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Abstract Hypercholesterolemia is a significant risk factor for the development of atherosclerosis.

20,30,50-Tri-O-acetyl-N6-(3-hydroxyphenyl) adenosine (IMM-H007), a novel AMPK agonist, has shown

protective effects in metabolic diseases. However, its impact on cholesterol and triglyceride metabolism

in hypercholesterolemia remains unclear. In this study, we aimed to elucidate the effects and specific

mechanisms by which IMM-H007 regulates cholesterol and triglyceride metabolism. To achieve this

goal, we used Apoe�/� and Ldlr�/� mice to establish a hypercholesterolemia/atherosclerosis model.

Additionally, hepatocyte-specific Ampka1/2 knockout mice were subjected to a 5-week high-

cholesterol diet to establish hypercholesterolemia, while atherosclerosis was induced via AAV-PCSK9 in-

jection combined with a 16-week high-cholesterol diet. Our results demonstrated that IMM-H007

improved cholesterol and triglyceride metabolism in mice with hypercholesterolemia. Mechanistically,

IMM-H007 modulated the AMPKa1/2eLDLR signaling pathway, increasing cholesterol uptake in the

liver. Furthermore, IMM-H007 activated the AMPKa1eFXR pathway, promoting the conversion of he-

patic cholesterol to bile acids. Additionally, IMM-H007 prevented hepatic steatosis by activating the

AMPKa1/2eATGL pathway. In conclusion, our study suggests that IMM-H007 is a promising therapeu-

tic agent for improving hypercholesterolemia and atherosclerosis through the activation of AMPKa.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Overconsumption of dietary fats and cholesterol leads to hyper-
cholesterolemia, which pathologically elevates circulating
low-density lipoprotein (LDL) cholesterol and triglyceride levels,
consequently increasing atherosclerosis and cardiovascular disease
risk1-3. Therefore, maintaining the homeostasis of cholesterol and
triglycerides is crucial. The liver plays a central role in
lipid metabolism. It can clear most of the excess LDL-cholesterol
in the circulation through hepatic low-density lipoprotein receptor
(LDLR) activity. Posttranslationally, the proprotein convertase
subtilisin/kexin type 9 (PCSK9) and inducible degrader of LDLR
(IDOL) promote the degradation of LDLR. Consequently, PCSK9
and IDOL represent promising targets for enhancing cholesterol
metabolism4-6. Currently, several PCSK9 inhibitors are approved
for treating primary hypercholesterolemia; however, effective
IDOL inhibitors have yet to be discovered7,8.

The liver eliminates cholesterol from the bloodstream by
secreting bile9. Therefore, promoting the conversion of cholesterol
into bile acids is a key strategy for regulating cholesterol meta-
bolism. The farnesoid X receptor (FXR, NR1H4), a member of the
nuclear receptor superfamily, is involved in regulating bile acid
metabolism in the liver. FXR binds to the promoter of the nuclear
receptor subfamily 0 group B member 2 (SHP, NR0B2) gene and
regulates bile acid synthesis by inhibiting the rate-limiting enzyme
cytochrome P450 family 7 subfamily A member 1 (CYP7A1) in
the classical bile acid synthesis pathway and the metabolic
enzyme cytochrome P450 family 27 subfamily A member 1
(CYP27A1) in the alternative pathway10,11.

AMP-activated protein kinase (AMPK) is a serine/threonine
protein kinase composed of a, b, and g subunits that form a
heterotrimeric complex. AMPK activation enhances triglyceride
hydrolysis, promotes fatty acid oxidation, and inhibits fatty acid
synthesis, processes closely linked to metabolic diseases12.
However, the role of AMPK in cholesterol metabolism remains
unclear. Some studies suggest that AMPK activation inhibits the
transcription factor sterol regulatory element binding transcription
factor 2 (SREBP2), thereby reducing the transcription of LDLR12.
In contrast, other studies have indicated that AMPK activation

increases LDLR expression, whereas its inhibition suppresses
LDLR expression13-17. Given these conflicting findings, further
investigation is needed to clarify the impact of AMPK activation
on LDLR regulation. Additionally, studies have shown that
AMPK activation can inhibit FXR transcriptional activity both
in vitro and in vivo, worsening liver damage in intrahepatic
cholestasis models18. These results indicate that AMPK activation
under hypercholesterolemic conditions may promote bile acid
production through the suppression of FXR activity, consequently
attenuating hepatic cholesterol accumulation. In conclusion,
AMPK plays a vital role in cholesterol metabolism, and the use of
AMPK agonists may represent a promising therapeutic strategy
for treating lipid metabolism disorders.

20,30,50-Tri-O-acetyl-N6-(3-hydroxyphenyl) adenosine (IMM-
H007) is a novel AMPK agonist19. In vivo, IMM-H007 is
metabolized to H007-M1 and enters cells via a nucleoside trans-
porter. Research indicates that after metabolism, IMM-H007 is
primarily distributed to tissues such as the serum, heart, and
liver20. As an AMPK agonist, IMM-H007 has several pharmaco-
logical effects through AMPK activation, including the suppres-
sion of inflammation, improvement of cardiac function, and
amelioration of liver steatosis21-24. Additionally, studies suggest
that IMM-H007 may improve atherosclerosis25,26. However, the
effects and specific regulatory mechanisms of IMM-H007 on
cholesterol and triglyceride metabolism in hypercholesterolemia
remain unclear. In this study, we investigated the impact of IMM-
H007 on cholesterol and triglyceride metabolism, focusing on the
role of hepatic AMPKa in mediating the efficacy of IMM-H007.

2. Materials and methods

2.1. Reagents

IMM-H007 and its main metabolite, H007-M1, were kindly pro-
vided by Dr. Haibo Zhu (Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical Col-
lege). Rabbit anti-AMPKa1 (NB110-55457) monoclonal antibody
was purchased from Novus Biologicals (Littleton, CO, USA).
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Rabbit anti-LDLR (Cat# 10785-1-AP), PCSK9 (Cat# 55206-1-
AP), ABCG1 (Cat# 13578-1-AP), AMPKa2 (Cat# 18167-1-AP),
AMPKb (Cat# 10308-1-AP), AMPKg (Cat# 10290-1-AP), FXR
(Cat# 25055-1-AP), CREB1 (Cat# 12208-1-AP) polyclonal anti-
bodies, mouse anti-FOXO1 (Cat# 66457-1), and HRP-conjugated
GAPDH monoclonal antibodies (Cat# HRP-60004),
TRITCeconjugated Goat Anti-Rabbit IgG (Cat# SA00007-2)
were purchased from Proteintech Group Inc. (Chicago, IL,
USA). Rabbit anti-DGAT1 (Cat# A6857), IDOL (Cat# A6166),
SENP1 (Cat# A13086), b-actin (Cat# AC026), ABCA1 (Cat#
A16337), AMPKa1/2 (Cat# A17290), CYP7A1 (Cat# A10615),
and SHP (Cat# A16454) polyclonal antibodies were purchased
from ABclonal Technology (Wuhan, Hubei, China). Rabbit anti-
ATGL (Cat# SC-67355) polyclonal antibody and mouse anti-
ABCB11 (Cat# SC-74500) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

TRIzol reagent was purchased from Invitrogen (Carlsbad, CA,
USA). The reverse transcription kit was purchased from Promega
(Madison, WI). SYBR Green Master Mix was purchased from
Bio-Rad (Los Angeles, CA, USA). All other reagents were pur-
chased from SigmaeAldrich.

2.2. Animals and study design

All animal care and experimental protocols were approved by the
Ethics Committee of Nankai University and conformed to the
Guide for the Care and Use of Laboratory Animals published by
the NIH (Ethical approval number: 2023-SYDWLL-000614).
Eight-week-old male apolipoprotein E-deficient (Apoe�/�) mice
were obtained from GemPharmatech (Jiangsu, China) and
randomly divided into two groups (15 mice/group): an HFHC
groups, in which the mice were fed a high-fat and high-cholesterol
(HFHC) diet containing 21% fat plus 0.5% cholesterol for 16
weeks; and an HFHCeH007 group, in which the mice were fed an
HFHC for 10 weeks and then treated with IMM-H007 (200 mg/kg
body weight/day) in combination with an HFHC for 6 weeks. The
body weights of the mice were recorded from the 9th to the 16th
weeks, and the food intake of the mice was measured at the 16th
week. At the end of the experiment, the mice were euthanized, and
the tissues were collected.

Eight-week-old male Ldlr�/� mice were obtained from
GemPharmatech (Jiangsu, China) and randomly divided into two
groups (8 mice/group). In the HFC group, the mice were fed an
HFC diet (20% fat plus 1.25% cholesterol) for 20 weeks. In the
IMM-H007 group, the mice were fed an HFC diet containing
IMM-H007 (200 mg/kg body weight/day). The body weights of
the mice were measured at the 20th week. At the end of the
experiment, the mice were euthanized, and the tissues were
collected.

Ampkaflox/flox and hepatocyte Ampka1/2-deficient (hAmpka
KO) mice aged 8e10 weeks were purchased from ViewSolid
Biotech Company (Beijing, China) and randomly divided into
four groups (5 mice/group): Ampkaflox/flox mice were fed a high-fat
(HF)/high-cholesterol (HC)/bile-salt (BS) diet (rodent diet with
40 kcal% fat, 1.25% cholesterol, 0.5% cholic acid; D12109C;
Research Diets, New Brunswick, NJ, USA) with or without IMM-
H007 (200 mg/kg body weight/day) for 5 weeks. hAmpka KO
mice were fed a HF/HC/BS diet with or without IMM-H007
(200 mg/kg body weight/day) for 5 weeks.

Ampkaflox/flox and hepatocyte Ampka1/2-deficient (hAmpka
KO) mice aged 8e10 weeks were randomly divided into four
groups (8 mice/group): Ampkaflox/flox mice received AAV-PCSK9

via tail vein injection (2 � 1011 vg per mouse; WZ Biosciences
Inc., Jinan, China) and then were fed a HF/HC/BS diet with or
without IMM-H007 (200 mg/kg body weight/day) for 16 weeks.
hAmpka-KO mice received AAV-PCSK9 via tail vein injection and
were then fed a HF/HC/BS diet with or without IMM-H007
(200 mg/kg body weight/day) for 16 weeks.

2.3. Cell culture

HepG2 cells were cultured in complete DMEM medium supple-
mented with 10% FBS, 50 mg/mL penicillin/streptomycin, and
2 mmol/L glutamine. HepG2 cells lacking Ampka expression were
established via CRISPR (clustered regulatory interspaced short
palindromic repeats)/CRISPR-Cas9 (associated protein 9) tech-
nology as described previously27. HepG2 cells lacking Ampka
expression were defined as Cas9-AMPKA cells, and the corre-
sponding control cells were defined as Cas9-Ctrl cells. Human
aortic smooth muscle cells (HASMCs) were purchased from
ATCC (Manassas, VA, USA) and cultured in DMEM/F12 (1:1)
medium containing 10% FBS, 50 mg/mL penicillin/streptomycin,
and 2 mmol/L glutamine. All the cells (w90% confluence) were
treated with the corresponding serum-free medium.

2.4. Determination of hepatic lipid content

To determine the liver lipid content, a part of the liver was fixed,
dehydrated, and processed according to standard protocols to
prepare 5 mm frozen sections, followed by Oil Red O staining.
Another piece of liver (w100 mg) was used to extract total lipids
to determine the triglyceride or cholesterol content via the cor-
responding assay kits (Wako, Osaka, Japan) and was normalized
to the protein content28.

2.5. Determination of atherosclerotic lesions

All the aorta samples were collected from the mice after eutha-
nasia as previously described, and the external connective tissue
and fat were removed, followed by the determination of athero-
sclerotic lesions via Oil Red O staining27. Images of the aortas
were obtained with a Leica M165FC stereoscopic microscope
(Leica, Wetzlar, Germany), and the lesion areas were quantified
via a computer-assisted image analysis method (Photoshop CS3)
and are presented as percentages.

Aortic root frozen sections were prepared for Oil Red O
staining to determine the extent of sinus lesions in the aortic root.
After being photographed with a Leica DM5000B microscope
(Leica, Wetzlar, Germany), the lesion areas were quantified via
Photoshop CS3 and expressed as mm2.

2.6. H&E, VVG, and immunofluorescence staining

To determine and quantify the area of the necrotic cores, the
thickness of the fibrous cap and the collagen content in the lesion
areas, hematoxylin and eosin (H&E), Verhoeff-van Gieson
(VVG), and Masson staining were performed on frozen aortic root
cross-sections27. After staining, the sections were mounted with
resinous mounting medium. Images were taken with a Leica mi-
croscope. Based on the Masson staining images, the necrotic core
area, fibrous cap thickness of the lesions, or collagen-positive area
were quantified with Photoshop CS3 and are expressed as
percentages.
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Figure 1 IMM-H007 improves HFHC diet-induced hypercholesterolemia and atherosclerosis in Apoe�/� mice. (A) Male apolipoprotein E

(Apoe)�/� mice (w8 weeks old) were randomly divided into two groups (15 mice/group). In the HFHC group, the mice were fed a high-fat and

high-cholesterol diet (HFHC) containing 21% fat plus 0.5% cholesterol for 16 weeks; in the HFHCeH007 group, the mice were fed an HFHC for

10 weeks and then treated with IMM-H007 (200 mg/kg body weight/day) contained in an HFHC for 6 weeks. (B) Body weight from the 9th to the

16th week. (C) Determination of serum total cholesterol (TC). (D) Determination of serum non-high-density lipoprotein-cholesterol (non-

HDL-C). (E) Determination of serum high-density lipoprotein-cholesterol (HDL-C) levels. (F) Determination of serum triglyceride (TG)

levels. (G) En face Oil red O (ORO) staining. Scale bar Z 5 mm. (H) Lesions in en face aortas were quantified via a computer-assisted image

analysis protocol. The lesion areas are expressed as percentages of the en face aorta area. (I) Representative photomicrographs of aortic root

sections stained with ORO. Scale bar Z 500 mm. (J) Lesions in aortic root cross-sections were quantified via a computer-assisted image analysis

protocol. The data are expressed as mm2 in aortic root cross-sections. (K) Representative photomicrographs of aortic root sections stained with
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2.7. Western blot and quantitative real-time PCR (qRT-PCR)

Total, cytoplasmic, and nuclear proteins were extracted from liver
tissue or cells, after which Western blotting was performed to
determine the expression of the indicated proteins. The target
bands were normalized to those of GAPDH or b-actin in the
corresponding samples.

Total RNA was extracted from tissues or cells, followed by
reverse transcription of RNA to cDNA using RT SuperMix. The
expression of mRNA was determined by qRT-PCR using SYBR
Green Master Mix with the primers listed in Supporting Infor-
mation Table S1 and normalized to the expression of GAPDH
mRNA in the corresponding samples.

2.8. Inhibition of gene expression by siRNA

siRNAs against human IDOL (MYLIP) (siG150715053038-1-5)
and SENP1 (siB131111164859-1-5) were purchased from
RIBOBIO (Guangzhou, China). siRNAs against human AMPKA1,
AMPKA2, AMPKB and AMPKG were purchased from Tsingke
Biotechnology (Beijing, China). HepG2 cells were transfected
with siRNA via Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen, Grand Island, NE, USA). After 48 h of transfection,
the cells were switched to complete DMEM without sodium py-
ruvate for another 24 h and then treated with H007-M1 at the
indicated concentration in serum-free medium for 24 h, followed
by determination of protein expression via Western blotting29.

2.9. Determination of serum biochemical parameters

To collect the serum, blood samples were collected and stored at
room temperature for 2 h and centrifuged at 2000 � g at room
temperature for 20 min. Serum was collected and used to deter-
mine the levels of triglycerides, total cholesterol, and HDL-
cholesterol with an automatic biochemical analyzer (Model
7020; Hitachi, Tokyo, Japan). The non-HDL can be calculated
according to Eq. (1):

non-HDL cholesterol (non-HDL) Z Total cholesterol � HDL
cholesterol (1)

2.10. Metabolic studies

After 15 weeks of treatment, O2 consumption and CO2 production
were assessed during a 24-h light plus dark cycle via an open-flow
respirometry system (TSE LabMaster, TSE Systems, Bad Hom-
burg, Germany)30. Briefly, each animal was placed in a transparent
plastic chamber (19.5 cm � 9.2 cm � 14.0 cm) with small pieces
of tissue paper just enough to absorb animal waste. An incubator
(MIR-553, SANYO, Japan) was used to maintain the chamber at a
constant ambient temperature. Air from outside the building was
pumped through the chamber at a mass flow rate of 0.81 min�1.
The energy expenditure (EE) value was calculated according to
Eqs. (2) and (3):

RERZVCO2/VO2 (2)

EEZ (3.815 þ 1.232 � RER) � VO2 (3)

2.11. Statistical analysis

All experiments were repeated at least three times, and repre-
sentative results are presented. The data are presented as the
mean � standard error of mean (SEM) and were analyzed by
Student’s t test or ANOVA with a post hoc test via GraphPad
Prism software (San Diego, CA, USA). The differences were
considered significant at P < 0.05.

3. Results

3.1. IMM-H007 inhibits hypercholesterolemia and
atherosclerosis in apolipoprotein E-deficient (Apoe�/�) mice

To investigate the role of IMM-H007 in lipid metabolism, eight-
week-old male Apoe�/� mice were subjected to a 10-week high-
fat, high-cholesterol (HFHC) diet to induce hypercholesterole-
mia and atherosclerosis. One group subsequently received IMM-
H007 supplementation for an additional 6 weeks while the
HFHC diet was maintained (Fig. 1A). Compared to the HFHC
group, mice treated with IMM-H007 (200 mg/kg body weight/day,
HFHCeH007 group) showed reduced weight gain (Fig. 1B).
IMM-H007 treatment had minimal effect on food intake (Sup-
porting Information Fig. S1A). Additionally, IMM-H007 treat-
ment increased the energy expenditure of the mice (Fig. S1B and
S1C). Serum total cholesterol (TC) and non-high-density lipo-
protein (non-HDL) cholesterol levels were significantly lower in
the HFHCeH007 group than in the HFHC group (Fig. 1C and D).
However, there was no significant effect on HDL-cholesterol
levels in the HFHCeH007 group (Fig. 1E). The serum triglycer-
ide level was also lower in the HFHCeH007 group than in the
HFHC group (Fig. 1F).

Dysregulation of cholesterol metabolism is known to contribute
to atherosclerosis. The plaque area was significantly reduced in the
HFHCeH007 group (Fig. 1G and H). Similarly, sinus lesions in the
aortic root were decreased in the HFHCeH007 group (Fig. 1I and
J). These results indicate that IMM-H007 can inhibit plaque
development. Hematoxylin and eosin (H&E) staining and Masson
staining revealed a reduction in the necrotic core area and an in-
crease in the fibrous cap area of plaques in the HFHCeH007 group
(Fig. 1K‒N). Masson staining and Verhoeffevan Gieson (VVG)
staining revealed that IMM-H007 significantly increased the
collagen content within plaques (Fig. 1L, O, and P). Overall, these
findings suggest that IMM-H007 effectively decreases cholesterol
levels, inhibits triglyceride accumulation, and reduces atheroscle-
rotic plaques in Apoe�/� mice.

3.2. Ldlr deficiency prevented the hypercholesterolemia
improvements induced by IMM-H007

The Ldlr knockout mouse is another widely utilized model for
studying hypercholesterolemia and atherosclerosis31. To establish
this disease model, we fed Ldlr-deficient mice a high-fat, high-

hematoxylin and eosin (H&E). Necrotic cores are marked by red dashed lines. Scale bar Z 200 mm. (L) Representative photomicrographs of

aortic root sections stained with Masson staining. Fibrous caps are marked by black dashed lines. Scale bar Z 200 mm. (M, N) Quantitative

analysis of the necrotic core area (M) and fibrous cap area (N). (O) Representative photomicrographs of aortic root sections stained with

Verhoeffevan Gieson (VVG). Scale barZ 250 mm. (P) The collagen-positive areas are expressed as percentages of the aortic area. Statistical data

are presented as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant versus the indicated group (n Z 15).
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cholesterol (HFC) diet (containing 20% fat and 1.5% cholesterol)
to induce hypercholesterolemia and atherosclerosis (Fig. 2A).
IMM-H007 did not significantly affect body weight at the end of
the experiment (Fig. 2B). In contrast to the findings in Apoe�/�

mice, IMM-H007 did not significantly affect TC (P Z 0.054),

non-HDL-cholesterol (P Z 0.075), or HDL-cholesterol
(P Z 0.26) in Ldlr�/� mice (Fig. 2CeE), suggesting that IMM-
H007 may improve cholesterol levels through LDLR. Moreover,
IMM-H007 significantly reduced triglyceride levels in Ldlr�/�

mice (Fig. 2F). Compared with HFC diet feeding, IMM-H007

Figure 2 IMM-H007 inhibits atherosclerosis in Ldlr�/� mice. (A, B) Male low-density lipoprotein receptor (Ldlr)�/� mice were fed high-fat,

high-cholesterol (HFC) or HFC containing IMM-H007 (200 mg/kg body weight/day) for 20 weeks (A), and their body weights were measured in

the 20th week (B). (CeF) Determination of serum TC (C), non-HDL-C (D), HDL-C (E), and TG (F) levels (n Z 6). (G) En face lesions were

determined by Oil Red O staining and quantified as a percentage (nZ 8). Scale barZ 5 mm. (H, I) Aortic root sections were subjected to Oil Red

O staining (H), followed by quantification of lesions in the aortic root (I) (n Z 8). Scale bar Z 500 mm. (J) Aortic root sections were subjected to

H&E staining. Necrotic cores are marked by red dashed lines. Scale bar Z 200 mm. (K) Representative photomicrographs of aortic root sections

stained with Masson staining. The fibrous cap is marked by a black dashed line. Scale bar Z 250 mm. (L, M) Quantification of lesions in the

necrotic core area (L) and fibrous cap area (M) (n Z 8). (N) The collagen-positive areas are expressed as percentages of the aortic area (n Z 8).

Statistical data are presented as mean � SEM. *P < 0.05, **P < 0.01; NS, not significant versus the indicated group.
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treatment inhibited en face aortic lesions (Fig. 2G). The area of
sinus lesions also decreased in the HFCeH007 group (Fig. 2H and
I). Additionally, H&E staining and Masson’s trichrome staining
revealed that IMM-H007 significantly reduced the necrotic core
area and increased the fibrous cap area in plaques (Fig. 2JeM).
Masson staining further revealed that IMM-H007 significantly
increased the collagen content within the plaques (Fig. 2K and N).
In conclusion, these findings suggest that while the regulation of
cholesterol by IMM-H007 appears to be LDLR-dependent, addi-
tional LDLR-independent mechanisms may contribute to plaque
improvement.

3.3. IMM-H007 regulates LDLR by activating AMPKa

LDL cholesterol and very low-density lipoprotein (VLDL)
cholesterol are the primary components of non-HDL cholesterol.
LDLR, a receptor located on hepatocyte surfaces, plays a crucial
role in clearing LDL and VLDL particles from the circulation32.
We found that IMM-H007 increased LDLR protein expression in
the livers of Apoe�/� mice (Fig. 3A). Pharmacological studies
have shown that IMM-H007 undergoes gradual deacetylation in
plasma, with the primary metabolite being H007-M1, which has
lost three acetyl groups33,34. We treated HepG2 cells with H007-
M1 and found that H007-M1 promoted LDLR expression
in vitro (Fig. 3B). We subsequently treated HepG2 cells with
H007-M1 and AICAR (5-aminoimidazole-4-carboxamide 1-b-D-
ribofuranoside), both pharmacological activators of AMPK, in
combination with cycloheximide (CHX), a protein synthesis in-
hibitor. CHX accelerated LDLR degradation, whereas both H007-
M1 and AICAR increased LDLR stability (Fig. 3C and Supporting
Information Fig. S2). Next, we inhibited various AMPK subunits
to determine their role in this process. Our results revealed that the
inhibition of AMPKa1 and AMPKa2 blocked IMM-H007-
induced LDLR expression, whereas the inhibition of AMPKg
and AMPKb did not affect LDLR levels (Fig. 3DeK). In sum-
mary, these findings suggest that IMM-H007 increases LDLR
stability through the activation of AMPKa1/2.

3.4. Hepatocyte-specific Ampka1/2 knockout inhibits the
ameliorative effects of IMM-H007 on hypercholesterolemia

To further validate the role of hepatic AMPKa in IMM-H007-
mediated lipid metabolism, we generated hepatocyte-specific
Ampka1/2-deficient (hAmpka KO) mice (Supporting Information
Fig. S3) and subjected Ampkaflox/flox mice and hAmpka KO mice
to a high-fat, high-cholesterol diet for five weeks (Fig. 4A). The
results revealed that IMM-H007 significantly decreased TC and
non-HDL cholesterol levels but had no significant effect on HDL
cholesterol levels in Ampkaflox/flox mice (Fig. 4BeD). Addition-
ally, IMM-H007 improved triglyceride levels (Fig. 4E). However,
in hAmpka KO mice, the regulatory effects of IMM-H007 on
cholesterol and triglycerides were abolished (Fig. 4BeE).
Furthermore, we performed transcriptome sequencing on the
livers of the mice. The results revealed that in Ampkaflox/flox mice,
IMM-H007 significantly regulated the cholesterol and glycer-
olipid metabolism pathways. However, these pathways did not
significantly change in hAmpka KO mice (Fig. 4F). Moreover,
IMM-H007 upregulated LDLR expression in the livers of Amp-
kaflox/flox mice but did not affect LDLR expression in hAmpka KO
mice (Fig. 4G and H). These results demonstrate that IMM-H007
increases LDLR expression in the liver through AMPKa1/2-
dependent mechanisms.

3.5. IMM-H007 increases LDLR expression via the AMPKa1/2-
small ubiquitin-like modifier-specific protease 1 (SENP1)eIDOL
pathway

Mechanistic studies have established that both PCSK9 and IDOL
posttranslationally promote LDLR degradation through distinct
ubiquitination pathways35,36. In HepG2 cells, we determined that
siRNA targeting IDOL, but not PCSK9, abolished the H007-M1-
induced increase in LDLR expression (Fig. 5A and B). Further-
more, H007-M1 did not affect the transcription of PCSK9 or IDOL
in HepG2 cells (Fig. 5C). These results suggest that IMM-H007
regulates LDLR through IDOL rather than PCSK9 at the post-
transcriptional level.

SUMOylation of IDOL at the K293 residue inhibits its
autoubiquitination and increases its protein level. Conversely,
SENP1 deSUMOylates IDOL, leading to a decrease in its protein
level37. We found that H007-M1 inhibits IDOL SUMOylation
(Fig. 5D). Moreover, inhibiting SENP1 expression abolished the
effect of H007-M1 on IDOL and LDLR levels in HepG2 cells
(Fig. 5E). Thus, IMM-H007 induces LDLR expression via the
SENP1eIDOL signaling pathway.

Recent studies have reported that AMPK activates SENP1 in T
cells and proximal tubular epithelial cells (PTECs)38,39. We
observed that H007-M1 decreased IDOL expression and increased
SENP1 expression in control HepG2 cells (Cas9-Ctrl ) but not in
AMPKA-deficient HepG2 cells (Cas9-AMPKA) (Fig. 5F). Addi-
tionally, IMM-H007 increased SENP1 protein expression and
decreased IDOL expression in the liver, whereas hepatocyte-
specific Ampka1/2 deficiency abolished these changes, indicating
that IMM-H007 regulates SENP1eIDOL through AMPKa acti-
vation (Fig. 5G). Moreover, H007-M1 promoted SENP1 tran-
scription in an AMPKa1/2-dependent manner (Fig. 5H).
Consistently, the overexpression of AMPKA1/2 promoted the
transcription of SENP1 (Supporting Information Fig. S4A). To
further elucidate the mechanism, we used multiple databases,
including Jaspar, GeneCards, CritromeDB, and hTFtarget, to
predict potential transcription factors that may regulate SENP1
transcription. Through this analysis, we identified two transcrip-
tion factors, with cyclic AMP response element-binding protein 1
(CREB1) being the only one activated by AMPK (Fig. S4B).
CREB1 has already been shown to be phosphorylated by AMPK
and to promote the transcription of downstream genes40. Our
experiments confirmed that H007-M1 treatment promoted the
nuclear expression of CREB1 in HepG2 cells (Fig. S4C). We also
predicted via the JASPAR database that the SENP1 promoter
contains binding sites for CREB1. ChIP assays further confirmed
that both H007-M1 treatment and AMPKA1/2 overexpression
increased CREB1 binding to the SENP1 promoter (Fig. S4D). To
refine the identification of the binding site, we constructed plas-
mids with mutated binding sites and performed luciferase assays.
The results demonstrated that both H007-M1 treatment and
AMPKA1/2 overexpression could activate the SENP1 promoter,
but this activation was abolished when the predicted binding site
was mutated (Fig. 5I and J). Thus, IMM-H007, through AMPKa
activation, enhances CREB1 activity, leading to an increase in
SENP1 transcription.

Finally, we used Apoe�/� mice with atherosclerosis to confirm
that the AMPKaeSENP1eIDOLeLDLR signaling pathway is
activated in the liver by IMM-H007 (Supporting Information
Fig. S5). Taken together, these findings indicate that IMM-H007
enhances LDLR stability through activation of the AMPKae-
CREB1eSENP1eIDOL pathway (Fig. S4E).
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Figure 3 The increase in LDLR protein levels induced by IMM-H007 depends on AMPKa1/2. (A) LDLR protein levels in Apoe�/� mouse

livers were determined via immunofluorescence staining, and the mean immunofluorescence intensity (MFI) of the images was quantified. Scale

bar Z 50 mm. n Z 5. (B) HepG2 cells were treated with H007-M1 at the indicated concentrations for 24 h. LDLR protein expression was

determined by Western blotting. (C) HepG2 cells were pretreated with H007-M1 (100 mmol/L) for 12 h and then incubated with CHX

(100 mmol/L) for 0, 3, or 6 h. LDLR protein expression was determined by Western blot (top), and the half-life was calculated (bottom).

(D, E) HepG2 cells were transfected with scrambled siRNA or AMP-activated protein kinase (Ampk) a1 siRNA and treated with H007-M1

(100 mmol/L) for 24 h. LDLR and AMPKa1 protein expression was subsequently determined via Western blotting (D), and the band density

(E) was quantified. (F, G) HepG2 cells were transfected with scrambled siRNA or AMPKA2 siRNA and treated with H007-M1 (100 mmol/L) for

24 h, after which LDLR and AMPKa2 protein expression was determined by Western blotting (F), and the band density was quantified (G). (H, I)

HepG2 cells were transfected with scrambled siRNA or AMPKG siRNA and treated with H007-M1 (100 mmol/L) for 24 h, after which LDLR and

AMPKg protein expression was determined by Western blotting (H), and the band density was quantified (I). (J, K) HepG2 cells were transfected

with scrambled siRNA or AMPKB siRNA and treated with H007-M1 (100 mmol/L) for 24 h. LDLR and AMPKb protein expression levels were

subsequently determined via Western blotting (J), and the band density (K) was quantified. Statistical data are presented as mean � SEM.

*P < 0.05; **P < 0.01; ***P < 0.001 versus the indicated group (n Z 3).
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Figure 4 Hepatocyte Ampka1/2 deficiency blocked the effect of IMM-H007 on hypercholesterolemia. (A) Ampkaflox/flox and hAmpka KO mice

were fed a high-fat (HF)/high-cholesterol (HC)/bile-salt (BS) diet with or without IMM-H007 (200 mg/kg body weight/day) for 5 weeks. (B)

Determination of serum TC. (C) Determination of serum non-HDL-C. (D) Determination of serum HDL-C levels. (E) Determination of serum TG

levels. Statistical data are presented as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus the indicated group (n Z 5). (F) RNA-seq

assay with mouse liver total RNA. Enrichment analysis of the KEGG and REACTOME pathways (n Z 3). (G, H) Protein levels of LDLR (G,

scale bar Z 100 mm) AMPKa1/2 (H, scale bar Z 200 mm) in mouse liver was determined by immunofluorescent staining.
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Figure 5 IMM-H007 upregulates LDLR expression via the AMPKa1/2eSENP1eIDOL signaling pathway. (A, B) HepG2 cells were post-

translationally transfected with scrambled siRNA, proprotein convertase subtilisin/kexin type 9 (PCSK9) siRNA (A), or inducible degrader of

LDLR (IDOL) siRNA (B), after which LDLR, PCSK9, and IDOL protein expression was determined by Western blotting. (C) mRNA levels of

PCSK9 and IDOL in HepG2 cells after H007-M1 treatment were measured via qRT-PCR (n Z 3). (D) HEK-293T cells were transfected with

Flag-IDOL, HA-small ubiquitin-like modifier 1 (SUMO1), or His-ubiquitin-conjugating enzyme (UBC9) for 24 h and then treated with H007-M1

(100 mmol/L) for 24 h. The SUMOylation of Flag-IDOL was determined by an IP assay using Flag beads. (E) HepG2 cells were transfected with

scrambled siRNA or SUMO-specific protease 1 (SENP1) siRNA, after which the protein expression of IDOL, SENP1, and LDLR was determined

by Western blotting. (F) Cas9-Ctrl and Cas9-AMPKA cells were treated with H007-M1 at the indicated concentrations for 24 h. IDOL, SENP1,

and AMPKA protein expression was determined by Western blotting. (G) Protein expression in the livers of the mice in Fig. 4A was determined

by Western blotting. (H) mRNA levels of SENP1 in HepG2 cells after H007-M1 treatment or transfection with AMPKA1/2 siRNAwere measured

via qRT-PCR (n Z 3). (I) Putative cAMP response element (CRE) region in the hSENP1 promoter and the mutated sites. (J) HepG2 cells were
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3.6. IMM-H007 increases hepatic cholesterol metabolism via
the AMPKa1eFXReSHPeCYP7A1/CYP27A1 pathway

The conversion of cholesterol into bile acids is the major mech-
anism for its elimination from the body41. To further delineate the
effects of IMM-H007 on postuptake hepatic cholesterol meta-
bolism, we analyzed the transcriptional regulation of bile acid
metabolic pathways. As depicted in Fig. 6A, compared with those
in the Ampkaflox/flox group, Cyp7a1 and Cyp27a1 levels were
significantly increased in Ampkaflox/flox-H007 mice, whereas Fxr,
Shp, ATP-binding cassette subfamily B member (Abcb)11, and
Abcb4 levels were significantly decreased. However, IMM-H007
did not significantly affect the expression of these genes in
hAmpka KO mice (Fig. 6A). We also assessed the protein levels of
these genes in the liver. Consistent with the results of the tran-
scriptional analysis, the CYP7A1 and CYP27A1 levels were
significantly higher in Ampkaflox/flox-H007 mice than in Ampka-
flox/flox mice, whereas the FXR and SHP levels were significantly
lower. IMM-H007 had no significant effect on the expression of
these proteins in hAmpka KO mice. Additionally, IMM-H007 did
not significantly alter the expression of ABCB11 or ABCB4,
indicating that other posttranslational regulatory mechanisms
might be involved (Fig. 6B). Moreover, H007-M1 significantly
inhibited the activity of the FXR promoter, suggesting that H007-
M1 can regulate FXR transcription (Fig. 6C).

Further investigations involved the inhibition of different
AMPKa subunits. The results demonstrated that inhibiting
Ampka1 blocked the induction of CYP7A1, CYP27A1, FXR, and
SHP by H007-M1, whereas inhibiting Ampka2 did not affect
protein expression (Fig. 6DeG). Furthermore, liver cholesterol
levels were significantly lower in Ampkaflox/flox-H007 mice than in
Ampkaflox/flox mice, accompanied by an increase in bile acid levels
(Fig. 6H and I). This finding suggests an increased conversion of
cholesterol to bile acids in the liver. In contrast, H007-M1 had no
significant effect on liver cholesterol or bile acid levels in
hAmpka KO mice (Fig. 6H and I). In summary, IMM-H007
promotes hepatic cholesterol metabolism through the activation
of the AMPKa1eFXReSHPeCYP7A1/CYP27A1 pathway
(Supporting Information Fig. S6).

3.7. IMM-H007 promotes liver triglyceride hydrolysis by
activating AMPKa1/2

IMM-H007 regulated glycerolipid metabolism in Ampkaflox/flox

mice but not in hepatocyte-specific Ampka1/2 KO mice, indicating
AMPKa-dependent hepatic lipid modulation (Fig. 4F). In Amp-
kaflox/flox mice, IMM-H007 significantly improved the pale
coloration of the liver. In contrast, IMM-H007 did not improve
liver color in hAmpka KO mice (Fig. 7A). H&E and Oil Red O
staining demonstrated that IMM-H007 significantly reduced he-
patic lipid deposition in Ampkaflox/flox mice, whereas this inhibi-
tory effect was abolished in hAmpka KO mice (Fig. 7B and C).
Additionally, IMM-H007 reduced liver triglyceride levels in
Ampkaflox/flox mice. However, hepatocyte-specific Ampka defi-
ciency prevented the decrease in triglyceride levels induced by
IMM-H007 (Fig. 7D). Liver pallor and excessive lipid

accumulation in both Apoe�/� and Ldlr�/� mice were also
improved by IMM-H007 (Supporting Information
Figs. S7AeS7D and S8AeS8D).

Mechanistically, IMM-H007 increased both the protein and
mRNA expression of adipose triglyceride lipase (ATGL), a key
enzyme that promotes the breakdown of triglycerides into fatty
acids. Hepatocyte-specific Ampka1/2 deficiency abolished IMM-
H007-induced ATGL upregulation (Fig. 7E and F). Additionally,
IMM-H007 did not significantly affect the expression of acyl-
CoA: diacylglycerol acyltransferase 1 (DGAT1), the key enzyme
involved in triglyceride synthesis (Fig. 7F). We also found that
IMM-H007 upregulated ATGL expression but did not affect
DGAT1 levels in the livers of Apoe�/� and Ldlr�/� mice (Figs.
S7E, S7F and S8E, S8F). Moreover, H007-M1 increased ATGL
expression in Cas9-Ctrl cells, whereas AMPKA deficiency abol-
ished H007-M1-induced ATGL upregulation (Fig. 7G). AMPK
activation promotes triglyceride hydrolysis possibly through
regulating forkhead box protein O1 (FOXO1)42,43. We observed
that IMM-H007 modulated FOXO1 activity (Supporting Infor-
mation Fig. S9), suggesting FOXO1 may contribute to the
improvement of triglyceride metabolism. In summary, these re-
sults suggest that IMM-H007 inhibits liver lipid accumulation
through the AMPKa1/2eATGL pathway (Fig. 7H).

3.8. Hepatocyte-specific Ampka1/2 deficiency prevented the
improvements in atherosclerosis induced by IMM-H007

To further investigate the role of hepatic AMPKa in the treatment
of atherosclerosis with IMM-H007, we induced atherosclerosis in
hAmpka KO mice by injecting adeno-associated virus (AAV)-
PCSK9 and feeding them an atherogenic diet for 16 weeks
(Fig. 8A)44. As anticipated, AAV-PCSK9 injection increased
human PCSK9 expression in the serum (Supporting Information
Fig. S10). IMM-H007 modestly reduced TC and non-HDL
cholesterol while significantly lowering triglyceride levels in the
serum (Fig. 8BeE). Compared with the Ampkaflox/flox group,
IMM-H007 significantly reduced the number of en face aortic
lesions in the Ampkaflox/flox-H007 group. However, hepatocyte-
specific Ampka1/2 deficiency abolished the decrease in the
lesion area (Fig. 8F). Similarly, IMM-H007 reduced the number of
sinus lesions, but this effect was abolished by hepatocyte-specific
Ampka1/2 deficiency (Fig. 8G and H). Interestingly, H&E and
Masson staining revealed that hepatocyte-specific Ampka1/2
deficiency did not affect the impact of IMM-H007 on the necrotic
core or fibrous cap area or the collagen content (Fig. 8IeM). In
summary, the inhibition of the atherosclerotic plaque area by
IMM-H007 relies primarily on hepatic Ampka1/2 expression.
Nonetheless, IMM-H007 also appears to act via mechanisms in-
dependent of AMPK to regulate plaque stability.

3.9. IMM-H007 inhibits macrophage and smooth muscle cell
foaming by activating ABCA1/ABCG1

Notably, even in Ampka1/2 deficient mice, IMM-H007 still
reduced the area of the plaque necrotic core and increased the
fibrous cap and collagen-positive areas (Fig. 8IeM). The main

transfected with the SENP1 promoter or SENP1-CRE-mut promoter and Renilla (as an internal control) overnight, followed by 100 mmol/L H007-

M1 treatment or AMPKA1/2 overexpression for another 24 h. The activity of firefly and Renilla luciferases in the cellular lysate was determined

via a dual-luciferase reporter assay (n Z 8). Statistical data are presented as mean � SEM. **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not

significant versus the indicated groups.
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Figure 6 IMM-H007 promotes hepatic cholesterol metabolism by activating the AMPKa1eFXR pathway. (A) Heatmap of the differentially

expressed genes related to bile acid metabolism in the liver identified via RNA-seq. (B) Cholesterol metabolism-related protein expression in the

livers of the mice shown in Fig. 4A was determined by Western blotting. (C) 293T cells were transfected with the farnesoid X receptor (FXR)

promoter and Renilla (as an internal control) overnight, followed by 100 mmol/L H007-M1 treatment for another 24 h. The activity of firefly and

Renilla luciferases in the cellular lysate was determined via a dual-luciferase reporter assay (n Z 5). (D, E) HepG2 cells were transfected with

scrambled siRNA or AMPKA1 siRNA and treated with H007-M1 (100 mmol/L) for 24 h. Then, protein expression was determined by Western

blotting (D), and the band density (E) was quantified. (F, G) HepG2 cells were transfected with scrambled siRNA or AMPKA2 siRNA and treated

with H007-M1 (100 mmol/L) for 24 h. Then, protein expression was determined by Western blotting (F), and the band density was quantified (G)

(n Z 3). (H) Hepatic cholesterol quantitative analysis of the mice in Fig. 4A. (I) Hepatic total bile acid (TBA) quantitative analysis of the mice in

Fig. 4A (n Z 5). Statistical data are presented as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant versus the indicated

group.
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Figure 7 Hepatocyte AMPKa1/2 deficiency blocked the effect of IMM-H007 on lipid accumulation in the liver. (A) Liver photos of the mice in

Fig. 4A. (B, C) H&E (B) and ORO (C) staining of liver sections from the mice in Fig. 4A. Scale bar Z 100 mm. (D) TG quantitative analysis of

total liver lipid extracts from the mice in Fig. 4A (n Z 5). (E) Adipose triglyceride lipase (ATGL) mRNA expression in the livers of the mice

shown in Fig. 4Awas determined by qRT-PCR (nZ 5). (F) ATGL, diacylglycerol O-acyltransferase 1 (DGAT1) protein expression in the livers of

the mice in Fig. 4Awas determined by Western blotting (nZ 3). (G) Cas9-Ctrl and Cas9-AMPKA HepG2 cells were treated with H007-M1 at the

indicated concentrations for 12 h. Protein expression was determined by Western blotting (n Z 3). (H) Schematic diagram of the potential

mechanism by which IMM-H007 decreases hepatic lipid accumulation. Statistical data are presented as mean � SEM. *P < 0.05 versus the

indicated groups.
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Figure 8 Hepatocyte Ampka1/2 deficiency blocked the effect of IMM-H007 on atherosclerosis. (A) Ampkaflox/flox and hAmpka KO mice were

administered AAV-PCSK9 through the tail vein. Subsequently, they were fed a HF/HC/BS diet for 16 weeks, with two groups receiving IMM-

H007 (200 mg/kg body weight/day). (B) Determination of serum TC. (C) Determination of serum HDL-C. (D) Determination of serum non-HDL-

C levels. (E) Determination of serum TG levels. (F) En face ORO staining and quantification via a computer-assisted image analysis protocol. The

lesion areas are expressed as percentages of the en face aorta area. Scale barZ 5 mm. (G) Representative photomicrographs of aortic root sections

stained with ORO. Scale barZ 500 mm. (H) Lesions in aortic root cross-sections were quantified via a computer-assisted image analysis protocol.

The lesion areas are expressed as mm2 in aortic root cross-sections. (I) Representative photomicrographs of aortic root sections stained with HE.

Necrotic cores are marked by red dashed lines. Scale bar Z 200 mm. (J) Representative photomicrographs of aortic root sections stained with

Masson staining. Fibrous caps are marked by black dashed lines. Scale barZ 200 mm. (K, L) Masson staining followed by quantitative analysis of

the necrotic core area (K) and fibrous cap area (L). (M) The collagen-positive areas are expressed as percentages of the aortic area (n Z 8).

Statistical data are presented as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant versus the indicated group.
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components of the necrotic core are foam cells derived from
macrophages and smooth muscle cells (SMCs) that engulf
lipids45. Additionally, SMCs play crucial roles in forming fibrous
caps and secreting collagen46. To investigate this further, we
treated macrophages and human aortic smooth muscle cells
(HASMCs) with H007-M1 and oxidized low-density lipoprotein
(oxLDL), followed by Oil Red O staining. Loading oxLDL into
macrophages and HASMCs significantly increased the number of
Oil Red O-positive cells. Moreover, H007-M1 reduced foam cell
formation in both macrophages and HASMCs (Supporting Infor-
mation Figs. S11A and S12A). At the molecular level, ATP-
binding cassette transporter A1 (ABCA1) and ABCG1 are
crucial for mediating cholesterol efflux and reducing foam cell
formation. We observed that H007-M1 upregulated the protein
expression of ABCA1 and ABCG1 both in the presence and
absence of oxLDL (Figs. S11B, S11C and S12B, S12C). Addi-
tionally, H007-M1 also increased the mRNA levels of ABCA1 and
ABCG1, regardless of the presence of oxLDL (Figs. S11D, S11E
and S12D, S12E). In summary, these results indicate that H007-
M1 reduces the formation of foam cells derived from macro-
phages and smooth muscle cells, primarily by increasing ABCA1/
G1 expression and promoting cholesterol efflux.

4. Discussion

While various AMPK agonists have demonstrated efficacy in
treating atherosclerosis, each is associated with certain limitations.
For example, metformin is frequently associated with gastroin-
testinal side effects47 and has shown limited efficacy in patients
with nonalcoholic fatty liver disease48. Cordycepin, another
AMPK activator, is rapidly deaminated by adenosine deaminase
in vivo, resulting in a shortened half-life and reduced bioavail-
ability49. Additionally, cordycepin can cause side effects such as
headaches, diarrhea, and allergic reactions50. Therefore, there is a
need to develop new and more effective AMPK activators for
treating metabolic diseases. IMM-H007, a compound derived
from cordycepin, activates AMPK with low toxicity. Previous
research has demonstrated that IMM-H007 outperforms both
metformin and AICAR in treating atherosclerosis51. These find-
ings underscore the need for further investigation into the thera-
peutic effects and mechanisms of IMM-H007 in treating
hypercholesterolemia.

IMM-H007 contains three acetyl groups, which are prone to
rapid hydrolysis by plasma esterase33. High-performance liquid
chromatography analysis identified five potential hydrolysis
products of IMM-H007 (M1eM5) in rodent and mammalian
plasma. Among these, N6-(3-hydroxylaniline) adenosine (H007-
M1, M1) has emerged as the active form of IMM-H007
in vivo34. A study demonstrated that the liver is a primary distri-
bution site for IMM-H007 following its metabolism in vivo20.
Peng et al.23 demonstrated that IMM-H007 can activate AMPK
and its downstream molecules in hepatocytes after metabolism.
Additionally, in Apoe-knockout mice, IMM-H007 activated
AMPK expression in the liver19. Molecular docking experiments
further confirmed that IMM-H007 binds directly to AMPK after
metabolism, promoting its activation. H007-M1 forms hydrogen
bonds with hr86, Thr88, Asp89, Lys126, Lys148, and His150 in
AMP binding site-1 and Asp244, Arg268, Gly274, and Arg298 in
AMP binding site-352. In conclusion, the results of the present
study indicate that, after metabolism, IMM-H007 can directly
increase AMPK activity in the liver.

In this study, we demonstrated the role of IMM-H007 in liver
cholesterol uptake. Specifically, we showed that IMM-H007
functions as an IDOL inhibitor, regulating LDLR expression and
thereby promoting liver cholesterol uptake. Under normal chow
conditions, Idol�/� mice exhibit minimal lipid metabolic
changes53. These findings suggest that IDOL may play a complex
role in cholesterol metabolism regulation, which warrants further
investigation. We plan to conduct additional studies to provide
in vivo evidence of the effects of IMM-H007 on IDOL and its role
in the function of IMM-H007.

PCSK9 inhibitors (e.g., alirocumab and evolocumab) are also
known to effectively improve LDL-cholesterol levels54,55. PCSK9
binds to LDLR, leading to lysosomal degradation of the receptor,
whereas IDOL reduces LDLR levels through polyubiquitination
and subsequent lysosomal degradation56. Therefore, combining
IMM-H007 with PCSK9 inhibitors may offer a complementary
approach to lowering blood cholesterol. Moreover, PCSK9 in-
hibitors can increase alanine or aspartate transaminase levels up to
3 � the upper limit of normal57. In contrast, IMM-H007 metab-
olites have been shown to improve liver function and reduce
transaminase levels21. Thus, the combined use of IMM-H007 and
PCSK9 inhibitors could mitigate the side effects associated with
PCSK9 inhibitors.

Lipoproteins are macromolecular complexes composed of
apolipoproteins and lipids that solubilize hydrophobic lipids in the
bloodstream for systemic transport. Because of differences in li-
poprotein distribution and structure between humans and mice,
clinical assay kits designed for humans cannot directly measure
mouse LDL-cholesterol. However, owing to limitations in sample
size, we could not perform serum fast protein liquid chromatog-
raphy analysis in Apoe and Ldlr knockout mice, but we plan to
address this in future experiments. Moreover, in our lipoprotein
analysis, we did not observe changes in HDL levels. However,
Huang et al.58 reported that six weeks of IMM-H007 treatment in
Paigen diet-fed Apoe�/� mice increased the level of circulating
HDL. Additionally, two weeks of IMM-H007 treatment in Paigen
diet-fed wild-type mice also resulted in increased HDL levels.
These discrepancies may be attributed to the longer modeling
period and shorter duration of drug administration in our study,
which might have led to a more severe model. Differences in the
composition of the feed could also have influenced cholesterol
levels.

In conclusion, our findings indicate that IMM-H007 activates
AMPKa to modulate hepatic cholesterol uptake and metabolism
and improve triglyceride metabolism, ultimately contributing to
the alleviation of hypercholesterolemia and atherosclerosis.

5. Conclusions

The inhibition of hypercholesterolemia and atherosclerosis by
IMM-H007 involves the following mechanisms: 1) regulating the
AMPKa1/2eLDLR signaling pathway to improve cholesterol
uptake; 2) promoting hepatic cholesterol efflux via the AMP-
Ka1eFXReCYP7A1/CYP27A1 pathway; and 3) regulating TG
metabolism by activating the AMPKa1/2�ATGL pathway.
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