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AMPK activator C24 inhibits hepatic lipogenesis and
ameliorates dyslipidemia in HFHC diet-induced animal

models

Shui-mei Sun'?, Zhi-fu Xie', Yang-ming Zhang'?3, Xin-wen Zhang', Chen-dong Zhou', Jian-peng Yin?, Yan-yan Yu', Shi-chao Cui',

Hao-wen Jiang', Teng-teng Li'**, Jia Li"**, Fa-jun Nan'*3

and Jing-ya Li'?

Dyslipidemia is a chronic metabolic disease characterized by elevated levels of lipids in plasma. Recently, various studies

demonstrate that the increased activity of adenosine 5’-monophosphate-activated protein kinase (AMPK) causes health benefits in
energy regulation. Thus, great efforts have been made to develop AMPK activators as a metabolic syndrome treatment. In the
present study, we investigated the effects of the AMPK activator C24 on dyslipidemia and the potential mechanisms. We showed
that C24 (5-40 uM) dose-dependently increased the phosphorylation of AMPKa and acetyl-CoA carboxylase (ACC), and inhibited
lipogenesis in HepG2 cells. Using compound C, an AMPK inhibitor, or hepatocytes isolated from liver tissue-specific AMPK knockout
AMPKa1a2™ A< mice (AMPK LKO), we demonstrated that the lipogenesis inhibition of C24 was dependent on hepatic

AMPK activation. In rabbits with high-fat and high-cholesterol diet-induced dyslipidemia, administration of C24 (20, 40, and

60 mg-kg'-d", ig, for 4 weeks) dose-dependently decreased the content of TG, total cholesterol (TC), and low-density lipoprotein
cholesterol (LDL-C) in plasma and played a role in protecting against hepatic dysfunction by decreasing lipid accumulation. A lipid-
lowering effect was also observed in high-fat and high-cholesterol diet-fed hamsters. In conclusion, our results demonstrate that
the small molecular AMPK activator C24 alleviates hyperlipidemia and represents a promising compound for the development of a
lipid-lowering drug.
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INTRODUCTION
Elevated living standards accompanied by increasing human
overnutrition have increased the incidence of dyslipidemia and
cardiovascular diseases (CVDs), which cause significant social
burdens worldwide. Dyslipidemia is a hallmark of metabolic
syndrome, and it is characterized by elevated triglyceride (TG),
low-density lipoprotein cholesterol (LDL-C), and apolipoprotein B
(apoB) values and reduced high-density lipoprotein cholesterol
(HDL-C) values in plasma [1]. Dyslipidemia is one of the leading
causes of CVDs [2]. Although lifestyle improvements and existing
pharmaceutical therapies (such as statins, ezetimibe, and bile acid
sequestrants) partially effectively control disease progression [3],
many individuals do not achieve their lipid-lowering targets and
remain at a high risk of developing CVDs [4]. These individuals
may need novel drugs as alternative therapies to prevent
cardiovascular events and related comorbidities.

Adenosine 5-monophosphate-activated protein kinase (AMPK)
is a Ser/Thr protein kinase that consists of a catalytic subunit (a)
and two regulatory subunits (3 and y) [5]. AMPK plays a pivotal

role in energy metabolism, and it senses multiple physiological
and pathogenetic processes, such as exercise, heat shock,
ischemia, and hypoxia [6]. AMPK is activated by energy shortages
(e.g., upregulation of the ratio of AMP/ADP:ATP), increases the rate
of catabolic pathways and decreases the rate of anabolic
pathways to control energy homeostasis via a-subunit T172
phosphorylation [7-10]. AMPK has been proposed as a potential
therapeutic target for metabolic disorders based on these roles
[11-13].

The liver is one of the most important organs for lipid synthesis
and output. AMPK activation in the liver inhibits the process of
lipogenesis and induces fatty acid oxidation by mediating the
phosphorylation of downstream substrates, which are the rate-
limiting proteins for lipid metabolism [14, 15]. Acetyl-CoA
carboxylase (ACC) is an enzyme that converts acetyl-CoA to
malonyl-CoA to provide a precursor for fatty acid synthesis. AMPK
phosphorylates ACC (579) and inhibits the production of
precursors to suppress fatty acid synthesis. A decrease in cellular
malonyl-CoA relieves the inhibitory effect on carnitine palmitoyl
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transferase-1 (CPT-1) and accelerates fatty acid oxidation [16, 17].
3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) is a
key enzyme in cholesterol biosynthesis. AMPK activation inhibits
the activity of HMGCR via the phosphorylation site at Ser872,
which reduces cholesterol biosynthesis [18-20]. Sterol regulatory-
element binding proteins (SREBPs) are the key transcription
factors in regulating the activities of gene promoters involved in
maintaining sterol and fatty acid homeostasis [21]. AMPK
phosphorylates and inhibits SREBP transcriptional activity to
reduce lipogenesis and lipid accumulation [22]. Therefore, the
role of AMPK activation in lipid metabolism processes in the liver
reveals the potential of AMPK activators for dyslipidemia
treatment [23].

C24 is a small-molecule AMPK activator based on PT1 structure
modification. Compared to PT1, it has better oral bioavailability,
dissolution and potential application in drug discovery [24, 25]. We
previously identified that C24 activated AMPK by relieving a
subunit autoinhibition, which decreased gluconeogenesis and
exerted beneficial effects in diabetic db/db mice [26]. However,
little is known about the role of €24 in lipid regulation. The
present study aims to evaluate €24 function in lipid-lowering and
clarify the potential mechanism to provide more evidence for the
activation of AMPK as a dyslipidemia treatment.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice approximately 8 weeks old were purchased
from Shanghai Model Organisms (Shanghai, China). Male Golden
Syrian hamsters approximately 8 weeks old were purchased from
Charles River (Beijing, China). New Zealand rabbits were pur-
chased from Shanghai Jambo Biological Technology (Shanghai,
China). Animal welfare and animal experimental procedures were
performed in accordance with the current guide of the Animal
Ethics Committee of the Shanghai Institute of Materia Medica.
Animals were maintained at 22+2°C under a 12-h light-dark
cycle. Food and water were available ad libitum. Age-matched
animals were used for all experiments. To obtain liver tissue-
specific AMPKa1/a2 double knockout mice, AMPKa1/a2-floxed
mice were crossed with Alb-cre mice to generate the liver tissue-
specific AMPK knockout AMPKa1a2™AP-<e mice (AMPK LKO) [27].

C24 formulation for in vivo study

The compound €24 (C,oH,,CINO3) is an AMPK activator that we
identified previously [25, 26]. €24 was prepared as an orange solid
according to the synthetic method disclosed in CN 201710208352.
For the in vivo study, C24 and N-methylglucamine were dissolved
at a mass ratio of 2:1 in deionized water. This solution was
subjected to spray drying, which led to a water-soluble powder as
the formulation of C24 with N-methylglucamine (content of C24
in formulated powder, 66.7%). This formation was readily
dissolved in 0.5% carboxymethyl cellulose (0.5% CMC-Na) for oral
administration to animals.

Cell culture

HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific, catalog number: 12800017,
Waltham, MA, USA) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific, catalog number: 10091-148, Waltham,
MA, USA) and incubated under 5% CO, at 37°C. Cells were
passaged at 80%-90% confluence and plated for experiments.

Hepatocyte isolation

Hepatocyte isolation was performed as reported previously [28].
Briefly, C57BL/6J mice were anesthetized and then perfused with
calcium-free buffer containing calcium chelators from the inferior
vena cava to the liver and exiting from the portal vein. This step
removed the blood and caused destruction of some of the
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intercellular junctions due to calcium loss. A collagenase enzyme
(Worthington-Biochem., catalog number: LS004196, Lakewood, NJ,
USA) was added to the buffer to breakdown the extracellular
matrix and the tight junctions. The liver was stripped and
shredded mechanically, and then the hepatocytes were obtained
by Percoll (Sigma-Aldrich, catalog number: P1644-1L, St. Louis,
MO, USA) density-gradient centrifugation. Cells were plated for
follow-up experiments.

Measurement of lipogenesis using [1,2-'*C] acetic acid (sodium
salt) in vitro

HepG2 cells or hepatocytes were cultured in six-well plates and
treated with €24 at the indicated concentrations for 20 h. [1,2-'%C]
Acetic acid (sodium salt) (Perkin Elmer, catalog number:
NEC553001MC, Waltham, MA, USA) (0.1 uCi/well) was added for
another 4 h. The medium was removed, and the cells were washed
gently three times with cold PBS. Cells were lysed with 0.5 M KOH,
and ['*C]-labeled de novo lipogenesis in cells was examined using
petroleum ether and measured in scintillation liquids.

Western blotting analyses of cells and animal tissue samples

Cell sample preparation: at the end of treatment, the culture
medium was removed, 100 uL of loading buffer was added to
each well to lyse cells. The samples were processed with heating
to denature the protein at 100 °C for 10 min.

Tissue sample preparation. liver tissues were lysed in RIPA buffer
(Beyotime, catalog number: P0013B, Haimen, China) with the
addition of protease inhibitors and phosphatase inhibitors. The
protein concentrations of the samples were measured using the
Bradford assay. Approximately, 20 pug of protein from the samples
was used for loading.

Samples were loaded into 10% SDS-PAGE lanes and transferred
to NC membranes (GE Healthcare, catalog number: 10600002,
Little Chalfont, Bukinghamshire, UK). The membranes were
blocked in 5% fat-free milk and incubated with primary antibodies
on a shaker at 4°C overnight. The membranes were washed in
TBST three times for 10 min and incubated with secondary anti-
mouse or anti-rabbit antibodies for 1 h. The membranes were
washed three times, and the protein contents were measured
using ECL™ prime Western blotting detection reagents (GE
Healthcare, catalog number: RPN2232, Little Chalfont, Bukingham-
shire, UK) on a ChemiDoc™ Touch image system (Bio-Rad,
Hercules, CA, USA). Total AMPKa (catalog number: 2532L),
phosphorylated AMPKa (catalog number: 2535L), total ACC
(catalog number: 3662S), and phosphorylated ACC (catalog
number: 3661S) antibodies were purchased from Cell Signaling
Technology (Trask Lane Danvers, MA, USA). The LDLR antibody
(catalog number: 66414-1-g) was obtained from Proteintech
(Rosemont, IL, USA). B-Actin (catalog number: AM1021B) was
purchased from ABGENT (San Diego, CA, USA). Peroxidase-
affinipure goat anti-rabbit IgG (H + L) (catalog number: 111-035-
003) and peroxidase-affinipure goat anti-mouse IgG (H+1L)
(catalog number: 115-035-003) were purchased from Jackson
ImmunoResearch Laboratories (Pike West Grove, Pennsylvania,
PA, USA).

Relative quantitative PCR

RNA was extracted from treated cells or mouse liver tissues by
using TRIzol (TaKaRa, catalog number: 9019, Japan). Then, RNA
(1000 ng) was transcribed to cDNA. cDNA mixed with SYBR Green
(Bimake, catalog number: B21702, Houston, TX, USA) and gene
primers were used to detect gene expression under the
Mx30005PTM Q-PCR Systems (Agilent Technologies, Santa Clara,
CA, USA). GAPDH was used as the reference gene. The relative
quantity of mRNA was normalized to the control group using the
AACT method, and the primer sequences are shown in
the Supplementary material.
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Relative AMPK activities measured in vivo

Male C57BL/6J mice weighing 20-25g at 8-10 weeks were
randomly assigned to two groups (n = 6). Mice were treated with
0.5% CMC-Na (Vehicle) or €24 (100 mg- kg~ ') via gavage. After 2 h,
the mice were sacrificed after anesthetization, and the livers were
collected as soon as possible and frozen in liquid nitrogen. The
phosphorylation of hepatic AMPKa (T172) and ACC (S79) levels was
detected using Western blotting analysis to reflect AMPK activity.

Measurement of lipogenesis using [1,2-'*C] acetic acid (sodium
salt) in vivo

The lipogenesis effect of €24 in vivo was measured using
previously described experimental methods [29]. Briefly, eight
male C57BL/6J mice weighing 20-25 g at 8-10 weeks of age were
divided into two groups (n=4). Mice were fasted for 48h
followed by refeeding a high-fat and high-carbohydrate diet
(Research diets, catalog number: D17010102, NJ, USA) for another
48 h. Animals received one dose of vehicle or €24 (100 mg-kg™").
1h later, all mice were intraperitoneally injected with 1 pCi
[1,2-*C] acetate. 1h after [1,2-'*C] acetate injection, the mice
were sacrificed after anesthetization. Approximately 100 mg of
liver was homogenized in cold PBS. The ["*C]-labeled lipids were
extracted and detected in the same manner as the cell lysates.

VLDL-TG secretion experiment

Male C57BL/6J mice weighing 20-25 g at 8-10 weeks were fasted
for 48 h. The mice were divided into two groups randomly (n =
9-10), refed a high-carbohydrate diet (Research Diets, catalog
number: D10012G, NJ, USA) and treated with vehicle (0.5% CMC-
Na, n=10) or €24 (100mg-kg '-d”', n=9) for 3d. The
lipogenesis ability of livers is elevated during refeeding [30]. After
the last administration, the mice were injected with tyloxapol
(600 mg-kg™") via the tail vein to inhibit endogenous lipoprotein
lipase [31]. The content of very-LDL-TG (VLDL-TG) secreted into
the circulation in 4 h was measured. The collected blood from the
tail vein was subjected to centrifugation at 12,000xg for 2 min,
and plasma was obtained. Plasma TG was measured using a TG
determination kit (Shanghai Changzheng, catalog number:
1.02.1801, Shanghai, China).

New Zealand rabbit experiment

Diet-enriched fat- and cholesterol-fed rabbits are often used to
study metabolic disease [32]. New Zealand rabbits weighing
2.0-2.5 kg were fed a high-fat high-cholesterol diet or NC after a 5-
d adaptation. A NC diet was obtained from the Shanghai Xinhui
Animal Feed Co. Ltd. The high-fat and high-cholesterol diet
containing 5% lard oil and 0.5% cholesterol (referred to as the HC
diet) was purchased from Jiangsu Xietong Organism Co., Ltd.
Dyslipidemia in rabbits was imposed by feeding New Zealand
rabbits an HC diet for 75 d. Plasma TC = 10 mmol - L' was used as
the filter criterion. Hyperlipidemic rabbits were randomly assigned
to different groups (n =9). The vehicle group was treated with
CMC-Na. €24 was administered at 20, 40, and 60 mg-kg~'-d ™' for
4 weeks via gavage. Atorvastatin (0.5mg-kg '-d~") and fenofi-
brate (10mg-kg™'-d~") were the positive control drugs. Body
weights and food intake were recorded regularly. The concentra-
tions of plasma TG, TC, LDL-C, HDL-C, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured every
two weeks. The TG assay kit (catalog number: A110-1-1), TC assay
kit (catalog number: A111-1-1), LDL-C assay kit (catalog number:
A113-1-1), HDL-C assay kit (catalog number: A112-1-1), AST assay
kit (catalog number: A010-2-1), and ALT assay kit (catalog number:
A009-2-1) were purchased from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China).

Golden Syrian hamster experiment

All hamsters at 6-8 weeks were maintained on a standard rodent
chow diet during a 7-d adaptive period and then fed a high-fat
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and high-cholesterol diet containing 11.5% coconut oil, 11.5%
corn oil, 5% fructose, and 0.5% cholesterol (referred to as the
HFHC diet) (Research Diets, catalog number: C11953, New
Brunswick, NJ, USA) for 14d. The HFHC diet rapidly induced
hyperlipidemia in response to the added cholesterol and fat
[33, 34]. The hamsters were randomly assigned to different groups
(n=28) and treated with CMC-Na (vehicle group) or C24 (20, 40,
and 60mg-kg~'-d™") for 2 weeks via gavage. Fenofibrate
(100mg-kg~'-d~") was the positive-control drug. Food intake
and body weights were monitored during the experiment. Blood
was collected from the retro-orbital sinus and subjected to
centrifugation at 12,000xg for 2 min at 4 °C to obtain plasma. The
concentration of lipid profiles (TC, TG, LDL-C, and HDL-C), AST, and
ALT were measured using commercial kits, as described in the kit's
instructions. At the end of the experiment, hamsters were
anesthetized and sacrificed. Liver samples were collected and
stored at —80°C for further analyses. The TG assay kit (catalog
number: 1.02.1801) and TC assay kit (catalog number: 1.02.0401)
were purchased from Shanghai Changzheng Co., Ltd. (Shanghai,
China). The LDL-C assay kit (catalog number: E0410) and HDL
assay kit (catalog number: E0310) were purchased from Xinjian-
kangcheng Co., Ltd. (Sichuang, China). The AST assay kit (catalog
number: 290705 and 290706) and ALT assay kit (catalog number:
290703 and 290704) were purchased from Sysmex (Shanghai,
China).

Statistical analysis

The results are represented as the means+S.D. Differences
between two groups were examined using a two-tailed unpaired
Student’s t test. Differences in multiple groups were compared
using one-way ANOVA or two-way ANOVA. P<0.05 was
considered statistically significant.

RESULTS

C24 activates AMPK in HepG2 cells

Human liver carcinoma HepG2 cells are widely used as an in vitro
model to evaluate lipid metabolism. We detected the viability of
HepG2 cells cultured in C24-containing medium. The CCK-8 assay
demonstrated that €24 had almost no effect on cell viability after
24 h of treatment at doses less than 20 uM (Supplementary Fig.
S1a). We evaluated the effects of C24 on AMPK activation in
HepG2 cells. C24 treatment increased the phosphorylation of
AMPKa (T172) and its substrate ACC (S79) in a time- and dose-
dependent manner (Fig. 1a, b). Intracellular AMPK remained
activated after 24 h of C24 treatment (Supplementary Fig. S1b).
These data revealed that C24 activated AMPK in HepG2 cells,
which was accompanied by an increase in ACC phosphorylation.

The effects of C24 on lipogenesis in vitro and in vivo

AMPK activation in the liver inhibits lipogenesis [35, 36]. Our
previous data indicated that C24 decreased the content of TG and
cholesterol in HepG2 cells [26]. To characterize the effect of C24
on de novo lipogenesis, [1,2-'*C] acetate was used to label the
de novo lipogenesis process. In HepG2 cells, we found that C24
moderately but significantly inhibited the biosynthesis of lipids
(Fig. 2a). In vivo, we treated fasted-refed mice with a single dose of
€24 (100mg-kg™") and sacrificed the mice after 2 h. We found
that €24 had a tendency to reduce the incorporation of [1,2-*C]
acetate into lipids in the liver (Fig. 2d). Consistent with C24-
induced AMPK activation in HepG2 cells, we also identified that
the phosphorylation levels of hepatic AMPKa (T172) and ACC (S79)
were much higher in C24-treated mice than in vehicle-treated
mice (Fig. 2b, ¢).

VLDL-TG secretion is an important mechanism for liver lipid
output. Dyslipidemia is partially due to overproduction or
increased secretion of VLDL by the liver. To test whether C24
treatment reduced VLDL-TG secretion in vivo, C57BL/6J mice were
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Fig. 1

C24 activates AMPK in HepG2 cells. a, b Western blotting analysis and relative integrated density of indicated proteins at different

times (a) or doses (b) of C24 treatment in HepG2 cells. Data are presented as the means + S.D. Multiple groups were analyzed using one-way

ANOVA, *P < 0.05 vs. DMSO; **P <0.01 vs. DMSO; ***P < 0.001 vs. DMSO.

fasted for 48 h, fed a high-carbohydrate diet and treated with or
without €24 (100mg-kg™") for 3d via gavage. After the final
administration, mice were injected with tyloxapol (600 mg-kg™")
to reduce TG degradation and clearance. VLDL-TG secretion was
determined as the increase in TG content in plasma. Our findings
showed that TG secretion in C24-treated mice was significantly
decreased compared to that in the vehicle group (Fig. 2e, f). Taken
together, these results indicated that lipogenesis inhibition by C24
treatment contributed to hepatic lipid regulation.

C24 inhibits lipogenesis via the AMPK pathway in hepatocytes
Compound C is a pan-kinase inhibitor. We used compound C to
inhibit cellular AMPK activity. Compound C treatment blocked the
effect of C24 on the phosphorylation level of AMPKa (T172) and its
downstream ACC (S79) in HepG2 cells (Fig. 3a). Consistently, the
inhibition of lipogenesis induced by €24 was weakened by
cotreatment with Compound C (Fig. 3b). Our results suggested that
AMPK activation is required for the lipogenesis inhibition of C24.

We used hepatocytes isolated from AMPKa1a2®/1* mice
(AMPK FLOX) and AMPKa1a2"A1< mice (AMPK LKO) to confirm
the dependence of AMPK activation on the effects of C24 on
lipogenesis. The protein and phosphorylation levels of AMPKa
(T172) in AMPK FLOX- and AMPK LKO-isolated hepatocytes were
confirmed using immunoblotting analysis. C24 treatment acti-
vated the phosphorylation of AMPKa (T172) and ACC (S79) in a
dose- and time-dependent manner, and AMPKa deficiency
blocked C24-induced phosphorylation of ACC (S79) in hepato-
cytes (Fig. 3c, d). €24 (10 uM) treatment inhibited de novo
lipogenesis in hepatocytes isolated from AMPK FLOX mice but not
in hepatocytes isolated from AMPK LKO mice. These results
suggested that the inhibition of lipogenesis by €24 required
intracellular AMPK activation.

SPRINGERNATURE

Chronic €24 treatment ameliorates lipid profiles in HC diet-
induced New Zealand rabbits

The rabbit is a classical species in studies of dyslipidemia [37]. We
fed rabbits an HC diet for 75 d to induce preexisting hyperlipide-
mia to evaluate the lipid-lowering effects of C24. The rabbits were
randomly divided into different groups for different treatments for
4 weeks. Our findings showed that C24 did not cause weight loss
(Supplementary Fig. S2a) but exhibited different degrees of
improvement in the HC diet-induced accumulation of TC, TG,
and LDL-C concentrations in plasma (Fig. 4b-d); HDL-C did not
show significant changes (Fig. 4e). The positive control drug
groups atorvastatin and fenofibrate showed significant lipid-
lowering effects.

Long-term high-fat diet feeding induces lipid metabolism
disorder in New Zealand rabbits, and the livers of these animals
tend to develop hepatic steatosis and increase liver injury
susceptibility [38]. The administration of C24 reduced the
accumulation of lipids in the liver (Fig. 4h) and the liver index
(liver/body weight) (Supplementary Fig. S2b). HC diet-fed rabbits
had accelerated liver injury and increased serum AST and ALT
activities compared to the normal chow (NC) group. In contrast,
the serum active units of ALT and AST in C24-treated rabbits were
obviously lower than those in the vehicle group (Fig. 4f, g).

These results demonstrated that chronic treatment with C24
ameliorated dyslipidemia and provided a certain degree of
protection against liver injury in the fatty liver disease process.

Chronic C24 treatment improves dyslipidemia in HFHC hamsters
The hamster is another classical animal model in the evaluation of
hypolipidemic effects [39]. We also verified the effect of C24 on
lipid regulation in golden Syrian hamsters. Before treatment,
animals were fed an HFHC diet for 14d to induce hyperlipemia.

Acta Pharmacologica Sinica (2021) 42:585 - 592
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Fig. 2 The effects of C24 on lipogenesis in vitro and in vivo. a The effect of '*C-labeled de novo lipogenesis in HepG2 cells after different
doses of C24 treatment. b, ¢ Western blotting analysis (b) and relative integrated density (c) of the indicated proteins in livers of C57BL/6J mice
after 2 h of treatment with or without C24 (100 mg -kg™") (n = 6). d The effect of '*C-labeled de novo lipogenesis in liver of fasted-refed mice
after 2 h of treatment (n =4). e, f After tyloxapol (600 mg - kg”) tail vein injection, 0-4 h of the plasma TG concentration (e) and the area
under curve (AUC) (f) were measured in high-carbohydrate diet-fed C57BL/6J mice after 3 d of treatment (n = 9/10). Data are presented as the
means + S.D. Multiple groups were analyzed using one-way ANOVA. Two groups were analyzed using two-tailed unpaired Student’s t test or
two-way ANOVA, *P < 0.05 vs. control; **P < 0.01 vs. control; ***P < 0.001 vs. control.

After treatment with €24 (20, 40, and 60mg-kg '-d") for
2 weeks, there were no differences in body weight (Fig. 5b) or
food intake (Fig. 5¢) among the groups, but the plasma TC, TG,
and LDL-C contents in the treatment groups decreased strikingly
compared to the vehicle group (Fig. 5d-f). HDL-C was also
decreased in parallel with the reduction in plasma cholesterol
(Fig. 59). These results showed that €24 improved lipid
metabolism in dyslipidemia hamsters.

DISCUSSION

AMPK activation exerts beneficial effects on diabetes, dyslipide-
mia, and metabolic syndrome. Many published studies have
provided a solid basis for the development of an AMPK activator
to treat a series of related diseases [23, 40]. C24 is an AMPK
activator based on alkene oxindole scaffold modification, and it
exhibits favorable pharmacokinetic characteristics after oral
administration in Wistar rats [25]. We previously identified that
C24 decreased hepatic gluconeogenesis and exerted antidiabetic
effects in db/db mice [26]. In the present study, we found that C24
downregulated hepatic lipogenesis, decreased VLDL-TG secretion
into the circulation and ameliorated dyslipidemia in preclinical
animal models. The AMPK activator C24 showed beneficial effects
and potency as an orally administered compound for dyslipidemia
treatment.

Overnutrition induces dysfunction in glucose and lipid meta-
bolism, which is a driving factor of metabolic syndrome, including
dyslipidemia. As mentioned above, hepatic AMPK activation
improves lipid metabolism via multiple pathways [22, 23]. Our
data showed that €24 inhibited lipogenesis, and the effect of
lipogenesis inhibition depended on hepatic AMPK activation.

Acta Pharmacologica Sinica (2021) 42:585 - 592

Notably, treatment with C24 did not affect the fatty acid oxidation
rate in HepG2 cells (Supplementary Fig. S1c). This result may be
due to the slight inhibition of complex | in the mitochondrial
respiratory chain [26]. We found that the efficiency of TG-rich VLDL
secretion was much lower after 3d of C24 treatment than after
vehicle treatment. We speculated that C24 reduced hepatic lipid
biosynthesis and accumulation, and this effect may be involved in
decreasing the secretion of VLDL-TG. Seven days of high-fat
feeding followed by 7 d of oral administration of C24 (100 mg-
kg™") elicited hyposecretion of VLDL-TG compared to CMC-Na
(0.5%) administration (Supplementary Fig. S3a). However, multiple
regulatory factors contribute to VLDL assembly and secretion, and
the detailed mechanisms of €24 modulation of VLDL-TG secretion
require further investigation.

Statins are the first-line clinical lipid-lowering drugs that inhibit
HMGCR activity to restrict cholesterol synthesis, which reduces
intracellular cholesterol and feeds back to regulate the protein
and gene levels of LDLR [41, 42]. We demonstrated that C24
treatment upregulated LDLR mRNA and protein levels (Supple-
mentary Fig. S3b—d) and the lipid metabolism-related factors, such
as transcriptional target genes of SREBPs, exhibited different levels
of increase (Supplementary Fig. S3d). These results may be related
to the hepatic cholesterol-lowering effect of C24 treatment
(Supplementary Fig. S3e). To confirm this effect, we investigated
the effect of C24 on LDLR expression in HepG2 cells and observed
that LDLR mRNA and protein levels were elevated (Supplementary
Fig. S3f, g), which was consistent with the results obtained from
the in vivo study (Supplementary Fig. S3b-d).

Evidence from genetic, epidemiological and clinical studies
indicates that the overload of LDLs in plasma causes athero-
sclerotic CVDs [43]. AMPK activation inhibits cholesterol synthesis
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Fig. 3 C24 inhibits lipogenesis via AMPK pathway. a, b Western blotting analysis of the indicated proteins (a) and '“C-labeled de novo
lipogenesis (b) in HepG2 cells after compound C and €24 treatment. CC represents compound C, ns means no significant difference. ¢, d
Western blotting analysis of the efficiency of AMPKa knockout and effects of C24 on AMPK activation in hepatocytes isolated from AMPK
FLOX and AMPK LKO mice. e, f Effects of €24 on lipogenesis in hepatocytes isolated from AMPK FLOX (e) and AMPK LKO (f) mice. Data are
presented as the means + S.D. Multiple groups were analyzed using one-way ANOVA, two groups were analyzed using two-tailed unpaired
Student’s t test, *P < 0.05 vs. control; **P < 0.01 vs. control.
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Fig. 4 Chronic C24 treatment improves lipid profiles in HC-fed New Zealand rabbits. a Schematic diagram of the €24 pharmacodynamic
experiment in HC diet-fed New Zealand rabbits. b—g The plasma concentrations of TG (b), TC (c), LDL-C (d), HDL-C (e), ALT (f), and AST (g) in HC
diet-fed New Zealand rabbits after treatment for 4 weeks. NC represents rabbits fed normal chow and treated with CMC-Na. h The contents of
triglycerides in livers of HC diet-fed New Zealand rabbits after treatment for 4 weeks. The data are presented as the means+S.D., n=09.
Multiple groups were analyzed using one-way ANOVA, **P < 0.01 vs. Vehicle; ***P < 0.001 vs. Vehicle.
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Fig. 5 C24 treatment improves dyslipidemia in HFHC-fed hamsters. a Schematic diagram of the pharmacodynamic experiment in HFHC
diet-fed hamsters. b, ¢ The body weight and food intake during treatment in HFHC diet-fed hamsters. NC represents hamsters fed normal
chow and treated with CMC-Na. d—-g The concentrations of plasma TC (d), TG (e), LDL-C (f), and HDL-C (g) after treatment with or without C24
for 2 weeks. Data are presented as the means £ S.D., n = 8. Body weights and food intake were analyzed using two-way ANOVA, multiple
groups were analyzed using one-way ANOVA, *P < 0.05 vs. Vehicle; **P < 0.01 vs. Vehicle; ***P < 0.001 vs. Vehicle.

in the liver and lowers LDL-C in plasma to reduce lipid load; these
effects have attracted great attention to the targeting of AMPK to
interfere with the development of atherosclerosis [22, 44]. C24
showed significant lipid-lowering effects in diet-enriched high-fat
and high-cholesterol-induced hypertriglyceridemia and hyperch-
olesterolemia in New Zealand rabbits and hamsters. Dietary lipid
components regulate lipogenesis [45], and a high-fat and high-
cholesterol diet suppressed hepatic de novo lipogenesis to a
certain extent. There may be some limitations to evaluate the role
of C24 in lipogenesis to alleviate dyslipidemia. Atherosclerosis is a
progressive vascular disease with abnormal lipid metabolism and
impaired endothelial function [46-48]. Administration of AMPK
activators (such as salicylate, A769662, AICAR, and IMM-H007)
modulates macrophage cholesterol homeostasis, inflammation
and vascular dysfunction to delay the progression of athero-
sclerosis [49-52]. Our unpublished data also showed that C24
treatment activated AMPK in macrophages, and oral C24
treatment ameliorated atherosclerosis development in Western
diet-fed ApoE” mice. The role that €24 plays in regulating
atherosclerosis is worthy of further study.

In summary, we examined the AMPK activator C24, which
decreased hepatic lipogenesis and VLDL-TG secretion and
improved dyslipidemia. This work provides a promising lead
compound for new lipid-lowering drug development and supports
the concept that the activation of the hepatic AMPK pathway may
be a useful strategy for the treatment of dyslipidemia.
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