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Abstract
Purpose Necroptosis is an important form of cell death following myocardial ischemia/reperfusion (I/R) and phosphoglycerate
mutase 5 (PGAM5) functions as the convergent point for multiple necrosis pathways. This study aims to investigate whether
inhibition of PGAM5 could reduce I/R-induced myocardial necroptosis and the underlying mechanisms.
Methods The SD rat hearts (or H9c2 cells) were subjected to 1-h ischemia (or 10-h hypoxia) plus 3-h reperfusion (or 4-h
reoxygenation) to establish the I/R (or H/R) injury model. The myocardial injury was assessed by the methods of biochemistry,
H&E (hematoxylin and eosin), and PI/DAPI (propidium iodide/4′,6-diamidino-2-phenylindole) staining, respectively. Drug
interventions or gene knockdown was used to verify the role of PGAM5 in I/R (or H/R)-induced myocardial necroptosis and
possible mechanisms.
Results The I/R-treated heart showed the injuries (increase in infarct size and creatine kinase release), upregulation of PGAM5,
dynamin-related protein 1 (Drp1), p-Drp1-S616, and necroptosis-relevant proteins (RIPK1/RIPK3, receptor-interacting protein
kinase 1/3; MLKL, mixed lineage kinase domain-like); these phenomena were attenuated by inhibition of PGAM5 or RIPK1. In
H9c2 cells, H/R treatment elevated the levels of PGAM5, RIPK1, RIPK3, MLKL, Drp1, and p-Drp1-S616 and induced
mitochondrial dysfunctions (elevation in mitochondrial membrane potential and ROS level) and cellular necrosis (increase in
LDH release and the ratio of PI+/DAPI+ cells); these effects were blocked by inhibition or knockdown of PGAM5.
Conclusions Inhibition of PGAM5 can reduce necroptosis in I/R-treated rat hearts through suppression of Drp1; there is a
positive feedback between RIPK1 and PGAM5, and PGAM5 might serve as a novel therapeutic target for prevention of
myocardial I/R injury.
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Introduction

It is well established that myocardial ischemia/reperfusion
(I/R) results in cardiac cell necrosis and apoptosis [1–3]. For
a long time, cell death has been divided into two types: acci-
dental death and regulated death. Apoptosis is the first-
identified type of regulated cell death [4, 5]. In contrast, ne-
crosis is considered to be a random, passive cell death without
definable mediators [6, 7]. However, this long-standing dog-
ma regarding cell death has recently been challenged and
overturned by the recognition that necrosis can also be a reg-
ulated process [8, 9]. To date, multiple forms of regulated
necrosis have been identified and reported, including
necroptosis, ferroptosis, pyroptosis, oxytosis, and cyclophilin
D–mediated necrosis [8, 10–12]. Among them, necroptosis is
the most well-known form of regulated necrosis.

Necroptosis is the most defined regulated necrosis
that requires RIPK1/RIPK3 (receptor-interacting protein
kinase 1/3) and MLKL (mixed lineage kinase domain-
like) [13], and the RIPK1/RIPK3/MLKL pathway–
mediated necroptosis under multiple conditions is well
recognized [14–16]. Recent studies have shown that
necroptosis is one of the main forms of cell death fol-
lowing myocardial I/R [17–20]. There is evidence that
intervention in signaling pathways involved in
necroptosis could ameliorate the myocardial I/R injury
[19], opening a new direction for the amelioration of I/
R injury through targeting the molecules that mediate
necroptosis.

Phosphoglycerate mutase family member 5 (PGAM5)
is a mitochondrial membrane protein that functions as an
atypical Ser/Thr phosphatase [21, 22]. In a TNF-α-
induced necrosis model of HeLa cells, PGAM5 was iden-
tified as a component of the RIPK1- and RIPK3-
containing protein complexes. Upon induction of necro-
sis, PGAM5 recruits Drp1 (dynamin-related protein 1), a
key protein for regulating mitochondrial fission, and acti-
vates it by dephosphorylating the serine residue at the site
of 637 [23]. Activation of Drp1 may cause mitochondrial
fragmentation, leading to mitochondrial dysfunction, an
early and obligatory step for necrosis execution [21]. It
is not known, however, whether PGAM5 involves in I/R-
induced myocardial necroptosis and whether inhibition of
PGAM5 could reduce myocardial I/R injury.

The purpose of this study was to explore the role of
PGAM5 in myocardial I/R injury and to elucidate the
underlying mechanisms. By using a rat model of myo-
cardial I/R injury and a PGAM5 inhibitor, we examined
the functional role of PGAM5 in RIPK1/RIPK3/MLKL-
dependent necrosis. By using a cell model of hypoxia/
reoxygenation (H/R) injury, we were able to verify that
inhibition of PGAM5 could reduce necroptosis of cardi-
ac cells through suppression of Drp1.

Materials and Methods

Animals

Male Sprague-Dawley (SD) rats (250–300 g) were provided
by the Laboratory Animal Center, Xiangya School of
Medicine, Central South University, China. All animals re-
ceived humane care in compliance with the BGuide for the
Care and Use of Laboratory Animals^ published by the
National Institutes of Health (NIH Publication, eighth edition,
2011) and the Animal Research: Reporting In Vivo
Experiments (ARRIVE) guidelines. Experiments were ap-
proved by the Central South University Veterinary Medicine
Animal Care and Use Committee.

Experimental Protocol for Animal Studies

The animals were randomly divided into 7 groups (n = 11 in
each group): (1) the control group, no treatment; (2) the sham
group, rats underwent surgical procedures without ischemic
insult; (3) the I/R group, rats were subjected to 1 h of ischemia
followed by 3 h of reperfusion; (4) and (5) the PGAM5 inhib-
itor at low- or high-dose group, rats were treated with PGA
(phosphoglycolic acid, dissolved in H2O, purchased from
J&K Scientific LTD, China) at 10 or 30 mg/kg (i.v.) 30 min
before reperfusion; (6) the Nec-1 group, rats were treated with
Nec-1 (necrostatin-1, served as a positive control for
necroptosis, purchased from Santa Cruz, USA) at 20 mg/kg
(i.p.) 30 min prior to reperfusion. Nec-1 was dissolved in
vehicle (DMSO: corn oil = 1:99, v/v); and (7) the vehicle
group, rats were treated with equal volume of Nec-1 vehicle
30 min before reperfusion. The surgical procedure for I/R was
performed as previously described [24]. At the end of reper-
fusion, 8 hearts from each group were saved for infarct size
measurement, whereas the remaining 3 hearts from each
group were collected for Western blot analysis.

Experimental Protocol for Cell Studies

Rat heart–derived H9c2 cells were cultured at constant density
(1 × 104/cm2) and grown to 70~80% confluency in DMEM
with 10% fetal bovine serum. Cells were rinsed with PBS and
rendered quiescent in serum-free DMEM for 12 h before the
experiment. H9c2 cells were allocated to six groups (6 indi-
vidual experiments per group): (1) the control group, H9c2
cells were cultured under normal condition; (2) the H/R group,
H9c2 cells were subjected to 10-h hypoxia (O2/N2/CO2,
1:94:5) in preconditioned hypoxic medium plus 4-h reoxygen-
ation; (3) and (4) the PGAM5 inhibitor at low- or high-dose
group, PGAwas given to culture medium (3 μM or 10 μM) at
the beginning of H/R; (5) the Nec-1 group, Nec-1 was added
to culture medium (10 μM) at the beginning of H/R; (6) the
vehicle group, equal volume of DMSO (0.1%, final
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concentration) was given to culture medium right at the be-
ginning of H/R.

To verify the role of PGAM5 in promotion of necroptosis
in H/R-treated H9c2 cells, PGAM5 was knocked down with
siRNA. H9c2 cells were divided into 4 groups (n = 6 in each
group): (1) the control group, (2) the H/R group, (3) the H/R +
PGAM5 siRNA group (cells were transfected with PGAM5
siRNAs and subjected to H/R), and (4) the H/R + siRNA NC
group (cells were transfected with scrambled siRNAs and
subjected to H/R).

Knockdown of PGAM5 in H9c2 Cells

The siRNAs specific to the rat PGAM5 gene were provided
by Guangzhou RiboBio Co., Ltd. (Guangzhou, China), and
they were t ransfec ted into H9c2 cel ls by using
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA). In brief,
100 pmol of siRNAs and 5.0 μl of Lipofectamine™ 2000
was mixed in 500 μl of culture medium and kept at room
temperature for 15~20 min. The cells were harvested 48 h
after the transfection and they were subjected to the follow-
up experiments. The efficiency of gene knockdown was eval-
uated by real-time PCR and Western blot. Scrambled siRNAs
were used as a negative control.

Measurement of Infarct Size

Blood samples (3 ml from each rat) were collected at the end
of reperfusion and the plasma was isolated for relevant stud-
ies. The left coronary was ligated, and 1 ml of Evans blue
(10 mM) was injected into the left ventricular cavity to perfuse
the non-ischemic parts of the heart. The heart was cut into
pieces; then, the atrial tissue, right ventricle, and Evans
blue–stained LV were resected. The remaining LV was sliced
into sections (1 mm thickness) from the apex to the base. The
slices were incubated with 1% triphenyltetrazolium chloride
(TTC) solution away from light at 37 °C for 15min to stain the
viable myocardium (brick red), and then, they were fixed in a
4% paraformaldehyde solution for 24 h. At the end, the slices
were traced onto acetate sheets and measured by an image
software (ImageJ, National Institutes of Health, Bethesda,
MD, USA). The infarct area was presented as the ratio of the
infarct zone area to the risk zone size.

Creatine Kinase Activity Assay

Three milliliters of blood was collected for isolation of serum
at the end of reperfusion via the carotid artery. The total serum
creatine kinase activity was spectrophotometrically measured
by using commercial kits according to the instructions provid-
ed by the supplier (Biosino Bio-Technology, Beijing, China).

Hematoxylin and Eosin Staining

Hematoxylin and eosin (HE) staining was performed to eval-
uate the morphological changes in cardiac tissues among dif-
ferent groups. In brief, LV tissues were fixed in 4% parafor-
maldehyde and embedded in paraffin, and then, they were cut
into 5-μm-thick sections. The slices underwent hematoxylin
and eosin staining for 20 and 2 min, respectively, following
depleting wax. In the end, they were imaged with microscope
(Nikon Eclipse 80i, Japan) to assess the morphological
changes.

Western Blot Analysis

Cardiac tissues (infarct and border zone) and H9c2 cells
were homogenized with ice-cold lysis buffer, and the
concentration protein in homogenate was assayed by
using a commercial kit (Beyotime, Nanjing, China).
Western blot was carried out according to standard pro-
tocol. Briefly, samples containing ∼ 40 μg of proteins
were proceeded to 10% SDS-PAGE, and they were
transferred to polyvinylidene fluoride (PVDF) mem-
branes. The PVDF membranes were incubated with pri-
mary antibodies against RIPK1 (Santa Cruz Biotech,
Santa Cruz, USA), RIPK3 (Abcam, Cambridge, USA),
MLKL (Abcam, Cambridge, USA), PGAM5 (Santa
Cruz Biotech, Santa Cruz, USA), Drp1 (Abcam,
Cambridge, USA), and p-DRP1 ser-616 or ser-637 (cell
signaling technology, Shanghai, China), and then, they
were incubated with HRP-conjugated secondary antibod-
ies. The protein signals were measured by Luminata
Crescendo Western HRP substrate via Molecular
Imager ChemiDoc XRS System (Bio-Rad, Philadelphia,
PA). Densitometric quantification was carried out by
ImageJ (NIH, USA). GAPDH (Beyotime, Jiangsu,
China) served as loading controls. Arbitrary optical den-
sity units of the targeting proteins were normalized
against control, and the results were expressed as fold
change.

Assay of LDH Release

Culture medium was collected for assay of LDH release (an
indicator of cellular necrosis) with a colorimetric assay kit
(Beyotime, Jiangsu, China) following the protocol provided
by the manufacturer. Released LDH was assayed with a
coupled enzymatic reaction that leads to the conversion of a
tetrazolium salt into a red color formazan by diaphorase. In
brief, 120 μl of culture medium was mixed with 60 μl of LDH
work solution, and then, they were incubated at 25~30 °C for
30min. The absorbance was measured at 490 nm. The percent
of LDH release was calculated following a formula offered by
the manufacturer.
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PI/DAPI Double Staining

Cardiac cell necrosis was also assessed by propidium iodide
(BD 550825), which can stain the nuclei of cells with loss in
integrity of the plasma membrane. H9c2 cells were rinsed
twice with PBS, and then, they were incubated with PI dye
solution (10 μg/ml) for 15 min at 37 °C. Subsequently, H9c2
cells were rinsed twice with PBS and fixed with 4% parafor-
maldehyde for 15 min. Then, H9c2 cells were counterstained
with DAPI for 2 min and visualized under a fluorescence
microscope (Olympus IX71, Tokyo, Japan). Twenty high-
power fields were randomly chosen and blindly quantitated.
The number of PI+/DAPI+ positive cells (necrotic cells) was
expressed as percent of the total cells.

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential (ΔΨm) was measuredwith
commercial JC-1 kits (Beyotime, Jiangsu, China). Briefly,
H9c2 cells were seeded into six-well plates and incubated with
2 ml of culture medium overnight. After replacing the culture
with 1-ml JC-1 dye and 1-ml culture medium, the plates were
returned to the incubator and cultured at 37 °C for 20min. The
cells were observed under a fluorescence microscope
(Olympus IX71, Tokyo, Japan). Normal cells emit red-
orange fluorescence in JC-1 aggregates, whereas the injured
cells emit green fluorescence because of the JC-1 monomers
in the cytoplasm.

Determination of Reactive Oxygen Species Levels

The assay of intracellular reactive oxygen species (ROS)
levels depends on the fluorescent signal of 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA), which is
a cell-permeable indicator for ROS (Beyotime, Jiangsu,
China). DCFH-DA is non-fluorescent until the acetate groups
are removed by intracellular ROS. In brief, H9c2 cells were
rinsed with PBS and incubated with 10 μM of DCFH-DA for
20 min at 37 °C. Then, the ROS-mediated fluorescence was
visualized under a fluorescent microscope with excitation/
emission set at 502/523 nm. The quantification for fluorescent
intensity (ROS level) was carried out with ImageJ. Arbitrary
fluorescent units were normalized against control and
expressed as fold change.

Statistics

The statistical analysis was conducted by SPSS software
(Version 20.0). The data were expressed as mean ± SEM.
Differences among multiple groups were examined by the
analysis of variance with Bonferroni’s multiple comparison
tests. Differences were regarded as significant when P < 0.05.

Results

Inhibition of PGAM5 Ameliorated Myocardial I/R
Injury

HE staining for cardiac tissues showed fiber loss and disarray
in the I/R group; these effects were attenuated by PGA (10 or
30 mg/kg, PGAM5 inhibitor) or Nec-1 (20 mg/kg, RIPK1
inhibitor) treatment (Fig. 1a). I/R led to 52.1 ± 3.2% infarct
in the area at risk concomitant with a significant increase in
serum CK activity (Fig. 1b, c). Pretreatment with PGA (10 or
30 mg/kg) or Nec-1 (20 mg/kg) caused an obvious reduction
in infarct size together with a significant decrease in serumCK
activity (Fig. 1b, c). Vehicle treatment did not show such
cardioprotective effect. No significant difference in infarct size
and morphological change was observed between the sham
group and the control group. But the serum CK activity in the
sham group was increased compared with that in the control
group because of the surgical injury.

Inhibition of PGAM5 Suppressed I/R-Induced
Necroptosis-Relevant Protein Expression

Necroptosis means cells can execute necrosis in a pro-
grammed fashion, and RIPK1, RIPK3, and MLKL are
the components of the signaling pathway responsible for
executing the necroptosis. As shown in Fig. 2, PGAM5
protein expression in rat heart was obviously upregulat-
ed following I/R, accompanied by an increase in protein
levels of RIPK1, RIPK3, and MLKL. Pretreatment with
PGA (10 or 30 mg/kg) suppressed the I/R-induced
PGAM5 protein upregulation, accompanied by decreases
in RIPK1, RIPK3, and MLKL prote in leve ls .
Interestingly, pretreatment with Nec-1 (20 mg/kg) also
achieved similar results. Vehicle treatment had no such
effect.

Inhibition of PGAM5 Reduced DRP1 and p-DRP1-S616
Protein Levels in Rat Hearts Following I/R

The mitochondrial fission protein DRP1 is supposed to be
dephosphorylated by PGAM5 at the site of S637. As shown
in Fig. 3a, DRP1 protein level was notably upregulated in I/R-
treated rat heart concomitant with elevated levels of p-DRP1-
S637 and p-DRP1-S616, inconsistent with the phosphatase
function of PGAM5. As shown in Fig. 3b, DRP1 and p-
DRP1-S616 protein levels in rat hearts were elevated follow-
ing I/R. Pretreatment with PGA (10 or 30 mg/kg) obviously
blocked the elevation of DRP1 and p-DRP1-S616 levels in I/
R-treated rat hearts. Pretreatment with Nec-1 also showed
similar results, whereas vehicle treatment had no effect.
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Inhibition or Knockdown of PGAM5 Reduced
the Levels of Necroptosis-Relevant Proteins, DRP1,
and p-DRP1-S616 in H/R-Treated H9c2 Cells

In agreement with the results from I/R-treated rats, PGAM5
protein expression in H/R-treated H9c2 cells was evidently
upregulated, concomitant with elevated protein levels of
RIPK1, RIPK3, and MLKL (Fig. 4 and Fig. S1A–E).
Inhibition or knockdown of PGAM5 significantly suppressed
the H/R-induced PGAM5 protein expression, accompanied
by a decrease in RIPK1, RIPK3, and MLKL protein levels.
Pretreatment with RIPK1 inhibitor also gave rise to similar
results, whereas the vehicle did not show such effect.

Consistent with the results from the I/R group, DRP1 and
p-DRP1-S616 levels in H/R-treated H9c2 cells were obvious-
ly elevated (Fig. 4 and Fig. S1F–H). Inhibition or knockdown
of PGAM5 abrogated the elevation of DRP1 and p-DRP1-
S616 levels in H/R-treated H9c2 cells. Administration of
RIPK1 inhibitor also achieved similar results, but the vehicle
or siRNA negative control had no such effect.

Inhibition or Knockdown of PGAM5 Improved
Mitochondrial Function

ΔΨm and ROS levels are well-known parameters for evalua-
tion of mitochondrial function. As displayed in Fig. 5a and
Fig. S2A, the green signals in H/R-treated H9c2 cells were
much stronger than those in the control cells, suggesting an
obvious reduction in ΔΨm. There was also a significant in-
crease in ROS levels (Fig. 5b and Fig. S2B). Inhibition or
knockdown of PGAM5 obviously weakened the green signals
compared to those in the H/R-treated cells accompanied by a
decrease in ROS production. RIPK1 inhibitor also showed
similar effect, whereas the vehicle or siRNA negative control
did not affect mitochondrial function.

Inhibition or Knockdown of PGAM5 Decreased
Necrosis in H/R-Treated H9c2 Cells

A cell model of H/R injury was established to verify the find-
ings in vivo. Cellular necrosis was evaluated by PI/DAPI

Fig. 1 Inhibition of PGAM5
attenuates myocardial I/R injury.
a Representative images of HE
staining in each group. In the I/R
group, there was myocardial fiber
loss and disruption, which was
reversed by PGAM5 inhibitor. b
Infarct size (expressed as
percentage of the area at risk). c
Serum creatine kinase (CK)
activity. All values were
expressed as mean ± SEM (n = 8
in each group). I/R: ischemia/
reperfusion; +PGA: I/R +
phosphoglycolic acid; +Nec-1: I/
R + necrostatin-1. *P < 0.05,
**P < 0.01 vs. sham, #P < 0.05,
##P < 0.01 vs. I/R
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double staining or LDH release. As displayed in Fig. 6 and
Fig. S3, comparing to the control group, necrotic cells (PI+/
DAPI+ cells) in the H/R group were obviously increased (Fig.

6a, b), accompanied by an increase in LDH release (Fig. 6c).
Inhibition of PGAM5 blocked the necrosis in H/R-treated
H9c2 cells, as did the RIPK1 inhibitor, whereas the vehicle

Fig. 2 Inhibition of PGAM5 downregulates necroptosis-relevant protein
expression in I/R-treated rat hearts. Arbitrary optical density units of the
targeting protein were normalized against GAPDH and expressed as fold
change. a Representative images of Western blot results for each protein.
b PGAM5 protein level. c RIPK1 protein level. d RIPK3 protein level. e

MLKL protein level. All values were expressed as mean ± SEM (3 inde-
pendent experiments in each group). I/R: ischemia/reperfusion; +PGA: I/
R + phosphoglycolic acid; +Nec-1: I/R + necrostatin-1. **P < 0.01 vs.
sham, #P < 0.05, ##P < 0.01 vs. I/R

Fig. 3 Inhibition of PGAM5 reduces DRP1 and p-DRP1-S616 levels in I/
R-treated rat hearts. Arbitrary optical density units of the targeting protein
were normalized to GAPDH and expressed as fold change. a, b
Representative images ofWestern blot results for each protein. Left panel,
DRP1 protein level; middle panel, p-DRP1-S637 protein level; right

panel, p-DRP1-S616 protein level. All values were expressed as mean
± SEM (3 independent experiments in each group). I/R: ischemia/
reperfusion; +PGA: I/R + phosphoglycolic acid; +Nec-1: I/R +
necrostatin-1. *P < 0.05, **P < 0.01 vs. sham, #P < 0.05, ##P < 0.01 vs.
I/R
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or siRNA negative control had little effect on the H/R-induced
cellular necrosis.

Discussion

In this study, we explored the role of PGAM5 in regulation of
RIPK-mediatedmyocardial necrosis in vivo or in vitro follow-
ing I/R or H/R. Our results from in vivo and in vitro experi-
ments showed that inhibition of PGAM5 (by PGA) or knock-
down of PGAM5 expression (by siRNAs) obviously amelio-
rated I/R or H/R injury (such as the reduced infarct size and
CK release or LDH release and cellular necrosis), together
with downregulation of PGAM5, RIPK1, RIPK3, MLKL,
Drp1, and p-Drp1, and the improved mitochondrial function
(such as the decreased ΔΨm and ROS production).
Interestingly, RIPK1 inhibitor (Nec-1) also achieved similar
results to that of PGAM5 inhibitor (PGA). To the best of our

knowledge, this study provide evidence for the first time that
PGAM5 promotes necroptosis of cardiomyocytes following I/
R or H/R through activation of mitochondrial fission protein
Drp1.

For many years, necrosis was mostly considered to be a
passive and accidental cell death resulting from severe dam-
age to their structural integrity. The accidental and unregulated
nature of necrosis means that it is deemed a difficult target for
drug therapy [12]. Recently, the discovery of necrosis inhibi-
tors and genetic evidence has changed this viewpoint since
multiple pathways of regulated necrosis have been identified,
such as necroptosis, ferroptosis, pyroptosis, oxytosis, and
cyclophilin D–mediated necrosis [8, 11]. Among them,
necroptosis is the best studied form of regulated necrosis.
Although the molecular mechanisms for necrosis are not fully
elucidated, the RIPK1/RIPK3/MLKL cascade is thought to
mediate the necroptosis [25, 26]. Studies from different labo-
ratories have demonstrated that RIPK-mediated necrosis

Fig. 4 Inhibition of PGAM5 decreases the levels of programmed
necrosis-relevant proteins, DRP1, and p-DRP1-S616 in H/R-treated
H9c2 cells. Arbitrary optical density units of the targeting protein were
normalized against GAPDH and expressed as fold change. a
Representative images of Western blot. b PGAM5 protein expression. c
RIPK1 protein expression. d RIPK3 protein expression. eMLKL protein

expression. f Representative images of Western blot. g DRP1 protein
level. h p-DRP1-S616 protein level. All values were expressed as mean
± SEM (3 independent experiments in each group). H/R: hypoxia/
reoxygenation; +PGA: H/R + phosphoglycolic acid; +Nec-1: H/R +
necrostatin-1. **P < 0.01 vs. control, #P < 0.05, ##P < 0.01 vs. H/R
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accounted for, at least partially, the myocardial I/R injury.
Suppression of RIPK1 by its inhibitor or relevant miRNAs
was able to reduce the myocardial I/R injury [17, 19]. In the
present study, we found that the protein expression of RIPK1,
RIPK3, and MLKL in cardiac tissue or H9c2 cardiomyocyte
was obviously upregulated following I/R or H/R, indicating
that RIPK1/RIPK3/MLKL signaling pathway was involved in
I/R- or H/R-induced myocardial necrosis. Administration of
Nec-1 (the most frequently used RIPK1 inhibitor) could sup-
press the upregulation of RIPK1, RIPK3, and MLKL in I/R-
or H/R-treated rat hearts or H9c2 cells together with a decrease
in infarct size/CK release or LDH release/cellular necrosis.
These results further verified the involvement of RIPK-
dependent necrosis in myocardial I/R or H/R injury.

The knowledge relevant to necroptosis was mainly obtain-
ed by using RIPK1 inhibitors, such as Nec-1 [27], and animal
models deficient in cognate members of necrosome, such as
RIPK3 or MLKL [28]. Current efforts in prevention of
necroptosis mainly focus on suppressing the activation of
RIPK1, RIPK3, and/or MLKL, and Nec-1 is the most com-
mon option. Nec-1 was identified in 2005 due to its function
in inhibition of TNF-α-induced necrotic cell death. After that,
Nec-1 has been extensively used to explore the involvement
of RIPK1-dependent necrosis [12]. However, some critical

issues concerning the application of Nec-1 in vivo have
emerged. Actually, Nec-1 is the same molecule as the
indoleamine-2,3-dioxygenase (IDO) enzyme inhibitor:
methyl-thiohydantoin-tryptophan [29]. Since IDO plays a
key role in modulation of the innate and adaptive immune
system, it cannot rule out the potential effect of Nec-1 on
immune system. Therefore, its cardioprotective effect could
be compromised. Furthermore, the dose-response curve of
Nec-1 shows that it sensitizes mice to the lethality at low
concentrations [30], suggesting that it is relatively toxic. For
these reasons, Nec-1 is not considered an ideal drug for the
prevention of myocardial I/R-induced necroptosis, and it is
necessary to identify novel targets.

Recently, the mitochondrial phosphatase PGAM5 has been
reported to function as the convergent point for multiple necro-
sis pathways [21], indicating that PGAM5 could be a novel
therapeutic target against necroptosis. In TNF-α-induced necro-
sis of HeLa cells or HT-29 cells, RIPK1- and RIPK3-containing
protein complexes were specifically formed in response to the
necrosis induction, and PGAM5 was identified as a component
of these complexes. Knockdown of PGAM5 expression in HT-
29 cells or HeLa cells reduced necrosis about twofold, and the
knockdown efficiency was correlated with the degree of necro-
sis rescue [21]. In another study, PGAM5(−/−) mice were used

Fig. 5 Inhibition of PGAM5
improves mitochondrial function
in H/R-treated H9c2 cells. a
Representative images for mito-
chondrial membrane potential
(ΔΨm) assay in H9c2 cells. b
Representative images for reac-
tive oxygen species (ROS) assay
in H9c2 cells (left), statistic value
of fluorescent density for ROS in
H9c2 cells (right). All values were
expressed as mean ± SEM (n = 6
in each group). H/R: hypoxia/
reoxygenation; +PGA: H/R +
phosphoglycolic acid; +Nec-1: H/
R + necrostatin-1. **P < 0.01 vs.
control, #P < 0.05, ##P < 0.01 vs.
H/R
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for necrosis-mediated liver injury by intravenous administration
of ConA [23], and deficiency of PGAM5 could protect themice
against ConA-induced liver injury compared to the ConA-
treated wild-type mice. Histological analysis of liver tissue fur-
ther verified the extensive necrotic cell death in wild-type but
not in PGAM5-deficient mice. These reports provide evidence
that PGAM5 is a key player in necroptosis. In our study, the
results showed that PGAM5 protein expression in cardiac tis-
sues or H9c2 cardiomyocytes was upregulated after I/R or H/R,
accompanied by increases in infarct size/CK release or LDH
release/cellular necrosis. These phenomena were mitigated by
PGAM5 inhibitor (PGA) or PGAM5 siRNAs, suggesting that

PGAM5 plays a key role in promotion of I/R- or H/R-induced
necrosis.

According to a previous study, PGAM5 was able to
recruit the mitochondrial fission protein Drp1 and activate
it by dephosphorylation of Drp1 serine 637 (Drp1-S637)
[21, 23, 31]. The activation of Drp1 causes mitochondrial
fragmentation, an early and obligatory step for necrosis
execution. Based on this report, we hypothesized that the
mitochondrial phosphatase PGAM5 activates Drp1
through a decrease of p-Drp1-S637 level. Contrary to our
hypothesis, the results showed that the levels of p-Drp1-
S637 in I/R-treated hearts were not decreased, but it was

Fig. 6 Inhibition of PGAM5
decreases cellular necrosis in H/
R-treated H9c2 cells. a
Representative images for PI/
DAPI double staining in H9c2
cells. b Percent of PI+/DAPI+

cells. c LDH release (indication
for cellular damage) from H9c2
cells. All values were expressed
as mean ± SEM (n = 6 in each
group). H/R: hypoxia/
reoxygenation; +PGA: H/R +
phosphoglycolic acid; Nec-1:
H/R + necrostatin-1. **P < 0.01
vs. control, #P < 0.05, ##P < 0.01
vs. H/R
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slightly elevated, albeit that PGAM5 was evidently upreg-
ulated. Different from Drp1-S637, phosphorylation of
Drp1-S616 was able to activate Drp1 and accelerate mito-
chondrial fission, which causes mitochondrial dysfunction,
a necessary step that drives the execution of necrotic cell
death [23]. In this study, we have indeed found that the
levels of p-Drp1-S616 in I/R- or H/R-treated hearts or
H9c2 cells were obviously elevated concomitant with mi-
tochondrial dysfunction; these effects were attenuated by
inhibition of PGAM5 or knockdown of PGAM5 expres-
sion, indicating that the activation of Drp1 is not directly
dependent on the phosphatase activity of PGAM5.

Based on the report on the correlation between PGAM5
and necroptosis, PGAM5 is at the downstream of RIPK1/
RIPK3/MLKL pathway [21, 31], and inhibition of RIPK1
could lead to downregulation of PGAM5. In the present study,
our results showed that there was a similar change in protein
levels between RIPK1 and PGAM5 in I/R-treated rat hearts or
H/R-treated H9c2 cells, and inhibition of RIPK1 downregu-
lated RIPK1, RIPK3, MLKL, PGAM5, and p-Drp1-S616.
Interestingly, inhibition or knockdown of PGAM5 also
achieved the same results. Based on these observations, we
thus think there is a positive feedback between RIPK1 and
PGAM5 (Fig. 7). However, the downstream signaling

pathways and events linking Drp1-mediated mitochondrial
fission to necrosis remain to be determined.

In summary, our findings demonstrated for the first time
that inhibition of PGAM5 could reduce I/R-induced
necroptosis in rat hearts through suppression of mitochondrial
fission protein Drp1, and there is a positive feedback between
RIPK1 and PGAM5. Although PGAM5 may have the poten-
tials to serve as a novel therapeutic target for prevention of
myocardial I/R injury, more studies with functional assess-
ment and clinical data are needed before confirming its thera-
peutic relevance.
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Fig. 7 Schematic diagram for illustrating the role of PGAM5 in
promotion of necroptosis in I/R-treated rat hearts. Following myocardial
I/R, the RIPK1/RIPK3/MLKL pathway is activated. As a direct target of
RIPK3, PGAM5 is activated by RIPK3, but it also upregulates RIPK3,
forming a positive feedback loop. The activation of RIPK1/RIPK3/
MLKL pathway or PGAM5 accelerates mitochondrial fission by elevat-
ing Drp1 and p-Drp1-S616, resulting in mitochondrial dysfunction and

necroptosis, which is blocked by RIPK1 or PGAM5 inhibitor. The down-
stream events linking Drp1-mediated mitochondrial fission after RIPK1/
RIPK3/MLKL pathway or PGAM5 remain to be determined. I/R:
ischemia/reperfusion; RIPK: receptor-interacting protein kinase;
MLKL: mixed lineage kinase domain-like; PGAM5: phosphoglycerate
mutase family member 5; Drp1: dynamin-related protein 1; Nec-1:
necrostatin-1; PGA: phosphoglycolic acid
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