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ABSTRACT The regulation of AMPK in the ischemic
heart remains incompletely understood. Recent evidence
implicates the role of Sestrin2 in the AMPK signaling path-
way, and it is hypothesized that Sestrin2 plays an influen-
tial role during myocardial ischemia to promote AMPK
activation. Sestrin2 protein was found to be expressed in
adult cardiomyocytes and accumulated in the heart during
ischemic conditions. Sestrin2 knockout (KO) mice were
used to determine the importance of Sestrin2 during is-
chemiaand reperfusion (I/R) injury.Whenwild-type (WT)
and Sestrin2 KO mice were subjected to in vivo I/R,
myocardial infarct size was significantly greater in Sestrin2
KO compared with WT hearts. Similarly, Langendorff
perfused hearts indicated exacerbated postischemic con-
tractile function in Sestrin2 KOhearts compared withWT.
Ischemic AMPK activation was found to be impaired in the
Sestrin2 KO hearts. Immunoprecipitation of Sestrin2 de-
monstrated an association with AMPK. Moreover, liver
kinase B1 (LKB1), a major AMPK upstream kinase, was
associated with the Sestrin2-AMPK complex in a time-
dependent manner during ischemia, whereas this interac-
tion was nearly abolished in Sestrin2 KO hearts. Thus,
Sestrin2plays an important role in cardioprotectionagainst
I/R injury, serving as an LKB1-AMPK scaffold to initiate
AMPK activation during ischemic insults.—Morrison, A.,
Chen, L. Wang, J., Zhang, M., Yang, H., Ma, Y., Budanov,
A., Lee, J. H., Karin, M., Li, J. Sestrin2 promotes LKB1-
mediated AMPK activation in the ischemic heart. FASEB J.
29, 408–417 (2015). www.fasebj.org
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AMPK HAS EMERGED as a pertinent stress-activated protein
kinase shown to have substantial cardioprotective capabil-
ities against myocardial ischemia/reperfusion (I/R) injury
(1–4). When activated during ischemia, AMPK produces
effects that have been demonstrated to be beneficial to the
myocardium by means of increasing glucose transporter
type 4 (GLUT4) translocation and glucose uptake (5–7),
activating eNOS (8), decreasing apoptosis (2, 9), and
increasing autophagic flux (10). However, the molecular
basis behind the regulationofAMPKactivity in the ischemic
and reperfused heart remains incompletely understood.

AMPK is a heterotrimeric enzyme composed of a
catalytic a subunit and regulatory b and g subunits. Upon
an intracellular rise in AMP, AMP binds to the g subunit
and allosterically induces a conformational change in
AMPK, rendering it a more suitable substrate for phos-
phorylation on Thr172 on the a subunit by an upstream
AMPK kinase (AMPKK) (11, 12). The phosphorylation
on Thr172 by an AMPKK is suggested to be essential for
increasing AMPK’s kinase activity (13). Of the 3 known
AMPKKs, liver kinase B1 (LKB1) has recently been
characterized as a major upstream kinase of AMPK in
the heart, as ischemic AMPK activation is nearly abol-
ished in LKB1-deficient mice (14). Paradoxically, studies
have shown that myocardial ischemia does not in-
crease the kinase activity of LKB1 to any degree (14–16),
which suggests a constitutively active enzyme and
the presence of other mechanisms governing LKB1-
induced AMPK phosphorylation in the ischemic heart.

A group of proteins known as the Sestrins, particularly
Sestrin2 (Sesn2), was recently shown to interact with and
activate AMPK in vitro and in vivo, although they are not
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protein kinases (17). Studies have also shown that Sesn2-
null mouse embryonic fibroblasts and liver from Sesn2
knockout (KO)mice exhibit impairedAMPKactivitywhen
subjected to stress (17).However, themechanismbywhich
Sesn2 stimulates AMPK activation remains elusive. In-
triguingly, Sesn2 is induced in response to hypoxic
stimuli (18–20) and Sestrin gene deletion in Drosophila re-
sults in cardiac arrhythmia and impaired AMPK activation
(21).The role of Sesn2 in themammalianheart has not yet
been investigated. In this study, we aimed to determine the
role of Sesn2 during ischemic insults and investigate how
Sesn2 modulates cardiac AMPK activation.

MATERIALS AND METHODS

Animals

Male wild-type (WT) and Sesn2 KO mice (all C57BL/6 back-
ground), 4–6 mo of age, were used. Sesn2 KO mice were
generated as previously described (17). All animal procedures
carried out in this study were approved by the University at
Buffalo-State University of New York Institutional Animal Care
and Use Committee.

Isolation of cardiomyocytes

Adult cardiomyocytes were harvested as previously described (16,
22). Briefly, mice were anesthetized with sodium pentobarbital
(100 mg/kg i.p.), and hearts were rapidly excised and perfused
in a Langendorff fashion. Hearts were perfused at 37°C with a
Ca2+-freeKrebs-Henseleit–based buffer (KHB; pH7.3) containing
0.6 mMKH2PO4, 0.6 mMNa2HPO4, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid , 4.7 mM KCl, 1.7 mM MgSO4,
120.3mMNaCl, 4.6mMNaHCO3, 30mMtaurine, 10mMglucose,
and 10 mM 2,3-butanedione monoxime that was bubbled with
95% O2/5% CO2. Perfusion was then initiated with buffer
containing 0.067 mg/ml Liberase Blendzyme 4 (Roche, Indian-
apolis, IN, USA) until the heart became flaccid. After perfusion,
theatriawere removed, and the left ventricle (LV)was isolatedand
minced to disperse cardiomyocytes into the Ca2+-free buffer
without butanedione monoxime. Extracellular Ca2+ was then
added slowly and incrementally back to 1 mM.

Cardiac phenotype

Heart weight and body weight were measured and expressed as
a percentage of body weight. Hearts were fixed in phosphate-
buffered formalin and stained with hematoxylin and eosin to
assess differences in physical characteristics (2). For the pressure-
volume(PV) studies,micewereanesthetizedwith inhaled0.5–1%
isoflurane, and body temperature was maintained at 37°C with
a heating pad. The heart was then subjected to apical LV cardiac
catheterization with a catheter tipped with a 1.2 F micro-
transducer (Scisense, London, ON, Canada), which was inserted
into the lumen of the LV to assess real-time LV function. He-
modynamic parameters such as heart rate, cardiac output, and
ejection fraction were measured and calculated with the iWorx
software (Dover, NH, USA).

Assessment of myocardial Infarction

Mice were anesthetized with sodium pentobarbital (100 mg/kg
i.p.) and placed on a ventilator (Harvard Rodent Ventilator;
Harvard Apparatus, Holliston, MA, USA), and core tempera-
ture was maintained at 37°C with a heating pad. After left

lateral thoracotomy, the left anterior descending coronary
artery was occluded for 20 min with an 8-0 nylon suture and
polyethylene tubing to prevent arterial injury and then re-
perfused for 4 h. An electrocardiogram (ECG) and blanching of
the LV confirmed ischemic repolarization changes (ST-segment
elevation) during coronary occlusion (ADInstruments, Colo-
rado Springs, CO, USA). The hearts were then excised and
stained with 2,3,5-triphenyltetrazolium (TTC) and Evans blue
dye to delineate the extent of myocardial necrosis as a percent
of the ischemic area at risk (AAR). Hearts were then fixed,
sectioned, and photographed with a Leica microscope and
analyzed with the ImageJ Software (U.S. National Institutes of
Health, Bethesda, MD, USA) (23, 24).

Isolated heart perfusions

Mice were anesthetized with sodium pentobarbital (100 mg/kg
i.p.), and hearts were excised and perfused in a Langendorff
fashion with a KHB buffer containing 7 mM glucose, 0.4 mM
oleate, 1% bovine serum albumin, and 10mU/ml insulin. Hearts
wereperfused for20minat aflowof4ml/min, followedby20min
of global, no-flow ischemia and 30 min of reperfusion. A fluid-
inflated balloon connected to the Chart5 system from ADInstru-
ments was inserted into the LV to measure heart rate and left
ventricular developed pressure (LVDP). The balloonwasfilled to
achieve a baseline LV end-diastolic pressure of 5mmHg that was
kept constant during ischemia and reperfusion (6, 9, 25).

Immunoblotting

Immunoblots and immunoprecipitation were performed as pre-
viously described (6, 25, 26). Rabbit antibodies p-AMPKa (Thr172),
AMPKa, p-acetyl-CoA carboxylase (ACC) (Ser79), ACC, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH), and LKB1 were
obtained from Cell Signaling (Danvers, MA, USA). Rabbit Sesn2
antibodywasobtained fromProteinTech(Chicago, IL,USA).Goat
LKB1 (M-18) was obtained fromSanta Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse LKB1 and mouse Ca2+/calmodulin-
dependent protein kinase kinaseb (CaMKKb) was obtained from
NovusBiologicals (Littleton,CO,USA).MouseFLAGantibodywas
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

HL-1 cardiomyocytes were given to us as a kind gift from
Dr. WilliamClaycomb. Cells were cultured in Claycombmedium
supplemented with 10% fetal bovine serum (Sigma-Aldrich and
Atlanta Biologicals, Lawrenceville, GA, USA), 100 U/ml penicil-
lin, 100mg/ml streptomycin, 0.1mMnorepinephrine, and 2mM
L-glutamine (Sigma-Aldrich) andwere incubated at 37°Cwith 5%
CO2 (27). HeLa cells were cultured in DMEM medium sup-
plementedwith10%fetalbovine serum,100U/mlpenicillin, and
100 mg/ml streptomycin and incubated at 37°C with 5% CO2.
Pharmacological treatment with either vehicle (PBS) or 1 mM
5-amino-1-b-D-ribofuranosyl-imidazole-4-carboxamide (AICAR)
(Enzo Life Sciences, Farmingdale, NY, USA) was administered
to these cells when 80% confluency was reached. Cells were
treated for 30 min at 37°C and then immediately washed with
PBS, lysed, and prepared for biochemical analysis. Hypoxia
treatment was initiated when 80% cell confluency was reached.
Cells dishes were placed into a hypoxia chamber (Billups-
Rothenberg, Del Mar, CA, USA), and a tube containing 95%
N2/5% CO2 hypoxic gas was turned on to flush gas through the
chamber for 10 min to completely deoxygenate the chamber.
The chamber’s gas input/output clamps were then immediately
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clamped, and the chamber was put into a 37°C incubator for the
desired period of time. At theendof hypoxic incubation, the cells
were immediately washed, lysed, and prepared for biochemical
analysis.

Transfection

A bacterial stab of the plasmid pcDNA3-FLAG-LKB1 (28) was
purchased fromAddgene (plasmid 8590; Cambridge,MA,USA).
Agar plates containing ampicillin were streaked with the bacteria
(Escherichia coli) from the stab and incubated overnight at 37°C to
obtain single bacterial colonies. A single colony was chosen to
inoculate 3ml of Luria broth containing 100mg/ml of ampicillin
and was shaken at 37°C for 8 h. A starter culture was then pre-
pared for plasmid DNA purification using the HiSpeed Plasmid
Maxi Kit (Qiagen, Valencia, CA, USA) per the manufacturer’s
instructions. After measuring the DNA concentration using a
NanoDrop (Thermo Scientific, Rockford, IL, USA), purified
plasmid DNA was then transfected to HeLa cells at 70% con-
fluency using Lipofectamine 2000 (Invitrogen, Grand Island, NY,
USA), and the procedure was carried out according to the
manufacturer’s instructions.

Cardiac troponin-I assay

Isolated hearts were subjected to I/R in the Langendorff mode.
On reperfusion, the perfusatewas collected into a beaker that was
kept on ice. A 1 ml aliquot of the total perfusate was used for
detection of troponin-I using the High Sensitivity Mouse Cardiac
Troponin-I ELISA Kit (Life Diagnostics, West Chester, PA, USA)
and was assayed according to the manufacturer’s instructions as
described previously (29).

Statistical analysis

Values are means 6 SEM. Data analysis was performed using
GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA,
USA). Significance was determined by either a 2-tailed, unpaired
Student’s t test or ANOVA using Tukey’s posttest. Data from the
isolatedheart perfusionexperiments comparingcardiac function
over time were analyzed by 2-way repeated-measures ANOVA.
A value of P, 0.05 was considered statistically significant.

RESULTS

Sesn2 is expressed in the heart and cardiomyocytes

Previous studies have demonstrated that Sesn2 mRNA is
expressed in human and mouse heart tissue (30). To verify
that Sesn2 mRNA found in heart tissue translates to
protein intheparenchymalcellsof theheart, cardiomyocytes
andheart homogenateswereprepared for immunoblotting.
The results shown in Fig. 1A, B establish that Sesn2
protein is expressed in the adult mammalian heart and
cardiomyocytes. The band was confirmed to be Sesn2
with the use of lysates from Sesn2 KO hearts. Because
Sesn2has beendemonstrated to be responsive to hypoxic
and ischemic conditions (18), Sesn2 was examined for
its expression in cardiac tissue at basal and ischemic condi-
tions at different timepoints inmousehearts. Interestingly,
Sesn2 expression was significantly increased at just 5 min
of myocardial ischemia (Fig. 1C).

Effects of Sesn2 on cardiac function during
myocardial I/R

Since the generation of Sesn2 KO mice (17), no cardiac
phenotype analysis has been conducted to determine
any possible morphologic or hemodynamic alterations in
thesehearts.Histologically,hematoxylinandeosin staining
revealed that, structurally, the hearts of WT and Sesn2
KOmicewere essentially identical (Supplemental Fig. 1A).
To determine possible hemodynamic differences at
baseline, WT and Sesn2 KO mice were subjected to LV
catheterization with a 1.2 F microtransducer (Scisense) to
acquire real-time PV relationships. Exemplary PV loops
of WT and Sesn2 KO mice demonstrate no significant
differences (Supplemental Fig. 1B). Moreover, measures
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Figure 1. Expression of Sesn2 in cardiac tissue. A) Immunoblot
of Sesn2 in WT mouse heart tissue collected from the LV. B)
Immunoblot of Sesn2 in WT primary cardiomyocytes isolated
from adult mouse hearts. C) Immunoblot of Sesn2 in WT hearts
during basal conditions and different time points of myocardial
ischemia induced by in vivo regional ischemia. Representative
blots and the respective quantifications are expressed as a ratio of
Sesn2 to GAPDH. Values are means 6 SEM for 3–4 independent
experiments. *P, 0.05 vs. basal.
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of pump function such as heart rate, cardiac output, and
ejection fraction were not significantly different between
WT and Sesn2 KO mice (Supplemental Fig. 1B).

To test the hypothesis that Sesn2 is an important
stress-responsive protein with cardioprotective capabilities
against ischemic injury, WT and Sesn2 KOmice were sub-
jected to in vivo regional I/R to assess the extent of myo-
cardial necrosis. After 20 min of left anterior descending
artery (LAD) ligation followed by 4 h of reperfusion, Sesn2
KO hearts demonstrated a significant increase in myocar-
dial infarct size compared with WT hearts (Fig. 2A). Iso-
lated hearts from WT and Sesn2 KO mice were also
subjected to Langendorff heart perfusion to further
investigate the ability of Sesn2 to protect the heart against
ischemic injury and improve postischemic cardiac func-
tion. Hearts were perfused for 20 min at basal conditions
followed by 20 min of global, no-flow ischemia, and were
then reperfused for 30 min (Fig. 2B). Compared with WT
hearts, postischemic cardiac function in Sesn2 KO hearts
was significantly impaired during reperfusion as de-
monstrated by decreased LVDP, dP/dt, and heart rate-
LV pressure products (RPPs) (Fig. 2B). There were no
significant changes in heart rate between WT and Sesn2
KO hearts (Fig. 2B), suggesting that the impairment in
cardiac function after ischemic insults could not be
ascribed to changes in chronotropic effects. Because I/R
has been demonstrated to cause myocardial stunning
where salvaged myocytes display a prolonged period of
contractile dysfunction despite the absence of irreversible
damage (31), the question was then asked as to whether
the impaired recovery of function in the Sesn2 KO hearts
was due to either myocardial stunning or exacerbated cell
death. Both WT and Sesn2 KO hearts were stained with
TTC to determine the extent of necrosis, and myocardial
infarction size was markedly increased in the Sesn2 KO
hearts (Fig. 2C). As the amount of myocardial infarction
correlates to the amount of cardiac-specific troponin-I
released from cardiomyocytes (32), the amount of
troponin-I release into the perfusate was measured and
was found tobe significantly elevated to the samedegree as
the extent of myocardial infarct size in Sesn2 KO hearts
(Fig. 2D). We also observed in the isolated Langendorff
hearts that as the ischemic time was prolonged, the end-
diastolic pressure in the Sesn2KOhearts began to increase
at a significantly higher rate than theWThearts, suggesting
impaired ischemicmyocardial energetics in the absence of
Sesn2 (Fig. 2E).

Sesn2 modulates AMPK activation in the
ischemic heart

In line with the hypothesis of impaired ischemic myocar-
dial energetics in the Sesn2 KO hearts, the question was
asked as to whether Sesn2 could be modulating AMPK
activation to promote cardioprotection because AMPK
can improve myocardial energetics by increasing glucose
uptake (2, 6) and activating phosphofructokinase-2 to
increase rates of glycolysis and ATP generation during
ischemia (33). IsolatedWT and Sesn2 KO hearts perfused
in the Langendorff mode were subjected to either basal or
ischemic conditions and prepared for immunoblotting.
Interestingly, ischemic AMPK phosphorylation was

significantly impaired in Sesn2 KO hearts (Fig. 3A). The
ability of AMPK to phosphorylate its immediate down-
stream target ACC was also significantly impaired in Sesn2
KO hearts during ischemia (Fig. 3A). Specifically, the
effects of both AMPKa1 and AMPKa2 to phosphorylate
ACC were determined by blotting for p-ACC (Ser79) in
the respective immune complexes from the basal and
ischemic heart samples. ACC phosphorylation by both
AMPKa1 and AMPKa2 catalytic subunits was markedly
reduced in Sesn2 KO hearts (Fig. 3B).

Sesn2 is a scaffold for LKB1 and AMPK
during ischemia

To better understand the activation of AMPK during the
time course of ischemia and reperfusion, phosphorylation
on Thr172 of the a-catalytic subunit was detected at pro-
gressive time points during ischemia and I/R. Compared
withbaseline, there is a dramatic and robust increase in the
phosphorylation status of AMPK during ischemia, and
during reperfusion, AMPK phosphorylation returns rap-
idly back to baseline (Fig. 4A). As other reports have de-
monstrated evidence of a Sesn2-AMPK complex in vitro
and in vivo (17, 34), it was sought todeterminewhether this
same interaction exists in the heart. To examine this,
Sesn2 was immunoprecipitated from heart tissue lysates
that underwent the time course of ischemia and I/R. The
immunoblots of Sesn2 immunoprecipitates demon-
strated that Sesn2 does indeed form a complex with
AMPKa in theheart (Fig. 4A). Intriguingly,whendetecting
AMPK phosphorylation in the Sesn2 immune com-
plexes, there is minimal interaction during basal con-
ditions, although with progressive ischemic time, the
interaction increases and approaches basal interactions
during reperfusion (Fig. 4A). It was then asked how
Sesn2 could be influencing AMPK activation, as it does not
possess kinase characteristics. Sesn2 immune complexes
revealed a striking interaction between Sesn2 and LKB1
that occurs at the onset of ischemia and becomes
weakened on reperfusion (Fig. 4A). Moreover, these
events mirror the kinetics of AMPK phosphorylation ob-
served in the total lysates, suggesting that Sesn2 is an
ischemic-induced scaffold that initiates AMPK phosphor-
ylation via the recruitment of LKB1.

To confirm that Sesn2 was indeed promoting AMPK
activation via a complex with LKB1 and AMPKa during
ischemia, WT and Sesn2 KO hearts were subjected to
myocardial ischemia, and LKB1 was then immunoprecipi-
tated from these heart lysates. The LKB1 immune com-
plexes revealed an increased LKB1-AMPKa interaction
during ischemia compared with basal conditions in WT
hearts. However, in the Sesn2 KO hearts, there was little
association between LKB1 and AMPKa during ischemia,
demonstrating that this mechanism is mitigated in the
absence of Sesn2 (Fig. 4B). The depleted interaction
between LKB1 and AMPKa during ischemia could have
been potentially due to decreased LKB1 expression in the
Sesn2 KO hearts. Therefore, LKB1 expression and the
expression of LKB1 partners, mouse protein 25a and
STE20-related adaptor protein a, were examined in
WT and Sesn2 KO hearts, and no differences were
found (Supplemental Fig. 2A). To rule out the
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possibility of another known upstream kinase being
present in the complex with Sesn2 that could trigger AMPK
phosphorylation,Sesn2 immunecomplexeswereprobedfor
CaMKKb (Supplemental Fig. 2B), and the absence of
CaMKKbwas suggestive of anLKB1-dependentmechanism.

LKB1 phosphorylates AMPK during hypoxia when
complexed with Sesn2

To directly determine whether LKB1 was actually
phosphorylating AMPKa (Thr172) when associated
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with this complex, HeLa cells were used as the model
system for these experiments as HeLa cells do not
express LKB1 (35), although they do express AMPK
and Sesn2 (Supplemental Fig. 3A). To mimic

ischemic stress, HeLa cells were subjected to hypoxic
conditions and analyzed for AMPK phosphorylation.
As expected, there was no evidence of AMPK
activation during hypoxia (Supplemental Fig. 3A).
Alternatively, when cells such as the HL-1 cardio-
myocytes (27), which express LKB1, AMPK, and
Sesn2, were subjected to hypoxia, a robust phosphor-
ylation of AMPK was seen (Supplemental Fig. 3B). To
address the question of whether or not hypoxia-
induced AMPK phosphorylation could be restored in
HeLa cells when LKB1 expression is reinstated, HeLa
cells were transfected with a FLAG-tagged LKB1
plasmid (Fig. 4C). HeLa cells with or without LKB1
expression were then subjected to a time course of
normoxic or hypoxic conditions of 6 or 9 h. In-
terestingly, in the HeLa cells that were transfected with
LKB1, AMPK phosphorylation was increased time
dependently during the hypoxic treatment (Fig. 4C).
To determine whether LKB1 was responsible for
phosphorylating AMPK when complexed with Sesn2,
Sesn2 was immunoprecipitated from the HeLa cell
lysates with or without LKB1 that were subjected to
normoxia or hypoxia for 6 or 9 h. Both FLAG and
LKB1 were found to coprecipitate with Sesn2 only in
the HeLa cells that expressed LKB1 (Fig. 4D).
Interestingly, p-AMPKa (Thr172) associated with Sesn2
and increased time dependently with hypoxic treat-
ment. Although LKB1 was associated with Sesn2
during both normoxic and hypoxic conditions, AMPK
phosphorylation was only triggered on hypoxic stimu-
lus (Fig. 4D).

DISCUSSION

The results of this study reveal the importance of Sesn2
in the heart during myocardial I/R injury. First, it is
now established that Sesn2 is expressed in adult
mammalian cardiomyocytes and is responsive to ische-
mic conditions in cardiac tissue. The results also
elucidate the fact that Sesn2 is an essential part of the
adaptive response to I/R as Sesn2 KO hearts display
exacerbated myocardial infarction and impaired post-
ischemic cardiac function as indicated by the in vivo
and ex vivo heart perfusion experiments. Furthermore,
we identified a unique mechanism by which Sesn2
promotes AMPK activation during myocardial ischemia
where Sesn2 acts as an ischemia-induced scaffold
protein to initiate AMPK phosphorylation via a time-
dependent interaction with LKB1.

Sesn2 is a member of a highly conserved group of
individual proteins collectively known as the Sestrins
(36) and is expressed in various tissues including the
heart. The induction and regulation of Sesn2 expres-
sion has previously been demonstrated to be stress
inducible and initiated as a result of DNA damage and
oxidative stress via a p53-dependent manner (17).
Previous studies have attributed Sesn2 to many
important cellular processes and functions such as
autophagy (37), metabolism (38), and reactive oxygen
species quenching (39). Moreover, Sesn2 is also
induced in response to hypoxia, simulated ischemic
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conditions such as hypoxia/glucose deprivation, and
cerebral ischemia (18–20). Consistent with these re-
sults, there was a slight but significant increase in
Sesn2 accumulation during myocardial ischemia.
Studies suggest that Sesn2 is a target of hypoxia-

inductible factor-1, which is rapidly activated during
myocardial ischemia (16), as experiments conducted
in hypoxia-inductible factor-1a–depleted cells demon-
strate an absence of or diminished Sesn2 expression
(19, 20). Alternatively, it is also likely that the rapid
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accumulation of Sesn2 is due to a posttranslational
mechanism. Sesn2 does contain several phosphory-
lation sites that may be of importance in terms
of promoting its stabilization or preventing degrada-
tion (18).

Elegant studies creating a cardiac-specific Sestrin
KO in Drosophila (because Drosophila express only one
Sestrin gene) have demonstrated that Sestrin plays
a significant role in maintaining basal cardiac in-
tegrity as Sestrin-deficient hearts display increased
arrhythmias, bradycardia, disrupted myofibrils, and
defective autophagy (21). In the current study, we did
not detect any significant changes in the basal cardiac
phenotype between WT and Sesn2 KO mice that may
have influenced any sensitivity when the ischemic
insults were conducted. Because Sesn2 is a stress-
inducible protein, these results were not surprising,
as we did not expect any significant changes when
examining basal cardiac hemodynamics. Further-
more, as there are 2 other Sestrin genes (1, 3), there
is likely to be compensation maintaining basal cardiac
integrity, warranting future investigations with other
Sestrin KOs or combinations thereof. Despite the
absence of any basal cardiac phenotype abnormali-
ties, subjecting Sesn2 KO hearts to myocardial ische-
mia and subsequent reperfusion demonstrated
exacerbated myocardial infarction and impaired con-
tractile function compared with WT hearts. Therefore,
Sesn2 is cardioprotective in nature, as the reason for
impaired cardiac function after I/R was due to in-
creased cell death and not aggravated myocardial stun-
ning as demonstrated by TTC staining and increased
troponin-I release. Sesn2 is thus a significant Sestrin
in the heart during ischemic stress and, to the best of
our knowledge, the only Sestrin to date implicated in
the hypoxic response.

The results presented here indicate that the
mechanism of increased sensitivity to I/R injury in
the Sesn2 KO hearts is due to the significant im-
pairment of ischemic AMPK activation as evidenced by
depleted AMPK and ACC phosphorylation. Moreover,
we have identified that the mechanism of Sesn2-
induced AMPK activation occurs through the co-
operative interaction with LKB1 during ischemia. It
is important to note, however, that moderate and
significant AMPK activation still exists in the absence
of Sesn2 in the heart, suggesting that this is not the
sole mechanism for how LKB1 might stimulate AMPK.
Similarly, as LKB1 primarily affects AMPKa2 activity
(14), in our hands, both a1 and a2 were affected with
Sesn2 deficiency. Our findings are in agreement with
studies that have also detected an apparent Sesn2-
AMPK complex (17, 34). It was initially postulated that
because Sesn2 and AMPK are associated in a complex
and kinase activity is not possessed by Sesn2, Sesn2
could enhance AMPK activity simply by induced
autophosphorylation, as LKB1 was not found to be in
Sesn2 immune complexes (17). We provide evidence
that LKB1 is recruited to this complex during myo-
cardial ischemia in a robust time-dependent man-
ner to phosphorylate AMPKa, suggesting that this
induced protein-protein interaction is very sensitive to
ischemic conditions, which may serve to enhance the

stability of Sesn2. Interestingly, the ischemia-induced
LKB1-AMPKa interaction was significantly blunted in
the Sesn2 KO hearts, suggesting the pivotal role of
Sesn2 as a scaffold protein to modulate this reaction
in the heart. The results of the LKB1 transfection
experiments conducted in HeLa cells were able to
confirm the molecular mechanism of Sesn2 as a scaf-
fold to induce the phosphorylation of AMPK by LKB1.
Due to the overexpression of LKB1 in these cells, there
was an apparent competition between LKB1 and
AMPKa to associate with Sesn2, demonstrating the
robustness of the apparent Sesn2-LKB1 interaction
and cooperation in stimulating AMPK activation.
Despite reduced Sesn2-AMPK association in the
presence of increased LKB1, phosphorylation of
AMPK was still triggered by LKB1 in this complex,
however, only when the cells were exposed to the
hypoxic stimulus.

A recent paper by Sanli and colleagues (34) demon-
strated results complimentary to ours that further
indicates the role of Sesn2 as an LKB1 scaffold to
trigger AMPK activation in cells exposed to ionizing
radiation. Other studies also demonstrated the capacity
of AMPK to cooperate with scaffold proteins, such as
transforming growth factor-b–activated protein kinase
1-binding protein 1, in the ischemic heart, which in
this complex, recruits and activates p38 MAPK to
cause increased glucose uptake during myocardial
ischemia (26). Moreover, scaffold proteins are thought
to be key mechanisms for insulating the particular target
kinase and preventing “signal drifting” from adjacent sig-
naling pathways (40, 41). Therefore, in the case of an
upstream kinase such as LKB1, Sesn2 provides a structural
platform whereby LKB1 is able to phosphorylate AMPK
on either hypoxic or ischemic stimuli.

Previous studieshave found that AMP is not required for
Sesn2-induced AMPK activation, as the degree of AMPK
phosphorylation in control compared with Sesn2-
deficient cells when treated with AICAR remains the same
(17). The results obtained in this study are consistent with
these results in that AMP is not required for Sesn2-induced
AMPKphosphorylationbecause Sesn2KOcardiomyocytes
treated with AICAR demonstrated significant AMPK
phosphorylation (Supplemental Fig. 4A) to the same
degree as WT cardiomyocytes. Complementary to these
results, in HeLa cells lacking the expression of LKB1, we
observed no increase in AMPK activation when exposed to
hypoxia (Supplemental Fig. 3A), whereas HeLa cells
treated with AICAR still demonstrated an increase in
AMPK phosphorylation (Supplemental Fig. 4B). There-
fore, LKB1-mediated AMPK activation through the scaf-
folding mechanism of Sesn2 suggests a dependence on
hypoxic or ischemic stimuli rather than increased con-
centrations of AMP. Nevertheless, LKB1-mediated AMPK
phosphorylation can also be potentiated in an AMP-
dependent manner (12, 14), which may be independent
of Sesn2.

In summary, we demonstrated that Sesn2 is a signif-
icant player in the adaptive response to ischemic injury
by influencing AMPK activation. Further understanding
of AMPK signal transduction remains an important feat
for the development of novel therapeutic strategies
against I/R injury. Future studies are warranted to
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determine how Sesn2-mediated AMPK activation di-
rects AMPK signaling to achieve a cardioprotective
response.
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