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Ding H, Jiang L, Xu J, Bai F, Zhou Y, Yuan Q, Luo J, Zen K,
Yang J. Inhibiting aerobic glycolysis suppresses renal interstitial
fibroblast activation and renal fibrosis. Am J Physiol Renal Physiol
313: F561–F575, 2017. First published February 22, 2017; doi:
10.1152/ajprenal.00036.2017.—Chronic kidney diseases generally
lead to renal fibrosis. Despite great progress having been made in
identifying molecular mediators of fibrosis, the mechanism that gov-
erns renal fibrosis remains unclear, and so far no effective therapeutic
antifibrosis strategy is available. Here we demonstrated that a switch
of metabolism from oxidative phosphorylation to aerobic glycolysis
(Warburg effect) in renal fibroblasts was the primary feature of
fibroblast activation during renal fibrosis and that suppressing renal
fibroblast aerobic glycolysis could significantly reduce renal fibrosis.
Both gene and protein assay showed that the expression of glycolysis
enzymes was upregulated in mouse kidneys with unilateral ureter
obstruction (UUO) surgery or in transforming growth factor-�1
(TGF-�1)-treated renal interstitial fibroblasts. Aerobic glycolysis flux,
indicated by glucose uptake and lactate production, was increased in
mouse kidney with UUO nephropathy or TGF-�1-treated renal inter-
stitial fibroblasts and positively correlated with fibrosis process. In
line with this, we found that increasing aerobic glycolysis can remark-
ably induce myofibroblast activation while aerobic glycolysis inhibi-
tors shikonin and 2-deoxyglucose attenuate UUO-induced mouse
renal fibrosis and TGF-�1-stimulated myofibroblast activation. Fur-
thermore, mechanistic study indicated that shikonin inhibits renal
aerobic glycolysis via reducing phosphorylation of pyruvate kinase
type M2, a rate-limiting glycolytic enzyme associated with cell
reliance on aerobic glycolysis. In conclusion, our findings demon-
strate the critical role of aerobic glycolysis in renal fibrosis and
support treatment with aerobic glycolysis inhibitors as a potential
antifibrotic strategy.

chronic kidney disease; fibroblast; fibrosis; aerobic glycolysis

CHRONIC KIDNEY DISEASE (CKD) has become a major public
health threat on a global scale and imposed enormous socio-
economic burdens. An estimated 13–16% of the adult popula-
tion worldwide has various degrees of CKD and may need
renal replacement therapy with dialysis and/or kidney trans-
plant at some point in the future (17, 54). Regardless of the
underlying disorder and whether the injury is sustained, the
kidney will follow a doomsday path of renal fibrosis, a condi-
tion characterized by a loss of capillary networks (48) and an

accumulation of fibrillar collagens (2, 10, 39), interstitial in-
flammatory response (8, 13, 16, 31), and activated interstitial
fibroblasts (15a). This excessive matrix deposition eventually
leads to tissue destruction and impairment of renal function.
Despite extensive efforts to identify the critical cellular and
molecular mediators of renal fibrosis, the final common path-
way of a wide variety of CKD (26), the mechanisms that
govern renal fibrosis remain incompletely understood, and
currently there is no effective clinical treatment to stop the
progression of renal fibrosis.

Fibroblast proliferation and extracellular matrix synthesis
are major contributors to the progression of interstitial fibrosis.
A variety of studies have identified myofibroblasts as the
primary source of the scar-forming matrix proteins, such as
collagens, fibronectins (FN), elastins, and fibrillins, which
contribute to fibrosis (12, 24, 32, 41, 47). Fibroblast activation,
a transformation process from quiescent interstitial cells to
proliferating and excessively matrix-producing cells, typically
occurs through stimulation by growth factors, direct cell-cell
contacts, extracellular matrix via integrins, and environmental
conditions such as hyperglycemia or hypoxia in renal disease.
Direct targeting of fibroblast activation by various inhibitors
has proved successful in experimental models and thus may
lead to new approaches in the treatment of progressive renal
disease (22, 25, 40, 56). Recently, energy metabolism became
a particularly interesting topic in kidney disease research be-
cause the kidney is one of the organs with the highest meta-
bolic rate in the body (46). Both clinical studies and experi-
mental studies have indicated that metabolic perturbation is
involved in various CKD (9, 35, 38, 53), including diabetic
kidney disease (30, 34) and polycystic kidney disease (5, 37).
For example, Yu et al. (53) applied a commercial liquid
chromatography-mass spectrometry/gas chromatography-mass
spectrometry (LC-MS/GC-MS)-based platform to measure 204
metabolites in plasma from 1,921 African American partici-
pants and found that lower levels of 5-oxoproline and 1,5-
anhydroglucitol were associated with new-onset CKD. Em-
ploying the same LC-MS/GC-MS-based platform, Posada-
Ayala et al. (35) demonstrated that a panel of 7 urinary
metabolites could serve as a marker to separate CKD patients
from 30 individuals without CKD. In addition, Niewczas et al.
(30) performed the first study to examine the relation between
plasma metabolite levels and progression to end-stage renal
disease (ESRD), in which they measured 262 plasma metabo-
lites in 80 individuals over 8–12 yr of follow-up and found that
p-cresol sulfate, several polyols, and nucleotide derivatives
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were associated with an increased risk of progression to ESRD.
In a study of early diabetic nephropathy, Pena et al. (34)
indicated that several plasma (histidine and butenoylcarnitine)
and urine (hexose, glutamine, and tyrosine) metabolites were
associated with the transition from microalbuminuria to mac-
roalbuminuria. Rowe et al. (37) observed that Pkd1�/� cells
acidify culture media more rapidly than wild-type cells and that
PKD1 deletion causes a switch to aerobic glucose metabolism.
Intriguingly, the authors showed that inhibiting glycolysis with
2-deoxyglucose (2-DG) reduced cyst growth in two distinct
mouse models of polycystic kidney disease (PKD), revealing a
shift toward aerobic glycolysis in PKD pathogenesis. However,
there is little information available regarding the role of kidney
cell metabolism profile change in renal fibrosis. The questions
as to whether aerobic glycolysis is required for renal myofi-
broblast activation and whether modulation of renal fibroblast
aerobic glycolysis can affect the occurrence and progression of
renal fibrosis still remain to be addressed.

In the present study, we demonstrated for the first time that
altered glucose metabolism is the primary feature of renal
myofibroblast activation during kidney fibrosis. The key en-
zymes that catalyze glycolytic reactions are upregulated in
transforming growth factor-�1 (TGF-�1)-treated normal rat
kidney interstitial fibroblast (NRK-49F) cells and fibrotic kid-
ney tissues. Furthermore, this study suggests that inhibition of
aerobic glycolysis is an effective approach to suppress renal
fibrosis and thus provides a potential novel therapeutic strategy
in treating CKD.

MATERIALS AND METHODS

Mice and animal models. Male CD-1 mice weighing ~18–22 g
were acquired from the Specific Pathogen-Free Laboratory Animal
Center of Nanjing Medical University and maintained according to
the guidelines of the Institutional Animal Care and Use Committee at
Nanjing Medical University. 2-DG was administered intraperitoneally
at a dose of 100 mg/kg body wt 1 day before unilateral ureter
obstruction (UUO) surgery, and 2-DG was administered for 7 con-
secutive days. Unilateral kidneys were injected with lentiviral pyru-
vate kinase muscle (PKM) RNAi or lentiviral control designed by
Genechem (Shanghai, China) 3 days before UUO surgery. The retro-
peritoneum was opened, and the left kidney was exposed. Then, 5 �
107 transducing units (TU) PKM RNAi lentiviral vectors were in-
jected into the lower pole of the left kidney at several sites. Shikonin
(catalog no. S7576; Sigma-Aldrich) was intragastrically administered
at a dose of 1 or 5 mg/kg body wt 1 day before UUO surgery, and
shikonin was administered for 7 consecutive days. UUO was per-
formed using an established protocol, as described previously. Sham-
operated mice were used as normal controls. The UUO kidneys were
harvested at 7 days after surgery. One portion of the kidney was fixed
in 10% phosphate-buffered formalin, followed by paraffin embedding
for histological and immunohistochemical staining. Another portion
was immediately frozen in Tissue-Tek optimum cutting temperature
compound (Sakura Finetek, Torrance, CA) for cryosection. The re-
maining kidney tissue was snap-frozen in liquid nitrogen and stored at
�80°C for extraction of RNA and protein.

Human subjects. Human renal biopsy samples were collected from
individuals with different degrees of renal fibrosis at the Center for
Kidney Disease of Second Affiliated Hospital of Nanjing Medical
University. For analysis of human subjects, written informed consent
was obtained from everyone, and the study protocol conformed to the
ethical guidelines of the 1975 Declaration of Helsinki as reflected in
a priori approval by the Ethics Committees of Nanjing Medical
University for Medical Experiments.

Cell culture and treatment. Normal rat kidney interstitial fibroblast
cells (NRK-49F) were obtained from American Type Culture Collec-
tion (Manassas, VA). Cells were cultured in Dulbecco’s modified
Eagle’s medium/F12 medium supplemented with 10% fetal bovine
serum (Invitrogen, Grand Island, NY). The NRK-49F cells were
seeded on six-well culture plates to 60–70% confluence in the com-
plete medium containing 10% fetal bovine serum for 16 h and then
changed to serum-free medium after washing twice with medium.
After serum starvation for 16 h, cells were exposed to the treatment
for the indicated time periods before harvesting and subjecting them
to Western blotting, reverse transcriptase PCR (RT-PCR), or immu-
nofluorescence staining, respectively. Human recombinant transform-
ing growth factor-�1 (TGF-�1; 2 ng/ml; catalog no. 100-B-010-CF;
R&D, Minneapolis, MN), human recombinant pyruvate kinase type
M2 (PKM2; catalog no. SAE0021; Sigma-Aldrich), and lactic acid
(catalog no. L1750; Sigma-Aldrich) were added to the serum-free
medium for indicated time periods and at indicated concentration.
2-DG (catalog no. D8375; Sigma-Aldrich) and dichloroacetic acid
(catalog no. 36545; Sigma-Aldrich) were added to the serum-free
medium for indicated time periods and at indicated concentration 30
min before TGF-�1 treatment. NRK-49F cells were transfected with
lentiviral PKM2 RNAi designed by Genechem according to the
manufacturer’s instructions. PKM2 plasmid designed by Genechem
was transfected into NRK-49F cells using Lipofectamine 2000 re-
agent (Invitrogen) according to the manufacturer’s instructions.

Western blot analysis. Cultural NRK-49F cells were lysed in 1�
SDS sample buffer. The kidneys were lysed with radioimmunopre-
cipitation assay solution containing 1% NP-40, 0.1% SDS, 100 mg/ml
PMSF, 1% protease inhibitor cocktail, and 1% phosphatase I and II
inhibitor cocktail (Sigma, St. Louis, MO) on ice. The supernatants
were collected after centrifugation at 13,000 g at 4°C for 30 min.
Protein concentration was determined by bicinchoninic acid protein
assay (BCA Kit; Pierce Thermo-Scientific, Rockford, IL) according to
the manufacturer’s instructions. An equal amount of protein was
loaded into 10 or 12% SDS-PAGE and transferred onto polyvi-
nylidene difluoride membranes. The primary antibodies were as fol-
lows: anti-phospho-PKM2 (Tyr105; catalog no. 3827S; Cell Signaling
Technology), anti-PKM2 (catalog no. ab38237; Abcam), anti-PCNA
(catalog no. sc-56; Santa Cruz Biotechnology), anti-FN (catalog no.
F3648; Sigma-Aldrich), anti-collagen-�1 type 1 (COL1A1; catalog
no. sc-25974; Santa Cruz Biotechnology), anti-�-smooth muscle actin
(�-SMA; catalog no. ab124964; Abcam), and anti-�-tubulin (catalog
no. T6074; Sigma-Aldrich).

RNA isolation and real-time quantitative reverse transcriptase
PCR. Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. cDNA was synthesized
with 1 �g of total RNA, ReverTra Ace (Vazyme, Nanjing, China),
and oligo(dT)12–18 primers. Gene expression was measured by real-
time PCR assay (Vazyme) and 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA). The relative amount of mRNA or gene
to internal control was calculated using the expression 2�CT, in
which �CT � CTgene � CTcontrol, and CT is cycle threshold.

Lactate, glucose assay, and pH measurement. Lactate concentra-
tion of cell supernatant was measured using Lactate Colorimetric/
Fluorometric Assay Kit (K607-100; Biovision). Glucose concentra-
tion of cell supernatant was measured using Glucose Colorimetric/
Fluorometric Assay Kit (K606-100; Biovision). The pH of cell
supernatant was measured with a pH instrument (LE438; Mettler
Toledo) according to the manufacturer’s instructions.

Seahorse XF24 mitochondrial stress analysis and glycolysis
analysis. Optimization of cell density and working concentration titers
for each individual inhibitor was completed before the Seahorse XF24
mitochondrial stress analysis according to the Seahorse XF24 User’s
Manual (Seahorse Bioscience, Billerica, MA). Oxygen consumption
rate and extracellular acidification rate were automatically calculated,
recorded, and plotted by Seahorse XF24 software version 1.8 (Sea-
horse Bioscience). At the end of each assay, cells were washed once
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with an excess of room temperature Dulbecco’s PBS and lysed with
ice-cold radioimmunoprecipitation assay buffer (0.15 M NaCl, 1 mM
EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS, 1%
Triton X-100, 50 mM Tris-HCl, pH 7.8, and protease and phosphatase
inhibitor cocktails), and the protein content was estimated by Bio-Rad
DC Protein Assay (Bio-Rad, Hercules, CA) using a Molecular De-
vices Softmax M3 microplate reader (Sunnyvale, CA). Data were
normalized for total protein content per well. Additional details
relating to the Seahorse XF24 analyzer can also be found at http://
www.agilent.com/en-us/promotions/xftechnologyoverview.

Quantitative determination of collagen in kidney tissue. Three-
micrometer-thick sections of paraffin-embedded tissue were stained
with Sirius red F3BA and Food green FCF (Sigma-Aldrich) overnight.
After washing three times with 1� PBS buffer, the dye was eluted
from tissue sections with 0.1 N sodium hydroxide methanol. Absor-
bance at 540 and 605 nm was determined for Sirius red F3BA and
Food green FCF-binding protein, respectively. This assay provides a
simple, relative measurement of the ratio of collagen to total protein,
which is expressed as micrograms per milligram of total protein.

Histology and immunohistochemistry. Kidney samples were fixed
in 10% neutral formalin and embedded in paraffin. Three-micrometer-
thick sections were used for hematoxylin and eosin, periodic acid-
Schiff, and Masson staining. For immunohistochemical staining, par-

affin-embedded kidney sections were deparaffinized, hydrated, and
antigen retrieved, and endogenous peroxidase activity was quenched
by 3% H2O2. Sections were then blocked with 10% normal donkey
serum, followed by incubation with anti-PKM2 (catalog no. ab38237;
Abcam), anti-�-SMA (catalog no. ab124964; Abcam), or anti-PCNA
(catalog no. sc-56; Santa Cruz Biotechnology) overnight at 4°C. After
incubation with secondary antibody for 1 h, sections were incubated
with avidin-biotin complex reagents for 1 h at room temperature
before being subjected to substrate 3-amino-9-ethylcarbazole or 3,3=-
diaminobenzidine (Vector Laboratories, Burlingame, CA). Slides
were viewed with a Nikon Eclipse 80i microscope equipped with a
digital camera (DS-Ri1; Nikon, Shanghai, China).

Immunofluorescent staining. Kidney cryosections at 3-�m thick-
ness were fixed for 15 min in 4% paraformaldehyde, followed by
permeabilization with 0.2% Triton X-100 in PBS for 5 min at room
temperature. After blocking with 2% donkey serum for 60 min, the
slides were immunostained with anti-PKM2 (catalog no. ab38237;
Abcam), anti-FN (catalog no. F3648; Sigma-Aldrich), or anti-�-SMA
(catalog no. ab124964; Abcam). 4=,6-diamidino-2-phenylindole (DAPI)
was used to visualize the nuclei. Cells cultured on coverslips were
washed twice with cold 1� PBS and fixed with cold methanol/acetone
(1:1) for 10 min at �20°C. After three extensive washings with 1�
PBS, the cells were treated with 0.1% Triton X-100 for 5 min, blocked

Fig. 1. TGF-�1 induces fibroblast proliferation and activation. A: Western blot analysis of �-SMA and PCNA in the kidneys with UUO nephropathy or sham
control. Kidneys were collected on day 7 after UUO. B: representative immunohistochemical staining for �-SMA and PCNA in the kidneys of sham control and
fibrotic kidney induced by UUO nephropathy. Blue indicates �-SMA staining, and brown indicates PCNA staining. Scale bar � 20 �m. C: Western blot analysis
of �-SMA and PCNA level in NRK-49F cells incubated with or without TGF-�1 (2 ng/ml) for 48 h. D: graphic presentation of kidney �-SMA and PCNA levels
normalized to �-tubulin. *P 	 0.05 compared with sham controls (n � 3). E: graphic presentation of �-SMA and PCNA levels in NRK-49F cells normalized
to �-tubulin. *P 	 0.05 compared with controls (n � 3). F: representative immunostaining for �-SMA and PCNA in NRK-49F cells treated with or without
TGF-�1 (2 ng/ml) for 48 h. Cells were costained with DAPI to visualize the nuclei. Scale bar � 10 �m. Ctrl, control.
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with 2% normal donkey serum in 1� PBS buffer for 40 min at room
temperature, and incubated with the anti-�-SMA or anti-PKM2 fol-
lowed by staining with fluorescein isothiocyanate or tetramethylrho-
damine-conjugated secondary antibody. Cells were also stained with
DAPI to visualize the nuclei. Slides were viewed with a Nikon Eclipse
80i Epi-fluorescence microscope equipped with a digital camera
(DS-Ri1; Nikon, New York, NY).

Statistical analysis. Western blotting, RT-PCR, and immunofluo-
rescence staining were all repeated at least three times independently.
For the histologic analysis and immunostaining, quantification was
performed using Image-Pro Plus 6.0 software. For Western blot
analysis, quantitation was performed by scanning and analyzing the
intensity of the hybridization signals using National Institutes of
Health Image software. All data examined are presented as
means 
 SE. Statistical analysis of the data was performed using
SigmaStat software (Jandel Scientific Software, San Rafael, CA).
Comparisons between groups were made using one-way ANOVA,
followed by Student’s t-test. P 	 0.05 was considered statistically
significant.

RESULTS

Increase of aerobic glycolysis and phosphorylated PKM2
level inactivated myofibroblasts during renal fibrosis. In the
present study, we employed mice with unilateral ureter ob-
struction (UUO) and TGF-�1-treated kidney interstitial fibro-
blast cells as two model systems to characterize whether
altered glucose metabolism is a feature of the activated myo-
fibroblasts in renal fibrosis. As the renal interstitial fibroblast
activation and proliferation is central to the development of
renal fibrosis after different insults, we first examined the renal
interstitial fibroblast activation in the UUO-induced fibrotic
kidneys. As shown in Fig. 1, A and D, Western blot analysis
confirmed that the expression of �-smooth muscle actin (�-
SMA) and PCNA in the fibrotic kidneys was significantly
higher compared with sham control. Double immunohisto-
chemical staining with antibodies against �-SMA and PCNA
indicated that significantly more �-SMA-positive fibroblasts in
the renal interstitium are proliferating (PCNA-positive; Fig.
1B), confirming that myofibroblast activation was accompa-
nied by increase of proliferation. Proliferation and activation of
renal fibroblasts promoted by TGF-�1 were also monitored. In
this experiment, NRK-49F cells, a rat kidney interstitial fibro-

blast cell line, were treated with TGF-�1 (2 ng/ml) for 48 h. As
shown in Fig. 1, C and E, TGF-�1 remarkably induced the cell
proliferation marked by PCNA, and the proliferated fibroblasts
expressed high level of �-SMA. Double immunofluorescence
staining with antibodies against �-SMA and PCNA in TGF-
�1-treated NRK-49F cells also confirmed the results of West-
ern blot assay (Fig. 1F).

The metabolic derangement observed in a number of chronic
kidney diseases prompted us to examine whether aerobic
glycolysis is a feature of the activated myofibroblasts in renal
fibrosis. We first examined the gene related to glycolysis by
quantitative RT-PCR and found that these genes were upregu-
lated in the fibrotic kidney compared with kidney tissue ob-
tained from sham controls (Fig. 2A). It is generally believed
that PKM2 serves as the final rate-limiting enzyme associated
with cell reliance on aerobic glycolysis (51). Through phos-
phorylation particularly at Tyr105, PKM2 can form a dimer,
which is catalytically inactive for conversion of phosphoenol-
pyruvic acid to pyruvate and production of ATP, and thus force
the cell to switch metabolism to aerobic glycolysis (44). Given
the critical role of PKM2 in controlling cell glycolysis, we next
detected the level of PKM2, particularly phosphorylated
PKM2, at Tyr105 (p-PKM2) in the fibrotic kidneys 1, 3, and 7
days after the UUO procedure. Western blot analysis indicated
that the levels of both PKM2 and p-PKM2 in fibrotic kidneys
were markedly increased compared with kidney tissues from
sham control (Fig. 2B). The elevation of PKM2 levels in
fibrotic kidneys was further confirmed by immunohistochem-
ical staining. As shown in Fig. 2C, PKM2 was induced during
renal fibrosis, and the inducted PKM2 was largely localized in
the interstitium of the fibrotic kidneys.

To test whether this upregulation of aerobic glycolysis as
well as PKM2 levels in kidney tissues also occurs in patients
with nephropathy, we examined renal biopsy samples from
individuals with different degrees of renal fibrosis. The biopsy
samples were collected from Center for Kidney Disease, Sec-
ond Affiliated Hospital, Nanjing Medical University, from
2010 to 2016. The amount of fibrosis in these sections was
analyzed by trichrome staining. It was graded as 0, 1, 2, or 3 if
the percentage of fibrosis in the kidney tissue section was 	5,

Fig. 2. Glycolysis-related genes and proteins were upregulated in fibrotic kidneys. A: quantitative real-time RT-PCR analysis displayed the relative levels of
mRNA transcripts involved in glycolysis in the kidneys with UUO nephropathy compared with sham control.*P 	 0.05 compared with sham controls (n � 3).
B: Western blot analysis showing the expression of p-PKM2 and PKM2 in the fibrotic kidneys compared with sham control. Kidney tissue lysates were
immunoblotted with antibodies against p-PKM2 and PKM2, or �-tubulin, respectively. C, top: representative immunohistochemical staining for PKM2 in the
kidney interstitium of sham control and fibrotic kidney. Bottom: higher magnifications of boxed areas in images at top. Here, d, days.
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6–25, 26–50, or �50%, respectively. As shown by immuno-
histochemical analysis in Fig. 3A, a significant amount of
PKM2-positive myofibroblasts were accumulated within the
renal interstitium. Furthermore, the number of PKM2-positive
myofibroblasts in those individuals with severe renal fibrosis
was higher than those with less renal fibrosis (Fig. 3B). We also
examined relative normal kidney tissues from patients with
renal carcinoma and found that there was almost no PKM2-
positive myofibroblast in renal interstitium (data not shown).
Taken together, these results suggest that the progression of
renal fibrosis is tightly correlated with the increase of aerobic
glycolysis in kidney tissues.

We next examined the correlation between fibrosis and
aerobic glycolysis by using NRK-49F fibroblast treated with or
without 2 ng/ml TGF-�1. Similarly, the expression levels of
genes involved in glycolysis were significantly higher in the
TGF-�1-treated NRK-49F cells compared with control cells
(Fig. 4A). Furthermore, the increase of aerobic glycolysis in
TGF-�1-treated myofibroblasts was supported by results from
the immunofluorescent staining experiments. As shown in Fig.
4B, the expression of PKM2 and �-SMA in NRK-49F cells
was remarkably increased after 48-h treatment with TGF-�1.
Western blot analysis further showed the rapid increase of
phosphorylated PKM2 (p-PKM2) level in TGF-�1-treated

Fig. 3. Renal interstitial fibrosis in patients was corre-
lated with PKM2 expression in kidneys. A: representa-
tive hematoxylin and eosin (HE) and Masson staining
for kidney morphology and interstitial fibrosis and im-
munohistochemical staining for PKM2 expression in
renal interstitial samples from patients with different
degrees of renal fibrosis. Higher magnifications of kid-
ney interstitial samples (boxed areas in images at top)
are shown in the panel at bottom. Arrows indicate
PKM2-positive interstitial cells. The amount of intersti-
tial fibrosis in these sections was graded on the basis of
Masson staining as 0 (if �5%), 1 (if 6–25%), 2 (if
26–50%), or 3 (if �50%). B: percentage of PKM2-
positive interstitial cells in the kidneys from patients
with different degrees of renal fibrosis. *P 	 0.05
compared with grade 0 controls (n � 6–8). Scale
bar � 50 �m. HPF, high-power field.
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myofibroblasts (Fig. 4, C and D). The elevation of p-PKM2 in
TGF-�1-treated myofibroblasts supports the observation of
increase in aerobic glycolysis in these cell types because
phosphorylation of PKM2 particularly at Tyr105 will result in
formation of catalytically inactive PKM2 dimer and force the
cell to switch metabolism to aerobic glycolysis (44). Glucose
metabolism assessment confirmed the increase of aerobic gly-
colysis in myofibroblasts by TGF-�1 treatment. As shown, the
pH in the NRK-49F fibroblast culture medium (Fig. 4E) was
decreased by TGF-�1 treatment in a dose-dependent manner.
Direct measurement of extracellular lactate content (Fig. 4F)
and glucose consumption (Fig. 4G) of NRK-49F cells demon-
strated that TGF-�1 treatment dose-dependently increased both

lactate production and glucose consumption in NRK-49F cells.
Taken together, these results suggest that TGF-�1-induced
activation and fibrosis in renal myofibroblasts are also associ-
ated with increased cellular aerobic glycolysis.

The above data revealed that enhanced glycolysis may
participate in the activation of renal myofibroblasts; we wonder
whether increased aerobic glycolysis is sufficient to cause
myofibroblast activation. Li et al. (23) demonstrated that
PKM2 increased endothelial cell proliferation, migration, and
cell-extracellular matrix adhesion and promoted tumor angio-
genesis by using recombinant human PKM2 (referred to as
rPKM2). Gao et al. found that phosphorylation of Stat3 by
rPKM2 was dramatically increased (14). First, we employed

Fig. 4. Glycolysis-related genes and proteins were upregulated in TGF-�1-treated renal myofibroblasts. A: quantitative real-time RT-PCR analysis displayed the
relative levels of mRNA involved in glycolysis in the NRK-49F cells incubated with or without TGF-�1 (2 ng/ml) for 1, 6, or 24 h. *P 	 0.05 compared with
controls (n � 3). B: representative immunofluorescence staining images for �-SMA and PKM2 in NRK-49F cells treated with TGF-�1 (2 ng/ml) for 48 h. Cells
were costained with DAPI to visualize the nuclei. Scale bar � 10 �m. C: Western blot analysis of p-PKM2 and PKM2 in the TGF-�1-treated NRK-49F cells
compared with control cells. Cell lysates were immunoblotted with antibodies against p-PKM2, PKM2, or �-tubulin. D: graphic presentation showing the changes
for p-PKM2 (Tyr105) normalized to PKM2. E–G: NRK-49F cells were treated with or without TGF-�1 for 12, 24, or 48 h. The pH (E) and lactate content (F)
in culture medium and glucose consumption in NRK-49F cells (G) were determined. *P 	 0.05 compared with controls (n � 6–8).
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the bacterially expressed rPKM2 to treat NRK-49F cells and
found that rPKM2 treatment dose-dependently induced FN
expression (Fig. 5A). rPKM2 also induced FN, �-SMA, and
PCNA expression in a time-dependent manner, revealing that
rPKM2 can cause myofibroblast activation (Fig. 5B). To fur-
ther investigate whether PKM2 can sufficiently induce myofi-
broblast activation, a PKM2 mammalian expression plasmid
was constructed and transfected into NRK-49F cells. As shown
in Fig. 5C, PKM2 expression was significantly increased in a
dose-dependent manner, and myofibroblasts with PKM2 over-
expression, similar to TGF-�1 stimulation and FN expression,
were dose-dependently induced (Fig. 5C). Transfection of
20-�g PKM2 plasmid could induce FN, �-SMA, and PCNA
expression for 72 h (Fig. 5D), and extracellular lactate content
normalized to protein was significantly increased with PKM2
overexpression (Fig. 5E). Furthermore, Western blotting re-
sults showed that lactic treatment dose-dependently induced
FN expression, and FN, �-SMA, and PCNA expression were
markedly upregulated at 24 h and reached a peak at 48 h after
lactate treatment (Fig. 5, F and G). Taken together, these
findings indicated that increasing aerobic glycolysis can re-
markably induce myofibroblast activation.

Inhibition of aerobic glycolysis attenuates TGF-�1-stimulated
myofibroblast activation and UUO-induced renal fibrosis. To
confirm the switch of glucose metabolism from oxidative
phosphorylation to aerobic glycolysis in TGF-�1-treated NRK-
49F fibroblasts, we examined the metabolic status of NRK-49F

cells treated with or without TGF-�1 using Seahorse X24
Extracellular Flux Analyzer (11). As shown, extracellular acid-
ification rate (ECAR) (Fig. 6A) and glycolytic capacity (Fig.
6B) in NRK-49F cells were markedly increased after 24-h
treatment with TGF-�1. In contrast, oxygen consumption rate
(OCR; Fig. 7A), a representation of mitochondrial respiratory
activity, maximal respiration (Fig. 7B), and ATP production
(Fig. 7C) were significantly decreased in NRK-49F cells with
TGF-�1 treatment for 24 h. Moreover, we found that the ratio
of ECAR to OCR was increased in TGF-�1-treated NRK-49F
cells compared with controls (Fig. 6C), suggesting that the
metabolic status of renal fibroblasts may switch to aerobic
glycolytic program.

To identify the potential functional effect of enhanced aer-
obic glycolysis on the activation of renal myofibroblasts by
TGF-�1, we blocked aerobic glycolysis in NRK-49F cells
using glycolytic pathway inhibitor 2-DG or dichloroacetic acid
(DCA) and then tested the activation of myofibroblasts by
TGF-�1. In this experiment, NRK-49F cells were incubated
with TGF-�1 in the presence or absence of 2-DG for 48 h. As
expected, 2-DG treatment largely abolished the TGF-�1-in-
duced increase of aerobic glycolysis in NRK-49F cells, which
is reflected by decrease of pH of NRK-49F cell culture medium
(Fig. 6D) but increase of both extracellular lactate level (Fig.
6E) and glucose consumption (Fig. 6F). Interestingly, Western
blot analysis showed that 2-DG treatment dose-dependently
abrogated the induction of FN, PCNA, and �-SMA expression

Fig. 5. Increased aerobic glycolysis is sufficient to cause myofibroblast activation. A: Western blot assay of FN and �-tubulin expression in NRK-49F cells
incubated with rPKM2 for 48 h at different dosages. B: Western blot analysis showing FN, �-SMA, PCNA, and �-tubulin expression in NRK-49F cells incubated
with 10 �M rPKM2 for different times. C: Western blot analysis showing FN and PKM2 expression in NRK-49F cells transfected with PKM2 plasmid for 72
h at different dosages. D: Western blot analysis showing FN, �-SMA, PCNA, and �-tubulin expression in NRK-49F cells transfected with 20-�g PKM2 plasmid
for 72 h. E: lactate content normalized to protein in culture medium for cells in D. *P 	 0.05 compared with pcDNA3 group (n � 6). F: Western blot assay
of FN and �-tubulin expression in NRK-49F cells incubated with lactate for 48 h at different dosages. G: Western blot analysis showing FN, �-SMA, PCNA,
and �-tubulin expression in NRK-49F cells incubated with 5 mM lactate for different times.
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in NRK-49F cells by TGF-�1 (Fig. 6G). Consistent with this,
DCA, another inhibitor of glycolysis, also abolished TGF-�1-
induced myofibroblast activation. As shown in Fig. 6, I–K,
DCA treatment remarkably increased the pH of culture me-
dium of TGF-�1-treated NRK-49F cells (Fig. 6I) but decreased
extracellular lactate content (Fig. 6J) and glucose consumption
(Fig. 6K) of TGF-�1-treated NRK-49F cells. In a similar
fashion, Western blot analysis showed that DCA treatment
dose-dependently abolished the induction of FN, PCNA, and
�-SMA expression in NRK-49F cells by TGF-�1 (Fig. 6H).
These results collectively suggest that activation of renal myo-
fibroblasts by TGF-�1 is tightly associated with an enhanced

cellular aerobic glycolysis, and inhibition of aerobic glycolysis
flow with glycolytic pathway inhibitor may suppress TGF-�1-
induced myofibroblast activation.

Given that glycolysis inhibitors strongly suppress TGF-�1-
induced renal myofibroblast activation in vitro, we ask whether
glycolytic inhibition can attenuate renal fibrosis in mice with
UUO surgery. In this experiment, we treated the UUO mice
with 2-DG and compared the results with UUO mice and sham
mice treated with vehicle only. Both Western blot assay and
immunofluorescence staining showed that the UUO-induced
FN abundance in mouse kidneys with 2-DG treatment was
significantly less than in those without 2-DG treatment (Fig. 8,

Fig. 6. Inhibition of aerobic glycolysis diminishes TGF-�1-induced myofibroblast activation. A: real-time ECAR of NRK-49F treated with 2 ng/ml TGF-�1 for
24 h, followed by sequential treatments with glucose, oligomycin, and 2-DG. Here, pro, protein. B: glycolytic capacity of NRK-49F cells incubated with TGF-�1
for 24 h. C: mean ratios of ECAR to OCR. D–F: NRK-49F cells were treated with TGF-�1 for 48 h in the absence or presence of 2-DG (10 mM). The pH (D)
and lactate content (E) in culture medium and glucose consumption in NRK-49F cells (F) were determined. G: Western blot assay of FN, �-SMA, and PCNA
in NRK-49F cells incubated with TGF-�1 (48 h) in the absence or presence of 2-DG (1 or 10 mM). H: Western blot assay of FN, �-SMA, and PCNA in NRK-49F
cells incubated with TGF-�1 (48 h) in the absence or presence of DCA (0.2 or 2 mM). I–K: NRK-49F cells were treated with TGF-�1 (48 h) in the absence
or presence of DCA (2 mM). The pH (I) and lactate content (J) in culture medium and glucose consumption in NRK-49F cells (K) were determined. *P 	 0.05
compared with controls (n � 5 for A–C and n � 8–10 for D–F and I–K). #P 	 0.05 compared with NRK-49F cells treated with TGF-�1 in the absence of 2DG
or DCA (n � 8–10 for D–F and I–K).
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A and B). Consistent with this, the renal morphology studies
with hematoxylin and eosin and Sirius red demonstrated that
2-DG treatment significantly decreased the kidney tissue dis-
ruption and extracellular matrix accumulation induced by UUO
surgery (Fig. 8C). Moreover, immunohistochemical analysis
showed that the number of UUO-induced �-SMA and PCNA-
positive myofibroblasts within the renal interstitium in the
mouse group treated with 2-DG was remarkably decreased
compared with that from the mouse group without 2-DG
treatment (Fig. 8C). These results suggest that inhibitors of the
glycolytic pathway can provide protection from UUO-induced
renal fibrosis in a mouse model.

Shikonin attenuates renal fibrosis via inhibiting PKM2 ex-
pression and aerobic glycolysis. To confirm that blockade of
aerobic glycolysis can suppress the development of UUO-
induced renal fibrosis, we further tested whether downregula-
tion of PKM2, the final rate-limiting glycolytic enzyme, can
inhibit UUO-induced mouse renal fibrosis and TGF-�1-in-
duced fibroblast activation. In this experiment, unilateral kid-
neys were injected with lentiviral PKM2 RNAi or lentiviral
control RNAi 3 days before UUO surgery. The retroperito-
neum was opened, and the left kidney was exposed. Then, 5 �
107 TU PKM RNAi lentiviral vectors were injected into the
lower pole of the left kidney at several sites (55). As shown in
Fig. 9, A and B, PKM2 expression was remarkably downregu-
lated in fibrotic kidneys transfected with PKM2 RNAi com-
pared with fibrotic kidneys transfected with vehicle. Down-
regulation of PKM2 in the kidney of mice with UUO surgery
led to a significant reduction of FN, COL1A1, �-SMA, and
PCNA expression in mouse kidneys (Fig. 9, C and E). Con-
sistent with this, the total collagen content in the fibrotic
kidneys following UUO surgery was also significantly de-
creased after knocking down PKM2 expression via PKM
RNAi (Fig. 9D). Moreover, histology analysis confirmed that
the mouse group treated with PKM RNAi displayed signifi-
cantly less tubular damage as well as extracellular matrix
deposition and PCNA-positive myofibroblasts within the renal
interstitium compared with the mouse group treated with ve-
hicle (Fig. 9F). NRK-49F cells were pretreated with different
titers of lentiviral PKM RNAi for 12 h, followed by 48-h
TGF-�1 (2 ng/ml) treatment. Western blot analysis showed
that the expression of PKM2, FN, �-SMA, and PCNA in
NRK-49F cells was decreased compared with control and
vehicle group (Fig. 9, G and H).

Shikonin has recently been shown as an inhibitor for aerobic
glycolysis and PKM2 expression (3) in blocking macrophage

secretion and tumor proliferation. Given that PKM2-mediated
metabolic switch to aerobic glycolysis plays an essential role in
promoting renal fibrosis, we tested whether the administration
of shikonin could attenuate renal fibrosis in mice with UUO
surgery. In this experiment, Shikonin was intragastrically ad-
ministered at various doses (1 or 5 mg/kg body wt) 1 day
before UUO surgery and also administered daily for 7 consec-
utive days. As shown in Fig. 10, A and B, shikonin dose-
dependently reduced the expression of both PKM2 and p-
PKM2 in fibrotic kidneys of mice with UUO surgery. As a
consequence, the UUO-induced expression of FN, COL1A1,
�-SMA, and PCNA (Fig. 10, C and D) and amount of collagen
deposition (Fig. 10E) in the kidney tissues were decreased by
shikonin in a dose-dependent manner. Histological analysis of
mouse kidneys also showed that administration of shikonin
effectively mitigated the tissue disruption induced by UUO
surgery (Fig. 10F).

DISCUSSION

In the present study, we show that glycolytic suppression
can diminish TGF-�1-induced myofibroblast activation and
attenuates UUO-induced renal fibrosis. Our findings not only
identify a crucial role of enhanced aerobic glycolysis in renal
myofibroblast activation and development of renal fibrosis in
mice with UUO surgery but also provide specific glycolytic
inhibitors such as shikonin and 2-DG as a potential novel
strategy for treating renal fibrosis.

Although all cell types in the kidneys are involved in the
pathogenesis of kidney fibrosis, fibroblasts, which acquire the
phenotype of myofibroblast and generate a large amount of
interstitial matrix upon activation, are the principal matrix-
producing cells (1a, 7, 26). Therefore we used renal fibroblast
as a cell model to study the effect of aerobic glycolysis on renal
fibrosis. We performed both in vitro and in vivo studies using
TGF-�1-treated renal fibroblasts and mice with UUO surgery,
respectively. During fibrosis, renal fibroblasts generally initi-
ated two main processes: proliferation and extracellular matrix
synthesis. Both proliferation and extracellular matrix synthesis
would force fibroblasts to produce not only necessary ATP but
more importantly, the materials such as amino acid and nucle-
otide for making new molecules or cells. Since aerobic glyco-
lysis can provide both necessary ATP and sufficient metabolic
intermediates as materials for synthesis (43), fibroblasts
switching the metabolic profile from oxidative phosphorylation
to aerobic glycolysis may be a necessary prerequisite for

Fig. 7. A: real-time OCR of NRK-49F cells treated with 2 ng/ml TGF-�1 for 24 h, followed by sequential treatments with pyruvate, oligomycin, and FCCP. B:
maximal respiration of NRK-49F cells incubated for 24 h with TGF-�1. C: ATP production of NRK-49F cells incubated with TGF-�1 for 24 h. *P 	 0.05
compared with controls (n � 5).
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fibroblasts to synthesize extracellular matrix and to further
proliferate.

Aerobic glycolysis (also termed “Warburg effect”) has been
well established as a major feature of tumor cell metabolism (6,
20, 43). In fast-proliferating cancer cells, aerobic glycolysis
converts each glucose molecule to two ATP and various
metabolic intermediate products, which is necessary for the
synthesis of new proteins and genetic materials. Blockade of
aerobic glycolysis flow, particularly PKM2-mediated meta-
bolic switch, in tumor cells has shown a great potential in
antitumor therapy (51). Metabolic perturbation has also been
implicated in the pathogenesis of a number of kidney diseases
(5, 37). Rowe et al. (37) reported a shift of metabolism profile
toward aerobic glycolysis during PKD pathogenesis. Employ-
ing orthologous and slowly progressive murine models, Chi-
aravalli et al. (5) demonstrated that 2-DG greatly delayed PKD

progression in both model systems. On the basis of these
studies, we hypothesized that altered glucose metabolism may
also be a feature of renal myofibroblast activation during
kidney fibrosis. To test this, we performed analysis using the
Seahorse X24 Extracellular Flux Analyzer and observed that
ECAR was markedly increased and OCR was significantly
decreased after 48-h treatment with TGF-�1, confirming that
the metabolic status of renal fibroblasts was switched to the
aerobic glycolytic program. Glucose metabolism disturbance
was further confirmed in TGF-�1-treated NRK-49F fibro-
blasts. Furthermore, we found that the level of PKM2, partic-
ularly p-PKM2, in the fibrotic kidneys was significantly up-
regulated compared with that in sham controls.

Current therapeutic options for CKD and renal fibrosis in the
clinical setting are scarce (26). Given an essential role of
metabolic perturbation in renal fibrosis, particularly the signif-

Fig. 8. Inhibition of glycolysis therapeuti-
cally attenuates UUO-induced renal fibrosis.
A: Western blot assay of FN, COL1A1, and
�-SMA expression. 2-DG (100 mg/kg body
wt) was administered intraperitoneally daily
for 8 days; sham-operated mice were used as
controls. Kidneys were harvested at 7 days
post-UUO surgery. B: immunofluorescence
staining showing the colocalization of
laminin and FN in fibrotic kidney. Scale
bar � 20 �m. C: representative hematoxylin
and eosin, Sirius red, �-SMA, and PCNA
staining of kidney morphology, collagen de-
position, and myofibroblast activation in
each group. Scale bar � 20 �m.
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Fig. 9. PKM2 knockdown via lentiviral PKM2 RNAi attenuates renal fibrosis. A: Western blot assay of PKM2 in each group. Mice were administered with
lentiviral PKM2 RNAi or vehicle 3 days before UUO surgery. Kidneys were harvested on day 7 post-UUO. Sham-operated mice were used as controls. B:
representative immunohistochemical staining of PKM2 in kidneys. Signals were visualized by horseradish peroxidase and 3,3’-diaminobenzidine. Scale bar � 20
�m. C: Western blot analysis of FN, COL1A1, �-SMA, and PCNA in kidneys. D and E: graphic presentation of total collagen (D), as well as �-SMA, PCNA,
FN, and COL1A1 levels normalized to �-tubulin (E) in kidneys from different groups. *P 	 0.05 compared with sham controls (n � 4); #P 	 0.05 compared
with UUO nephropathy group (n � 4). F: representative hematoxylin and eosin, Masson trichrome, Sirius red, and PCNA staining showing kidney morphology,
interstitial fibrosis, collagen deposition, and myofibroblast activation. Scale bar � 20 �m. G: Western blot analysis of PKM2 in NRK-49F cells pretreated with
different titers of lentiviral PKM2 RNAi for 12 h, followed by TGF-�1 (2 ng/ml) treatment for 48 h. H: Western blot analysis of FN, �-SMA, and PCNA. V
and Veh, vehicle.
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Fig. 10. Shikonin inhibits PKM2 expression and attenuates renal fibrosis. A: Western blot analysis of renal p-PKM2 and PKM2 levels in each group. Shikonin
(1 or 5 mg/kg body wt) was intragastrically administered daily for 8 days. Kidneys were harvested on day 7 post-UUO surgery. B: representative
immunohistochemical staining of PKM2 in the kidneys. Scale bar � 20 �m. C: Western blot analysis of FN, COL1A1, �-SMA, and PCNA in the kidneys of
each group. D: graphic presentation of �-SMA, PCNA, FN, and COL1A1 levels normalized to �-tubulin. S1 and S2, 1 and 5 mg/kg body wt shikonin dosage,
respectively. *P 	 0.05 compared with sham controls (n � 4); #P 	 0.05 compared with UUO nephropathy group (n � 4). E: graphic presentation of total
collagen content in the kidneys in different groups. *P 	 0.05 compared with sham controls (n � 4); #P 	 0.05 compared with UUO nephropathy group
(n � 4). F: representative hematoxylin and eosin, Masson trichrome, Sirius red, and PCNA staining for kidney morphology interstitial fibrosis, collagen
deposition, and myofibroblast activation. Scale bar � 20 �m.
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icantly increased level of phosphorylated PKM2 in both fi-
brotic kidneys and activated myofibroblasts, we speculated that
reduction of PKM2 phosphorylation or blockade of glycolytic
flux might present a new strategy to delay the renal fibrosis
process. Our data showed that knockdown of PKM2 expres-
sion by transfection with lentiviral PKM2 siRNA or adminis-
tration with shikonin significantly mitigated the kidney tissue
disruption induced by UUO surgery. Moreover, decrease of
PKM2 expression by shikonin treatment also markedly re-
duced the production of FN, COL1A1, �-SMA, and PCNA and
deposition of collagen in kidney tissues from mice with UUO
surgery. More importantly, immunostaining analysis of human
renal tissue samples further showed that PKM2 expression in
kidney interstitium was also positively correlated with the
progression of renal fibrosis in patients with different degrees
of renal fibrosis, suggesting that PKM2 may be involved in the
progression of renal fibrosis in CKD patients.

In addition to the role in switching cellular metabolic profile
to aerobic glycolysis, PKM2 has been shown to serve as a
transcriptional coactivator (27, 52) and involved in many other
cell functions (18). Furthermore, both expression and enzy-
matic activity of PKM2 are regulated at different levels,
including transcription, pre-mRNA slicing, miRNA-regulated
mRNA stability, protein stability, posttranslational modifica-
tions, and allosteric regulation (51). Therefore the specific
mechanisms of how PKM2 is dysregulated during myofibro-
blast activation or kidney fibrosis and how upregulated PKM2
affects myofibroblast activation and renal fibrosis are of great
interest and require further investigation.

We also showed that other glycolysis inhibitors such as
2-DG and DCA effectively diminished TGF-�1-induced myo-
fibroblast activation and ameliorated kidney tissue disruption
and fibrosis progression in mice with UUO surgery. These
results are in agreement with previous reports that 2-DG
ameliorated the histology and cystic index of kidneys from
PKD mouse models (5, 37). Moreover, not only using a
preventive protocol in which inhibitors were given before
surgery, we determined that 2-DG and shikonin are still effec-
tive when kidney injury is already established (data not
shown). 2-DG is a glucose molecule that has the 2-hydroxyl
group replaced by hydrogen, so that it cannot undergo further
glycolysis. Clinical trials confirmed that the administration of
2-DG alone or combined with other anticancer therapies, such
as chemotherapy and radiotherapy, was safe and well tolerated
by patients. As a monotherapy, 2-DG was investigated in
clinical trials in the late 1950s based on Warburg’s observa-
tion, though the results were discouraging (21). Recently, a
phase I clinical trial showed that 2-DG at 63 mg/kg in combi-
nation with weekly docetaxel was well tolerated in patients
with advanced solid tumors (36). 2-DG is commonly thought
to inhibit glycolysis; however, it actually has related and
integrated metabolic effects and impedes various biological
processes, such as depletion of cellular energy, aggravation of
oxidative stress, interference with N-linked glycosylation, and
induction of autophagy (1, 15), which also activates multiple
signaling pathways, including the phosphatidylinositol 3-ki-
nases, MAPK, and AMPK (19, 49). Although 2-DG is not
currently approved for any human condition, its low toxicity
but high efficiency in ameliorating renal fibrosis make 2-DG
another candidate for further testing in humans suffering from
CKD.

Shikonin is one of the active components of zicao, the root
extract of Lithospermum erythrorhizon. Studies performed
over the past three decades have demonstrated that shikonin
and its derivatives are able to act simultaneously on various
targets, which represents a great advantage in the treatment of
different diseases (45). They are potent pharmaceutical sub-
stances with interesting pharmacological properties including
wound-healing, anticancer (50), antibacterial (33), anti-inflam-
matory (42), antiviral (4), and other biological activities. Re-
cently, shikonin has been shown as a class of novel PKM2
inhibitors which effectively inhibited the cellular glycolytic
flux dominantly expressing PKM2. Interestingly, shikonin
showed a promising selectivity toward PKM2 (3). We showed
that shikonin dose-dependently reduced the expression of both
PKM2 and p-PKM2 in fibrotic kidneys of mice with UUO
surgery and effectively mitigated the tissue disruption.

In summary, our study demonstrated that a switch of me-
tabolism from oxidative phosphorylation to aerobic glycolysis
in renal fibroblasts was the primary feature of fibroblast acti-
vation during renal fibrosis and that suppressing renal fibro-
blast aerobic glycolysis, particularly the cellular level of PKM2
phosphorylation, could significantly reduce renal fibrosis. Our
findings thus provide novel potential therapeutic strategies for
treating renal fibrosis.
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