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Bmall inhibits phenotypic transformation of hepatic stellate
cells in liver fibrosis via IDH1/a-KG-mediated glycolysis

Lei Xu'?3, Tian-yu Yang'?3, Yi-wen Zhou'*3, Mei-fei Wu'?3, Jie Shen'*3, Jie-ling Cheng'?*3, Qing-xue Liu"*3, Shi-yang Cao'*?,

Jian-ging Wang* and Lei Zhang'*3

Hepatic stellate cells (HSCs) play an important role in the initiation and development of liver fibrogenesis, and abnormal glucose
metabolism is increasingly being considered a crucial factor controlling phenotypic transformation in HSCs. However, the role of
the factors affecting glycolysis in HSCs in the experimental models of liver fibrosis has not been completely elucidated. In this study,
we showed that glycolysis was significantly enhanced, while the expression of brain and muscle arnt-like protein-1 (Bmal1) was
downregulated in fibrotic liver tissues of mice, primary HSCs, and transforming growth factor-f1 (TGF-B1)-induced LX2 cells.
Overexpression of Bmal1l in TGF-B1-induced LX2 cells blocked glycolysis and inhibited the proliferation and phenotypic
transformation of activated HSCs. We further confirmed the protective effect of Bmal1 in liver fibrosis by overexpressing Bmal1 from
hepatic adeno-associated virus 8 in mice. In addition, we also showed that the regulation of glycolysis by Bmal1 is mediated by the
isocitrate dehydrogenase 1/a-ketoglutarate (IDH1/a-KG) pathway. Collectively, our results indicated that a novel Bmal1-IDH1/a-KG
axis may be involved in regulating glycolysis of activated HSCs and might hence be used as a therapeutic target for alleviating liver

fibrosis.
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INTRODUCTION
Liver fibrosis is a compensatory repair process for various chronic
liver injuries, including viral hepatitis, alcoholism, and metabolic
diseases [1]. Liver fibrosis is the most important predictor of liver-
related outcomes in patients with chronic liver disease, which is
characterized by excessive deposition of extracellular matrix (ECM)
or accumulation of scars [2]. Studies have shown that abnormal
energy metabolism is related to the progression of liver fibrogen-
esis and the development of cirrhosis [3-5]. Thus, metabolic
reprogramming plays a critical role in driving liver fibrosis.
However, the molecular pathways linking metabolic conversion
with progressive liver fibrogenesis are not clear, evidence high-
lights key opportunities to directly influence the fibrotic process.
HSC activation is a key step in liver fibrosis, which results in their
acquisition of multiple high-energy functions, including increased
proliferation, matrix production, and secretion [6]. Hence, aerobic
glycolysis is enhanced in activated HSCs as an additional source of
bioenergy and biosynthesis. A growing body of evidence shows
that the abnormal glycolytic activity of activated HSCs is the main
regulator of the dynamic fibrogenesis-fibrosis resolution paradigm
[7-9]. However, the role of glycolysis in HSCs is still not completely
understood. The mechanism via which glycolysis is regulated in
HSCs may be multifactorial. Hence, it is important to understand
the molecular mechanisms that control glycolysis in HSCs during
liver fibrogenesis.

Brain and muscle arnt-like protein-1 (Bmal1) is a core
coordinator of the molecular clock and an important transcription
factor that regulates biological rhythm [10]. Bmall is widely
involved in various metabolic, inflammatory, and immune diseases
[11-13]. Bmal1 deletion can perturb tissue glucose metabolism
and systemic glucose homeostasis [14]. Studies have shown that
Bmal1 deficiency leads to increased activity of key glycolytic
enzymes and lactic acid accumulation in liver tissues, embryonic
fibroblasts [15], and macrophages [16], indicating that Bmal1 may
be involved in the regulation of glycolysis. However, the role of
Bmal1 in the glycolysis of HSCs in liver fibrosis remains largely
undefined. Hence, understanding the molecular mechanism via
which Bmal1 regulates liver fibrogenesis is critical. Reports have
shown that a-ketoglutarate (a-KG) inhibits glycolysis, leading to
metabolic bias toward oxidative phosphorylation [17]. Isocitrate
dehydrogenase 1 (IDH1) is an NADP*-dependent enzyme that
catalyzes the metabolism of isocitrate to a-KG. Xiang et al. showed
that mutant IDH1 in cancer cells converts a-KG to 2-
hydroxyglutarate (2-HG), thereby enhancing the glycolytic ability
of cancer cells [18, 19]. However, the regulatory effect of Bmal1 on
the IDH1/0-KG pathway has not been directly verified.

In this research, we investigated the protective effect of Bmal1 in
a mouse model of CCls-induced liver fibrosis. The role of Bmal1 in
HSCs and its regulatory mechanism were analyzed in vitro and
vivo. Our results demonstrated that Bmal1 inhibits the proliferation
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and phenotypic transformation of HSCs by IDH1/a-KG-mediated
glycolysis. Our observations highlight the anti-fibrosis effect
of Bmal1l, which may provide a novel therapeutic strategy for
liver fibrosis.

MATERIALS AND METHODS

Animal procedures and treatments

Animal experimental procedures were approved by the Institu-
tional Animal Experimental Ethics Committee. Forty male C57
mice (6 weeks old) were obtained from the Laboratory Animal
Center of Anhui Medical University. The mice were housed under
standardized conditions at 20 + 2 °C, 40% + 5% relative humidity,
and 12 h light/dark cycle. The liver fibrosis model was generated
by intraperitoneal injecting 10% CCl, (diluted in olive oil) twice a
week at a dose of 1 mL/kg body weight for 4 weeks. Vehicle mice
were injected intraperitoneally with the same volume of olive oil
at the same time intervals. Forty mice were randomly divided into
four groups (n=10): (1) control, (2) model, (3) Bmal1 adenovirus
empty vector, and (4) Bmal1 plasmid adenovirus (constructed by
Hanbio Biotechnology Co., Ltd, Shanghai, China). Mice in groups 3
and 4 received injection of the corresponding adenovirus once via
the caudal vein. After a week, mice in groups 2-4 were
intraperitoneally injected with CCl, twice a week for 4 weeks.
After 4 weeks, all mice were anesthetized with chloral hydrate,
followed by blood collection via the retro-orbital sinus and liver
isolation. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of the
Anhui Medical University and were approved by the Animal Ethics
Committee of Anhui Medical University (Hefei, China) (No:
LLSC20200977). All possible efforts were made to minimize the
number of animals used and their suffering.

Sample preparation and ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS)
Liver samples (50 mg) were homogenized in 500 uL pre-cooled
extractant (70% methanol aqueous solution). The samples were then
vortexed for 5min and centrifuged with 12,000 rpm at 4°C for
10 min. Finally, 200 pL supernatant was placed in the sample bottle
for LC-MS/MS analysis. The sample extracts were analyzed using an
LC-electrospray ionization (ESI)-MS/MS system (UPLC, Shim-pack
UFLC SHIMADZU CBMA system; MS, QTRAP System). The analytical
conditions were as follows, UPLC: column, SeQuant ZIC-pHILIC 5 um
(2.1 x 100 mm); column temperature, 40 °C; flow rate, 0.3 mL/min;
injection volume, 2pL; solvent system, 5mmol/L ammonium
acetate, 5mmol/L ammonia solution, and acetonitrile; gradient
program, 5:95 v/v at 0 min, 30:70 v/v at 3.0 min, 50:50 v/v at 10.0 min,
hold for 1 min, 5:95 v/v at 11.1 min, maintain 3 min to the end.
The ESI source operation parameters were as follows: source
temperature, 450 °C; ion spray voltage (IS), 5500V (positive) and
—4500V (negative); ion source gas | (GSI), gas Il (GSII), curtain gas
(CUR) were set at 40, 55, and 35.0 psi, respectively; the collision gas
(CAD) was medium. In the Qtrap, each ion pair is scanned
according to the optimized declustering potential and collision
energy.

Isolation of primary HSCs

Mice were randomly selected from the excipient (vehicle) group
and the CCls-induced liver fibrosis group. Primary HSCs were
extracted via pronase/collagenase perfusion and differential
centrifugation. Briefly, after the mice were anesthetized with
isoflurane, the catheter was inserted into the portal vein, the
inferior vena cava was cut, and the liver was perfused with
digestive buffer (1x PBC supplemented with type IV, pronase and
476 mM CaCl,) collagenase to destroy the liver. The cell
suspension was filtered to remove residual fragments, and the
Nycodenz mixture covered with Hanks' buffer was used to
regulate the density of the cell suspension. The white cell layer
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on the extraction interface was collected via gradient centrifuga-
tion for subsequent studies.

Histopathology

The middle part of the left lobe of the liver of each C57 mice was
excised and perfused with 4% paraformaldehyde for 48 h, fixed,
and embedded in paraffin. The sections (5 um thick) were stained
with hematoxylin and eosin (H&E) staining, Masson’s trichrome
staining, and Sirius-red staining followed by morphological
analysis and localization of collagen expression according to the
standard protocols.

Immunofluorescence staining

Liver tissue sections or treated cells were sealed with 10% bovine
serum albumin blocking solution, incubated overnight with
polyclonal primary antibodies for alpha smooth muscle actin
(aSMA) (1:100), Bmal1 (1:100), and PKM2 (1:100), and then
incubated with secondary antibodies for 2 h. 4’,6-Diamidino-2-
phenylindole was used to stain the nucleus at room temperature.
All images were captured using a fluorescence microscope
(Olympus, Tokyo, Japan).

Cell culture

The Human HSC line, LX2, was obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone)
containing 10% fetal bovine serum (Gibco, USA) and 1%
penicillin-streptomycin in a 5% CO, humidified atmosphere at
37°C. The overexpression plasmid was transfected using the
Lipofectamine 2000 transfection reagent (Invitrogen, USA) accord-
ing to the manufacturer’s instructions.

Western blotting

Mouse liver tissues, primary HSCs, and LX2 cells were lysed in radio
immunoprecipitation assay buffer for protein extraction. The
protein concentration of the extract was determined using the
bicinchoninic acid protein analysis kit (Beyotime, China). Equal
amounts of protein were electrophoresed on SDS-PAGE and
blotted onto polyvinylidene difluoride (PVDF) membranes (Milli-
pore Corp, Billerica, MA, USA). After blocking with 5% non-fat milk
in Tris-buffered saline-Tween 20 (TBST) for 3h, the PVDF
membranes were washed with TBST buffer at least thrice and
incubated overnight with the primary antibodies at 4°C. On the
second day, the PVDF membranes were incubated at 37 °C for 1 h
with horseradish peroxidase-conjugated secondary antibodies
(1:10000). After washing thrice with TBST, the immunoreactive
bands were detected using an enhanced chemiluminescence kit
(ECL-plus, Thermo Scientific, USA). The primary antibodies used
were as follows: Bmal1 (Ab-DF10308, Affinity Bioscience, USA);
aSMA (55135-1-AP, Proteintech, Wuhan, China); COL1a1(67288-1-
lg, Proteintech, Wuhan, China); PFKP (13389-1-AP, Proteintech,
Wuhan, China); PKM2(15822-1-AP, Proteintech, Wuhan, China);
HK2 (66974-1-lg, Proteintech, Wuhan, China); IDH1 (ab230949,
Abcam, UK); B-actin (bs-0061R, Bioss, Beijing, China).

Co-immunoprecipitation (co-IP) assays

Proteins were extracted using a co-IP kit. Anti-IDH1 and Bmal1
antibodies were added to the protein extract and incubated
overnight at 4°C, followed by precipitation with protein G
Sepharose beads. The beads were washed thrice with 1.5 mL IP
buffer and eluted, and the immune complex was used for Western
blotting.

Total RNA extraction and quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from LX2 cells, and mouse liver tissues
samples using TRIzol reagents (Invitrogen, USA). After reverse
transcription, real-time PCR was performed to quantify mRNA
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expression using the SYBR Green Master Mix (Bio-Rad, USA)
according to the manufacturer’s protocol. Fold changes in the mRNA
levels of target genes were related to the invariant control -actin.

Flow cytometry

The distribution of cell cycle was analyzed by propidium iodide
(PI) staining and flow cytometry. LX2 cells were seeded in six-well
plates. Then, the cells were collected into flow cytometry tubes
and centrifuged at 2000 r/min for 5 min to obtain cell pellets. For
cell cycle analysis, the collected cells were washed with cold PBS
and fixed in 70% ethanol at 4 °C for 1 h or overnight at —20 °C. The
fixed cells were washed with PBS, incubated with Rnase A (0.1 mg/
mL) for 30 min, followed by incubation with PI (50 mg/mL) for 30
min at room temperature. Cell cycle analysis was performed using
a Coulter Epics XL Flow Cytometry System (Beckman-Coulter,
Miami, FL). Cell cycle phases were determined using the Modfit
software (Verity Software House, Topsham, ME).

Measurement of extracellular acidification rate (ECAR)

The Agilent Seahorse XF Glycolysis Stress Test Assay Kit (Agilent,
Cat. No.:103020-100) was used to detect the ECAR of glycolysis.
The probe plate was hydrated with a seahorse XF calibration
solution in a carbon dioxide-free incubator. LX2 cells were
inoculated in a XF24 cell culture microplate (Hippocampal
Bioscience) at 8000 cells/well (ECAR for measuring glycolysis)
and allowed to adhere overnight. The prepared detection solution
was used instead of cell culture medium and incubated in a 37 °C
CO,-free incubator for 1h. Finally, ECAR of glycolysis was
determined and analyzed using an Agilent Seahorse Bioscience
XF24 extracellular flux analyzer (Agilent Technologies) according
to the manufacturer’s instructions (Seahorse Bioscience, North
Billerica, MA, USA).

Enzyme activity assay

The intracellular activities of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and lactate dehydrogenase in
LX2 cells and mice serum were determined using kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to
the manufacturer’s protocols.

Cell viability assay

The viability of LX2 cells treated with 2-DG or overexpression
plasmid was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, the medium of
treated cells was replaced with 100 uL phosphate buffered saline
containing 0.5 mg/mL MTT and then was incubated at 37 °C for 4
h. The crystals were dissolved in 200 pL dimethyl sulfoxide. The
spectrophotometric absorbance at 490 nm was measured by a
Multiskan MK3 (Biotek, USA).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of a-KG in human hepatic stellate cells and
mouse tissues were determined by a-ketoglutaric acid kit
(Shanghai Enzyme Biotechnology Co., Ltd.). Optical density values
were measured at 450 nm. All experiments were repeated thrice.

Statistical analysis

All data are presented as mean * standard deviation. GraphPad
Prism 7.0 was used to perform one-way analysis of variance and
Student’s t test to compare the differences among multiple
groups. P<0.05 indicated statistical significance.

RESULTS

Metabolism was reprogrammed in mice with CCls-induced liver
fibrosis

Histopathological studies were performed to assess the degree of
liver fibrosis in CCly-induced C57BL/6J mice. H&E staining,

SPRINGERNATURE

Masson’s trichrome staining, and Sirius-red staining showed that
compared to the vehicle-treated mice, CCl, injection significantly
induced liver fibrosis due to steatosis, inflammatory cell infiltra-
tion, necrosis, formation of fibrous septum of proliferated collagen
fibers, and the destruction of normal liver lobular structure
(Fig. 1a). ALT and AST activities in mice with liver fibrosis showed
an ascending trend (Fig. 1b), accompanied by increased expres-
sion of the myofibroblastic markers, aSMA and type | collagen
(COL1a1) (Fig. 1c, d). These results indicated that the model of
liver fibrosis was successfully established.

We performed widely targeted metabolic profiling of tissue
samples from CCls-induced fibrotic liver. The principal component
analysis (PCA) score plots were readily divided into two clusters
(Fig. 1f), indicating that compared to that in the livers in the
vehicle group, tissue metabolic states changed significantly in
CCl,-induced fibrotic liver. Subsequently, we further analyzed 67
metabolites using HPLC-HRMS, among which 12 metabolites
showed significant changes, including carbohydrates and their
metabolites, nucleotides and their metabolites, and amino acids
and their metabolites. It is noteworthy that the concentration of
glycolytic metabolites such as fructose 1,6-biphosphate (FBP) was
high, whereas that of a-KG, a metabolic intermediate of the
tricarboxylic acid cycle (TCA) was low in CCl,-treated mice (Fig. 1g).
The above results revealed that glycolysis increased during liver
fibrogenesis. a-KG is a key metabolite that can reverse the
upregulation of hypoxia inducible factor (HIF-1) and its down-
stream transcriptional targets, leading to attenuation of glycolysis
[19, 20]. Furthermore, as shown in Fig. 1e, the concentration of a-
KG decreased in TGF-B1-induced LX2 cells.

Glycolysis controls phenotypic transformation in activated HSCs
Reports showed that aerobic glycolysis, similar to the Warburg
effect described in cancer cells, is essential for reprogramming
quiescent HSCs into activated HSCs [7]. Results of Western blotting
and gRT-PCR analysis demonstrated that the levels of key
glycolytic enzymes increased significantly in the fibrotic liver
and primary HSCs induced using CCl, (Fig. 2a-d). In addition, the
levels of the key glycolytic enzymes, ECAR, and lactate levels
markedly increased in LX2 cells treated with TGF-31 (10 ng/mL) for
24 h (Fig. 2e-g). Next, we investigated functional changes in
activated HSCs, particularly during the development of liver
fibrogenesis and observed that aSMA and COL1al were
synchronously upregulated (Fig. 2¢, e).

To further confirm whether glycolysis can regulate the
phenotypic transformation of HSCs. TGF-B1-induced LX2 cells
were plated on a medium containing a low dose of the
competitive glycolysis inhibitor, 2-DG. Our results showed that
2-DG downregulate the levels of lactic acid and key glycolytic
enzymes in activated LX2 cells (Fig. 3a, b and Supplementary Fig.
S1a, b). The results of MTT assay and EdU staining showed that 2-
DG decreased the viability and proliferation of TGF-B1-induced
LX2 cells (Fig. 3¢, d). In addition, flow cytometer demonstrated
that 2-DG induced cell cycle arrest in the Go/G; phase in TGF-f31-
induced LX2 cells (Fig. 3e). These results suggested that inhibition
of glycolysis can reduce the proliferation of TGF-B1-induced LX2
cells. Thus, modulation of glycolysis may be an important
complementary pathway for preventing phenotypic transforma-
tion of activated HSCs. Next, we investigated whether glycolysis
was associated with the severity of liver fibrosis. Western blotting
and gRT-PCR analysis revealed that 2-DG decreased the expres-
sion of aSMA and COL1a1 (Fig. 3f and Supplementary Fig. S1c, d).
Collectively, these data demonstrated that glycolysis was
enhanced during the phenotypic transformation of HSCs.

Bmal1 was downregulated in mouse fibrotic liver tissues, primary
HSCs, and TGF-B1-induced HSCs

Bmal1 plays an important role in regulating glucose homeostasis
[10, 21]. The results of gRT-PCR and Western blotting showed that
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Fig. 1

Establishment of liver fibrosis model induced by CCl, in C57 mice. a Pathological observation of liver tissue sections of mice with

fibrosis stained with H&E, Masson staining, and Sirius-red staining. b Serum ALT and AST levels (n = 8). ¢ Protein and d mRNA levels of aSMA
and COL1a1. e The concentration of metabolite a-KG in LX2 cells was detected by ELISA. f The 2D PCA score scatter plot from five mice with
liver fibrosis and six control mice. g Relative concentrations of carbohydrates and their metabolites, amino acids and their metabolites,
nucleotides and their metabolites in mice with liver fibrosis and vehicle mice. Data are shown as the mean + SD (n = 3) of one representative

experiment; *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle mice.

the expression of Bmal1 in liver fibrotic tissues, primary HSCs, and
TGF-B1-induced LX2 cells was significantly lower than that in the
control groups (Fig. 4a—f). Similar changes were also observed in
immunohistochemistry analysis after induction of liver fibrosis in
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C57 mice (Fig. 4g). Importantly, the double immunofluorescence
staining showed typical co-localization of Bmall and aSMA of
HSCs in liver tissue, implying that Bmall was expressed in
activated HSCs (Fig. 4h).
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Bmal1 regulated phenotypic transformation in TGF-B1-induced
HSCs by inhibiting glycolysis

To investigate the mechanisms via which Bmal1l regulates HSC
glycolysis, we transfected Bmal1 overexpressing plasmids in TGF-31-
induced LX2 cells. The expression of the key glycolytic enzymes HK2
and PKM2 decreased significantly, as observed in Western blotting
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(Fig. 5a), qRT-PCR (Fig. 5b), and immunofluorescence staining (Fig. 5¢).
In addition, overexpression of Bmal1 inhibited lactate levels and ECAR
in TGF-B1-stimulated LX2 cells (Fig. 5d, e). Taken together, these
results indicated that Bmal1 can inhibit glycolysis in activated HSCs.

We investigated the effect of Bmall on the phenotypic
transformation of HSCs. The results of MTT and EdU staining of
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LX2 cells overexpressing Bmal1 cultured in medium containing
TGF-B1 for 24 h showed that Bmal1 overexpression decreased the
viability of activated HSCs and inhibited their proliferation (Fig. 6a,
b). In addition, cell cycle analysis suggested that the Bmall
overexpression led to reduction in the S phase population

Acta Pharmacologica Sinica (2022) 43:316-329

(Fig. 6¢) and reverted the fibroblast phenotype, which is
characterized by decrease in aSMA and COL1a1 levels (Fig. 6d-f).
Collectively, these data demonstrated that Bmall may regulate
the phenotypic transformation of activated HSCs by inhibiting
glycolysis.

SPRINGER NATURE

321



Bmal1 improved liver fibrosis via inhibiting glycolysis

L Xu et al.
322
a : b: c c Primary HSCs
o - Vehicle 2 - Vehicl 2 - Vehicle
- ® {51 ehicle R
157 cc . ccl

o 4 ; I:ICC|4 g (| 4
- s a
x x %
© 4.0 © 1.0 ® 1.0
< < =
o z 2
: « 2
5 0.5 € 0.57 e 0-57

] ]
> z 2
= o = _ L
®9.0 —— Z 9.0 PIAEL
o o
- o Bmali o

Bmal1[ B0 B e La |69

B-actin | >G> e S 12

B-actin| ees = o= - | 42

Vehicle ccCl, Vehicle CCl,

d g Primary HSCs e c -

P .57 - ehicle ° Control

§15 e Bmal1| S S S e (69 7201 E Toropn

S0 COL101 | ot S | 120 =15

z £

0.5 - aSMA-—-‘|42 s

z B-actin | e e = e (42 3

= 0.0" -

° Z 0.0

= Bmali Control TGF-g1 e aSMA COL1a1 Bmalt
f - Control g

18 TGF-B1

Relative mRNA expression

-

Vehicle

Vehicle

Fig. 4 Downregulated expression of Bmal1 in vivo and in vitro. a, ¢, e Protein and b, d, f mRNA levels of Bmal1 in CCl,-treated liver tissues,
primary HSCs and activated LX2 cells. g Immunohistochemistry signals of Bmal1 in mice fibrotic tissues. h Immunofluorescence with Bmal1
and aSMA were performed to determine the co-localization of aSMA (red) and Bmal1(green) in mice fibrotic tissues. Data are shown as the
mean = SD (n = 3) of one representative experiment; *P < 0.05, **P < 0.01 vs. control group.

Bmal1 inhibited HSCs glycolysis by targeting IDH1/a-KG

To understand the mechanisms via which Bmall acts on the
glucose metabolism of HSCs, we developed a screening strategy
for potential Bmall-interacting proteins (Supplementary Fig. S2a).
Co-IP/Western blotting using TGF-B1-induced LX2 cells showed
that Bmal1 was enriched in the IDH1 co-immunoprecipitation
(Fig. 7a). IDH1 is a critical metabolic enzyme that converts
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isocitrate to a-KG. Western blotting and qRT-PCR revealed a
significant decrease in the expression of IDH1 in fibrotic liver and
TGF-B1-induced LX2 cells (Fig. 7b-e). To analyze the role of IDH1 in
activated HSCs, we further assessed the effects of IDH1 over-
expression on the glucose metabolism of activated HSCs in vitro.
We observed that overexpression of IDH1 significantly increased
the production of its catalytic product, a-KG (Fig. 7f), and
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decreased lactate levels and ECAR of TGF-B1-induced LX2 cells
(Fig. 79, h). In general, the above results suggested that IDH1/0-KG
is involved in glycolysis of TGF-B1-induced LX2 cells.

We further evaluated whether Bmal1 regulated glycolysis via
IDH1 in vitro. Western blotting showed that overexpression of
Bmal1 significantly enhanced the expression of IDH1 in TGF-B1-
stimulated LX2 cells (Fig. 8a). The results of ELISA indicated that
Bmal1 overexpression significantly increased the concentration of
intracellular a-KG in TGF-B1-induced LX2 cells (Fig. 8b). These
results suggested that Bmall might play a critical role in
regulating the expression of IDH1. Next, we assessed whether
Bmal1-mediated inhibition of glycolysis depended on IDHIT.
Toward this, the Bmal1 overexpressing plasmid and IDH1 siRNA
were co-transfected in LX2 cells. We observed that overexpression
of Bmall reduced the expression of key glycolytic enzymes in
activated LX2 cells, although these effects were abolished by the

Acta Pharmacologica Sinica (2022) 43:316-329

IDH1 siRNA (Fig. 8e). Similar changes were observed in ECAR and
lactate levels (Fig. 8f, d). Furthermore, upregulation of a-KG was
also abolished by the IDH1 siRNA (Fig. 8c). Altogether, these
observations indicated that Bmal1 inhibited glycolysis in activated
HSCs by targeting IDH1/a-KG.

Hepatic overexpression of Bmal1l prevented CCls-induced liver
fibrosis by suppressing IDH1-mediated glycolysis

The eGFP signal in fibrotic mouse liver transfected with the
recombinant adeno-associated virus 8 (rAAV8)-Bmal1 overexpres-
sion construct indicated successful infection of the virus (Fig. 9a).
Bmal1 expression increased in the rAAV8-Bmal1l-transfected liver
compared to that in the rAAV8-empty vector-treated liver tissue
(Fig. 9b, ¢). The results showed that Bmall intervention
considerably decreased serum lactate levels in the mouse model
of fibrosis (Fig. 9d). In addition, Bmal1 overexpression dramatically
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downregulated the protein levels of the key glycolytic enzymes
(Fig. 9e) and promoted the expression of IDH1 and a-KG level in
the fibrotic liver (Fig. 9f, g and Fig. 10a).

We subsequently assessed the expression of HSC activation
markers and observed that Bmal1 significantly reduced the aSMA
and COL1al levels in fibrotic livers (Fig. 10b). Bmal1

SPRINGERNATURE

downregulated the serum levels of hepatocyte injury markers
(ALT and AST) in fibrotic mice (Fig. 10c). Histological assessments
and collagen staining assays showed that Bmal1 overexpression
in vivo improved liver structure and ECM deposition (Fig. 10d).
Thus, Bmal1 alleviated liver fibrosis by promoting glycolysis
inhibition mediated by IDH1/a-KG.
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DISCUSSION

Liver fibrosis is a challenging disease characterized by the
accumulation of ECM caused by liver injury, which is the main
cause of morbidity and mortality worldwide [9]. Currently, precise
anti-fibrosis treatments are not available, and the only therapeutic
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approach involves removal of nociceptive stimulation and liver
transplantation. HSCs are the key effectors of the initiation and
development of liver fibrogenesis [6]. Many studies have
described the role of metabolic reprogramming in the
transdifferentiation-like process of HSCs [7]. The key biological
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targets that link metabolic processes with phenotypic transforma-
tion are being gradually revealed, which provides opportunities
for directly targeting liver fibrosis. Therefore, efforts are required
to identify the key biological targets that mediate liver fibrosis.
Emerging evidence shows that liver fibrosis leads to alterations
in glucose metabolism, as aerobic glycolysis is aggravated in HSCs,

Acta Pharmacologica Sinica (2022) 43:316-329

along with changes in metabolic reprogramming [8]. In this study,
the hepatic metabolomics profiles of fibrotic mice were analyzed
using a widely targeted metabonomic technique. In total, 12
differential metabolites were screened using HPLC/HRMS, in
which the level of the glycolysis product, FBP, was found to be
significantly high, whereas that of the TCA cycle intermediate, a-
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KG, decreased significantly. Our results suggest that energy
production during liver fibrogenesis occurs mostly via glycolysis
than via oxidative phosphorylation. Furthermore, the glycolytic
activity of the primary HSCs from fibrotic mice was higher than
that in vehicle-treated mice. Subsequently, in vitro experiments
showed that the levels of two key glycolytic enzymes and ECAR

SPRINGER NATURE

were significantly upregulated and lactic acid accumulated rapidly
in TGF-B1-activated LX2 cells. 2-DG, a glycolysis inhibitor,
decreased the proliferation of HSCs and repressed the expression
of myofibroblast genes. Our results revealed that increased
glycolysis may be a cardinal feature required to induce the
profibrogenic phenotype of activated HSCs.

Acta Pharmacologica Sinica (2022) 43:316-329



Bmal1 is a key factor driving the cyclic expression of various
metabolic genes related to lipid, glucose, and cholesterol
metabolism [15, 16]. Studies have shown that Bmall plays a
profound role in the recovery of glucose metabolic disorders such
as hypoglycemia and diabetes [10, 22, 23]. Here, we observed that
Bmal1 is poorly expressed in CCls-induced fibrotic livers of mice,
and in both LX2 cells and freshly isolated mouse HSCs. Bmal1
downregulation is a cardinal feature required to enhance glycolytic
flux and induce an activated profibrogenic phenotype, as its
overexpression impaired these changes and reduced the prolif-
erative ability of activated HSCs. Our preliminary evidence shows
that Bmal1 is necessary to inhibit glycolysis in activated HSCs.

To further understand the mechanism via which Bmall
regulates glycolysis, we performed co-IP and LC-MS/MS analyses
and identified an interaction between IDH1 and Bmall in
activated HSCs. IDH1 is closely related to the regulation of glucose
metabolism. Studies have shown that the abnormal expression of
IDH1 is associated with glycolysis in various cancer cells, and
regulation of IDH1 expression may represent a potential target for
cancer therapy [24-26]. We verified the role of IDH1 in glycolysis
of HSCs. Our results showed that overexpression of IDH1 increased
the concentration of a-KG and decreased ECAR and lactate levels
in activated HSCs. This indicated IDH1/a-KG-mediated blocking of
glycolysis in HSCs. We observed that IDH1 levels were low during
HSC activation, owing to inhibition of Bmall. However, over-
expression of Bmal1 promoted the expression of IDH1 and the
formation of a-KG in activated HSCs. The inhibitory effect of Bmal1
on glycolysis was abolished by IDH1 silencing. This confirmed that
IDH1/0-KG was a prerequisite for the Bmal1-mediated inhibition of
glycolysis.

Our study showed that the expression of Bmal1, both at protein
and mRNA levels, was notably downregulated both in vivo and
in vitro during fibrogenesis. We determined whether Bmal1-
targeted therapy could prevent CCls-induced liver fibrosis and
liver injury in vivo. Our results indicated that overexpression of
Bmall in vivo significantly alleviated liver injury and ECM
accumulation. These results further confirmed that Bmal1 over-
expression exerts a protective effect in mouse model of CCls-
induced liver fibrosis.

In conclusion, Bmall was downregulated during liver fibrosis
and it negatively regulated glycolysis in activated HSCs. Impor-
tantly, Bmal1 acts as an anti-fibrotic mediator and possesses
therapeutic potential for liver fibrosis, as it inhibited collagen
production and repressed HSC proliferation. The molecular
mechanism via which Bmall exerts its anti-fibrotic function
partially involves the direct promotion of the IDH1/a-KG pathway,
resulting in the inhibition of glycolysis.
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