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Abstract

Background—The AMP-activated protein kinase (AMPK) plays critical roles in growth
regulation and metabolism reprogramming. AMPK activation protects cells against apoptosis from
injury in different cell and animal models. However, its function in necroptosis remains largely
unclear.
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Methods and Results—In the current study, we demonstrated that AMPK was activated upon
necroptosis induction and protected mouse embryonic fibroblasts (MEFs) and cardiomyocytes
from N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) and reactive oxygen species (ROS) induced
necroptosis. Activation of AMPK with chemicals A-769662, 2-deoxyglucose (2-DG), and
metformin or constitutively active (CA) AMPK markedly decreased necroptosis and cytotoxicity
induced by MNNG. In contrast, AMPK inhibitor compound C, dominant negative (DN) AMPK,
as well as AMPK shRNAs increased necroptosis and cytotoxicity induced by MNNG. We further
showed that AMPK physically associated with a protein complex containing PGAMS5 and Keapl
whereby facilitating Keapl-mediated PGAMDS ubiquitination upon necroptosis induction. The
AMPK agonist metformin ameliorated myocardial ischemia and reperfusion (IR) injury and
reduced necroptosis through down-regulating the expression of PGAMS in the Langendorff-
perfused rat hearts.

Conclusion—Activation of AMPK protects against necroptosis via promoting Keapl-mediated
PGAMS degradation. Metformin may act as a valuable agent for the protection of myocardial
ischemia and reperfusion injury by activating AMPK and reducing necroptosis.
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AMP-activated protein kinase (AMPK); necroptosis; Keapl-PGAMS5 complex; metformin;
ischemia and reperfusion injury

1. Introduction

The AMP-activated protein kinase (AMPK) is a cell energy sensor [1,2]. Under lowered
intracellular ATP levels, AMP or ADP directly binds to the -y regulatory subunit of AMPK,
leading to a conformational change that promotes AMPK phosphorylation and protects
AMPK from dephosphorylation to ensure its activation. Phosphorylation of Thr 172 in the
activation loop of AMPKa is required for AMPK activation by LKB1, CaMKKS, and
TAKL1. Activated AMPK phosphorylates and inactivates a number of metabolic enzymes
involved in ATP-consuming cellular events including fatty acid, cholesterol and protein
synthesis, and activates ATP-generating processes including the uptake and catabolism of
glucose and fatty acids, hence maintaining the cellular energy balance. Activated AMPK
may also regulate cell cycle, inhibit cell proliferation, maintain cell polarity, induce
autophagy, and enhance cerebral amyloid- clearance [1].

Phosphoglycerate mutase 5 (PGAMD5) is one of the 12 members of the PGAM family.
PGAMS5 and two other members of the family, STS1 and STS2, are protein phosphatases
although most PGAM members catalyze the phosphorylation of metabolites [3]. PGAMS is
an atypical mitochondrial Ser/Thr phosphatase that modulates mitochondrial fragmentation
and cell death [3]. PGAMS5 localizes to the outer membrane of mitochondria with its C
terminus facing the cytoplasm. There are two splice variants of PGAM5, PGAM5L (long
form) and PGAMSS (short form). Overexpression of the PGAMS5S isoform results in a
disconnected punctuate mitochondrial pattern, a typical phenotype of apoptosis, but without
disruption of the mitochondrial membrane permeability potential and cytochrome C release
[3,4]. Recent studies showed that PGAMS is required for TNFR-triggered and reactive
oxygen species (ROS)-induced intrinsic necroptosis, indicating that PGAMS5 locates at the
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convergence point of multiple necrotic pathways [5]. Upon activation of the extrinsic
necroptosis pathway, PGAMS5L tethers necrosome complex 1 consisting of receptor
interacting protein kinase-1 (RIP1), RIP3, and mixed lineage kinase domain-like (MLKL)
protein to PGAMS5S on the mitochondrial membrane. Subsequently, RIP3 mediates
PGAMSS phosphorylation, leading to the activation of the PGAMS5S-Drp-1 axis that induces
necroptosis [5,6].

Keapl is a Bric-a-Brac (BTB)-Kelch substrate adaptor protein for a Cul3-dependent
ubiquitin ligase complex that functions as a sensor for thiol-reactive chemopreventive
compounds and oxidative stress [7]. PGAMS5 is a substrate for the redox-regulated Keapl-
dependent ubiquitin ligase complex, which licenses proteasome-dependent degradation of
PGAMS [8,9]. In the current study, we report a novel function of AMPK in the suppression
of necroptosis via promoting Keapl-mediated degradation of PGAMDS.

2. Methods

2.1 Antibodies and chemicals

Antibodies against ACC, pho-ACC (Ser79), AMPK, pho-AMPK (Thr172), S6 and pho-S6
(Ser240/244) were purchased from Cell Signaling (Beverly, MA). Anti-RIP1, RIP3, PGAM5
and Keap1 antibodies were from Abcam Inc. (Cambridge, MA). Anti-GFP and a-tubulin
monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibody against pan-phosphoserine/threonine was purchased from BD Pharmingen (San
Diego, CA). Antibody against GAPDH was purchased from Fitzgerald (Acton, MA).
Thiazolyl blue tetrazolium bromide (MTT), N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG), 2-deoxy-D-glucose (2-DG), puromycin, metformin, triphenyl tetrazolium chloride
and Evans blue were purchased from Sigma-Aldrich (St. Louis, MO). zZVAD-fmk was
purchased from Biomol International (Plymouth Meeting, PA). A-769662 was purchased
from BIOTANG (Waltham, MA).

2.2 Cell lines and transfection

Wild-type (WT) and AMPKa ™~ mouse embryonic fibroblasts (MEFs) were obtained from
Dr. Laderoute lab [10]. Cardiomyocyte cell lines HOC2 were obtained from the American
Type Culture Collection. Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) in a humidified incubator containing 5%
CO2 at 37 °C. pECE-AMPKa2-WT, constitutively active AMPKa2 (AMPKa2-CA) (by
truncating AMPKa2 cDNA at the position corresponding to amino acid 310) and dominant
negative AMPKa2-K45R (AMPKa.2-DN) plasmids were provided by Dr. Anne Brunet at
Stanford University [11]. AMPKa2-WT, AMPKa2-CA and AMPKa2-DN fragments were
further subcloned into pEGFP-CL1 vector to generate GFP-AMPKa2-WT, GFP-AMPKa 2-
CA, and GFP-AMPKa.2-DN constructs [12]. U20S cells were transfected with these
plasmids and selected with 800 pg/ml G418 for two weeks for the establishment of stable
expression cell lines.
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2.3 Lentiviral packaging and shRNA knockdown of PGAM5

shRNAs targeting murine PGAMS5 were purchased from Open Biosystem (Lafayette, CO).
Lentiviral supernatant was prepared as described previously [12]. Wild-type and AMPKa. ™~
MEFs were infected with the ShRNA-PGAMS lentiviral supernatant and selected with 2
ug/ml puromycin for two weeks. The effect of PGMADS knockdown was verified by
immunoblotting.

2.4 Cell viability and cell death assay

Cell viability was measured by the MTT assay. Cell death was determined by trypan blue
(Sigma-Aldrich, MO) exclusion assay.

2.5 Co-immunoprecipitation (co-I1P)
293T cells were seeded in a 6-cm dish at 1.5x106 cells/dish. 24 h later, protein extracts from
four dishes were pre-cleared with protein G-sepharose beads (Upstate) and used for co-IP as
described previously [12]. The precipitated proteins were dissolved in 30 ul 1 x SDS loading
buffer and analyzed by western blotting using the appropriate antibodies.

2.6 Immunoblotting

Cells and heart samples were collected in RIPA lysis buffer. Immunoblotting was performed
as described previously [12]. A total of 30 pg proteins were used for the immunoblotting,
unless otherwise indicated. GAPDH or a-tubulin was used for the loading control.

2.7 Immunofluorescence

293T cells were treated with 200 pM MNNG for 10 min before fixation with 4%
paraformaldehyde. Cells were then permeabilized, blocked, and incubated with first and
second antibodies. The samples were observed under a confocal microscope LSM510 (Carl
Zeiss Microimaging Inc.) with appropriate binning of pixels and exposure time.

2.8 Animal experiments

The animal protocols were approved by the Committee for Experimental Animals at Jilin
University. Adult, healthy male Sprague-Dawley rats, weighing 180-230g and of healthy
grade were approved by the Committee for the experiments. Three to eight animals were
used in each group (time point). All animals received humane care and that study protocols
comply with the institution’s guidelines.

Langendorff-perfused rat heart model preparation, experimental drug treatment, myocardial
infarction size determination, lactate dehydrogenase (LDH) and creatine kinase-MB (CK-
MB) detection, histology staining, and Evans blue staining for the degree of myocardial IR
injury were performed as previously reported by us and other group [13,14] and detailed in
online Supplementary Methods and Fig. S1.

2.9 Statistical analysis

The unpaired t test was used for the statistical analyses between two groups. £< 0.05 was
considered statistically significant.
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3. Results

3.1 Loss of AMPKa sensitizes cells to necroptosis induction

To determine whether AMPK is involved in necrotic cell death, WT or AMPKa ™~ MEFs
were treated with DNA alkylating agent MNNG, hydrogen peroxide (H202), or tumor
necrosis factor a (TNFa) that were previously characterized as necroptosis inducers. As
shown in Fig. 1A, cell viability was markedly decreased in AMPKa ™~ MEFs treated with
MNNG as compared with WT MEFs in a dose dependent manner. To confirm the reduction
in cell viability was not due to apoptosis, we pretreated WT and AMPKa ™~ MEFs with
zZVAD-fmk, a pan-apoptotic inhibitor, before addition of MNNG. The cells still underwent
cell death in the presence of zZVAD-fmk (Fig. 1B and C). Similarly, zVAD-insensitive cell
death was markedly increased in AMPKa ™'~ MEFs than in WT MEFs treated with H202
(Fig. 1D). TNFa induces necrotic cell death in the face of pretreatment with cycloheximide
(CHX) and z-VAD [15,16]. As shown in Fig. 1E, cell viability was significantly decreased in
AMPKa = MEFs compared with that in WT MEFs treated with TNF-a in the presence of
CHX and z-VAD-fmk.

Next, we questioned whether activation of AMPK might prevent cells from necroptosis. We
treated WT and AMPKa ™/~ MEFs with A-769662, a small molecule compound functioning
as a direct activator of AMPK, in addition to MNNG. Cell viability was increased in WT
MEFs treated with MNNG in the presence of A-769662, whereas there was no difference for
the viability of AMPKa ™'~ MEFs treated with MNNG regardless of the co-treatment of
A-769662 (Fig. 1F). 2-DG is a glucose derivative in which the 2-hydroxyl group is replaced
by hydrogen, so that it disrupts glycolysis and activates AMPK [11]. Consistently,
pretreatment of 2-DG promoted cell survival under the treatment of MNNG (Fig. 1G). Thus
our data suggest that AMPK activation suppresses MNNG-induced necroptosis.

To further characterize the role of AMPK in the protection of necroptosis, we established
U20S-GFP, U20S-GFP-AMPKa.2-WT, and U20S-GFP-AMPKa2-CA cell lines. Cell
viability was markedly increased and cytotoxicity was decreased in AMPKa2-WT or
AMPKa2-CA cells as compared to control cells in response to MNNG (Fig. 1H, I). Similar
results were obtained when these cells were exposed to H,0, (Fig. 1J and K). In addition,
we knocked down AMPKa using siRNAs in embryonic cardiomyocyte cell line H9C2 and
exposed the cells to MNNG, TNFa, and H202. Consistently, depletion of AMPK sensitized
HIC2 cells to the treatment of these agents and abrogated the protective effect of A-769662,
the AMPK activator (Fig. 1L-N). Together, our results suggest that loss of AMPKa
sensitizes cells to the induction of necroptosis, whereas activation of AMPK reduces the cell
death.

3.2 AMPK is activated upon necroptosis induction and inactivation of AMPK enhances
necroptosis

To determine whether AMPK signaling is activated upon necroptosis induction, WT MEFs
were treated with MNNG or H,0, after pretreatment of z-VAD-fmk. As shown in Fig. 2A
and B, exposure to either MNNG or H202 led to marked increases in pAMPKa (Thrl72)
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and pACC (Ser79) and decreases in pS6 (Ser240/244). Similarly, activation of AMPK was
observed in U20S cells treated with MNNG or H,05 (Fig. 2C-F).

To further validate the role of AMPK activation in necroptosis, we exposed the cells to
AMPK inhibitor compound C (CC) and analyzed cellular response to necroptosis induction.
Application of CC suppressed the activation of AMPK and modestly reduced cell viability in
AMPK-intact cells (Fig. 2G). Strikingly, combination of CC and H202 markedly reduced
cell survival in WT MEFs, whereas cell viability of AMPK—-/- MEFs under the treatment of
H202 was not altered by the addition of CC (Fig. 2G). Next, expression of a dominant
negative form of AMPKa2, GFP-AMPKa.2-DN, was exploited to inhibit AMPK signaling.
Transduction of AMPKa.2-DN reduced metformin-induced AMPK activation (Fig. 2H).
Moreover, MNNG-induced reduction of cell viability was further augmented due to
AMPKa2-DN transduction (Fig. 21). Taken together, our results suggest that AMPK is
activated upon necroptosis induction and inactivation of AMPK signaling reduces cell
survival under the treatment of necroptosis inducers.

3.3 AMPK regulates PGAMS5 expression and forms a complex with PGAMS5 and Keapl

Upon necroptosis induction, RIP1 and RIP3 form a complex with MLKL and further
activate the mitochondrial phosphatase PGAMS to trigger the necroptosis process [5]. We
found that AMPKa—/— MEFs possessed a high level of PGAMS5 as compared with WT
cells, and treatment with MNNG further increased the level of PGAMS (Fig. 3A). In
contrast, expressions of RIP3 and RIP1 were marginally decreased in AMPKa—/— MEFs
(Fig. 3A). Moreover, PGAMS5 expression was decreased in U20S cells transfected with
either GFP-AMPKa2-WT or GFP-AMPKa2-CA in response to H,O, although the
expression of RIP1 was not altered (Fig. 3B).

To further determine the impact of PGAM5 on AMPK-mediated protection of necroptosis,
stable cell lines expressing shRNA-PGAMS5 were established in WT and AMPKa—/- MEFs
(Fig. 3C). Knockdown of PGAMS substantially reduced cellular sensitivity to MNNG in
WT and AMPK-/- MEFs (Fig. 3D). The increased cytotoxicity of AMPKa—/- MEFs
versus WT MEFs upon MNNG or H,0, treatment was also partially reversed following
PGAMS5 knockdown (Fig. 3E and F).

Next, we tested whether over-expression of PGAM5 might be sufficient to abrogate the
protective effect of AMPK on necroptosis. As shown in Fig. 3G and H, over-expression of
PGAMS reduced cell viability and abolished the protective effect of 2-DG upon the
application of MNNG. Further GFP-AMPKa.2-CA did not exhibit any protective effects
against MNNG or H202 treatment when PGAMD5 was over-expressed (Fig. 31 and J).

PGAMS is a substrate for the redox-regulated Keap1-dependent ubiquitin ligase complex
[8,9]. To determine whether AMPK regulates PGAMS5 through Keapl, we exposed the
U20S control, U20S/GFP-AMPKa2-WT, and U20S/GFP-AMPKa2-CA cells to MNNG
or H202 and detected the expression of Keapl. Relatively higher levels of Keapl were
detected in WT- and AMPKa2-CA cells as compared with the parental cells, and Keapl
levels in the cells were further increased following exposure to HoO, or MNNG (Fig. 3K
and L).
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To explore the potential mechanisms whereby AMPK regulates Keapl-PGAMS5, we
transfected 293T cells with PGAMS5 and GFP-AMPKa2-CA and performed co-IP assays.
Both GFP-AMPKa2-CA (Fig. 3M) and PGAMS5 (Fig. 3N) were present in each other’s
immunoprecipitates, suggesting that PGAMS5 is associated with AMPKa2. Further, we
found that Keapl was also included in the AMPK-PGAMS5 complex when PGAMD5, Keapl,
and GFP-AMPKa.2-CA were co-expressed and analyzed with reciprocal co-1Ps (Fig. 30-
Q). Thus, we conclude that AMPK, Keapl, and PGAMS5 are physically associated.

To further verify the interactions among AMPK, PAGM5 and Keapl, immunofluorescence
staining was performed in 293T cells treated with MNNG. As shown in Fig. 3R and S,
Keapl was co-localized with AMPKa as well as PGAMS, and the co-localization was
strongly induced upon MNNG (Data not shown). Taken together, these data indicate that
AMPK is associated with the PGAM5-Keapl complex.

3.4 AMPK promotes Keapl-mediated ubiquitination of PGAM5

Keapl has been reported to mediate the ubiquitination of PGAMS [3,9]. We then sought to
interrogate whether AMPK down-regulates PGAMS5 through Keapl-mediated
ubiquitination. To assay the rate of Keap1 protein turnover, WT and AMPKa /=~ MEFs were
treated with CHX to inhibit protein synthesis. The levels of Keapl were determined at
different time points after the addition of CHX. The half-life of Keapl protein was more
than 4 h in WT MEFs, but it was shortened to 2 h in AMPK-deficient MEFs (Fig. S2A and
B), indicating that Keapl becomes unstable in the absence of AMPK.

To determine whether the ubiquitination of PGAMS is regulated by AMPK, we co-
transfected 293T cells with HA-ubiquitin, PGAM5, Keapl, and/or GFP-AMPKa2-CA
constructs (Fig. S2C). The presence of HA-ubiquitin conjugation onto PGAMD5 protein was
measured by anti-HA immunoblot analysis of anti-PGAMS5 immunoprecipitates. As shown
in Fig. S2D, a marked increase in ubiquitin conjugation onto PGAMS5 was observed in the
presence of co-expressed GFP-AMPKa2-CA, revealing a role of AMPK in the promation of
PGAMS5 ubiquitination.

3.5 AMPK attenuates ischemia/reperfusion (IR)-induced myocardial necroptosis and
improves cardiac function in Langendorff heart

To identify whether activation of AMPK reduces necroptosis in vivo, we treated the
Langendorff-perfused rat hearts with metformin, an antidiabetic agent that activates AMPK,
and monitored the IR injury. It showed that application of metformin substantially attenuated
post-ischemic myocardial infarction (Fig. 4A and B), with reduced LDH and CK-MB levels
(Fig. 4C and D) and histopathological necrotic areas (Fig. 4E) and improved cardiac
function (Fig. 4F). Evans blue dye uptake, an indicator for measuring the necroptosis after
IR injury, was markedly decreased in rat hearts treated with metformin (Fig. 4G and H).
Furthermore, metformin did not exhibit any cardioprotective effects against IR injury when
activation of AMPK was suppressed with the treatment of compound C (Fig. 4A—H).
Consistent with the notion that activation of AMPK protects cardiomyocytes from
necroptosis in vivo, the levels of pAMPK and Keapl were increased, whereas PGAMS5 was
decreased in metformin-treated hearts. Co-administration of compound C with metformin
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largely abolished the effects of metformin on these biochemical markers (Fig. 41). Taken
together, our results suggest that activation of AMPK by metformin lessens IR-injury-
induced necroptosis (Fig. 4J).

4. Discussion

In the current study, we reported that AMPK protected MEFs and cardiomyocytes from
MNNG- and ROS-induced necroptosis. AMPK activators A-769662 and 2-DG reduced cell
necroptosis after MNNG treatment in these cells (Fig. 1). In contrast, inactivation of AMPK
enhanced necroptosis induction (Fig. 2). More importantly, our in vivo study demonstrated
that application of AMPK activator metformin attenuated IR-induced myocardial
necroptosis and improved cardiac function in Langendorff heart model.

Wang et al. [5] reported that PGAMS5 is phosphorylated by RIP3 under necroptosis
induction, leading to an increased PGAMS5 phosphatase activity. Strikingly, dynamin-related
protein 1 (DRP1), a GTPase that controls mitochondrial fission was found to be recruited to
the necrosome by PGAMSS, the short form of PGAMS, and to be subsequently activated
through the PGAMSS phosphatase activity. Knockdown of PGAMS5S or DRP1 prevented
necroptosis, indicating that recruitment and activation of DRP1 by PGAMSS are crucial for
the execution of this pathway [5]. Although the role of PGAMS activation in necroptosis
prompted by different inducers may not be generalizable [17-20], investigators indeed
provided unarguable evidence demonstrating that PGAMS is located at the convergence
point of the necrotic pathways in TNFa, ROS, and calcium ionophore-induced necroptosis.
In the current study, we demonstrated that AMPK-induced protection against necroptosis
was mediated via downregulation of PGAMS5, supporting the critical role of PGAMS5 in
necroptosis.

PGAMS is a substrate for the redox-regulated Keap1-dependent ubiquitin ligase complex
[3]. Ablation of Keap1 signaling reduces macrophage/neutrophil trafficking, pro-
inflammatory cytokine programs, and hepatocellular necroptosis/apoptosis [21]. Moreover,
activation of Keapl increases the level of intracellular ROS, which further leads to a
thioredoxin-dependent increase in a reduced state of Keapl, hence promoting PGAM5 and
Bcel-xL degradation in prostate cancer cells [22]. We cotransfected PGAM5, Keapl and
GFP-AMPKa2-CA constructs into 293T cells and demonstrated that AMPK was associated
with Keapl and PGAMS complex (Fig. S2). Further, we confirmed that activation of AMPK
increased the ubiquitination of PGAMS, which most probably resulted from the stabilization
of Keapl (Fig. S2).

Accumulating evidence suggests that mitochondrial fission characterized by fragmentation
and the disappearance of cristae membranes and the formation of small, round, disconnected
units of mitochondria occurs early in necrotic cell death and is a causal event for necroptosis
[23,24]. Consistently, PGAMS5 was found to regulate mitochondrial fission in a context-
dependent manner [5]. In a recent report, interestingly, Toyama et al. [2] found that AMPK
is activated and phosphorylates DRP1 receptor protein MFF (mitochondrial fission factor)
under stresses and hence promotes the relocation of DRP1 to the outer membrane of
mitochondria and the formation of mitochondrial fission. The increased fission induced by
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AMPK facilitates selective elimination of the damaged mitochondria through mitophagy,
which may act as a quality-control response to stresses.

Although starvation or deprivation of glucose also leads to the increase of AMP and the
decrease of ATP and hence activates AMPK, neither of them physiologically results in
fission, but contrarily suppresses the process, inducing mitochondria to elongate [25,26]. It
remains unknown how different stresses that activate AMPK lead to distinct mitochondrial
responses. Modulation of DRP1 expression, location, and phosphorylation may contribute to
various responses. There is evidence showing that starvation of cells and/or activation of
AMPK induce DRP1 phosphorylation at S637, which has been linked to the inhibition of
DRP1 and a decrease in mitochondrial fission [25-28]. In addition, recent studies revealed
that pharmacological activation of AMPK by 2-DG, AICAR, and metformin downregulates
the expression of DRP1 and reduces its translocation into mitochondria in endothelial cells,
cardiomyocytes, and hepatocytes, hence prevents mitochondrial fragmentation and
dysfunction [29-32]. Moreover, it was found that PRKAA (AMPKa gene) deletion inhibits
autophagy-dependent degradation of DNM1L (dynamin 1-like), a mitochondrial fission
protein that promotes mitochondrial fragmentation in vascular endothelial cells [33]. In the
current study, we characterized a new mechanism by which AMPK acts in necroptosis
regulation and possibly in mitochondrial integrity through enhancing the degradation of
PGAMS (Fig. 4J). Collectively, these data suggest that activation of AMPK plays a role in
mitochondrial homeostasis at multiple layers, highlighting the importance of fine-tuning
mitochondrial fission/fusion responses to different stimuli. AMPK works in the context of
other cellular signals to promote a variety of mitochondrial functions, including the
execution of necroptosis.

Necroptosis is of central pathophysiological process relevant to the development of multiple
diseases, such as ischemia-reperfusion injury, myocardial infarction, atherosclerosis, stroke,
pancreatitis, and inflammatory bowel disease [34-36]. Administration of necroptosis
inhibitor necrostatin-1 substantially reduced infarct size [34,37], inhibited RIP1/RIP3
phosphorylation, and significantly suppressed cell death in guinea pig and mouse I/R heart
models, confirming the involvement of the necroptotic pathway in cardiomyocyte injury.
Metformin is an efficient activator of AMPK and used in clinic for the treatment of diabetes
for decades with no significant side effects. Thus, we questioned whether metformin is able
to ameliorate I/R injury, in particular necroptosis, by activation of AMPK. We found that
AMPK activation by metformin inhibited the expression of PGAMS5, reduced necroptosis,
and exerted a markedly cardioprotective effect. The anti-necrotic effect of metformin was
abrogated in rat hearts after AMPK suppression (Fig. 4A-1). Taken together, our study
provides in vivo evidence demonstrating that AMPK plays an important role in the
protection of necroptosis and activation of AMPK with activators, such as metformin, could
be a valuable method for the improvement of myocardial I/R injury.

4.1. Limitations

In the study, we used MNNG, H202, and TNFa to induce necroptosis. MNNG is a DNA-
alkylating agent, administration of which could activate PARP-1 and stimulate the synthesis
of PAR, leading to parthanatos, another form of regulated necrosis [38]. Although some
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investigators consider parthanatos and necroptosis as two subsets of programmed necrosis
sharing similar phenotypes [39], these two types of necrosis possess individual molecular
characteristics [40]. We did not specify the contribution of parthanatos to necroptosis we
analyzed and could not rule out the potential existence of parthanatos in MNNG-induced
Necrosis.

5. Conclusions

AMPK is activated upon necroptosis induction. Activated AMPK protects cells from
necroptosis by promoting Keapl-mediated PGAMS degradation. The AMPK agonist
metformin reduces cadiomyocyte necroptosis and ameliorates myocardial IRI1. Metformin
may act as a valuable agent for the protection of myocardial damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Loss of AMPKa sensitizes cells to necroptosis induction. (A) WT and AMPKa-null MEFs

were treated with 100 uM or 200 uM MNNG for 10 min. The cells were cultured in fresh
medium for 24 h. Cell viability was measured by MTT assay. (B) WT and AMPKa.-null
MEFs were pretreated with z-VAD (50 uM) for 2 h, followed by treatment with 200 uM
MNNG for 10 min. The cells were cultured in fresh medium for 24 h. Cell viability was
measured by MTT assay. (C) WT and AMPKa-null MEFs were treated as described in (A).
The supernatant was collected. Cytotoxicity was determined by LDH assay. (D) WT or
AMPKa-null MEFs were treated with 50 uM H,05, for 24 h. Cytotoxicity was determined
by LDH assay. (E) WT or AMPKa.-null MEFs were pretreated with CHX (10 pg/ml) and z-

Int J Cardiol. Author manuscript; available in PMC 2019 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 14

VAD (50 uM) for 2 h, followed by treatment with TNFa (150 ng/ml) for 24 h. Cell viability
was measured by MTT assay. (F) WT or AMPKa-null MEFs were pretreated with A769662
(20 uM) for 2 h, followed by treatment of 200 uM MNNG for 10 min. The cells were then
cultured in fresh medium for 24 h. Cell viability was measured by MTT assay. (G) U20S
cells were pretreated with 2-DG (10 mM) for 1 h, followed by treatment of MNNG (100
uM) for 15 min. The cells were then cultured in fresh medium for 24 h. Cell viability was
measured by MTT assay. (H, I,). U20S-GFP, U20S-GFP-AMPKa2-WT and U20S-GFP-
AMPKa2-CA cells were treated with 100 uM MNNG for 15 min, and then cultured in fresh
medium. Twenty four hours later, cell viability (H) and cytotoxicity (I) were determined by
MTT and LDH assay, respectively. (J, K) U20S-GFP, U20S-GFP-AMPKa2-WT and
U20S-GFP-AMPKa2-CA cells were treated with H,O, (600 uM) for 1 h. Cell viability (J)
and cytotoxicity (K) were measured by MTT and LDH assay, respectively. (L, M) HIC2
cells were pretreated with A769662 (20 uM) for 2 h, followed by treatment of 100 uM
MNNG for 15 min (L) or 600 uM H,05 for 1 h (M). Cell viability was measured by MTT
assay after 24 h. (N) H9C2 cells were pretreated with CHX (10 pg/ml) and z-VAD (50 uM)
for 2 h, followed by treatment with TNFa (150 ng/ml) for 24 h. Cell viability was measured
by MTT assay. All data are presented as mean = SEM of triplicates. * P < 0.05.
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Fig. 2.
AMPK is activated upon necroptosis induction and inactivation of AMPK enhances

necroptosis. (A) MEFs were treated with 200 uM MNNG for 10 min and cultured with fresh
medium. The cells were collected at the indicated time points after the treatment. Cell
lysates were subjected to western blot analysis. (B) MEFs were treated with 50 pM H202
for the indicated time points. Cell lysates were subjected to western blot analysis. (C) U20S
cells were treated with MNNG at the indicated concentrations for 15 min and cultured with
fresh medium. Cell lysates were subjected to western blot 2 h after the treatment. (D) U20S
cells were treated with 200 UM MNNG for the indicated time points. Cell lysates were
subjected to western blot analysis. (E) U20S cells were treated with H202 at the indicated
concentrations for 2 h. Cell lysates were subjected to western blot analysis. (F) U20S cells
were treated with 600 uM H202. Cell lysates were collected at the indicated time points and
subjected to western blot analysis. (G) WT and AMPK-/- MEFs were pretreated with
compound C (10 pM) for 1 h, followed by treatment of H,O, (600 uM) for 2 h. Cell
viability was measured by MTT assay after 24 h. (H) U20S-GFP and U20S-GFP-
AMPKa2-DN cells were treated with metformin (10 mM) for 24 h. Cell lysates were
subjected to western blot. (I) U20S-GFP and U20S-GFP-AMPKa.2-DN cells were treated
with MNNG (100 pM) for 15 min. The cells were washed and cultured in fresh medium for
24 h. Cell viability was determined by MTT assay. The values were normalized with
samples treated with DMSO. Relative protein expression in each western blot was
determined with ImageJ. All data are presented as mean + SEM of triplicates. * P < 0.05.
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Fig. 3.

AI?/IPK regulates PGAMS5 expression and forms a complex with PGAMDS5 and Keapl. (A)
WT and AMPKa-null MEFs were pretreated with z-VAD (50 uM) for 2 h, followed by
treatment with 200 pM MNNG for 10 min. The cells were washed and cultured in fresh
medium for 2 h before harvest. Cell lysates were subjected to western blot analysis. (B)
U20S-GFP, U20S-GFP-AMPKa2-WT and U20S-GFP-AMPKa.2-CA cells were treated
with H,O5, (600 uM) for 1 h. Cell lysates were collected and subjected to western blot
analysis. (C) WT and AMPKa-null MEFs were infected with lentiviruses expressing
shRNA-PGAMS5 or scramble shRNA and selected with 2 pg/ml puromycin for two weeks to
establish stable cell lines. Expression of PGAMS in the cells was analyzed with western
blot. (D, E) The indicated cell lines were treated with MNNG (200 pM) for 10 min and then
cultured in fresh medium for 24 h. Cell viability (D) and cytotoxicity (E) were determined
by MTT and LDH assay, respectively. (F) The indicated cell lines were treated with H,O,
(50 uM) for 24 h. Cytotoxicity was determined by LDH assay. (G) U20S cells were
transfected with pCMV-SPORT6control or pCMV-SPORT6/human PGAMSS plasmid for
48 h. Cell lysates were subjected to western blot analysis. (H) The transfected cells were
pretreated with 2-DG (10 mM) for 1 h, and then treated with MNNG (100 uM, 15 min). Cell
viability was measured by MTT assay. (I, J) U20S-GFP and U20S-GFP-AMPKa2-CA
cells were transfected with pCMV-SPORT6 empty vector or pPCMV-SPORT6/human
PGAMSS plasmid for 48 h. Cell lysates were subjected to western blot (I). The transfected
cells were treated with H,O, (50 uM) for 24 h. Cell viability was measured by MTT assay
(J). All data are presented as mean = SEM of triplicates. * P < 0.05. (K) U20S-GFP, U20S-
GFP-AMPKa2-WT and U20S-GFP-AMPKa.2-CA cells were treated with or without H,0,
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(600 uM) for 1 h. Cell lysates were subjected to western blot analysis. (L) 293T cells were
transiently transfected with pEGFP-c1 or pEGFP-AMPK-WT or pEGFP-AMPK-CA
plasmids. Forty eight hours later, cells were treated with MNNG (100 pM) for 15 min and
maintained in fresh medium. Cells lysates were collected and subjected to western blot 1 h
after the treatment of MNNG. (M, N) 293T cells were transfected with human PGAMS5 and
U20S-GFP-AMPKa?2-CA plasmids for 48 h. Cell lysates were collected and incubated with
rabbit 1gG control or PGAMS5 Ab, followed by immunoprecipitation with protein A/G
magnetic beads (M). The immunoprecipitate was analyzed by western blot with PGAM5 Ab
or GFP Ab, respectively. In a reciprocal experiment, cell lysates were incubated with mouse
1gG control or GFP Ab, followed by immunoprecipitation with protein A/G magnetic beads
(N). The immunoprecipitate was determined with western blot with GFP or PGAMD5,
respectively. (O, P) 293T cells were transfected with human PGAMS5, GFP-AMPKa?2-CA
and Keapl plasmids for 48 h. Cell lysates were incubated with rabbit 1gG control or PGAM5
Ab, followed by immunoprecipitation with protein A/G magnetic beads (O). The
immunoprecipitate was examined by immunoblotting with PGAM5 Ab or Keapl Ab,
respectively. In parallel, cell lysates were incubated with mouse 1gG control or GFP Ab,
followed by immunoprecipitation with protein A/G magnetic beads (P). The
immunoprecipitate was also determined by immunoblotting with GFP or Keap 1 Ab,
respectively. (Q) 293T cells were transfected with human PGAMS5, GFP-AMPKa2-CA and
Keapl plasmids for 48 h. Cell lysates were incubated with mouse 1gG control or Keapl Ab,
followed by immunoprecipitation with protein A/G magnetic beads. The immunoprecipitate
was examined by immunoblotting with Keapl Ab or PGAMS5 Ab or AMPK Ab,
respectively. (R, S) Confocal fluorescence microscopy probing for AMPK (green) and
Keapl (red) (R) or PGAMS (green) and Keapl (red) (S) in 293T cells treated with MNNG.
White arrows denote co-localizing proteins. Representative images are obtained from two
independent experiments.
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Fig. 4.
Activation of AMPK with metformin attenuates ischemia/reperfusion (IR)-induced

myocardial necroptosis. Sprague Dawley rats were treated as described in Supplementary
Methods for the establishment of IR-induced myocardial necroptosis model. (A) At the end
of reperfusion, myocardial infraction size was determined by 1% TTC staining. (B)
Quantification of infarct sizes in the TTC staining (n = 6/group). (C, D) LDH and CK-MB
levels were detected by ELISA. (E) Myocardial pathological changes were measured by HE
staining (scar bar =50 um, n = 3/group). (F) The hemodynamic parameters were recorded
continuously in the period of ischemia reperfusion (n = 6-8/group). (G, H) Analysis of IR
injury induced necroptosis via Evans blue dye uptake in the hearts. The percent area of EBD
positive myocardium is shown (n = 4/group). (1) The isolated rat hearts were collected at the
end of reperfusion and subjected to western blot analysis (n = 4/group). Relative protein
expression was determined with ImageJ. (J) Schematic representation of the mechanism for
AMPK-mediated protection against necroptosis via regulation of Keapl-PGAMS5 complex.
All data are presented as mean + SEM of triplicates. * P < 0.05 vs Sham group; # P < 0.05
vs IR + DMSO group; & P < 0.05 vs IR + metformin group.
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