms of stress can me-
diate JNK activation through various cellular pathways.
JNK activation has been reported to participate in regulating
apoptosis (Hu et al., 2006) and induction of Sestrin2 in the

FIG. 3. Sestrin2 down-
expression induced apoptosis
and reactive oxygen spe-
cies (ROS) production of
RAW264.7 cells in presence
of oxLDL. RAW264.7 cells
were transfected with NS or
siSestrin2. At 48 h after the
transfection, cells were trea-
ted with 50mg/mL oxLDL
for 24 h. (A, B) Expression of
Sestrin-2 was determined by
RT-PCR and western blot
analysis. (C) FACS analysis
with PE-Annexin-V staining
revealed that Sestrin2 down-
expression induced apopto-
sis. (D) Caspase-3 activities
were measured as described
in the Materials and Methods
section. (E) Cleaved caspase-
3 expression was detected by
western blot analysis. (F)
Intracellular ROS produc-
tion was determined by
the fluorescence probe 5-
chloromethyl-2¢,7¢-dichloro-
dihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA).
Data are presented as the
mean – SEM of at least three
independent experiments. NS
nonspecific RNA, siSestrin2
Sestrin2 small RNA interfer-
ence. *p < 0.05 versus NS
control; #p < 0.05 versus NS +
oxLDL group.
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presence of AngII (Yi et al., 2014). To examine whether
JNK/c-Jun mediates oxLDL-induced induction of Sestrin2,
expression patterns of JNK and c-Jun were investigated in
RAW264.7 cells. Our results indicate that exposure to
oxLDL significantly increases phospho-c-Jun as well as
p-JNK (Fig. 4). To verify whether activated c-Jun is in-
volved in oxLDL-induced induction of Sestrin2 expression,
RAW264.7 cells were treated with 25 nM of JNK inhibitor
SP600125 (Yi et al., 2014). Our results reveal that oxLDL-
induced upregulation of Sestrin2 expression is blunted by
SP600125 (Fig. 4), thereby indicating that oxLDL-induced
Sestrin2 expression is mediated by activation of the JNK/c-
Jun signaling pathway.

Discussion

Sestrin2 is a member of the Sestrin family of PA26-
related proteins. The Sestrin family of proteins was originally
identified as critical antioxidant proteins that contribute to the
recycling of peroxiredoxins (Budanov et al., 2004; Ro et al.,
2014). Sestrins are transcriptionally induced by oxidative
stress (Budanov et al., 2002), and Sestrin proteins are im-
portant for cell growth and survival under oxidative stress
(Budanov et al., 2002, 2004; Lipton, 2008; Papadia et al.,
2008). Although Sestrins are not oxidoreductases (Woo et al.,
2009), they can regulate antioxidant defense by promoting
activities of other oxidoreductases, such as sulfiredoxin,
which has been demonstrated in vitro and in vivo (Budanov
et al., 2004; Lipton, 2008; Nogueira et al., 2008; Papadia
et al., 2008; Bae et al., 2013). Additionally, Sestrin-induced
activation of AMPK and inhibition of TORC1 may be in-
volved in reducing ROS production through increasing mi-
tochondrial respiration efficiency (Bonawitz et al., 2007;
Budanov and Karin, 2008; Zid et al., 2009). However, its
mode of action has yet to be elucidated. Under normal con-
ditions, expression of Sestrin2 is found to take place in
macrophage cells, and the decrease of Sestrin2 expression
does not affect its survival in normal cells. Sestrin2 may be
only involved in cellular responses to different stress condi-
tions and is able to maintain redox homeostasis (Fig. 3).
However, alterations in Sestrin2 expression in the process of
macrophage dysfunction are not yet understood. The present
study demonstrates that induction of Sestrin2 in RAW264.7
cells might act as a compensatory response for cell survival
when cells are subjected to oxLDL insult. In this investiga-

tion, we find that Sestrin2 levels are increased by oxLDL in
both a time-dependent and dose-dependent manner (Figs. 1
and 2). Inhibition of Sestrin2 by small RNA interference
promoted cell apoptosis and ROS production induced by
oxLDL (Fig. 3). Recent data also indicate that Sestrin2 in-
duction may be as a compensatory response under stressful
conditions (Park et al., 2014; Yi et al., 2014). Interestingly,
we find that the activation of the JNK/c-Jun pathway involves
the upregulation of Sestrin2 induced by oxLDL (Fig. 4).

The JNK pathway can be activated by various stressor
signals such as cytokines and oxidative stress. Activation of
JNK is implicated in oxLDL-induced cell apoptosis
(Schroeter et al., 2001) (Supplementary Fig. S1; supple-
mentary materials are available online at http://www
.liebertpub.com/dna). Importantly, activation of JNK has
been reported to play an important role in the regulation of
vascular tone (Zhou et al., 2010), and the JNK pathway
involves the upregulation of Sestrin2 (Zhang et al., 2013; Yi
et al., 2014). In this study, we report that activation of JNK/
c-Jun mediates induction of Sestrin2, which expands our
understanding of the role of JNK in oxLDL-induced apo-
ptosis (Fig. 4). Lee’s results indicated that Sestrin2 expres-
sion induced upon hypernutrition maintains metabolic
homeostasis in the liver of obese mice. Sestrin2 ablation
exacerbates obesity-induced mTORC1-S6K activation,
glucose intolerance, insulin resistance, and hepatosteatosis,
however, all of which are reversed by AMPK activation.
Furthermore, concomitant ablation of Sestrin2 and Sestrin3
provokes hepatic mTORC1-S6K activation and insulin re-
sistance even in the absence of nutritional overload and
obesity. So, the stress-inducible Sestrin family plays an
important homeostatic role in lipid and glucose metabolism
(Lee et al., 2012). Importantly, Sestrin2-dependent AMP-
activated protein kinase (AMPK) activation has been re-
ported to attenuate high-glucose-induced glomerular me-
sangial cell fibronectin synthesis through blockade of ROS
and peroxynitrite generation, suggesting a potential target
for intervention of diabetes (Eid et al., 2013).

In this study, oxLDL treatment was able to upregulate
expression of Sestrin2. Furthermore, inhibition of Sestrin2
expression exacerbated oxLDL-induced cell apoptosis and
ROS production. These findings suggest that induction of
Sestrin2 has a protective effect on oxLDL-induced cell ap-
optosis and ROS production. Continuing efforts are being
made to understand the mechanisms through which oxLDL

FIG. 4. c-Jun NH(2)-terminal
kinase ( JNK)/c-Jun mediates
oxLDL-induced upregulation of
Sestrin2. RAW264.7 cells were
treated with oxLDL with or with-
out the presence of 25 nM of JNK
inhibitor SP600125 for 24 h. Wes-
tern blot analysis revealed that the
levels of p-JNK, p-c-Jun, and Ses-
trin2 are increased by oxLDL. Data
are presented as the mean – SEM of
at least three independent experi-
ments. *p < 0.05 versus nontreated
control; #p < 0.05 versus oxLDL-
treated group.
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acts as a mediator of macrophage apoptosis. Prevention of
oxLDL toxicity has become an important potential target for
the treatment of cardiovascular diseases. Our study implies
that changing expression of Sestrin2 might be an effective
pharmacological target for the treatment of lipid-related
cardiovascular diseases.
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