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Abstract: Failure of pancreatic -cells is closely associated with type 2 diabetes mellitus (T2DM), an intractable
disease affecting numerous patients. Pyruvate kinase, muscle isoform 2 (PKM2) is a potential modulator of insulin
secretion in B-cells. This study aims at revealing roles and possible mechanisms of PKM2 in pancreatic B-cells.
Mouse pancreatic B-cell line NIT-1 was used for high glucose treatment and PKM2 overexpression by its specific
expression vector. Cell proliferation by Thiazolyl blue assay, cell apoptosis by annexin V-fluorescein isothiocyanate/
prodium iodide staining and insulin secretion assay by ELISA were performed in each group. The mRNA and protein
levels of related factors were analyzed by real-time quantitative PCR and western blot. Results showed that Pkm2
was inhibited under high glucose conditions compared to the untreated cells (P < 0.01). Its overexpression signifi-
cantly suppressed NIT-1 cell apoptosis (P < 0.01), and induced cell proliferation (P < 0.05) and insulin secretion (P
< 0.05). Related factors showed consistent mRNA expression changes. Protein levels of 3-catenin (CTNNB1), insulin
receptor substrate 1 (IRS1) and IRS2 were all promoted by PKM2 overexpression (P < 0.01), indicating the activated
Wnt/CTNNB1 signaling. These results indicated the inductive roles of PKM2 in pancreatic B-cell NIT-1, including pro-
moting cell proliferation and insulin secretion, and inhibiting cell apoptosis, which might be achieved via activating
the Wnt/CTNNB1 signaling and downstream factors. This study offers basic information on the role and mechanism
of PKM2 in pancreatic B-cells, and lays the foundation for using PKM2 as a potential therapeutic target in T2DM.
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Introduction covered many agents, such as metformin, the
most commonly used agent for overweight
patients, and glyburide, to control T2DM [3]. In-
sulin and insulin analogue therapy have been

applied to T2DM treatment and acquired good

Diabetes mellitus is a troublesome disease
which can cause a series of complications in-
cluding heart disease, diabetic retinopathy and

kidney failure, affecting numerous patients wor-
Idwide. Type 2 diabetes mellitus (T2DM) is a
major form of diabetes mellitus, occupying a-
bout 95% of the diabetes population [1]. While
type 1 diabetes mellitus is definitely due to the
lack of insulin caused by failure of pancreatic
islet cells, T2DM is characterized by its insulin
resistance superimposed on the lack of insulin
[2]. But the proportion of the two causes may
vary among individuals, with some primarily
showing insulin resistance and others the lack
of insulin. Pharmacological research has dis-

results [4, 5]. Another promising treatment
option is stem cell therapy, with a study show-
ing the safety and efficacy of autologous stem
cell implantation in most tested T2DM patients
[6]. However, efforts are still needed in the
exploration for better solutions and the expla-
nation for elaborate mechanisms of T2DM.

The failure of pancreatic B-cells is involved in
the pathological mechanism of T2DM. B-cells
are sensitive to all kinds of cellular stresses,
especially the glucose concentration under dia-
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betic conditions. Chronic hyperglycemia induc-
es [B-cell apoptosis and decreases B-cell mass,
and it handicaps insulin secretion via inhibiting
insulin gene transcription factors like v-maf
avian musculoaponeurotic fibrosarcoma onco-
gene homolog A and pancreatic and duodenal
homeobox 1 (PDX1) [7]. Dysfunctional B-cells
result in the low insulin secretion stimulated by
glucose and the accelerated development of
hyperglycemia and T2DM [8]. In this manner, it
is of great significance to maintain a normal
status of B-cells and improve the production of
insulin in T2DM to an effective level.

Pyruvate kinase, muscle (PKM) is encoded by
Pkm gene, whose alternative splicing gener-
ates two transcripts, Pkm1 and Pkm2 [9]. PKM-
2 is increased in tumor cells [10] and its dimer
acts as an active protein kinase, phosphorylat-
ing STAT3 and thus increasing transcription of
MEK5, to promote tumor growth [11]. Enlight-
ened by a former study showing that L-cysteine
decreases insulin secretion via dissociating
PKM2 subunits [12], this study focused on
PKM2, aiming at revealing its influences on
B-cells and insulin secretion. Mouse pancreatic
B-cell line NIT-1 was used in the experiments
and treated with high glucose and PKM2 over-
expression by the specific vector. Changes in
cell proliferation, apoptosis and insulin secre-
tion were detected. Related factors of these
processes were also monitored to reflect the
possible regulatory mechanisms of PKM2. This
study would increase the likelihood for using
PKM2 in T2DM treatment, and provide rudi-
mentary information for its regulatory mecha-
nisms.

Materials and methods
Cell culture and high glucose treatment

Mouse pancreatic B-cell line NIT-1 (Meilian
Shengwu, Shanghai, China) in Roswell Park
Memorial Institute 1640 medium (RPMI-1640,
Gibco, Carlsbad, CA) supplemented with 10%
fetal bovine serum (Gibco), 100 U/mL penicillin
and 0.1 mg/mL streptomycin was cultured in
humid atmosphere with 5% CO, at 37°C. During
the culturing process, the medium was changed
every other day. The cells were grouped into
Control group (without high glucose treatment)
and HG group (treated with 25 mM high glu-
cose, Sigma-Aldrich, Shanghai, China). In each
group, the cells were further divided for overex-
pressing PKM2 or not.
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Plasmid and transfection

At 72 h post high glucose treatment, cells of
difference groups (Control, HG, Control + PKM-
2, and HG + PKM2) were transfected with the
empty vector (pcDNA3.1(+), Invitrogen, Carlsba-
d, CA) or the recombinant vector constructed by
sub-cloning the coding sequence of Pkm2 into
pcDNA3.1(+). The transfection process was per-
formed using Lipofectamine 2000 reagent (In-
vitrogen) according to the manuals, and stable
transfectants were screened using G418 (Gib-
co) selection.

Cell proliferation assay

Thiazolyl blue (MTT) method was used to analy-
ze proliferation of NIT-1 cells after treatments.
Before the MTT assay, cells at logarithmic grow-
th phase were adjusted to concentration of 5 x
10%/mL. Cell suspension of 20 uL was added to
each well of the 96-well plate and cultured for
another 24 h. Cell Proliferation Kit | (Roche,
Basel, Switzerland) was used in the experiment
according to the manuals. Briefly, 20 yL RPMI-
1640 medium containing 0.5 mg/mL MTT was
added to each well and the cells were incubat-
ed for 4 h before 200 uL of dimethyl sulfoxide
was applied to terminate the reaction. Then the
optical density was measured at 492 nm using
SpectraMax i3x (Molecular Devices, Silicon Vall-
ey, CA).

Cell apoptosis assay

Cell apoptosis assay was conducted using dual
staining by annexin V-fluorescein isothiocya-
nate (FITC) and prodium iodide (Pl). Before the
analysis, 2 x 10° cells were seeded in each well
of the 6-well plate. Annexin V: FITC Apoptosis
Detection Kit Il (BD Biosciences, San Jose, CA)
was used in the experiment according to the
manuals. Then cells were analyzed using BD
FACSCanto Il flow cytometer (BD Biosciences).
The total of apoptotic cells were defined as the
annexin V positive/Pl negative cells.

Insulin secretion analysis

The insulin secretion was detected using Rat/
Mouse Insulin ELISA Kit (Millipore, Billerica,
MA) according to the manuals. The medium
supernatant of each group was added to anti-
body-covered 96-well plate and incubated for
insulin capture. Then the uncaptured insulin
was washed out and house reddish peroxidase
(HRP) was added, using tetramethylbenzidine
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Table 1. Primer used in qPCR

Primer Sequence (5’ to 37)

Pkm2-Fw TGCCGTGACTCGAAATCCC
Pkm2-Rv GGCCAAGTTTACACGAAGGTC
Ctnnb1-Fw ATGGATCCGGACAGAAAAGC
Ctnnb1-Rv CTTGCCACTCAGGGAAGGA
Ccnd1-Fw CATCAAGTGTGACCCGGACTG
Ccnd1-Rv CCTCCTCCTCAGTGGCCTTG
Bcl2-Fw TAGAGAGATGCGAGGAACCGATG
Bcl2-Rv ATAAGCAATCCCAGGGTCTGTCC
Pdx1-Fw GCTAACCCCCCTGCGTGCCTGT
Pdx1-Rv TTTCCTCGGGTTCCGCTGTGTA
Slc2a2-Fw GGTGGGTGGCTCGGGGACAAAC
Slc2a2-Rv CACGAGGATGGGCTGTCGGTAA
Gek-Fw GTGTAAAGATGTTGCCCACCTA
Gck-Rv GGAGAAGTCCCACGATGTTGTT
Irs1-Fw GCGCAGGCACCATCTCAACAACC
Irs1-Rv GCACGCACCCGGAAGGAACC
Irs2-Fw CTCTGACTATATGAACCTG
Irs2-Rv ACCTTCTGGCTTTGGAGGTG
Gapdh-Fw TCAACAGCAACTCCCACTCTTCCA
Gapdh-Rv ACCCTGTTGCTGTAGCCGTATTCA
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Figure 1. Transcription of Pkm2 is inhibited in NIT-1
under high glucose conditions. Control, NIT-1 without
high glucose treatment. HG, NIT-1 with high glucose
(HQG) treatment. ""P < 0.01. Pkm2, pyruvate kinase,
muscle splicing variant 2.

as the substrate. After the reaction was termi-
nated by 0.3 M HCI, the absorption peak at 450
nm, which was in direct proportion to the con-
centration of insulin, was measured and asse-
ssed based on the standard curve.

Real-time quantitative PCR (qPCR)

Treated cells of each group were collected and
washed, then lysed in TRIzol (Invitrogen) for RN-
A extraction. The quality and quantity of extract-
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ed RNAs were measured using agarose gel el-
ectrophoresis and NanoDrop 2000 (Thermo S-
cientific, Carlsbad, CA). RNAs of 1 ug were appli-
ed to the synthesis of first strand complemen-
tary DNAs (cDNAs) using PrimeScript 1t Strand
cDNA Synthesis Kit (TaKaRa, Dalian, China).
cDNAs of 20 ng and the gene-specific primers
(Table 1) were included in each reaction sys-
tem, which was conducted on LightCycler 480
(Roche). Gapdh was used as the internal refer-
ence. Experiments were conducted in triplicate
and data were analyzed with the 2-22¢t method.

Western blot

Proteins were extracted from the treated cell of
each group using protein lysis buffer (Beyotime,
Shanghai, China). The same amounts of protein
samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, af-
ter which the protein bands were transferred
from the gel to a polyvinylidene difluoride mem-
brane (Roche). The membrane was incubated
in 5% skim milk for blocking at room tempera-
ture for 2 h. Then it was incubated in the spe-
cific primary antibodies (Abcam, Cambridge,
UK) at 4°C overnight. GAPDH was used in this
step as an internal reference. After washed, the
membrane was incubated in HRP-conjugated
secondary antibodies and ECL Plus Western
Blotting Substrate (Thermo Scientific) was used
to develop the signals. The density of bands
was analyzed using ChemiDoc XRS System
(Bio-Rad, Hercules, CA).

Statistical analysis

All experiments were performed at least in trip-
licate. The results were indicated as mean *
standard deviation. Data were analyzed using
one-way analysis of variance in SPSS 19.0 (IB-
M, New York, USA). Differences were consid-
ered significant if P < 0.05.

Results

PKM?2 is inhibited under high glucose condi-
tions

PKM2 is related to insulin secretion as afore-
mentioned, thusinthisstudy, its expression patt-
ern in high glucose-treated pancreatic 3-cell
line NIT-1 was the first to be examined. gPCR wa-
s used to reflect the transcription level of Pkm2
(Figure 1). In high glucose-treated NIT-1, the
expression of Pkm2 mRNA was lower compared
to the untreated NIT-1, with significant differ-
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Figure 2. Influences of PKM2 on NIT-1. A. Overexpression of PKM2 promotes NIT-1 cell proliferation. B. Flow cytom-
etry indicates overexpression of PKM2 inhibits NIT-1 cell apoptosis. The lower right quadrant indicates the percent
of apoptotic cells. C. Insulin secretion is promoted by PKM2 overexpression. mlU, million International Unit. "P <
0.05. *"P < 0.01. HG, high glucose. PKM2, pyruvate kinase, muscle isoform 2.

ences (P < 0.01). This result inferred the aber-
rant expression of PKM2 in NIT-1 under high
glucose conditions, suggesting the involvement
of PKM2 in the function of pancreatic 3-cells.

PKM?2 suppresses apoptosis, induces prolif-
eration and insulin secretion of NIT-1

Next, this study investigated the influence of
PKM2 on NIT-1 by overexpressing PKM2 using
its expression vector. Cell proliferation changes
were detected by MTT assay (Figure 2A). Re-
sults showed that PKM2 could increase cell
proliferation significantly (P < 0.05), regardless
of the high glucose treatment, which also re-
flected the successful overexpression of PKM2.
Consistently, the percent of apoptotic cells indi-
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cated by annexin V-FITC and PI staining was
decreased significantly by PKM2 overexpres-
sion in the high glucose-treated NIT-1 (P < 0.0-
1), though no significant difference was detect-
ed in untreated NIT-1 (P > 0.05, Figure 2B). In-
sulin secretion detected by ELISA showed that
high glucose could induce insulin secretion,
comparing the untreated with the high glucose-
treated NIT-1 (Figure 2C). Overexpression of
PKM2 significantly increased the secretion of
insulin in both high glucose-treated and un-
treated NIT-1 (P < 0.05 and P < 0.01).

The indices of cell growth, insulin secretion and
B-cell proliferation were also examined from
their transcription levels to verify these chang-
es. Cell growth markers, including [-catenin

Int J Clin Exp Pathol 2015;8(11):14441-14448
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Figure 3. mRNA expression changes induced by PKM2. A. Cell growth indices Ctnnb1, Bcl2 and Ccndl1 are promoted
by PKM2. B. Insulin secretion indices Pdx1, Slc2a2 and Gck are promoted by PKM2. C. Pancreatic 3-cell prolifera-
tion indices Irs1 was slightly promoted and Irs2 was significantly promoted by PKM2. "P < 0.05. P < 0.01. HG,
high glucose. PKM2, pyruvate kinase, muscle isoform 2.Ctnnb1, catenin (cadherin-associated protein), beta 1.Bcl2,
B-cell CLL/lymphoma 2.Ccndl, cyclin D1. Pdx1, pancreatic and duodenal homeobox 1.Slc2a2, solute carrier family

2, member 2.Gck, glucokinase. Irs, insulin receptor substrate.

(C-tnnb1), B-cell CLL/lymphoma 2 (Bcl2) and
cyclin D1 (Ccnd1), were all promoted by PKM2
under high glucose conditions, with Ctnnbl
and Ccndl showing significantly increase (P <
0.05 and P < 0.01, Figure 3A). Insulin secretion
indices, such as pancreatic and duodenal
homeobox 1 (Pdx1), solute carrier family 2,
member 2 (Slc2a2, previously named Glut2)
and glucokinase (Gck) were also significantly
promoted by PKM2 (P < 0.05 and P < 0.01,
Figure 3B). Besides, insulin receptor substrate
1 (Irs1) and Irs2, two factors involving in B-cell
proliferation, were examined, and results indi-
cated that Irs1 expression was slightly changed
with no significance (P > 0.05), while Irs2
expression was significantly promoted by PKM2
(P < 0.01, Figure 3C). The expression changes
in these indices were in accordance with the
observed cell proliferation and apoptosis, and
insulin secretion changes, further confirming
the influences of PKM2 on NIT-1. Taken togeth-
er, PKM2 overexpression brought about great
influences on NIT-1, especially under high glu-
cose conditions, including the promoted cell
proliferation, the suppressed cell apoptosis
and the induced insulin secretion, implying
PKM2 might benefit pancreatic B-cells from
these aspects.

PKM?2 functions via the Wnt/CTNNB1 signal-
ing

Based on the research that PKM2 participates
in the migration of colon cancer cells via Wnt/
CTNNB1 pathway [13], it was of great possibili-
ty that PKM2 could modulate pancreatic 3-cells
via the similar mechanism. Thus protein expres-
sions of CTNNB1 its downstream factors IRS1
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and IRS2 were analyzed (Figure 4A and 4B).
Results showed that CTNNB1 expression was
significantly promoted by PKM2 (P < 0.01), con-
sistent with its mMRNA expression changes, indi-
cating CTNNB1 was activated by PKM2. Protein
levels of IRS1 and IRS2 were both promoted by
PKM2 (P < 0.01 and P < 0.001), suggesting the
activated CTNNB1 might further induce the
activation of IRS1 and IRS2 translation. Taken
together, CTNNB1 and its downstream factors
were activated by PKM2, which implied that
PKM2 was likely to execute its functions in
NIT-1 via activating the Wnt/CTNNB1 signaling.

Discussion

In this study, PKM2 was found to be down-regu-
lated in high glucose-treated pancreatic B-cells
NIT-1. Its overexpression leads to the promo-
tion of proliferation, the inhibition of apoptosis
and the induction of insulin secretion of NIT-1.
Related factor analysis revealed that roles of
PKM2 were possibly achieved via the Wnt/
CTNNBL1 signaling.

PKM2 is a kind of pyruvate kinase, the key regu-
latory glycolytic enzyme dephosphorylating ph-
osphoenol pyruvate into pyruvate, pivotal in the
final step of glycolysis. PKM2 can be regulated
by pantothenate kinase 4, which is up-regulat-
ed by high glucose conditions, thus possibly
modulating the glucose metabolism [14]. The
down-regulation of PKM2 found in this study in
the high glucose-treated NIT-1 might imply that
its roles were to some extent blocked in these
cells, on the base of which the investigation on
roles of PKMs was necessary.

Int J Clin Exp Pathol 2015;8(11):14441-14448
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Figure 4. PKM2 functions via Wnt/CTNNB1 signaling. A. Western blot showing the protein expression changes of
CTNNBZ, IRS1 and IRS2. GAPDH was used as the internal reference. B. Histogram showing the relative intensity
of bands in western blot. P < 0.01. "P < 0.001. HG, high glucose. PKM2, pyruvate kinase, muscle isoform 2.
CTNNBJ1, catenin (cadherin-associated protein), beta 1.IRS, insulin receptor substrate.

In high glucose-treated NIT-1, overexpression
of PKM2 was able to increase cell proliferation,
inhibit cell apoptosis and induce insulin secre-
tion by NIT-1. Besides changes in cellular activi-
ties, key factors associated with these activi-
ties were also examined. Ctnnbl is a gene
encoding B-catenin, a member of Wnt signal-
ing, participating in cadherin-mediated intercel-
lular adhesion, which is also found to be related
to cell growth by many studies, with its down-
regulation inhibiting growth and inducing apop-
tosis of various kinds of cells [15, 16]. Bcl-2 and
Ccndl1 possess similar functions involving regu-
lating apoptosis and cell cycle, which have
been proved in malignant glioma [17], pancre-
atic cancer [18], colon cancer [16], and squa-
mous cell esophageal cancer[19]. Up-regulation
of these factors is usually accompanied by
induced cell growth and inhibited cell apopto-
sis, which is consistent with what was found in
this study. Inhibition of Pdx1, Slc2a2 and Gck
was related to suppressed insulin secretion, as
is proven in studies of pancreatic (-cells [20-
22]. The promoted expression of the three fac-
tors discovered in this study verified the
induced insulin secretion by PKM2 in NIT-1. In
addition, Irs1 and Irs2, two factors capable of
increasing pancreatic B-cell proliferation and
decreasing B-cell apoptosis [23], were also
examined. The two factors are also vital regula-
tors of glucose transport through activating
their downstream phosphoinositide 3-kinases
[24]. Consistent with the promoted proliferation
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and inhibited apoptosis found by MTT assay
and annexin V-FITC/PI staining, the two indices
of cell proliferation and apoptosis were both
induced by PKM2. Taken together, based on
the analyses of cell activity and related factors,
the roles of PKM2 in regulating pancreatic -
cells were confirmed: PKM2 could induce pan-
creatic B-cell proliferation and insulin secreti-
on, and reduce cell apoptosis, suggesting its
potential application to T2DM treatment.

In addition to the roles of PKM2 in pancreatic
B-cells, the possible functioning mechanism of
PKM2 was further investigated. Albeit the mul-
tiple factors examined in this study, CTNNB1
was chosen to be further analyzed from its pro-
tein expression changes due to its significant
position in Wnt signaling [25, 26]. Ccndlis a tar-
get gene of Wnt signaling, transcriptionally acti-
vated by CTNNB1 [27]. Results found the pro-
tein level of CTNNB1 was also increased by
PKM2 overexpression, which might lead to the
promoted transcription of Ccnd1 observed by
gPCR, implying the activation of Wnt/CTNNB1
signaling pathway. Protein levels of IRS1 and
IRS2 were analyzed, since their transcription
levels induced by PKM2 generated dubious re-
sults, with Irs1 showing no obvious changes,
while Irs2 possessing significant increase. Th-
eir protein level changes were similar to their
transcription patterns, but with more evident
increases. So it could be considered that both
IRS1 and IRS2 were up-regulated by PKM2
overexpression. As the important downstream

Int J Clin Exp Pathol 2015;8(11):14441-14448
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target genes of Wnt/CTNNB1 signaling [28,
29], their up-regulation further confirmed that
the Wnt/CTNNB1 signaling was activated by
PKM2 in NIT-1, suggesting the PKM2-activated
Wnt/CTNNB1 signaling in high glucose-treated
NIT-1.

The entry point of PKM2 into the Wnt/CTNNB1
signaling might be CTNNB1, since studies show
that as the coactivator of CTNNBZ, nucleus PK-
M2 interacts with phosphorylated CTNNB1 and
activate epidermal growth factor receptor, thus
promoting CCND1 [30]. Furthermore, c-Myc/
hnRNPA1 signaling, hypoxia inducible factor 1
alpha, and insulin-like growth factor 1, amongst
others, are upstream regulators of PKM2[31-
33]. With all the intricate regulatory relation-
ships, itis necessary to ascertain and integrate
these associating pathways before the applica-
tion of PKM2 in T2DM treatment.

In summary, this study uncovers the roles of
PKM2 in pancreatic B-cell NIT-1. PKM2 inhibits
NIT-1 cell apoptosis, promotes cell proliferati-
on, as well as insulin secretion, which are achi-
eved by its activation of Wnt/CTNNB1 signal-
ing. This study reveals the possible mechanism
of PKM2 in modulating pancreatic pB-cells, pro-
viding the fundamental evidences for using
PKM2 as a potential therapeutic target in T2DM
treatment.
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