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ABSTRACT
Aims/Introduction: Tubulointerstitial fibrosis is a hallmark of diabetic nephropathy and
is associated with an epithelial-to-mesenchymal transition (EMT) program and aberrant gly-
colysis. Dimeric pyruvate kinase (PK) M2 (PKM2) acts as a key protein kinase in aberrant
glycolysis by promoting the accumulation of hypoxia-inducible factor (HIF)-1a, while tetra-
meric PKM2 functions as a pyruvate kinase in oxidative phosphorylation. The aim of the
research is to study the effect of PKM2 tetramer activation on preventing kidney fibrosis
via suppression of aberrant glycolysis and the EMT program.
Materials and methods: In vivo: Streptozotocin (STZ) was utilized to induce diabetes
in 8-week-old CD-1 mice; 4 weeks after diabetes induction, proteinuria-induced kidney
fibrosis was developed by intraperitoneal injection of bovine serum albumin (BSA: 0.3 g/
30 g BW) for 14 days; The PKM2 activator TEPP-46 was also administered orally simultane-
ously. In vitro: HK2 cells were co-treated with high-glucose media or/and TGF-b1 and
TEPP46 for 48 h, cellular protein was extracted for evaluation.
Results: Diabetic mice developed kidney fibrosis associated with aberrant glycolysis and
EMT; BSA injection accelerated kidney fibrosis in both the control and diabetic mice; TEPP-
46 rescued the kidney fibrosis. In HK2 cells, TEPP-46 suppressed the EMT program induced
by TGF-b1 and/or high-glucose incubation. TEPP-46-induced PKM2 tetramer formation
and PK activity resulted in suppression of HIF-1a and lactate accumulation. Specific siRNA-
mediated knockdown of HIF-1a expression diminished high glucose-induced mesenchy-
mal protein levels.
Conclusion: PKM2 activation could restore the tubular phenotype via suppression of
the EMT program and aberrant glycolysis, providing an alternative target to mitigate fibro-
sis in diabetic kidneys.

INTRODUCTION
As a complication of diabetes, diabetic kidney disease (DKD) is
highly concerning because of its worldwide incidence and poor
prognosis1. The presence of albuminuria is a clinical hallmark
of kidney damage2. In patients with diabetes, the incidence of
end-stage renal disease (ESRD) is higher among individuals
with overt albuminuria than among those with normal albumin

levels3. These clinical observations suggest that hyperglycemia
and associated metabolic defects interact with proteinuria to
aggravate kidney damage in overt nephropathy; however, the
molecular mechanisms have not been elucidated completely.
Proteinuria has been recognized as a risk factor for tubuloin-

terstitial damage. We previously reported that bovine serum
albumin (BSA) overload induced overt albuminuria in diabetic
mice and produced significant induction of the transforming
growth factor (TGF)-b signaling pathway in tubule cells andReceived 25 August 2020; revised 6 December 2020; accepted 8 December 2020
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that TGF-b stimulated the tubular epithelial cell transformation
program to convert these cells into extracellular matrix-produc-
ing cells through an epithelial-to-mesenchymal transition
(EMT) process4. The EMT in cancer cells has been shown to
be associated with aberrant glycolysis, known as the Warburg
effect5. Such aberrant glycolysis, which is characterized by the
accumulation of hypoxia-inducible factor-1a (HIF-1a), signal
transducer and activator of transcription 3 (STAT3) phosphory-
lation and pyruvate kinase (PK) M2 (PKM2) dimer formation,
plays pathogenic roles in cancer metastasis5–7. TGF-b signaling
is also a known stimulator of glycolysis. Recently, we showed
that TGF-b signaling in tubule cells was responsible for the
induction of aberrant glycolysis in the EMT phenotype of fibro-
tic kidney in diabetic mice8,9. Furthermore, very recently, we
showed that such aberrant glycolysis could be a therapeutic tar-
get of sodium-glucose cotransporter-2 inhibitor therapy9. Not
only diabetes, but also aberrant glycolysis, played essential
pathogenic roles in a unilateral ureteral obstruction (UUO)
model of kidney fibrosis in mice and in polycystic kidney dis-
ease mouse models10,11.
PKM2, the critical enzyme in glycolysis, aggregates and

can be found as monomers, dimers, or tetramers, each of
which displays distinct pathophysiological functions12,13. Tet-
rameric PKM2 exhibits high pyruvate kinase (PK) activity.
TEPP-46 is a small-molecule activator that induces the for-
mation of the PKM2 tetramer by stabilizing PKM2 subunit
interactions and increasing PK activity14,15. Investigators at
Joslin reported previously that the diabetes-mediated reduc-
tion in PKM2 activity plays a vital pathogenic role in
glomerular injury. They elegantly showed that the activation
of PKM2 by TEPP-46 suppressed fibronectin, type I collagen
a3, and TGF-b1 expression levels in the tubular lesions of
diabetic mice16. Independent of its PK activity, dimeric
PKM2 accumulates in the nucleus and acts as a protein
kinase. The PKM2 dimer directly interacts with HIF-1a, pro-
moting HIF-1a transactivation and expression of its down-
stream glycolytic genes GLUT1, LDH, PKF-1, and HK117,18,
whereas activation of PKM2 using the small molecules
TEPP-46 and DASA-58 promotes tetrameric PKM2 forma-
tion, and inhibits LPS-induced HIF-1a accumulation19. The
PKM2 dimer also activates the STAT3 transcription factor
through the phosphorylation of Y70520. STAT3 accelerates
HIF-1a accumulation21, and STAT3 activation has been
shown to be associated with the EMT program22. STAT3
also induces glycolysis by targeting hexokinase 2 in hepato-
cellular carcinoma cells11.
Here, we hypothesized that activation of PKM2 may sup-

press fibrosis in diabetic kidneys damaged by massive protein-
uria via inhibition of EMT and aberrant glycolysis.

MATERIALS AND METHODS
Animal experiments
Eight-week-old male CD-1 mice (Sankyo Lab Service, Tokyo,
Japan) were used in our experiment. The mice received one

intraperitoneal injection of streptozotocin (STZ) (200 mg/kg
body weight) to induce diabetes. Blood glucose levels were
measured 2 weeks later, and the establishment of diabetes
was defined as a blood glucose level of > 220 mg/dL. One
month after the diabetes induction, the mice received oral
gavage with TEPP-46 (30 mg/kg, MedChemExpress, USA) or
vehicle for 2 weeks; at the same time, the mice received an
intraperitoneal injection of bovine serum albumin (BSA)
(0.3 g/30 g, Sigma-Aldrich, USA). All mice were killed at
14 weeks. Before killing, blood pressure and blood glucose
levels were measured, and all samples were stored at -80°C
until use.
The animal experiment was approved by the IACUC of

Kanazawa Medical University (protocol number 2019-25).

Immunohistochemistry
Mouse kidney sections were utilized for immunohistochemistry
staining. We used a Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, USA). After deparaffinization and dehydra-
tion, primary antibodies were diluted according to the manu-
facturer’s instructions (a-SMA, 1:100). For negative controls,
primary antibodies were replaced with blocking buffer.

Immunofluorescence staining
Sections of mouse kidneys were fixed in 4% paraformaldehyde,
incubated with a primary antibody at room temperature for
1 h, a secondary antibody (1:200) was then added and incu-
bated for 30 min at room temperature, and then mounted with
a medium containing DAPI.

Histopathology
All samples were fixed in fresh 10% formaldehyde and embed-
ded in paraffin, and 5 µm thick sections were used for MTS
and Sirius red staining. Sirius red staining was performed using
a picrosirius red staining kit (Cosmo Bio Co., Ltd, Philadel-
phia). All MTS and Sirius red staining images were analyzed
with ImageJ.

Cell culture and treatment
Human proximal tubule cells (HK-2 cells, ATCC CRL-2190)
were cultured in keratinocyte-SFM (19) medium (Life Tech-
nologies, NY, Green Island). The cells were exposed to 30 mM
glucose and/or 10 ng/mL recombinant human TGF-b1 (Pero-
tech, USA) for 48 h with or without TEPP-46/DASA-58 then
harvested for western blot analysis.

Pyruvate kinase (PK) activity assays
Pyruvate kinase activity was measured following a method
described previously23. In kidney samples, 10 µL of 1 µg/µL
protein was used to test PK activity following the assay proto-
col. In HK2 cells, the cell numbers were counted, the PK activ-
ity was measured with a pyruvate kinase activity colorimetric/
fluorometric assay kit (BioVision, USA).
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Cross-linking PKM2 to evaluate the formation of tetramers,
dimers, and monomers
We followed a method described previously16. In brief, in the
kidney cross-linking assay, protein was prepared as indicated
by the protocol, and 250 µM disuccinimidyl suberate (DSS)
(Thermo Scientific) was used to cross-link the samples for
30 min at room temperature. An equal amount of protein was
lysed in 2X Bolt LDS sample buffer (Invitrogen) and boiled for
5 min. In HK2 cells, the cell numbers were counted, 5 mM
DSS was used for cross-linking. Samples were separated by 5%
to 20% SDS-polyacrylamide gel electrophoresis.

Dual luciferase assay
We followed the manufacturer to transfect HK2 cells with
pGL4.42[luc2P/HRE/Hygro] vector (a–c) (Promega, E400A), a
concentration of 10 ng total DNA/µL in Opti-MEM was used
in our study. After transfection, the cells were exposed to a
high-glucose medium with or without TEPP-46 for 48 h. The
HRE activity was measured with a dual-luciferase reporter assay
(E1910, Promega). The data were obtained as the ratio between
firefly luciferase activity and Renilla luciferase activity and then
analyzed.

Transfection
HK2 cells were incubated with Lipofectamine 2000 (Invitrogen)
and HIF-1a-specific siRNA (Thermo Fisher Scientific), in
serum-free medium for 6 h, the medium was then replaced
with keratinocyte-SFM (19) medium, and incubated with
30 mM glucose for the next 48 h, cellular protein was har-
vested for the next analysis.

Immunoprecipitation
The HK2 cells were exposed to 30 mM glucose for 48 h with
or without rapamycin (20 nM), then we performed the
immunoprecipitation as described in our previous study4.

Western blot analysis
RIPA lysis buffer (Santa Cruz Biotechnology) was used when
the proteins were harvested, and the protein concentration was
determined by a BCA assay. Protein lysates were boiled with
SDS sample buffer at 94°C for 5 min and then separated on
SDS-polyacrylamide gels. After transferring the protein to the
PVDF membranes and blocking, the membranes were incu-
bated with a primary antibody overnight at 4°C. A peroxidase-
conjugated secondary antibody was added and the blots were
visualized by using a chemiluminescence detection system, the
results were then analyzed with ImageJ.

Reagents
We purchased the following primary antibody from Cell Sig-
naling Technology: PKM2 (1:1,000), snail (1:500), E-Cadherin
(1:500), HK1 (1:1,000), p-STAT3 (Tyr705) (1:1,000), STAT3
(1:1,000), HK2 (1:1,000); vimentin (1:2,000), a-SMA (1:1,000),
SM22a (1:800), SMAD3 (1:500), p-SMAD3 (1:500) were from

Abcam, HIF-1a (1:200) was purchased from Novus Biologi-
cals.

Statistical analysis
Data are expressed as the mean – SEM. Unpaired t-test or
ANOVA followed by Tukey’s analysis was used to determine
significance, which was defined as P < 0.05 if not otherwise
indicated. GraphPad Prism software (version 7.0) was used for
statistical analysis.

RESULTS
TEPP-46 suppressed kidney fibrosis associated with EMT and
aberrant glycolysis induced by diabetes and/or BSA
After the induction of diabetes, BSA was injected intraperi-
toneally to promote proteinuria, and the PKM2 activator
TEPP-46 was administered at the same time. At the end of the
experiment, we analyzed the following six groups: control mice,
streptozotocin (STZ) mice, BSA-injected mice, BSA + TEPP-
46-treated mice, STZ + BSA-co-treated mice, and
STZ + BSA+TEPP-46-treated mice (Figure S1). First, we per-
formed a histological analysis of kidney samples by Masson’s
trichrome staining (MTS) and picrosirius red (SR) staining.
Compared with the control mice, the STZ-induced diabetic
(STZ) mice and BSA-injected nondiabetic (control) mice exhib-
ited significant kidney fibrosis (Figure 1a–c,e–h,j). The
STZ + BSA-co-treated mice displayed even more marked kid-
ney fibrosis (Figure 1d,e,i,j). Then, we analyzed the EMT pro-
gram by multiplex immunofluorescence staining for epithelial
marker E-cadherin and mesenchymal marker vimentin. The
STZ mice and BSA-injected nondiabetic mice exhibited more
E-cadherin+/vimentin+ cells than the control mice, indicating
that the EMT program was activated, the STZ + BSA-co-trea-
ted mice displayed even stronger EMT activation (Figure 1k–
n). A similar result was observed when we employed immuno-
histochemical staining to evaluate the expression of another
mesenchymal marker, a-SMA (Figure 1o–r). To further con-
firm our data, we performed western blotting to analyze EMT
in kidney samples. When compared with the control mice, the
STZ mice and BSA-injected control mice expressed higher
levels of a-SMA and SM-22 a; the STZ + BSA-co-treated mice
displayed marked increases in the expression of these mes-
enchymal markers (Figure 1s, Figure S2A). The expression of
hexokinase (HXK)1 and HXK2 was greater in the STZ mice
and BSA-injected STZ mice than in the control mice, which
indicated that aberrant glycolysis was excessively induced by
diabetes; consistent with the high expression of HXK1 and
HXK2 observed, our cross-linking analysis showed abundant
monomeric and dimeric PKM2 expression in diabetic mice,
and BSA led to moderately aberrant glycolysis (Figure 1s,t, Fig-
ure S2B).
To rescue kidney fibrosis in diabetic mice with proteinuria,

we employed the PKM2 activator TEPP-46. After 2 weeks of
oral gavage with TEPP-46, kidney fibrosis was significantly
ameliorated in BSA-injected control and diabetic mice
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(Figure 2a–j). The number of E-cadherin+/vimentin+ cells and
the level of a-SMA expression in tubule cells were decreased by
TEPP-46 intervention in BSA-injected control and diabetic
mice, suggesting suppression of the EMT program (Figure 2k–
r). Our western blot analysis revealed that TEPP-46 interven-
tion reduced mesenchymal marker levels significantly in BSA-
injected control and diabetic mice (Figure 2s,t). TEPP-46 sup-
pressed the aberrant expression of the glycolysis markers HXK1
and HXK2 in BSA-injected control and diabetic mice (Fig-
ure 2s,t).
TEPP-46 treatment did not influence the blood glucose levels

of STZ mice or affect the body weight or the kidney/body
weight ratio (Figure 3a–c). Lactate accumulation was observed
in STZ mice, and there was also a trend toward increased accu-
mulation in BSA-injected control mice. TEPP-46 suppressed
lactate levels to basal levels (Figure 3d), which was consistent
with the hexokinase expression patterns observed (Figure 2s,t).
The STZ mice developed a significantly higher albuminuria-cre-
atinine ratio (ACR), as evaluated by a mouse-specific ELISA for
albumin, than the control mice, and this elevated ACR was
augmented by BSA injection; TEPP-46 treatment suppressed
the ACR in BSA-injected control or diabetic mice (Figure 3e).
Bovine-specific albumin excretion was not altered by TEPP-46
intervention (Figure S3).

TEPP-46 promoted PKM2 tetramer formation and increased
pyruvate kinase (PK) activity
A disuccinimidyl suberate (DSS)-based cross-linking analysis
indicated that TEPP-46-treated mice exhibited a higher PKM2
tetramer/dimer + monomer ratio than non-TEPP-46-treated
mice (Figure 4a,b). The pyruvate kinase activity was suppressed
in diabetic mice and/or BSA-injected mice compared with the
control mice (Figure S4). In agreement with the high tetramer/
dimer + monomer ratio, elevated PK activity was also observed
in the TEPP-46-treated mice compared with the non-TEPP-46-
treated mice (Figure 4c). The PK activity was suppressed with
high-glucose medium incubation compared with osmotic con-
trol mannitol incubation, while TEPP-46 restored the PK activ-
ity levels similar to those of the control (Figure 4d).
Immunocytochemical analysis revealed that high-glucose med-
ium either with or without TGF-b1 stimulated PKM2 nuclear
localization; monomeric-PKM2 translocated into the nucleus,
aggravating dimeric-PKM2 formation to promote the Warburg

effect13,24, and TEPP-46 restored normal PKM2 cellular local-
ization (Figure 4e).

TEPP-46 inhibited the high-glucose-induced EMT program
with or without TGF-b1 in human proximal tubule (HK2) cells
Incubation of HK2 cells with TGF-b1 inhibited E-cadherin
expression and promoted vimentin, FSP-1, a-SMA, snail and
SM-22a expression compared with the control incubation, indi-
cating EMT program activation. TEPP-46 treatment restored
the E-cadherin level, suppressed mesenchymal proteins expres-
sion, and impeded the EMT program induced by TGF-b1 (Fig-
ure 5a–k). We also confirmed that another PKM2 activator,
DASA-58, displayed similar effects to TEPP-46 (Figure S5).
TEPP-46 also decreased TGF-b1-activated p-smad3 expression
(Figure 5j,k). Cross-linking analysis revealed that TGF-b1 treat-
ment inhibited tetrameric PKM2 formation compared with
control treatment and TEPP-46 reversed the effects of TGF-b1
(Figure 5l, Figure S6). Compared with the osmotic control,
high-glucose medium induced EMT; TEPP-46 treatment
reversed the EMT-related alterations (Figure 5m,n). Co-incuba-
tion with TGF-b1 in high-glucose medium produced further
induction of EMT, and TEPP-46 failed to restore E-cadherin
expression but suppressed mesenchymal markers expression
(Figure 5m,n).

TEPP-46 inhibited aberrant glycolysis associated with the EMT
program, possibly through the HIF-1a-STAT3-PKM2 axis
Our in vivo study indicated that TEPP-46 inhibited the molecu-
lar signature of aberrant glycolysis in the diabetic mouse kid-
neys (Figures 2s,t and 3d). Similar to the observation in vivo,
high glucose levels induced HIF1-a accumulation and HXK2,
p-STAT3, and p-mTOR induction compared with the osmotic
control, and TEPP-46 restored all these alterations to the nor-
mal level (Figure 6a,b). High-glucose incubation increased lac-
tate levels, and TEPP-46 reduced lactate accumulation
(Figure 6c). The EMT program induced with high-glucose
medium is associated with an accumulation of HIF1-a and
aberrant glycolysis8,9. Additionally, mTOR activation has been
shown to induce aberrant glycolysis associated with HIF-1a
accumulation25. To reveal the functional relation between
PKM2 activation and HIF-1a in vitro, we used a hypoxia
response element (HRE) luciferase reporter assay and found
that high-glucose incubation increased HRE activity compared

Figure 1 | BSA induced kidney fibrosis in both nondiabetic and diabetic mice. (a–d, e) MTS staining of the kidney samples, control, n = 5 mice;
STZ, n = 8 mice; BSA, n = 6 mice; STZ + BSA, n = 9 mice, scale bar 25 µm. (f–i, j) Sirius Red staining for fibrosis in the kidney samples, n = 5
mice/group. Seven visual fields of each sample were calculated by using ImageJ software to analyze fibrosis areas, scale bar 25 µm. (k–n) the EMT
program was analyzed by immunofluoresence. E-cadherin+/vimentin+ cells were recognized as cells undergoing the EMT. For each group, n = 5
mice. Scale bar: 50 µm. (o–r) a-SAM expression was analyzed by immunohistochemical (IHC) staining from kidney. (s) Representative western
blotting images of mesenchymal markers and glycolysis markers of mice kidney samples. (t) Representative images of cross-link analysis of kidney
sample. All data in this picture were analyzed by one-way ANOVA. The data are expressed as the mean – SEM in the graph. P < 0.05 was
recognized as significant. *P < 0.05, **P < 0.01.
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with the control incubation, while TEPP-46 decreased luciferase
activity, indicating that TEPP-46 inhibited HRE transcriptional
activity (Figure 6d). In the HK2 cells, the expression of mes-
enchymal phenotypic markers, such as vimentin, a-SMA and
snail, was increased with high-glucose medium compared with
the osmotic control; HIF-1a knockdown reduced these alter-
ations (Figure 6e,f). Suppression of prolyl hydroxylase domain-
containing protein 2 (PHD2) by EGLN1-specific siRNA
induced HIF-1a accumulation, mesenchymal phenotype and
aberrant glycolysis; TEPP-46 restored all alterations to normal
(Figure S7A,B). The anti-EMT and anti-glycolysis effects of
TEPP-46 were also observed in TSC1- knockdown HK2 cells
(Figure S7C,D). To analyze whether the kinase activity of
PKM2 directly induces mTOR phosphorylation, we performed
immunoprecipitation of PKM2 and mTOR but found no direct
interaction between these two molecules (Figure S8). The

TEPP-46 intervention also suppressed HIF-1a induced EMT
activation in an hypoxic environment (Figure S9).

DISCUSSION
We have shown that diabetic CD-1 mice exhibited severe kid-
ney fibrosis and such fibrosis was associated with aberrant gly-
colysis8; this aberrant glycolysis was a therapeutic target of
SGLT2 inhibitor9. Here, we concluded that aberrant glycolysis
in tubule cells, characterized by PKM2 dimer accumulation, in
the diabetic kidneys was associated with the EMT program.
Patients with diabetes with proteinuria are at higher risk of
developing end stage renal disease; strategies to halt the disease
progression are limited. Therefore, to investigate whether aber-
rant glycolysis is a therapeutic target in a highly proteinuric
diabetic kidney disease model, we utilized diabetic mice with
BSA injection-induced proteinuria, being a remarkable kidney
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Figure 3 | TEPP-46 had no effect on diabetic mice blood glucose, but ameliorated kidney function. (a) Analysis of body weight in the indicated
group. (b) Analysis of kidney weight/body weight ratio. (c) Analysis of blood glucose in mice. (d) Analysis of lactate in mice plasma. (e) Analysis of
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n = 7 mice, the data were analyzed by unpaired two tail t-test. The data are expressed as the mean – SEM in the graph. P < 0.05 was recognized
as significant. *P < 0.05, **P < 0.01.

Figure 2 | TEPP-46 suppressed kidney fibrosis associated with EMT program induced by BSA in nondiabetic and diabetic mice. Histology analysis
of fibrosis in the kidney samples by (a–d) MTS staining and (f–i) Sirius Red staining, scale bar 25 µm. (e, j) using Image J software to analyze the
fibrosis area. BSA, n = 5 mice; BSA + TEPP-46, n = 6 mice; STZ + BSA, n = 7 mice; STZ + BSA+TEPP-46, n = 7 mice. (k–n) EMT program was
analyzed, E-cadherin+(epithelial marker)/vimentin+ (mesenchymal marker) cells were recognized as EMT activation. n = 5mice/group. Scale bar:
50 µm. (o–r) Mesenchymal marker a-SMA expression was analyzed by IHC staining in kidney samples. (s) Representative images of mesenchymal
markers vimentin, SM-22a, and a-SAM, and glycolysis markers HXK1 and HXK2. (t) Protein levels were calculated by being normalized to b-actin
when densitometric analysis was done. BSA, n = 5 mice; BSA + TEPP-46, n = 5 mice; STZ + BSA, n = 6 mice; STZ + BSA+TEPP-46, n = 6 mice.
Unpaired two-tailed t-test. The data are expressed as the mean – SEM in the graph. P < 0.05 was recognized as significant. *P < 0.05, **P < 0.01.
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damage model associated with EMT4. Employing the PKM2
activator TEPP46, we found that (1) diabetic mice treated with
BSA injection displayed EMT associated with an increased level
of PKM2 dimers and TEPP-46 inhibited kidney fibrosis and
the EMT program, with suppression of the PKM2 dimer level.
(2) In the HK2 cell line, TEPP-46 inhibited the EMT program
induced by high-glucose medium with or without TGF-b1
treatment. (3) TEPP-46 also promoted tetrameric PKM2 forma-
tion and PK activity and decreased both HIF-1a accumulation

and lactate production. (4) Such effects of TEPP-46 were asso-
ciated with suppression of potent glycolysis markers such as
HXK2, p-STAT3 and p-mTOR. Overall, PKM2 activation by
TEPP-46 exhibited an antifibrotic effect via inhibition of aber-
rant glycolysis and the EMT program.
We have shown that BSA injection in diabetic mice exagger-

ates TGF-b1/smad3 signaling and subsequently induces fibro-
genic interactions between DPP-4 and integrinb1 followed by
EMT4,26. TGF-b signaling is also a well-established inducer of
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Figure 4 | PKM2 activator TEPP-46 increased PK activity, suppressed PKM2 nuclear location. (a) Representative blot image of cross-linked mice
kidney samples to show PKM2 monomer, dimer, and tetramer. (b) The ratio between tetramer and dimer + monomer of PKM2 in kidney samples,
n = 5/group. (c) Analysis of pyruvate kinase (PK) activity in mice kidney samples, BSA, n = 5 mice; BSA + TEPP-46, n = 6 mice; STZ + BSA, n = 8
mice; STZ + BSA+TEPP-46, n = 7 mice. (d) HK2 cell treated by high-glucose (30 mM) with TEPP-46 for 48 h to analysis PK activity, n = 7
independent experiments. (e) Immunocytochemical analysis of PKM2 location in HK2 cell. (b, c) analyzed using unpaired two tail t-test, (d) used
one-way ANOVA. The data are expressed as the mean – SEM in the graph. P < 0.05 was recognized as significant. *P < 0.05, **P < 0.01. HG: high
glucose.

Figure 5 | TEPP-46 suppressed EMT program induced by high glucose with or without TGF-b1 in HK2 cells. HK2 cell was exposed to 10 ng/mL
TGF-b1 with or without TEPP-46 (10 μM) for 48 hours. (a–i) Immunofluoresence images to display EMT program in HK2 cell, E-cadherin is the
epithelia marker, vimentin and FSP1 are mesenchymal markers. (j) Representative western blot images analysis of EMT markers. (k) Protein levels
were calculated by normalized to b-actin when densitometric analysis was done, n = 9 independent experiments. (l) Representative images of
cross-linking analysis of HK2 cell. (m) HK2 cell incubated in high glucose medium (30 mM) with or without TEPP-46 in the presence of TGF-b1 or
not for 48 h, western blot images of EMT. (n) Protein levels were calculated by normalized to b-actin when densitometric analysis was done, n = 6
independent experiments. The data are expressed as the mean – SEM in the graph. P < 0.05 was recognized as significant. *P < 0.05, **P < 0.01.
HG: high glucose.
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glycolysis in diverse types of cells27. Therefore, the EMT pro-
gram in our BSA-injected diabetic mice is a reasonable cause of
aberrant glycolysis mediated by activation of the TGF-b signal-
ing pathway.
In diabetes, glucose metabolism is dependent on the organs,

with an increase in glycolysis in the diabetic kidneys and a
decrease in the nerves28. In chronic kidney disease, aggravation

of aberrant glycolysis has been observed29. The metabolic shift
from oxidative phosphorylation to aerobic glycolysis was
observed in a UUO mouse model and was associated with
PKM2 phosphorylation11. Chinmayee et al.30 reported that the
PKM2-mediated activation of transglutaminase 2 plays a vital
role in high glucose-induced fibrogenesis30. These reports indi-
cate that aberrant glycolysis is essential for meeting the
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Figure 6 | TEPP46 may inhibit EMT program through HIF-1a-STAT3 –PKM2 axis. (a) Representative western blot images; HK2 cell incubated in high-
glucose with or without TEPP-46. (b) Protein levels were calculated by normalized to b-actin when densitometric analysis was done, n = 7
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HG: high glucose.
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metabolic requirement for the homeostasis of the EMT pheno-
type in the tubule cells of the diabetic kidneys.
In our analysis, all mice treated with BSA alone, STZ alone,

or STZ with BSA and all cells exposed to high-glucose condi-
tions in vitro displayed suppression of pyruvate kinase activity.
The PK activity of PKM2 was regulated by endogenous and
exogenous activators. Fructose 1,6-bisphosphate (FBP) is an
endogenous factor12. TEPP-46 mimics the function of FBP by
binding the monomeric PKM2 subunit to form a tetramer that
has higher PK activity15. Qi et al.16 elegantly demonstrated the
restoration of PKM2 activity by TEPP-46 inhibited fibronectin,
type I collagen a3, and TGF-b1 expression in tubular lesions;
on the other hand, TEPP-46 minimally influenced the glomer-
uli of experimental animals16. In contrast to the findings of that
study, the total PKM2 activity itself was not suppressed in our
short-term diabetic mice treated with BSA injection compared
with nondiabetic mice, and the lactate levels were significantly
elevated in diabetic mice compared with nondiabetic mice with
or without BSA injection, suggesting that the increased aerobic
glycolytic flux was induced in the diabetic kidneys by the
PKM2 dimer. The increased PK activity induced by TEPP-46
rescued the kidney phenotypes and suppressed lactate in the
diabetic kidneys. Tubule-derived lactate has been shown to con-
tribute to fibroblast activation in an acute kidney injury
model31. These data demonstrated that increased PKM2 activity

with PKM2 dimer suppression by TEPP-46 could rescue the
kidney phenotype in diabetic mice by providing mitochondrial
pyruvate for energy production in tubule cells and inhibiting
lactate production, contributing to fibroblast activation (Fig-
ure 7).
Unlike tetrameric PKM2, dimeric PKM2 translocates into

the nucleus and interacts with HIF-1a directly as a transcrip-
tional activator, promoting HIF-1a expression and upregulating
transcription of related glycolysis-associated genes17,29,32, Fur-
thermore, nuclear PKM2, directly phosphorylates STAT3, and
PKM2-phosphorylated STAT3 activates the transcription of
several STAT3-targeted genes33. STAT3, a downstream tran-
scription factor activated by mTOR signaling, contributes to
glycolysis by targeting hexokinase 2 in cancer cells11. Further-
more, PKM2 acts as a kinase to stimulate numerous transcrip-
tion factors relevant to glycolysis and fibrosis32. HIF-1a,
STAT3, mTOR, etc. are all essential players activated by PKM2,
suggesting that the PKM2 dimer is key for inducing the intra-
cellular switch to induce both EMT and glycolysis. In our
in vivo study it was demonstrated PKM2 activity was sup-
pressed in all disease models to a similar extent but with a dif-
ferent magnitude of kidney fibrosis; the PKM2 monomer/dimer
level itself, but not the ratio to the tetramer, would play much
more significant pathogenic roles by inducing fibrogenic pro-
grams, and PKM2 activity measurements are not sensitive

PKM2
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PKM2
Dimer
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Kidney fibrosis

Diabetes:  proximal tubublar cell
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Figure 7 | In diabetes, dimer PKM2 interacted with HIF-1a, STAT3 and promoted their downstream fibrosis and expression of glycolysis related
genes, TEPP46 promoted PKM2 tetramer formation, and inhibited HIF-1a and STAT3 accumulation by decreasing the dimer PKM2.

ª 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 5 May 2021 707

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi PKM2 activation inhibits EMT and aberrant glycolysis in diabetic kidneys



enough to detect such organ damage associated aberrant gly-
colytic signaling.
There were limitations to our study. It is well known that

BSA injection induces immune system-mediated nephritis asso-
ciated with glomerular damage34. In our analysis, mouse-speci-
fic urine albumin levels were increased in BSA-injected diabetic
mice, and TEPP-46 restored the urine albumin levels to nor-
mal, suggesting that the kidney-damaging effects of BSA are
not solely mediated through tubule cell damage but rather
through nephritis-induced alterations in the glomeruli. As aber-
rant glycolysis is a known contributor to inflammation, it is
possible that TEPP-46 inhibited inflammation-induced
glomerular damage. Nevertheless, even though mouse-specific
urine albumin levels were reduced by TEPP-46, the large
amounts of injection-derived BSA (compared with the levels of
mouse-specific albumin) in the urine were not altered by
TEPP-46, which could partially support the dominant role of
urine albumin on tubular damage. To directly explore this
issue, cell-specific activation of PKM2 must be used, and fur-
ther study is warranted.
In conclusion, by analyzing the tubular damage model

induced by BSA injection into diabetic mice, we demonstrated
TEPP-46-mediated activation of PKM2 catalytic activity,
together with the suppression of dimeric PKM2, the potential
kinase involved in both EMT and glycolysis via activation of
essential transcription factors, which restored the structural
integrity of the kidney. These data clearly suggest that aberrant
glycolysis is a therapeutic target in diabetic kidney disease with
severe proteinuria, suggesting a novel therapeutic strategy to
combat diabetic kidney disease by focusing on the Warburg
effect in kidney tubules.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | Animal protocol.
Figure S2 | (a) Quantification of Figure 1S, protein levels were calculated by normalized to b-actin when densitometric analysis
was done. Control, n = 5 mice; STZ, n = 7 mice; BSA, n = 5 mice; STZ+BSA, n = 6 mice. (b) Quantification of Figure 1T n = 5
mice/group. The data are expressed as the mean – SEM in the graph. P < 0.05 was recognized as significant.
Figure S3 | Analysis of BSA/creatine ratio in mice urine.
Figure S4 | PK activity in mice kidney samples.
Figure S5 | HK2 cell co-incubation with DASA-58 and TGF-b1 for 48 hours.
Figure S6 | Quantification of Figure 5L n = 5 independent experiments.
Figure S7 | HK2 cells were incubated with PHD2 siRNA or TSC1 siRNA with or without TEPP-46 for 48 h.
Figure S8 | Immunoprecitation analysis of PKM2 and mTOR interaction, HK2 cell exposed to high-medium with or without rapa-
mycin for 48 h.
Figure S9 | HK2 cell exposed to normal oxygen and hypoxic statement with or without TEPP-46.
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