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Abstract
Ischemic stroke remains a serious threat to human life.Generation of neuronal and vascular cells is an endogenous regenerativemechanism in
the adult brain, which may contribute to tissue repair after stroke. However, the regenerative activity is typically insufficient for significant
therapeutic effects after brain injuries. Pyruvate kinase isoform M2 (PKM2) is a key regulator for energy metabolism. PKM2 also has
nonmetabolic roles involving regulations of gene expression, cell proliferation, andmigration in cancer cells aswell as noncancerous cells. In a
focal ischemic stroke mouse model, recombinant PKM2 (rPKM2) administration (160 ng/kg, intranasal delivery) at 1 h after stroke showed
the significant effect of a reduced infarct volume of more the 60%. Delayed treatment of rPKM2, however, lost the acute neuroprotective
effect. We then tested a novel hypothesis that delayed treatment of PKM2 might show proregenerative effects for long-term functional
recovery and this chronic action could bemediated by its downstreamSTAT3 signaling. rPKM2 (160 ng/kg)was delivered to the brain using
noninvasive intranasal administration 24 h after the stroke and repeated every other day. Western blot analysis revealed that, 7 days after the
stroke, the levels of PKM2 and phosphorylated STAT3 and the expression of angiogenic factors VEGF, Ang-1, and Tie-2 in the peri-infarct
regionwere significantly increased in the rPKM2 treatment group comparedwith those of the stroke vehicle group.To label proliferating cells,
5-bromo-2′-deoxyuridine (BrdU, 50 mg/kg, i.p.) was injected every day starting 3 days after stroke. At 14 days after stroke, immunohisto-
chemistry showed that rPKM2 increased cell homing of doublecortin (DCX)-positive neuroblasts to the ischemic cortex. In neural progenitor
cell (NPC) cultures, rPKM2 (0.4–4 nM) increased the expression of integrinβ1 and the activation/phosphorylation of focal adhesion kinase
(FAK).Amediator role of FAK inPKM2-promoted cellmigrationwas verified in FAK-knockout fibroblast cultures. In the peri-infarct region
of the brain, increased numbers of Glut-1/BrdU and NeuN/BrdU double-positive cells indicated enhanced angiogenesis and neurogenesis,
respectively, compared to stroke vehiclemice. Using Laser Doppler imaging, we observed better recovery of the local blood flow in the peri-
infarct region of rPKM2-treated mice 14 days after stroke.Meanwhile, rPKM2 improved the sensorimotor functional recovery measured by
the adhesive removal test. Inhibiting the STAT3 phosphorylation/activation by the STAT3 inhibitor, BP-1-102 (3 mg/kg/day, o.g.), abolished
all beneficial effects of rPKM2 in the stroke mice. Taken together, this investigation provides the first evidence demonstrating that early
treatment of rPKM2 shows an acute neuroprotective effect against ischemic brain damage, whereas delayed rPKM2 treatment promotes
regenerative activities in the poststroke brain leading to better functional recovery. The underlying mechanism involves activation of the
STAT3 and FAK signals in the poststroke brain.
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Introduction

Stroke remains a leading cause of human death and long-term
disability in the USA and around the world. To date, the ef-
fective treatments for stroke are still very limited. In addition
to previous and current approaches of neuroprotective treat-
ments, innovative therapeutics such as delayed treatments that
can promote regenerative activities and improve functional
recovery after stroke are the recent focus in stroke research
[1, 2]. Pyruvate kinaseM2 (PKM2) is one of the four pyruvate
kinase isoforms (PKM1, PKM2, PKL, and PKR) expressed in
mammalian cells [3]. Pyruvate kinases regulate the final rate-
limiting step of glycolysis by catalyzing the transfer of a phos-
phate group from phosphoenolpyruvate to ADP to produce
pyruvate and ATP [4]. Among the four isoforms, PKM1 and
PKM2 are ubiquitously expressed in different types of cells
and tissues [3]. PKM2 is highly expressed in proliferating
cells such as cancer cells [3, 5]. Expression and activity of
PKM2 are regulated at multiple levels, including gene expres-
sion, alternative splicing, and post-translational modification,
and by metabolic intermediates and growth signaling path-
ways [6]. Hence, PKM2 is a unique multifaceted regulator
that can improve cellular adaptation in their metabolic states
to match physiological needs in different environments [7].
Some recent attention has been focused on PKM2 because
of its critical roles in cellular metabolism and cell proliferation
of cancer cells and immune cells [8]. PKM2 is thus indicated
as a potential therapeutic target for cancer therapy [9, 10]. We
hypothesized that the increased glycolytic capacity induced by
PKM2 could be utilized to battle against hypoxia- and
ischemia-induced brain injuries such as ischemic stroke.
There is so far no report about the neuroprotective effect of
PKM2.

In addition to regulating glycolysis, PKM2 has
nonmetabolic functions such as transcriptional regulations of
cell cycle progression [11–13]. In contrast to the mitochondri-
al respiratory reaction, energy regeneration by these pyruvate
kinases is independent from oxygen supply and allows sur-
vival of the organs under hypoxic conditions [14]. PKM2may
also act as a coactivator of hypoxia-induced factor 1-alpha
(HIF-1α); the latter behaves as a master transcription factor
to regulate multiple signaling pathways in response to hypoxic
insults [15]. Increased levels and activities of PKM2 are asso-
ciated with enhanced motility and metastasis of tumor cells;
the molecular mechanism involved in the cell migration is so
far poorly understood.

We noticed that increased aerobic glycolysis and cell pro-
liferation or migration are not unique to cancer and malignan-
cy, but rather originate in normal biology and physiological

development [16]. In physiological proliferation of neural pro-
genitors or under hypoxia, PKM2 helps to reprogram energy
metabolism to support growth and adaptation. Thus, metabol-
ic transformation is a co-opting of developmental episodes
integral to physiological growth [17]. Presently, these impor-
tant metabolic and nonmetabolic roles of PKM2 were mainly
identified in cancerous cells; the potential nonmetabolic func-
tion in normal cells or in the response to brain injuries such as
ischemic stroke is unknown.

Because of its increased expression and significant changes
in cellular metabolism, PKM2 has been identified as a bio-
marker for tissue damage such as acute kidney injury [18].
PKM2 can regulate gene transcription MEK5 by phosphory-
lating STAT3, which in turn activates numerous transcription-
al factors to regulate cell proliferation, differentiation, migra-
tion, and survival [11, 12, 19]. PKM2 greatly promotes tumor-
ous angiogenesis through enhancing the endothelial cell mi-
gration and extracellular matrix attachment [20]. PKM2 was
recently found to be released by neutrophils at peripheral
wound sites and to facilitate early wound healing by promot-
ing angiogenesis [21]. Studies on functions of intracellular
and extracellular PKM2 seem to suggest that PKM2 orches-
trates tissue regeneration in response to various injuries and
stresses by both adjusting cellular metabolism and promoting
angiogenesis under stress conditions. This scenario well re-
flects the role of PKM2 in tissue damage repair. Whether
PKM2 can be used as a therapeutic reagent to promote regen-
eration in neurological diseases is an intriguing but unex-
plored issue.

Intranasal administration has been proven a noninvasive
method with great clinical relevance to deliver protein, neuro-
peptides, and even cells into the brain by utilizing the olfactory
neuronal distribution pathways in the cribriform plate, which
bypasses the blood–brain barrier (BBB), and directly guides
therapeutics from nose to brain tissues [22, 23]. In the present
investigation, recombinant PKM2 (rPKM2) was delivered to
the ischemic brain using the intranasal method for clinical
feasibility. We tested the possibility that PKM2 downstream
signals involving cell survival and regeneration such as
STAT3 and other regenerative factors contributed to PKM2’s
effects. The novel hypothesis that PKM2 could regulate key
adhesion/migration factors such as the focal adhesion kinase
(FAK) and therefore accelerate cell migration was examined
in cultured FAK gene-modified cells and in the ischemic
brain. Our data support that rPKM2 may be explored as an
early stroke treatment for acute neuroprotection as well as a
delayed stroke treatment to promote angiogenesis,
neurogenesis, and functional recovery through activation of
downstream intracellular signaling pathways.
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Methods and Materials

Focal Ischemic Stroke Model of Mice

C57BL/6 (24–28 g, 9–13 weeks old) mice were housed at 21
to 22 °C room temperature with a 12-h light/dark cycle in the
pathogen-free Laboratory Animal Center for Research at
Emory University. Occlusions of the right middle cerebral
artery (MCA) were performed according to previous proce-
dures with modified artery occlusion procedures [24]. Briefly,
animals were subjected to ketamine/xylazine (ketamine 80–
100 mg/kg i.p., xylazine 10–12.5 mg/kg i.p.) anesthesia, and
the right MCA supplying the sensorimotor cortex was perma-
nently ligated by a 10-0 suture (Surgical Specialties CO.,
Reading, PA). The creation of the right sensorimotor cortex
ischemia was completed by bilateral occlusion of the common
carotid arteries (CCA) for 7 min followed by reperfusion.
During surgery and recovery periods, body temperature was
monitored and maintained at 37.0 ± 0.5 °C using a
temperature-control unit and heating pads. All animal experi-
ments and surgery procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) at
Emory University.

Drug Administration

Recombinant pyruvate kinase M2 (rPKM2) was produced by
Dr. Zhi-Ren Liu’s group according to the published protocol
[20, 21]. rPKM2 (160 ng/kg) was administered intranasally
according to established procedures every other day starting
24 h after stroke until the animals were sacrificed [22]. To
label proliferating cells, 5-bromo-2′-deoxyuridine (BrdU)
(Sigma, St. Louis, MO) was administered to all animals
(50 mg/kg/day, intraperitoneal injection) beginning on day 3
after stroke and continued once daily until sacrifice. The
STAT3 inhibitor XVIII, BP-1-102 (3 mg/kg, Millipore,
Billerica, MA) was administered orally once daily. Saline
was used as vehicle control of drug treatments.

Immunohistochemistry

Fresh frozen coronal brain sections were cut at 10μm thickness
using a cryostat (Leica CM 9500, Leica Biosystems, Buffalo
Grove, IL). Sections were dried on a slide warmer for 30 min,
fixed with 10% buffered formalin for 10 min, permeabilized
with 0.2% Triton-X 100 (in PBS) for 5 min, blocked for 1 h
with 1% fish gel at room temperature, and then incubated with
the primary antibodies Glut-1 (1:800; Millipore), NeuN (1:400;
Millipore), collagen IV (Millipore), and integrin αvβ3 (Santa
Cruz, Dallas, TX) overnight at 4 °C. Slides were incubated with
anti-mouse, anti-rabbit, or anti-rat secondary antibodies for 2 h
at room temperature. Vectashield mounting media for fluores-
cence (Vector Laboratory, Burlingame, CA) were used to

coverslip slides in preparation for microscopy and image anal-
ysis. For BrdU (1:600, AbD serotec) staining, slides were in-
cubated in 2 N HCl at 37 °C for 1 h, followed by 0.2% Trition
X 100 incubation for 45 min. For DCX (1:50, Santa Cruz
Biotechnology) staining, animals were transcardially perfused
with warm saline and 4% paraformaldehyde. Pictures were
taken by using fluorescence microscopy (BX61; Olympus,
Tokyo, Japan) along the peri-infarct region defined morpholog-
ically as the region just outside the stroke core. Confocal im-
ages were taken on a confocal microscope (FV1000, Olympus)
to confirm colocalization.

For systematic random sampling in design-based stereologi-
cal cell counting, 6 coronal brain sections per mouse were se-
lected, spaced 90 μm apart across the same region of interest in
each animal. For multistage random sampling, 6 fields per brain
section were randomly chosen in the peri-infarct/penumbra re-
gion of the brain. Sections from different animals represent the
same area in the anterior to posterior direction. Vessel density
was measured using ImageJ (NIH). Neuroblast migration dis-
tancewas determined and quantification of neuroblast migration
was performed as described before [25, 26]. Briefly, proliferat-
ing cells in the subventricular zone (SVZ) and their migration
towards the ischemic cortex were captured in a series of 6 to 10
images, depending on the distance of migration, at × 10 or × 20
magnification with 6 sections analyzed per animal. Analyses
were performed on coronal brain section images taken within
the region of interest including the SVZ migration tract and the
peri-infarct region. Cells colabeled with BrdU and DCX were
counted as newly formed neural progenitors. Migration distance
(μm) was evaluated from the SVZ to the furthest colabeled
DCX- and BrdU-positive cell, determined by confocal imaging.

Western Blot Analysis

The brain tissue from the peri-infarct region was collected at
7 days and 14 days after stroke. The protein was extracted
using lysis buffer containing protease inhibitor (1:100).
Protein (30 μg) from each sample was loaded into a gradient
gel and run at constant current until protein markers had ade-
quately separated. They were transferred onto polyvinyl
difluoridemembranes that were then probed by using standard
protocols. Primary antibodies PKM2 (1:1000; provided byDr.
Zhi-Ren Liu), phospho-Stat3 (Tyr705) (1:1000; Cell
Signaling, Danvers, MA), Tie-2 (1:200; Santa Cruz), integrin
β1 (1:1000, Cell Signaling), phospho-FAK (Tyr397) (1:1000,
Millipore), and mouse β-actin antibody (1:6000; Sigma-
Aldrich, St. Louis, MO) were applied overnight at 4 °C.
Alkaline phosphatase-conjugated secondary antibodies were
applied for 1 to 2 h at room temperature. Alkaline
phosphatase-conjugated antibodies were developed by using
ni t ro-blue tet razol ium and 5-bromo-4-chloro-3 ′-
indolyphosphate solution. The intensity of each band was
measured and subtracted by the background using NIH
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ImageJ software. The expression ratio of each target protein
was then normalized against β-actin.

Local Cerebral Blood Flow (LCBF) Measurement

Laser scanning imaging was used to measure LCBF as previ-
ously described [27] at 3 time points: immediately beforeMCA
ligation, during the 7-min bilateral common carotid artery liga-
tion, and 14 days after ischemia. Briefly, animals were anesthe-
tized with an injection of 4% chloral hydrate solution and an
incision was made to expose the skull above the territory of the
right MCA. The laser was centered over the right coronal su-
ture. Different from the conventional laser Doppler probe that
measures a small point of blood flow, the scanner method mea-
sures a 2.4 × 2.4 mm2 area using the laser Doppler perfusion
imaging system (PeriFlux System 5000-PF5010 LDPM unit,
Perimed, Stockholm, Sweden). This scanning measurement
largely avoids inaccurate or biased results caused by inconsis-
tent locations of the laser probe. Data was analyzed using the
LDPI Win 2 software (Perimed AB, Stockholm, Sweden).

Adhesive Removal Test

The adhesive removal test measures sensorimotor function as
previously described [28]. A small adhesive dot was placed on
each forepaw, and the amount of time (seconds) needed to
contact and remove the sticker from each forepaw was record-
ed. Recording stopped if the animal failed to contact the stick-
er within 2 min. Mice were trained 3 times before stroke sur-
gery to ensure that they were able to remove the tape. The test
was performed 3 times per mouse, and the average time was
used in the analysis before stroke and 14 days after stroke.

Isolation and Culture of Mouse Neural Progenitor
Cells (NPCs)

NPCs were isolated from C57/BL6 mice and cultured accord-
ing to previously described protocol [29]. Briefly, the tissue
from the subventricular zone (SVZ) of postnatal day 1 to 3
(P1–13) mice was isolated and dissociated to single-cell sus-
pension. Cells were then plated in culture medium, containing
DMEM and Ham’s F12 medium (DMEM/F12, 1:1)
(Invitrogen, Carlsbad, CA) supplement with 2% B27
(Invitrogen), 20 ng/ml epidermal growth factor (EGF)
(Invitrogen), and 20 ng/ml basic fibroblast growth factor
(bFGF) (Invitrogen). 5 to 7 days after plating, neurospheres
were mechanically split and plated in the same mediumwith a
1:3 ratio. Passage 2 to 4 NSCs were used in the present study.

Mouse Embryonic Fibroblast (MEF) Cell Cultures

FAK wild-type (FAK+/+) and FAK knockout (FAK−/−)
MEF cell lines were generated in our lab [30]. Cells were

cultured in DMEM medium (Invitrogen) supplemented
with 10% FBS (Sigma).

Transwell Migration Assay

Neural progenitor cells were treated with rPKM2 (0.4–
40 nM) in regular culture plates. The treated cells were
resuspended in DMEM/F12 medium containing rPKM2
(0.4–40 nM) and then plated in transwell inserts with
8-μm pores (Corning, Durham, NC). The transwell inserts
containing cell suspension were placed in 24-well plates
with regular NPC culture medium and chemoattractant
SDF-1 (200 ng/ml) in each well. 24 h after plating, the
cells were fixed with 4% paraformaldehyde. The cells on
the upper membrane surface of the inserts were removed
using a cotton swab. The cells on the bottom membrane
surface of the inserts were stained with Hoechst 33342
(Invitrogen) and Acti-stain 555 phalloidin (Cytoskeleton,
Denver, CO). For migration assay performed on FAK+/+

or FAK−/− MEFs, a similar protocol was used as NPCs.
However, treated MEFs were resuspended in DMEM me-
dium without serum and plated in transwell inserts with
8-μm pores, which were placed in 24-well plates contain-
ing DMEM medium with 10% FBS. 2 h after plating, the
number of MEFs on the bottom membrane of inserts was
counted.

Statistical Analysis

Multiple comparisons were done using 1-way ANOVA
followed by Tukey test or 2-way ANOVA followed by
Bonferroni test. Changes were identified as significant if p
was less than 0.05. Mean values were reported together with
the standard error of the mean (SEM).

Results

Acute Neuroprotective Effect of PKM2 After Ischemic
Stroke of the Mouse

A focal ischemic stroke model of the mouse caused the for-
mation of infarction in the right sensorimotor cortex 3 days
after the ischemic insult (Fig. 1A). Recombinant PKM2
(rPKM2, 160 ng/kg/day) was administered via intranasal de-
livery at 1 h or 24 h after stroke. The intranasal method is an
established noninvasive brain delivery of drugs, neuropep-
tides, and even exogenous cells [22]. The acute treatment of
1-h delayed PKM2 markedly attenuated the infarct formation
(~ 60% of reduction, Student t test, F = 11, p = 0.019; n = 6 per
group), whereas the neuroprotective effect disappeared when
PKM2 was given at 24 h after stroke (Fig. 1A).
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Fig. 1 Neuroprotective effect of rPKM2 and expression levels of PKM2
in the normal and stroke brain. Adult male mice were subjected to focal
cerebral ischemia targeting the right sensorimotor cortex. The effect of
rPKM2 intranasal administration (1 or 24 h after stroke) on brain damage
was measured using 2,3,5-triphenyltetrazolium chloride (TTC) staining
in brain sections 3 days after stroke. PKM2 and the downstreammolecule
STAT3 were measured using Western blotting. A Brain sections of TTC
staining images in stroke control, stroke with 1-h-delayed rPKM2
(160 ng/kg, intranasal delivery), and stroke with 24-h-delayed rPKM2.
White color represents the ischemic infarction. The bar graph on the right
summarizes the infarction ratio in the 3 groups. With 1-h delay, rPKM2
showed significant neuroprotective effect of reducing the brain infarct
formation. Asterisk, p < 0.05 versus stroke control, n = 6 per group. mean
± SEM.BWestern blot analysis of PKM2 levels in the normal (sham) and
stroke brains. A basal and significant expression of PKM2 protein was
readily identified in the normal cortex. The bar graph on the right shows

that after a focal ischemic insult, the PKM2 level was upregulated at 1 day
after stroke. The PKM2 level gradually decreased thereafter and declined
to a level significantly lower than 1 day after stroke as well as that in sham
controls. 1-way ANOVA: asterisk, p < 0.05 versus sham; number sign, p
< 0.05 versus 1 day after stroke and sham, n = 5 per group. C PKM2
expression in the peri-infarct region 14 days after stroke with and without
rPKM2 treatment (160 ng/kg per day, intranasal delivery). Student t test:
asterisk, p < 0.05 versus sham. n = 5 in stroke group, n = 3 in stroke +
PKM2 group. D The phosphorylation level of STAT3 expression in the
peri-infarct region at 7 days after stroke. The pSTA3 level increased after
stroke whereas the rPKM2 treatment further upregulated its expression.
The STAT3 inhibitor BP-1-102 (BP) eliminated the effect of rPKM2. 2-
way ANOVA: asterisk, p < 0.05 versus sham; number sign, p < 0.05
versus stroke; delta, p < 0.05 versus stroke + PKM2. n = 4 in sham group,
n = 5 in stroke, stroke + PKM2, and stroke + PKM2 + BP groups
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Expression of PKM2 in the Normal and Stroke Brain
of the Adult Mouse and Increased Phosphorylation
of STAT3 by Intranasal Delivery of rPKM2

Although delayed rPKM2 treatment did not show a neuropro-
tective effect, we assume that its regenerative action might
benefit tissue repair in the poststroke brain. To justify a

chronic treatment with PKM2, we measured the expression
level of PKM2 in the normal and stroke brain. PKM2 has been
extensively investigated in cancer/tumor cells including neu-
roblastoma cells; its expression in normal brain tissues is ob-
scure. We examined the PKM2 expression in the mouse sham
control brain and possible changes after ischemic stroke. A
basal level of PKM2 expression was clearly seen in the control

Fig. 2 Effects of rPKM2 treatment on the expression of angiogenic
factors in the peri-infarct cortex. Western blot analysis was used to eval-
uate effects of rPKM2 treatment at 2 dosages (80 and 160 ng/kg, intra-
nasal delivery from 1 day after stroke) on p-STAT3 and angiogenic fac-
tors in the peri-infarct cortex at 7 days after stroke. A–C The rPKM2
treatment shows dose-dependent increases in the expression of p-
STAT3 and VEGF. At 160 ng/kg, rPKM2 significantly enhanced both
factors. Note that 2 p-STAT3 bands were detected in this assay using the

Phospho-Stat3 (Tyr705) antibody, which is consistent with the previous
report (Cell Signaling; https://www.cellsignal.com/products/primary-
antibodies/phospho-stat3-tyr705-d3a7-xp-rabbit-mab/9145). D–F
rPKM2 at the higher dosage of 160 ng/kg significantly increased the
expression of Tie-2 and Ang-1, whereas it also increased Tie-2 expression
at a dosage of 80 ng/kg. n = 3 in sham control and n = 4 in rPKM2 groups.
Asterisk, p < 0.05 versus sham controls
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cortex, whereas the PKM2 level was transiently increased in
the peri-infarct region 1 day after focal cerebral ischemia. The
PKM2 level then gradually declined to lower levels at 3 and
7 days after stroke (Fig. 1B). Based on this observation, ex-
ogenous rPKM2 was administered to prevent the decline of

PKM2 in the poststroke brain, and we tested the hypothesis
that the delayed administration of rPKM2 might show regen-
erative effects for poststroke recovery. Stroke mice received
intranasally delivered rPKM2 (160 ng/kg/day) from 1 day af-
ter stroke. 7 days after stroke, the PKM2 level in the peri-

Fig. 3 rPKM2 promoted angiogenesis after ischemic stroke.
Immunohistochemical staining was applied to examine vascular
markers in the peri-infarct cortical region. A Immunostaining images of
the vascular endothelial cell marker Glut-1 (green) and the proliferating
marker BrdU (red) in sham control, stroke, and experimental groups
14 days after stroke. Arrows point to representative BrdU and Glut-1-
positive cells. BA confocal image shows the colabeling of Glut-1 (green)
and BrdU (red), indication of proliferating endothelial cells.CQuantified
data of Glut-1/BrdU-colabeled cells. rPKM2 treatment (stroke + PKM2)
increased the number of proliferating vascular cells, indicating signifi-
cantly enhanced angiogenesis in stroke animals. The STAT3 inhibitor
BP-1-102 eliminated the effects of rPKM2. Mean ± SEM, n = 6 in sham
group, n = 9 in stroke group, n = 6 in stroke animals that received rPKM2

treatment (stroke + PKM2) group, n = 6 in stroke animals received
rPKM2 and STAT3 inhibitor BP-1-102 (stroke + PKM2 + BP) group.
Asterisk, p < 0.05 versus sham; number sign, p < 0.05 versus stroke; del-
ta, p < 0.05 versus stroke + PKM2. D The immunostaining of integrin
αvβ3 (red) as an angiogenic factor in the peri-infarct region at 14 days
after stroke. E Costaining of integrin αvβ3 (red) and the extracellular
matrix marker collagen IV. F The expression of integrin αvβ3 was quan-
tified by the area fraction function using the NIH image J software.
rPKM2 treatment significantly increased the level of integrin αvβ3 in
the peri-infarct region, which was blocked by coapplied BP-1-102. n =
6 in each group; asterisk, p < 0.05 versus sham; number sign, p < 0.05
versus stroke; delta, p < 0.05 versus stroke + PKM2
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infarct region of the ischemic cortex remained significantly
higher than that in the stroke control (Fig. 1C).

PKM2 can activate STAT3 and its transcription of a
number of downstream genes in cancer cells [12]. In the
ischemic brain 7 days after stroke, we investigated the ef-
fect of rPKM2 on the STAT3 signaling. Western blot anal-
ysis showed that, 7 days after stroke, animals that received
the rPKM2 treatment had significantly higher levels of
phosphorylated STAT3 (pSTAT3) (Fig. 1D). BP-1-102 is
a STAT3 inhibitor that suppresses the phosphorylation of
STAT3. In stroke animals that received rPKM2 and BP-1-
102 (3 mg/kg/day, o.g.), the level of pSTAT3 in the peri-
infarct region was significantly lower than that in animals
that received rPKM2 treatment alone (Fig. 1D).

The effect of rPKM2 on STAT3 showed a dose-dependent
manner. Reducing rPKM2 to 80 ng/kg did not cause a signif-
icant increase in p-STAT3 (Fig. 2A, B). Meanwhile, the
rPKM2 treatment showed a dose-dependent upregulation on
the angiogenic factors VEGF, Tie-2, and Ang-1 (Fig. 2).
Based on above observations, the rPKM2 dosage of 160 ng/
kg was selected to test in the following experiments.

�Fig. 4 rPKM2 increased migration factors and migration of neural
progenitor cells. In vitro assays were performed to examine the neural
progenitor cells (NPCs) dissected from the SVZ region. A The protein
level of integrin β1 and FAK activation was examined in NPC cultures
using Western blotting after 24 and 48 h exposure to rPKM2 (0.4 and
4 nM). B Quantification of Western blot data showed that NPCs exposed
to 24 h of rPKM2 (4 nM) expressed a higher level of integrin β1. C The
level of FAK phosphorylation (p-FAK) increased in NPCs exposed to
48 h of rPKM2 (0.4 and 4 nM). 3 replicates in each group and experi-
ments were repeated 3 times. Asterisk, p < 0.05 versus control group. D
and E Immunochemistry staining showed that these NPCs expressed
immature neuronal markers Nestin (green) and DCX (red). F Transwell
migration assay was performed to detect the effect of rPKM2 on the
migration of NPCs. NPCs were treated with rPKM2 at different concen-
trations for 48 h prior to the migration measurement. 24 h after plating in
transwell inserts, NPCs of the bottommembrane of inserts were fixed and
stained with nuclei marker Hoechst 33342 and cytoskeleton marker Acti-
stain 555 phalloidin. rPKM2 (0.4–4 nM) was added in the inserts (upper
chamber) and the chemoattractant factor SDF-1 was added to the bottom
inset to attract cell migration. There were more NPCs migrated to the
bottom membrane of the inserts with 0.4 and 4 nM rPKM2. n = 3 inde-
pendent assays; asterisk, p < 0.05 versus control group

Fig. 5 Knocking out FAK
abolished the migratory effects of
rPKM2 in mouse embryonic
fibroblasts. The transwell
migration assay was performed
on cultured mouse embryonic
fibroblasts (MEFs), taking the
advantage of FAK gene
manipulation in these cells. AThe
effect of rPKM2 on the migration
of wild-type MEFs (FAK+/+) and
FAK knockout MEFs (FAK−/−).
Cells moved to the bottom mem-
brane of inserts were stained with
nuclei marker Hoechst 33342
(blue) and cytoskeleton marker
Acti-stain 555 phalloidin (red). B
The number of cells on the bot-
tom membrane of inserts was in-
creased by 48 h exposure to
rPKM2 (4 nM and 40 nM) in
wild-type MEFs (FAK+/+),
whereas in FAK knockout MEF
(FAK−/−) cultures there was no
change in the number of cells on
the bottom membrane of inserts
by rPKM2 treatment. Asterisk, p
< 0.05 versus control group
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rPKM2 Treatment Promoted Angiogenesis After
Ischemic Stroke

We tested the hypothesis that rPKM2 can promote angiogen-
esis in the ischemic brain through activation of STAT3 signal-
ing. In the mouse focal ischemic stroke model, BrdU (50 mg/

kg, i.p.) was injected to label the proliferating cells in the
mouse. Immunohistochemical staining of the blood vessel
marker Glut-1 and BrdU on brain sections was performed
14 days after stroke. The colabel of Glut-1 and BrdU indicated
proliferating or growing vessels. In the peri-infarct region,
there were more Glut-1/BrdU-colabeled cells 14 days after
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stroke compared with those in sham control animals, suggest-
ing increased angiogenic activity after stroke. Stroke animals
that received rPKM2 treatment showed an even greater num-
ber of Glut-1/BrdU-colabeled cells in the peri-infarct region
compared to stroke vehicle controls (Fig. 3A–C). The STAT3
inhibitor BP-1-102 significantly reduced the number of Glut-
1/BrdU-colabeled cells and Glut-1-positive vessels in the peri-
infarct region compared with that of stroke animals that re-
ceived rPKM2 (Fig. 3C). This data supported that the promot-
ing effect of PKM2 on angiogenesis was largely mediated by
the STAT3 signaling.

Since integrin αvβ3 is expressed on endothelial cells and
plays an important responding role during the angiogenesis
process [31–34], we examined the effect of rPKM2 treatment
on integrin αvβ3 expression after stroke. Immunostaining im-
aging 14 days after stroke showed overlaid expression of
integrin αvβ3 and collagen IV (Fig. 3E). The integrin αvβ3-
positive area in stroke animals was lower in the peri-infarct
region (2.77% of × 20 objective field) compared with that in
animals in the sham group (3.95% of the field). rPKM2 treat-
ment restored the level of integrin αvβ3 in stroke animals
(3.71% per field). Inhibiting STAT3 with BP-1-102 blocked
the effect of PKM2 (Fig. 3D, F).

rPKM2 Increased Migration Factors and Promoted
NPC Migration In Vitro

In addition to its role in angiogenesis, STAT3 signaling has
been shown to play a critical role in neurogenesis including
neuroblast migration ad neuronal differentiation in the central

nervous system (CNS) [35, 36]. The integrins and focal adhe-
sive kinase (FAK) are key molecules in cell migration [30].
We examined the effect of rPKM2 on the expression of
integrin β1 and phosphorylation/activation of FAK in neural
progenitor cells (NPCs) isolated from the brain of C57/BL6
mouse P1–3 pups. Western blotting revealed that the level of
integrin β1 in NPCs increased 24 h after 4 nM rPKM2 treat-
ment. Moreover, phosphorylated FAK was increased by the
rPKM2 treatment 48 h after adding rPKM2 (0.4 nM and
4 nM; Fig. 4A–C).

The effect of rPKM2 on cell migration was next test-
ed in NPC cultures. Immunochemistry staining verified
that these NPCs showed Nestin and doublecortin (DCX)
expressions (Fig. 4D). In the transwell assay of directed
migration in response to the chemoattractant SDF-1
placed on the bottom chamber, rPKM2 (0.4 nM and
4 nM) pretreatment for 48 h significantly increased the
number of NPCs migrated to the bottom membrane of
inserts (Fig. 4E, F).

The Mediating Role of FAK in rPKM2-Promoted Cell
Migration

To further understand the molecular mechanism underlying
the rPKM2 effect on cell migration, we performed the
rPKM2 treatment in wild-type mouse embryonic fibroblast
(FAK+/+ MEF) cultures and FAK knockout mouse embryonic
fibroblast (FAK−/− MEFs) cultures. Immunocytochemistry of
the cytoskeleton marker Acti-stain 555 phalloidin revealed
that the cytoskeleton was degraded and migratory morpholo-
gy including the formation of lamellipodia in FAK−/− MEFs
was reduced (Suppl. Fig. 1A). Transwell migration assay
showed that fewer FAK−/− MEFs migrated to the bottom
membrane of inserts at 2 and 7 h after plating compared with
FAK+/+ MEFs, although eventually no difference was seen at
15 h after plating (Suppl Fig. 1B, C). The rPKM2 exposure
(4 nM or 40 nM) for 48 h prior to the transwell assay signif-
icantly increased the number of FAK+/+ MEFs migrating to
the bottom membrane of inserts counted at 2 h after plating
(Fig. 5A, B). This promoting effect of rPKM2, however, was
not seen in FAK−/−MEFs (Fig. 5A, B). These results indicated
that FAK plays an important mediator role in the effect of
rPKM2 on cell migration.

rPKM2 Promoted Neuroblast Migration
in the Ischemic Brain

The regulatory effect of rPKM2 on neuroblast migration was
then examined in the focal ischemic stroke mice. rPKM2
(160 ng/kg) was intranasally administered as described above.
Immunochemistry staining of DCX and proliferation marker
BrdUwas performed on coronal brain sections at 14 days after
stroke [37]. DCX/BrdU-colabeled cells were observed along

�Fig. 6 The rPKM2 intranasal treatment enhanced neurogenesis and
neuroblast migration after ischemic stroke in mice. The migration of
neuroblasts from the SVZ towards the ischemic cortex was examined
using immunohistochemical staining. A The neuroblast migration and
regeneration along white matter between the ipsilateral SVZ (labeled as
V in the image) to ischemic cortex was examined using the migrating
neural progenitor marker DCX (green) and the proliferating cell marker
BrdU (red) 14 days after stroke. B The migration distance was evaluated
from the SVZ to the furthest colabeled DCX and BrdU-positive cell,
determined by confocal imaging. rPKM2 treatment increased the average
distance of neuroblast migrating towards the ischemic cortex. C and D
Confocal images of DCX/BrdU-colabeled cells in the migration path
14 days after stroke. An increased number of DCX/BrdU cells were
identified in stroke mice that received rPKM2 (D). Mean ± SEM, n = 5
in each group. Number sign, p < 0.05 versus stroke. E Immunochemistry
staining of mature neuronal marker NeuN (green) and BrdU (red) was
performed to evaluate neurogenesis 14 days after stroke. F and G The
number of NeuN/BrdU-colabeled cells in confocal images of the peri-
infarct region in each group was analyzed. The rPKM2 treatment signif-
icantly increased the number of BrdU-positive cells and the number of
NeuN/BrdU-colabeled cells in the peri-infarct region 14 days after stroke,
whereas STAT3 inhibitor BP-1-102 blocked the effect of rPKM2.Mean ±
SEM, n = 6 in sham group, n = 6 in stroke group, n = 8 in stroke + PKM2
group, n = 5 in stroke + PKM2 + BP (BP-1-102) group. Asterisk, p < 0.05
versus sham; number sign, p < 0.05 versus stroke; delta, p < 0.05 versus
stroke + PKM2
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the migrating track from the ipsilateral SVZ to the ischemic
cortex (Fig. 6A). The distance of neuroblasts migrating to-
wards the ischemic cortex was significantly longer in stroke

animals that received rPKM2 treatment than those that re-
ceived the vehicle control (Fig. 3B). There were a significantly
greater number of DCX/BrdU-colabeled cells in stroke

Fig. 7 rPKM2 improved LCBF restoration and attenuated the behavioral
deficits after ischemic stroke. AThe local cerebral blood flow (LCBF) in
the peri-infarct region was measured 14 days after stroke using a laser
Doppler image scanner. B The restoration of LCBF in each group was
calculated by the ratio of the mean value of LCBF to the value before
stroke. rPKM2 treatment promoted the LCBF restoration and STAT3
inhibitor BP-1-102 abolished the effect of rPKM2. Asterisk, p < 0.05
versus sham; number sign, p < 0.05 versus stroke; delta, p < 0.05 versus
stroke + PKM2. n = 7 in sham group, n = 13 in stroke group, n = 7 in
stroke + PKM2 group, and n = 8 in stroke + PKM2 + BP (BP-1-102)
group. C and D Adhesive removal test was used to assess sensorimotor
function 3 and 14 days after stroke. The time needed for stroke animals to

feel (time to contact) and remove the sticky dot from the left paw (time to
remove) was recorded. The ischemic insult resulted in prolonged time for
the stroke animals to remove the sticky dot 3 and 14 days after stroke.
Fourteen days after stroke, animals that received rPKM2 treatment
showed a significantly shorter time in feeling the sticky dot on their left
paws, compared with stroke animals that received either vehicle control
or a combination of rPKM2 and BP-1-102. 2-way ANOVA followed by
Bonferroni test. Asterisk, p < 0.05 versus sham; number sign, p < 0.05
versus stroke; delta, p < 0.05 versus stroke + rPKM2. n = 5 in sham
group; n = 8 in stroke group, stroke + PKM2 group, and stroke +
PKM2 + BP (BP-1-102) group
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animals that received rPKM2 treatment than those that re-
ceived the vehicle control (Fig. 6C, D).

rPKM2 Treatment Promoted Neuronal Differentiation
in the Ischemic Brain

In poststroke neurogenesis, neuronal differentiation is a later
but critical process. We examined newly formed neurons in
the peri-infarct region. The mature neuronal marker NeuN and
proliferation marker BrdU were costained at 14 days after
stroke. More BrdU-positive cells and NeuN/BrdU-colabeled
cells were found in stroke animals that received the rPKM2
treatment (Fig. 6E–G). Coapplied STAT3 phosphorylation in-
hibitor BP-1-102 (3 mg/kg) blocked the effect of rPKM2 on
the neuronal differentiation in the ischemic brain (Fig. 6E–G).

rPKM2 Treatment Enhanced the LCBF and Behavioral
Recovery After Ischemic Stroke

To examine whether improved neurogenesis by rPKM2 could
result in functional improvements after stroke, we measured
the local cerebral blood flow (LCBF) in the peri-infarct region
using a laser Doppler scanner and the sensorimotor function
using the adhesive removal test. At 14 days after stroke, the
LCBF of stroke control animals showed 80% of the basal level
measured before stroke. Stroke animals that received rPKM2
showed a significantly higher level of LCBF (94% of basal
normal flow) (Fig. 7A, B). The STAT3 inhibitor BP-1-102
coapplied with rPKM2 blocked the effect of rPKM2 on
LCBF (Fig. 7A, B).

In the adhesive removal test, the time spent for animals to
feel the sticker (time to contact latency) and the time to re-
move the sticker (time to removal) at 3 and 14 days after
stroke were examined. 3 days after stroke, the animals spent
a significantly longer time to feel and remove the sticker on
their affected left paws compared with the time needed before
stroke (Fig. 7C, D). There were no differences in this func-
tional deficit in animals that received the vehicle control,
rPKM2, or rPKM2 plus BP-1-102 at this time point. At
14 days after stroke, however, stroke animals that received
the rPKM2 treatment needed significantly shorter latency in
feeling the sticker and shorter time in removing the sticker
from their affected paws, suggesting that rPKM2 treatment
improved the sensorimotor function of stroke animals
(Fig. 7C, D). Consistent with earlier observations, the
STAT3 inhibitor BP-1-102 attenuated the beneficial effects
of rPKM2 (Fig. 7C, D).

Discussion

The present study reveals a novel link between PKM2 and
STAT3/FAK signaling pathways that play critical roles in cell

regeneration and migration both in vitro and in vivo. We eval-
uated the therapeutic benefits of a delayed treatment of recom-
binant PKM2 in promoting the tissue regeneration and func-
tional recovery after ischemic stroke. In a focal ischemic
stroke mouse model, we demonstrate that rPKM2 can be ad-
ministered to the ischemic brain through the nasal route, and
this treatment promotes neuroblast migration and increases
endogenous angiogenesis and neurogenesis in the ischemic
brain. The treatment enhanced local blood flow and long-
term functional recovery after ischemic stroke. We show that
phosphorylation/activation of STAT3 plays a critical role in
the therapeutic benefits of rPKM2. We also identified that
FAK activation is essential in mediating the rPKM2 effect
on regeneration-related cell migration. The role of PKM2 as
a protein kinase in regulating cell proliferation and migration
has been explored in recent years [11, 12]. The dimeric form
of PKM2 in the nucleus can directly phosphorylate STAT3
and lead to activation of transcription of STAT3 and down-
stream genes to promote cell proliferation [12]. STAT3 has
been shown to upregulate angiogenic factors and promote
angiogenesis in cancer cells [38]. The present study dem-
onstrates increased phosphorylation of STAT3 and FAK in
the poststroke brain, which thereafter promotes the angio-
genesis and neurogenesis in the peri-infarct region after
stroke. This was further confirmed by using the selective
STAT3 inhibitor BP-1-102 as well as the FAK−/− cells,
which abolished the effects of rPKM2. Together, these
results provide novel evidence for targeting PKM2 as a
therapeutic candidate and the underlying molecular mech-
anism in the treatment of stroke.

PKM2, the M2 isoform of pyruvate kinases, plays an im-
portant role in aerobic glycolysis and is a mediator of the
Warburg effect in tumors. It was thus popularly believed that
tumor cells switch expression of PKM from normal tissue-
expressed PKM1 to tumor-specific PKM2 via an alternative
splicing mechanism. This view was challenged by our data and
other recent reports demonstrating that PKM2 is expressed in
normal cells and tissues. Increasing evidence supports that
PKM2 is a major PKM isoform expressed in a variety of nor-
mal tissues including the brain. For example, a recent study
using mass spectrometry to precisely determine PKM1 and
PKM2 protein levels provided clear evidence that PKM2 in-
stead of PKM1 is found in normal differentiated tissues; there-
fore, there is no isoform shift from PKM1 towards PKM2 in
most of the tumors [3]. The concept that PKM2 is a major
pyruvate kinase in normal cells and tissues and is significantly
regulated under stress or pathological conditions makes this
metabolic regulatory gene an important target for disease ther-
apy as shown in the stroke model in this investigation. Western
blot data of the brain cortex reveal that PKM2 protein exists in
the normal brain. An ischemic insult upregulates the PKM2
expression. This increased PKM2 level may occur in brain cells
or be due to infiltrated immune cells. Identification of the
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upregulation mechanism of PKM2 in the brain and related spe-
cific cell type/s will be important in future studies.

As a glycolytic enzyme, PKM2 generally locates in the
cytoplasm. PKM2 can translocate into the nucleus upon
stresses such as mitogenic and oncogenic stimulation [39,
40]. In the nuclei, PKM2 acts as a transcriptional coactivator
and a protein kinase that phosphorylates histones, highlighting
the crucial role of PKM2 in the epigenetic regulation of gene
transcription that is important for the G1–S phase transition
and the Warburg effects leading to a high glycolysis state and
increased cell proliferation [41]. This characteristic feature of
PKM2 has been extensively demonstrated for its role in tu-
morigenesis [4]. On the other hand, the possibility that PKM2-
induced glycolysis may be utilized by normal cells for surviv-
al and regeneration under ischemic and injurious conditions
has not been investigated. Indeed, emerging evidence suggests
that neurogenesis can be regulated by metabolic states such as
increased glycolysis during development [42].

Phosphoinositide 3-kinase (PI3K) and mammalian target
of rapamycin (mTOR) activation can increase PKM2 expres-
sion through hypoxia-inducible factor 1α (HIF1α)-regulated
transcription of the PKM gene [43, 44]. Peroxisome
proliferator-activated receptor γ (PPARγ), a nuclear hormone
receptor, can also specifically and transcriptionally regulate
PKM2 expression. This regulatory signaling pathway appar-
ently links the PKM2 regulation with hypoxic and ischemic
conditions. FAK is a key mediator in cell migration [45]. Its
upstream signaling protein integrins have been shown to me-
diate the migration process [45]. Our data showed that PKM2
increased the expression of integrin β1 and phosphorylated
FAK in cultured NPCs and promoted the migration of NPCs.
To further elucidate the role of FAK in the effects of PKM2 on
migration, a migration assay was performed in wild-type
mouse embryonic fibroblasts and FAK knockout MEFs.
These experiments provide a compelling evidence for the me-
diating role of FAK activation in the rPKM2 effect of promot-
ing the directed migration initiated by the chemoattractant
factor SDF-1.

Taken together, results in the present study suggest a ther-
apeutic potential of PKM2 for stroke treatment. The mecha-
nism of its effect may involve activating the STAT3 pathway
which in turn promotes tissue repair and functional recovery
via enhancing neuroblast migration, neurogenesis, and angio-
genesis after stroke.
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