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Abstract
Pyruvate Kinase isozymes M2 (PKM2) is a glycolytic enzyme involved in glycolysis that decarboxylates phosphoenolpyru-
vate to pyruvate and generates ATP. PKM2 also plays a significant role in tumor growth, in cell division, angiogenesis, 
apoptosis and metastasis. In this study, we have investigated the role of PKM2 in cortical neurons which suffered hypoxic-
ischemic encephalopathy (HIE) in newborn rats. Immunohistochemistry and Western blot analysis revealed the protein 
expression of PKM2 peaking at 24 h after HIE. Double immunofluorescence labeling showed that PKM2 was mainly located 
in the neurons of the ipsilateral cerebral cortex, not in astrocytes or microglia. The increased level of active caspase-3 and the 
decreased level of phosphorylated AKT (p-AKT) were consistent with the PKM2 expression. TUNEL staining assay showed 
that PKM2 may participate in neuronal apoptosis in the rat ipsilateral cerebral cortex. Silencing of PKM2 in primary cultures 
of cortical neurons using a specific siRNA reduced the expression of active caspase-3 and upregulated p-AKT expression. 
Taken together, the results indicate that PKM2 may be involved in neuronal apoptosis after HIE by a mechanism dependent 
on the inactivation of p-AKT.
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Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) is one of 
the most common causes of severe neurological handicap 
in newborns, as well as being commonly associated with a 
high mortality rate, poor prognosis and complex pathogen-
esis. It is commonly caused by perinatal asphyxia [1, 2]. The 
percentage mortality of affected newborns in the postnatal 
period is around 15–20%, plus an additional 25% of affected 
newborns will go on to develop severe and permanent neu-
ropsychological sequelae [3]. Only a small percentage of 
infants with serious morbidity recover with no handicap [4, 
5]. Such injuries in preterm infants typically lead to gray 
matter damage in the cortex, hippocampus, basal ganglia, 
and/or thalamus [6, 7]. The pathophysiology of neonatal 
HIE involves multiple stages of which the secondary stage 

(6–48 h after HIE) of HIE results in sustained excitotoxic-
ity, oxidative stress, and mitochondrial dysfunction [8–10]. 
Extensive biochemical and histochemical research have 
detected evidence for necrosis and apoptosis following 
ischemic injury [11–14].

The rate-limiting enzyme in the last step of the glycoly-
sis process is pyruvate kinase (PK), which decarboxylates 
phosphoenolpyruvate to pyruvate and generates ATP. PK 
includes four isotypes, PKL, PKR, PKM1, and PKM2 [15, 
16]. The expression of L and R isotypes is tissue specific and 
is regulated by different promoters. Both in liver, kidney, and 
intestine, the L isotype is expressed, and in red blood cells 
we can see the R isotype is expressed [17–20]. In most adult 
differentiated tissues such as brain and muscle, PKM1 is 
expressed, while the PKM2 can be found in embryonic cells, 
adult stem cells, and cancer cells [18, 19, 21–23]. PKM2 
under normal conditions has a low rate of expression and 
is present in neural progenitors in the subventricular zone, 
hippocampus and cerebellum [24]. Studies have shown that 
PKM2 is associated with cell apoptosis under the influence 
of the oxidative stress with H2O2 or UV light [25]. Apoptosis 
is also thought to occur when mitochondrial dysfunction 
occurs in HIE [3, 26]. Meanwhile, PKM2 silencing-induced 
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cell death in cancer cells is mediated by the AKT signaling 
pathway [27]. However, the expression and roles of PKM2 
in cortical neuronal cells during HIE have not been reported.

In this study, a modified Rice–Vannucci model and oxy-
gen glucose deprivation(OGD) model were established to 
mimic the pathology of HIE [28, 29]. In a rat HIE model, 
we confirmed that the expression and distribution of PKM2 
in the cerebral cortex and revealed its correlation to neu-
ronal apoptosis for the first time. Furthermore, we analyzed 
the protein level of caspase-3, active caspase-3, AKT and 
p-AKT in both in vivo and in vitro models, while transfect-
ing PKM2–siRNA into primary cultures of cortical neurons 
to explore the possible relationship between PKM2 expres-
sion and neuronal apoptosis by means of AKT inhibitory 
activity. Therefore, these results imply that PKM2 plays a 
role in neuronal apoptosis after HIE.

Materials and Methods

Rat HIE Model

All animal experiments were conducted in accordance with 
National Institutes of Health’s Guidelines for the Care and 
Use of Laboratory Animals. The newborn rat HIE model 
is a modified Rice-Vannucci model [28, 30, 31]. Postnatal 
Day 7 Sprague–Dawley rats purchased from Department 
of Animal Center of Nantong University were anesthetized 
with ether inhalation. The rats underwent a surgery where 
the left common carotid artery was ligated on both ends 
using 6−0 silk surgical sutures and cut in the middle. The 
rat pups were put in a hypoxic sealed chamber (N2 balanced 
with 8% O2) at 37 °C for 2.5 h after 1.5 h of recovery. The 
sham-operated rats were given anesthesia and exposed the 
left common carotid artery but not ligated. The rats were 
sacrificed at 0 h, 3 h, 6 h, 12 h, 24 h, 48 h after hypoxia for 
further experiments.

2, 3, 5‑Triphenyltetrazolium Chloride Monohydrate 
(TTC) Staining

At 24 h post HIE, rats were anesthetized and brains were 
harvested. The brains were sectioned into four 2 mm slices 
and soaked in a 2% TTC (Sigma, USA) solution at 37 °C (in 
dark place) for 30 min. The brain slices were then stored in 
4% formaldehyde solution for fixing overnight. The infarct 
areas of the prepared TTC stained slices were analyzed by 
Image-Pro plus software.

Western Blot

For Western blot analyses, ipsilateral hemispheres from 
sham-operated and injured rats were collected at 0 h, 3 h, 

6 h, 12 h, 24 h and 48 h after the injury and were stored at 
− 80 °C for later analysis. The frozen cortex samples were 
minced with eye scissors on ice, then well-distributed in 
lysis buffer (25 mM Tris–HCl (pH 7.6), 150 mM NaCl, 1% 
NP-40, 1% sodium deoxycholate, 0.1% SDS, 100 µΜ phos-
phatase inhibitors (ab201112, Abcam), 100 µΜ a cocktail 
of protease inhibitors (78430, Thermo Fisher Scientific) and 
1 mM PMSF) and clarified by centrifugation for 20 min in 
a microcentrifuge at 4 °C. BCA protein assay was used to 
detect its protein concentration, the collecting supernatant 
was separated to SDS–polyacrylamide gel electrophoresis. 
Following which, the separated proteins were electro-trans-
ferred to a polyvinylidine difluoride membrane (Millipore, 
USA) at 300 mA for 1.5 h. It was then blocked with 5% non-
fat milk. The membrane was incubated with primary anti-
bodies at 4 °C overnight against PKM2 (anti-rabbit, 1:1000; 
Cell Signaling Technology), active caspase-3 (anti-rabbit, 
1:500; Abcam), p-AKT (anti-rabbit, 1:1000; Cell Signal-
ing Technology), AKT (anti-rabbit, 1:1000; Cell Signaling 
Technology) and GAPDH (anti-rabbit, 1:1000; Santa Cruz). 
After incubating with an anti-rabbit horseradish peroxidase 
conjugated secondary antibody (1:5000–10,000; Cell Sign-
aling Technology), the protein was washed with TBS-T three 
times for 5 min. The protein bands were visualized via an 
enhanced chemiluminescence system (ECL, Pierce Com-
pany, USA).

Preparation of Frozen Section

The sham-operated groups and HI groups rats were eutha-
nized at 24 h, following which all rats were perfused with 
heparinized saline at the above time points and fixed with 
4% paraformaldehyde. Next, each brain was excised and 
immersion-fixed in 4% paraformaldehyde at 4 °C for 24 h. 
The brain was then dehydrated through graded sucrose (10%, 
15%, and 30%) at 4 °C for 24 h at each grade. Frozen brain 
coronal sections cut at a thickness of 8 µm and then stored 
at − 20 °C for later use.

Immunohistochemical Staining

For immunohistochemistry staining, all sections were placed 
in the oven for 2 h at 37 °C and then blocked in 10% donkey 
serum for 2 h at room temperature. Next, all sections were 
incubated with primary antibodies against PKM2 (anti-
mouse, 1:1000; Santa Cruz) at 4 °C overnight, followed by 
biotinylated secondary antibody (1:2000, Vector Laborato-
ries, USA) at 37 °C for 30 min. All sections were reacted 
with the DAB (Vector Laboratories, USA) and finally visu-
alized with Leica DM5000 microscope (Leica, Germany). 
Cells that were strong or moderate brown staining were 
considered positive, while weak or non-stained cells were 
considered negative.
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Double Immunofluorescent Staining

Initially, each section was rewarmed at 37 °C for 2 h and 
then washed with PBS for 5 min. Subsequently, all sections 
were blocked with the buffer (10% donkey serum) and 1% 
Triton X-100 for 2 h, an incubation with primary antibod-
ies against PKM2 (anti-mouse, 1:1000; Santa Cruz), NeuN 
(anti-rabbit, 1:100; Abcam), GFAP (anti-rabbit, 1:300; 
Abcam), Iba-1 (anti-rabbit, 1:100; Abcam), and active cas-
pase-3 (anti-rabbit, 1:1000; Abcam) at 4 °C overnight. After 
15 min PBS washing, all sections were incubated with the 
secondary antibodies (CY3-and FITC-Donkey, 1:300; Jack-
son Laboratory) in the dark for 2 h at 37 °C. After washing 
for three times, then the sections were assayed by Leica fluo-
rescence microscope (Leica, Germany).

TUNEL Staining

We performed the TUNEL staining by utilizing an apoptosis 
detection kit (ApopTag Fluorescein in Situ Kit; Millipore, 
USA) according to the operation manual. The Sections were 
prepared as mentioned above and blocked with 1% Triton 
X-100 for 2 min. The sections were first rinsed with PBS 
and incubated with 50 µl TUNEL reaction mixture and 
labeling solution at 37 °C for 60 min, respectively. After 
washing three times with PBS for 15 min each, the staining 
results were analyzed using a Leica fluorescence microscope 
(Leica, Germany).

Rat Primary Cultures of Cortical Neurons Culture

Primary cultures of cortical neurons were derived from 
the cerebral cortex of embryonic day 15 pregnant Sprague 
Dawley rat. Under aseptic conditions, the dissected cerebral 
cortex was digested in 0.25% trypsin and plated on poly-L-
lysine-coated (0.05 mg/ml in deionized water, Sigma, USA) 
6-well plates (density of 1 × 106 cells/ml) and 24-well plates 
(density of 1 × 105 cells/ml). After culturing in a humidified 
incubator of 5% CO2 at 37 °C for 4 h, the glucose-free Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco, USA) 
was changed to being supplemented with 2% B27 (Gibco, 
USA) and serum-free Neurobasal medium (Gibco, USA), 
and the medium which was changed every 2 days.

OGD Treatment and Transfection

Primary cerebral cortex neurons were prepared as we men-
tioned previously. In brief, after replacing cell cultures 
with DMEM without glucose, the cultures were transferred 
to a hypoxia modular incubator chamber (Billups-Rothen-
berg, USA) filled with a gas mixture of 95% N2 and 5% 

CO2 at 37 °C. After 4 h of OGD treatment, the neurons 
were cultured again in Neurobasal medium supplemented 
with 2% B27 and returned to the 37 °C incubator of 5% 
CO2 for 24 h before further experiment.

The neurons in the sham groups were grown in the 
medium (Neurobasal medium supplemented with 2% B27) 
in a humidified atmosphere (at 37 °C, 5% CO2). For trans-
fection, the siRNAs for PKM2 were purchased from Ribo-
bio (Guangzhou, China). The PKM2–siRNA and control 
siRNA were transfected to neurons using lipofectamine 
plus reagent in OptiMEM according to the operational 
instructions. The PKM2 siRNA sequences were as follows: 
si-PKM2#1, TCC​ACC​GCC​TGC​TGT​TTG​A; si-PKM2#2, 
GGC​CTC​TTA​TAA​ATG​TTT​A; si-PKM2#3, GCA​GCT​
TTG​ATA​GTT​CTG​A. After 48 h for transfection, cells 
were treated by OGD for 4 h and reoxygenation for 24 h.

Determination of viable cell number. Cells were inocu-
lated at 2.5 × 104 cells/0.1 ml in a 96-microwell plate (Bec-
ton Dickinson Labware, Franklin Lakes, NJ, USA). Based 
on the OGD treatment and transfection section, after 48 h 
for transfection, cells were treated by OGD for 4 h and 
reoxygenation for 24 h. Control cells were treated with the 
same concentration of DMSO present in each diluent solu-
tion. Cells were incubated for 48 h and the relative viable 
cell number was then determined by the MTT method. In 
brief, the treated cells were incubated for another 3 h in 
fresh culture medium containing 0.2 mg/ml MTT. Cells 
were then lysed with 0.1 ml of DMSO and the absorbance 
at 540 nm of the cell lysate was determined using a micro-
plate reader (Biochromatic Labsystem, Helsinki, Finland). 
The CC50 was determined from the dose–response curve 
and the mean CC50 for each cell type was calculated from 
three independent experiments.

Immunocytochemistry Staining

After OGD and reoxygenation, the transfected primary 
cultures of rat cortical neurons were cultured on cover-
slips for 24 h in 24-well plates. After 24 h culturing, the 
removed cell cultures were washed with PBS for 5 min and 
subsequently fixed in 4% paraformaldehyde for 30 min. 
After fixing, the cells were washed with PBS for three 
more times. The cells were then blocked with a buffer 
(10% donkey serum) for 2 h. The prepared coverslips were 
incubated with antibodies against PKM2 (anti-mouse, 
1:1000; Santa Cruz) and active caspase-3 (anti-rabbit, 
1:1000; Abcam) at 4 °C overnight. The coverslips were 
then incubated with the CY3 and FITC-donkey second-
ary antibodies (1:300; Jackson Laboratory) in dark at 
37 °C for 2 h after washing cells with PBS. The images 
were captured by a Leica fluorescence microscope (Leica, 
Germany).
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Statistical Analysis

We used GraphPad Prism 6.0 Software to analyze all data 
in our study. All values were expressed as mean ± standard 
error of mean (SEM). The statistical dissimilarities between 
the HIE group and the sham group were performed by one-
way analysis of variance (ANOVA) followed by Student’s 
t test. The statistically significant value was considered at 
P < 0.05.

Results

The TTC Staining Analysis and Infarct Areas After 
Modeling HIE

TTC staining is a relatively simple and rapid experimental 
method performed on fresh brain sections after modeling 
HIE, and preparations stained in < 60 min can be used for 
analysis. After a 3 h period of hypoxia and reoxygenation 
24 h, TTC staining for serial slices of the neonatal rat brain 
which was from the same given animal were performed in 
the HIE group and the sham-operated group. As expected, 
the occurrence of HIE resulted in an infarct (Fig. 1), suggest-
ing the HIE model established in this study was successful.

The Expression of PKM2 Protein Level Increased 
After HIE

In order to investigate PKM2 protein level from 0 to 48 h 
in the ipsilateral cerebral cortex after HIE, we performed 
the western blot analysis. PKM2 expression was compar-
atively low in the cerebral cortex of the sham-operated 
group. Compared to sham-operated rats, an increased 

expression of PKM2 was detected immediately after 
HIE and reached the maximum at 24 h. At 48 h post-HIE 
PKM2 expression was lower than at 24 h, it remained 
elevated in comparison to 0 h, 3 h, 6 h and 12 h after the 
injury (Fig. 2a, b).

The Distribution of PKM2 in the Ipsilateral Cerebral 
Cortex After HIE

To further corroborate the expression and distribution of 
PKM2 protein in the ipsilateral cerebral cortex after HIE, 
we applied immunohistochemistry to detect PKM2 protein 
at 24 h after HIE. In comparison with sham-operated group, 
PKM2 immunostaining signal was obviously enhanced in 
ipsilateral cerebral cortex at 24 h following HIE, which was 
in keeping with the western blot results (Fig. 3a–d). It can 
be seen from the data in Fig. 3e that PKM2-positive cells 
in brain cortex after HIE were increased remarkably. From 
these data, it was apparent that PKM2 was up-regulated in 
neurons after modeling HIE.

Fig. 1   Infarct volume in the newborn rat brain sections after mode-
ling HIE by TTC staining. a The representative pictures of 24 h time 
point HIE group and sham-operated group were displayed. The red 
part represents normal tissue and the white part represents infarct tis-
sue. b Quantitative analysis of infarct volume was analyzed. *p < 0.05 
versus the sham-operated group, n = 5

Fig. 2   PKM2 expression in newborn rat cerebral cortex in the ipsi-
lateral hemisphere after HIE. a PKM2 expression in the brain cortex 
was detected by western blot in the HIE group compared to the sham 
group. The expression of PKM2 was gradually upregulated after HIE, 
peaked at 24  h and declined thereafter. b The bar chart shows the 
ratio of PKM2–GAPDH at different time points. *,#p < 0.05, n = 5
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PKM2 was Localized in the Ipsilateral Cerebral 
Cortex Neurons After HIE

We conducted immunofluorescence to further investigate 
which cell type was the localization of PKM2 in the mod-
eling HIE. The double-labeling immunofluorescence experi-
ment was used to co-localize PKM2 with dissimilar cell-
specific markers for neurons (NeuN), astrocytes (GFAP), 
microglia (IBa1).

Following HIE, co-staining with NeuN and PKM2 dem-
onstrated that PKM2 was merely present in neurons of the 
ischemic penumbra of cortex, and the ratio of PKM2 posi-
tive neurons and all PKM2 positive cells was nearly 100% 
(Fig. 4c–e). However, PKM2 was barely expressed in astro-
cytes (Fig. 4f–h) or microglia (Fig. 4i–k) and the immuno-
fluorescent staining of PKM2 and NeuN showed that the 
expression of PKM2 in the HIE group was markedly higher 
than that in the sham group (Fig. 4a–d). It demonstrated that 
the high expression of PKM2 in the HIE group was mainly 
in cortical neurons, signifying that PKM2 may be involved 
in the physiological changes of cortical neurons in neonatal 
rats after HIE.

PKM2 was Associated with Neuronal Apoptosis 
in the HIE Model

Neuronal apoptosis is deemed to be one of the most vital 
events after HIE. It is observed that changes in PKM2 
expression mostly occurred in neurons. Therefore, it is rea-
sonable to investigate whether PKM2 is related to neuronal 
apoptosis after neonatal HIE.

From our data, the expression of PKM2 in neurons 
was increased in the ipsilateral cerebral cortex after HIE, 
hence there was justification to speculate whether PKM2 is 

relevant in neuronal apoptosis. We quantified the expression 
of active caspase-3 after HIE using Western blot. From the 
Western Blot results, we can see that the expression level of 
active caspase-3 increased following HIE and maximized 
at the 24 h mark. This was consistent with the changes in 
PKM2 (Fig. 5a, b).

Additionally, to further explore the correlation between 
PKM2 and neuronal apoptosis, we carried out TUNEL stain-
ing to verify that PKM2 was associated with HIE-induced 
neuronal apoptosis. As shown in Fig. 5 (Fig. 5e–l), TUNEL-
positive cells were co-labeled with PKM2 and neuron 
marker NeuN in the neonatal rat ipsilateral cortex at 24 h 
following HIE. This indicates that neuronal apoptosis had 
also occurred in the PKM2-expressing cells.

In recent years, researches have suggested that activated 
AKT could suppress cell apoptosis [27]. The p-AKT expres-
sion was shown to have down-regulated after HIE (Fig. 5c, 
d). An increased level of p-AKT following PKM2 knock-
down in vitro indicated that PKM2 silencing was critical for 
AKT activation (Fig. 6c). Together, these results suggest that 
there is an association between PKM2 and neuronal apop-
tosis, which might be regulated by P-AKT signal pathway 
following HIE.

PKM2 Regulated Neuronal Apoptosis in Vitro

To further explore the specific role of PKM2 in neuronal 
apoptosis post HIE, we established OGD, an in vitro model 
which mimics the conditions of an in vivo HIE injury. We 
transfected the PKM2–siRNA into the rat primary cultures 
of cortical neurons (Fig. 6a, b). In accordance to the HIE 
model, the active caspase-3 protein level was decreased 
(Fig. 6c, d), while the p-AKT expression was specifically 

Fig. 3   The detection of PKM2 
in the ipsilateral cerebral cortex 
with immunohistochemistry 
staining. a, c Sections were 
immunostained with antibody 
for PKM2 in the sham group 
and at 24 h after HIE (b, d). e 
Quantitative analysis of PKM2 
positive cells in ipsilateral 
cerebral cortex. The number 
of PKM2 positive cells was 
increased in the cerebral cortex 
in 24 h time point HIE group 
compared with the sham group. 
*p < 0.05, n = 5
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increased (Fig. 6e, f) after knocking down PKM2 and OGD 
treatment for 4 h and then reoxygenation for 24 h.

From MTT assay, si-PKM2#2 transfection prevented the 
decrease of neuron cell viability induced by OGD treatment 
(Fig. 6g). In addition, as immunofluorescent staining dem-
onstrated that PKM2 silencing generated less co-labeling 
with PKM2 and active caspase-3 in the transfected cells, 
suggesting that neuronal apoptosis was reduced by knock-
ing down PKM2 (Fig. 6h, i). When examined, these results 
suggest that PKM2 participated in neuronal apoptosis and 

the activation of p-AKT may depend on the corresponding 
mechanism.

Discussion

Using a clinically relevant model of neonatal hypoxia-
ischemia, we investigated the role of PKM2 in neuronal 
apoptosis. As expected, TTC staining results for brain 
slices indicated evident variation in the HIE model 

Fig. 4   PKM2 was localized in the ipsilateral cerebral cortex neurons 
after HIE. a, b Immunofluorescence showed that PKM2 expression 
increased at 24 h after HIE compared to the sham group. c–e Immu-
nofluorescence staining showed that PKM2 was almost completely 

co-localized with neuron marker NeuN, not with astrocyte marker 
GFAP (f–h) or microglia marker Iba1 (i–k) in the ipsilateral cerebral 
cortex at 24 h after HIE. *p < 0.05, n = 5
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Fig. 5   Association of PKM2 with neuronal apoptosis in the ipsilateral 
cerebral cortex following HIE. a Active caspase-3 protein expression 
increased and peaked at 24  h following HIE. b Quantitative analy-
sis (relative level) of expression of active caspase-3 at different time 
points. The bar chart shows the ratio of active caspase-3 to GAPDH 
at different time points. c p-AKT protein expression was decreased 

and bottom at 24 h. e–h TUNEL staining showed the colocalization 
of TUNEL-positive cells with PKM2 and neuron marker NeuN (i–l) 
in the rat ipsilateral cerebral cortex at 24 h following HIE. d The bar 
chart shows the ratio of p-AKT to t-AKT at different time points. 
*p < 0.05, n = 5
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Fig. 6   Regulation of OGD-
induced neuronal death by 
PKM2 expression. a PKM2–
siRNAs were transfected into 
primary neurons to knock down 
PKM2 expression. b The bar 
chart shows the ratio of PKM2–
GAPDH (*p < 0.05, n = 3). c 
PKM2 and active caspase-3 
were downregulated in PKM2–
siRNA group. d The bar chart 
indicates the density of PKM2 
versus GAPDH (*,#p < 0.05, 
n = 3). e PKM2 silencing upreg-
ulated p-AKT protein expres-
sion levels. f The bar chart 
shows the density of p-AKT 
versus t-AKT (*p < 0.05, n = 3). 
g MTT assays were carried out 
to examine the effect PKM2 
downregulation on OGD-
induced alterations in neuronal 
metabolism (*p < 0.05, n = 3). 
h Immunofluorescent stain-
ing showed that colocalization 
between PKM2 and active cas-
pase-3 in non-specific siRNA 
and PKM2–siRNA transfected 
primary neurons after OGD 
treatment. i The bar chart shows 
the number of active caspase-3 
positive cells in the transfected 
cell (*p < 0.05, n = 3)
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compared to the sham-operated group. The PKM2 expres-
sion was significantly up-regulated at 24 h after HIE in 
the cerebral cortex. Based on this data, we believe the 
increase in PKM2 and changes in other proteins measured 
by western blot were due to altered levels of expression 
within cells. In addition, immunohistochemistry analysis 
demonstrated the level of PKM2 expression in the cerebral 
cortex neurons after HIE was elevated dramatically com-
pared to the sham-operated group. We found that PKM2 
was mainly located in neurons of ipsilateral cerebral cor-
tex, not in astrocytes or microglia. The increasing active 
caspase-3 expression and the decreasing p-AKT expres-
sion were parallel to PKM2 expression level in vivo. This 
result indicates that PKM2 may be involved in cortical 
neurons apoptosis after HIE. Meanwhile, we silenced 
PKM2 by siRNA in primary cultures of cortical neurons. 
This resulted in the reduction of active caspase-3 and the 
increase of p-AKT in the OGD in vitro model. Therefore, 
we came to the conclusion that PKM2 might promote neu-
ronal apoptosis after HIE and that its activity may depend 
on the inactivation of p-AKT.

AKT activation results in activation of mTOR1 by phos-
phorylation and inhibition of TSC2; HIF1α expression is 
in turn induced by mTOR activation, and HIF1α enhances 
PKM2 expression through cooperating to c-Myc-hnRNPs 
splicing regulators [32]. Since AKT activation could inhib-
ited cell apoptosis, the survival of PKM2 knockdown cells 
might require upregulation of p-AKT. In our vitro model, 
p-AKT expression was increased through transfecting 
PKM2–siRNA into primary cortical neuronal cells. There-
fore, we assumed that PKM2 played a key role in the AKT-
mediated signaling pathway by regulating the protein level 
of p-AKT and participated in the cortical neurons apopto-
sis. This finding corresponds to the phenomenon, showing 
that deprivation of PKM2 leads to activation of the AKT 
signaling pathway. The AKT signaling pathway activation 
in PKM2 knockdown cells was via the classical PI3K-Akt 
signaling pathway [27, 33, 34].

It is well known that PKM2 is universally expressed in 
embryogenesis, regeneration, and cancer [21, 35]. PKM2 
also plays a significant role in cell division, tumor growth, 
angiogenesis, metastasis, and apoptosis [36]. However, in 

Fig. 6   (continued)
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recent studies using mouse models and RNASeq data sets 
analysis, PKM2 was also expressed in non-proliferating cells 
[17, 18, 37, 38]. In recent years, PKM2 and its role in rela-
tion to the regulation of cell proliferation had been explored 
and it is known that PKM2 plays a vital role in the transfor-
mation of many malignancies [36, 39]. The enhancive aero-
bic glycolysis and cell proliferation or migration originate in 
normal conditions and physiological growth and also occurs 
in cancer and therioma [40]. Our data differ from a previous 
report that showed PKM2 playing a role in up-regulating the 
expression of Bcl-xL protein, in the Bcl-2 family of proteins 
as an anti-apoptotic member, thereby inhibiting apoptosis 
and promoting tumor cell development [41]. We noticed 
that PKM2 has been confirmed as a biological marker for 
detection and diagnosis of tissue acute damage in the kid-
neys [42]. Presently, the role of PKM2 in response to HIE 
of newborn is unknown. However, unlike previous studies, 
we detected the expression of PKM2 on neuronal cells and 
explored its relationship with apoptosis. And this might be 
a potential therapeutic target and an important direction 
for our future research. The major strength of our study is 
the fact that it was the first time the relationship between 
PKM2 protein expression and apoptosis in non-proliferative 
cells, namely neonatal rat ipsilateral cortical neurons, was 
explored.

In conclusion, our study clearly indicates that PKM2 
expression was increased significantly and these findings 
suggested a role for PKM2 in promoting apoptosis in new-
born rat ipsilateral cortical neurons via AKT signaling path-
way after HIE. These findings will make several contribu-
tions to investigating neuronal apoptosis in newborn rats 
following HIE. However, we would still need to conduct 
further research to explain the intrinsic molecular mecha-
nisms regarding PKM2 and its role in regulating apoptosis 
events in cerebral cortex after HIE.
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