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Abstract Hepatic cholesterol accumulation is an important contributor to hypercholesterolemia, which

results in atherosclerosis and cardiovascular disease (CVD). ATP-citrate lyase (ACLY) is a key lipogenic

enzyme that converts cytosolic citrate derived from tricarboxylic acid cycle (TCA cycle) to acetyl-CoA in

the cytoplasm. Therefore, ACLY represents a link between mitochondria oxidative phosphorylation and

cytosolic de novo lipogenesis. In this study, we developed the small molecule 326E with an enedioic acid

structural moiety as a novel ACLY inhibitor, and its CoA-conjugated form 326E-CoA inhibited ACLY

activity with an IC50 Z 5.31 � 1.2 mmol/L in vitro. 326E treatment reduced de novo lipogenesis, and

increased cholesterol efflux in vitro and in vivo. 326E was rapidly absorbed after oral administration, ex-

hibited a higher blood exposure than that of the approved ACLY inhibitor bempedoic acid (BA) used for

hypercholesterolemia. Chronic 326E treatment in hamsters and rhesus monkeys resulted in remarkable

improvement of hyperlipidemia. Once daily oral administration of 326E for 24 weeks prevented the

occurrence of atherosclerosis in ApoE�/� mice to a greater extent than that of BA treatment. Taken

together, our data suggest that inhibition of ACLY by 326E represents a promising strategy for the treat-

ment of hypercholesterolemia.
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1. Introduction

Hypercholesterolemia, defined as excessive plasma cholesterol
and low-density lipoprotein cholesterol (LDL-C) levels, is
increasing globally prevalent. It has been estimated that over a
third of the adult population develops hypercholesterolemia,
which has become the lead causes of cardiovascular disease
(CVD) worldwide1,2. Thus, effective treatment of hypercholes-
terolemia has become a public health burden.

The current clinical therapeutic strategy to lower LDL-C is an
effective method to control the progression of CVD and athero-
sclerotic cardiovascular disease (ASCVD)3-6. Statins inhibit 3-
hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), the rate-
limiting enzyme of hepatic cholesterol synthesis, leading to
decrease LDL-C concentrations in hypercholesterolemia patients.
The general effectiveness of statins, both in reducing LDL-C levels
and decreasing CVD associated complicating disease has led to
increasing access to these drugs by patients7-9. However, many at-
risk patients do not achieve sufficient LDL-C lowering effects or
are intolerant to statins due to liver-or muscle-related side ef-
fects10,11. Furthermore, statin intolerancemay lead to a 50% increase
in recurrent myocardial infarction or coronary heart disease events
compared to those with no statin use12,13. Proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibition lowers LDL-C by
reducing the degradation of low-density lipoprotein receptor (LDLR)
in hepatocytes14,15. Recently, PCSK9 inhibitors (monoclonal anti-
bodies and small interfering RNA) have emerged as an effective
lipid-lowering therapy. However, current PCSK9 inhibitors need to
be administered by injection and are costly, which may restrict their
clinical use16-18. For these reasons, there is great interest in identi-
fying novel LDL-C lowering therapeutics associated with a lower
percentage of residual side effects that have convenient for admin-
istration for hypercholesterolemia treatment19,20.

De novo lipogenesis in the liver is physiologically initiated by
dietary carbohydrate intake and promotes energy storage through the
insulin receptor substrate (IRS)-AKT signaling axis. Cytosolic
acetyl-CoA serves as common substrate for fatty acids and choles-
terol synthesis21-23. Briefly, synthetic citrate from TCA cycle in the
mitochondria is transported to the cytoplasm through tricarboxylate
transport protein (SLC25a1). Cytoplasmic citrate is then rapidly
cleaved by ACLY into acetyl-CoA and oxaloacetate24,25. Acetyl-
CoA is subsequently further converted to malonyl-CoA or mevalo-
nate, from which fatty acids or cholesterol are subsequently syn-
thesized21,22. Besides, the elongation of very long chain fatty acids
needs additional acetate supplied from gut microbiota or liver pro-
duction26. As previously study indicated that phosphorylation at
Ser455 by AKT increases ACLY activity27. Meanwhile, acetylation
of ACLYat Lys540, Lys546, and Lys554 (ACLY-3K) by antagonizes
its ubiquitylation and increases ACLY protein stability28,29. Addi-
tionally, ACLY inhibition increases ATP binding cassette subfamily
G member 5/8 (Abcg5/8) gene expression and is tightly correlated
with hepatic cholesterol efflux into the intestine, which may also
contribute to its modulation of cholesterol metabolism30,31.

Dysregulation of hepatic ACLY activity or protein expression
are connected to hepatic steatosis, type 2 diabetes (T2D) and
hyperlipidemia32-35. Given its key role in hepatic lipid
metabolism, ACLY has been considered an attractive target for
metabolic syndrome and lipid-lowering treatment36. Despite
widespread interest, few ACLY inhibitors have been described to
date. Early discovery strategies have primarily focused on syn-
thesizing citrate analogues37. However, most of these candidates
did not advance to clinical trials largely due to the insufficient
cellular permeability and poor bioavailability. Bempedoic acid
(BA, ETC-1002), a prodrug inhibitor of ACLY, has been recently
approved by US Food and Drug Administration (FDA) as an
additional therapeutic option in high-risk hypercholesterolemia
patients who are unable to meet the goals using standard ther-
apy38-40. Previous studies identified that BA was coupled into the
active form BA-CoA responsible for ACLY inhibition by the very
long-chain acyl-CoA synthetase-1 (ACSVL1), which is expressed
primarily in the liver. The inactive conversion system for the
prodrug in muscle explains the lack of myotoxicity41-43. However,
the clinical LDL-C lowering effect induced by BAwith maximally
tolerated statin therapy treatment was moderated (16.5% placebo-
adjusted decrease from baseline at 12 weeks in LDL-C)39.

In this study, we report the identification of a small molecule,
326E, with an enedioic acid structural moiety as a novel ACLY
inhibitor and demonstrate its potential therapeutic benefit in hy-
percholesterolemia. Our results show that ACLY inhibition by
326E effectively improves hyperlipidemia in rodent and primate
preclinical models, and intriguingly ameliorates the major hall-
marks of atherosclerosis in ApoE�/� mice by reducing hepatic
lipogenesis and increasing cholesterol efflux into the intestine.

2. Results

2.1. Synthesis of 326F

Bempedoic acid (BA), a prodrug of the ACLY inhibitor, is
approved by FDA for hypercholesterolemia treatment and exerts a
modest effect on LDL-C. Among our efforts to explore a more
active ACLY inhibitor, we identified a simple dehydrated product
of BA in the presence of p-toluenesulfonic acid (TsOH) in toluene
and called it 326F as shown in Scheme 1.

2.2. 326F is more effective than BA on acetyl-CoA derived
lipogenesis and gluconeogenesis

ACLY inhibition reduces lipogenesis in hepatocytes. To evaluate the
effects of 326F-induced ACLY inhibition on de novo lipogenesis,
we treated mouse primary hepatocytes with 326F for 24 h, and the
incorporation rates of [1,2-14C]-acetate into fatty acids and
cholesterol were determined. Our results showed a promising dose-
dependent lipogenesis inhibition in response to 326F treatment,
which was more effective than BA treatment (Fig. 1A and B).
Oxaloacetate, a carboxylic acid converted from citrate by ACLY, is
the key substrate of hepatic gluconeogenesis. We determined that
compared to BA treatment, the cumulative glucose production in
primary hepatocytes was reduced with a greater tendency after
326F intervention (Fig. 1C). Glutamine-a-ketoglutarate (a-KG)
metabolism fuels the tricarboxylic acid cycle and attenuates the

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Synthesis of 326F.
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oxaloacetate deficiency induced by ACLY inhibition. Our results
indicated that additional glutamine supplementation attenuated the
inhibition of gluconeogenesis by 326F and BA treatment (Fig. 1D).
These data indicate that 326F, a novel potential ACLY inhibitor,
reduces de novo lipogenesis and gluconeogenesis to a greater extent
than BA mouse primary hepatocytes.

2.3. Isomer 326E but not 326Z improves hyperlipidemia in a
rodent model challenged by a HFHC diet

Considering that 326F is a mixture with the proportion mix of
conformations E and Z, we synthesized these two isomers, named
326E and 326Z, respectively, as shown in Scheme 2 (Fig. 1E).
Compounds 1 and 2 were protected by 3,4-dihydro-2H-pyran
(DHP) respectively, then coupling of alkynyl compound 3 and
bromide 4 afforded compound 5, which was then deprotected and
bromination using an Appel reaction to give dibromide 6. Alkyl-
ation of ethyl isobutyrate with 6 gave ester 7. The subsequent
hydrogenation of the alkyne in the presence of nickel acetate and
sodium borohydride in ethanol led to the corresponding cis-alkene
8, which was hydrolyzed to obtain 326Z. Compound 5 was
reduced with LiAlH4 to obtain trans-alkene 9, then 326E was
obtained using similar procedure as for 326Z.

To probe cellular ACLY inhibition, we further investigated the
lipogenesis inhibition effect of 326E and 326Z in vitro. Consistent
with the 326F, treatment with the new isomers 326E and 326Z
reduced [1,2-14C]-acetate incorporated into fatty acids and
cholesterol in a dose dependent manner and was more effective
than BA treatment (Fig. 1F and G).

Hepatic ACLY inhibition reduces hepatic lipogenesis and
improves dyslipidemia. To investigate the potential lipid-
lowering effect of ACLY inhibition by 326E and 326Z, golden
hamsters fed a high-fat and high-cholesterol (HFHC) diet for 2
weeks were used as a hyperlipidemia model (Fig. 1H). 326E and
326Z (10 mg/kg) were orally administered for 2 weeks, and BA
(30 mg/kg) was used as a positive control. The average serum
contents of TG, TC and LDL-C in vehicle-treated animals
increased dramatically compared to the normal chow group, and
these levels were significantly reduced after daily 326E treat-
ment compared to the vehicle group. The reduction effects after
10 mg/kg 326E treatment were comparable to 30 mg/kg BA
treatment (Fig. 1IeK). Although there was objective de novo
lipogenesis inhibition in primary hepatocytes, 326Z treatment
reflected moderation of the lipid-lowering effects compared to
326E and BA treatment (Fig. 1IeK). The effect on HDL-C after
326E and 326Z treatment was slight (Fig. 1L). Taken together,
these results demonstrate that isomer 326E but not 326Z
effectively reduces lipogenesis and improves dyslipidemia in a
rodent model of HFHC diet-induced hyperlipidemia.

2.4. Identification of the CoA thioester of 326E as a novel ACLY
inhibitor

As previously reported, BA rapidly forms a CoA thioester (BA-
CoA) through ACSVL1 in the liver, which directly inhibits
ACLY with Ki Z 2 mmol/L. To gain further insights into ACLY
inhibition, we synthesized BA-CoA and 326E-CoA as shown in
Scheme 341,44. Thioesters were prepared by activating BA or
326E with 1,100-carbonyldiimidazole in dry DCM, followed by
reaction with the trilithium salt of CoA in an aqueous bicar-
bonate solution. The resulting product was purified using semi-
preparative solid-phase extraction to afford thioesters BA-CoA
or 326E-CoA respectively.

To assess the effects of ACLY inhibition in vitro, we evaluated
BA-CoA and 326E-CoA for ACLY inhibition in a cell-free system
using the ADP-Glo assay. In accordance with previous studies,
BA-CoA incubation inhibited recombinant human ACLY activity
with an IC50 Z 10.56 � 1.46 mmol/L (Fig. 2A). The 326E-CoA
molecule potently inhibited ACLY with an
IC50 Z 5.31 � 1.21 mmol/L (Fig. 2B). Furthermore, kinetic an-
alyses of 326E-CoA against ACLY substrates were performed to
investigate the mechanism of ACLY inhibition. 326E-CoA was a
competitive inhibitor of the CoA substrate with an inhibition
constant Ki Z 2.51 mmol/L. Meanwhile, 326E-CoA exhibited
noncompetitive inhibitor kinetics relative to citrate (Fig. 2C and
D, Supporting Information Table S2). In addition, we determined
that 326E-CoA affects substantial ACLY stabilization using
thermal shift assays (Supporting Information Fig. S1). These re-
sults demonstrate that the CoA-conjugated form of 326E is a
novel ACLY inhibitor, and that the 326E-CoA-conjugated form
competes for CoA binding at ACLY and inhibits catalytic activity.

BA is converted to BA-CoA in the liver by ACSVL1. Firstly,
we analyzed the long-chain acyl-CoA synthetases (Acsl) family
genes expression. Our results indicated that only Acsvl1 was high
expression (100 folds higher than Acsl1) in the liver (Supporting
Information Fig. S2). To investigate the potential mechanism of
326E-CoA formation, we performed a series of studies and
revealed that 326E was coupled with CoA to form 326E-CoA
in vitro and in vivo. Fatty acids (monocarboxylic acids) with C14
to C24 carbon chain lengths, which are potential substrates of
ACSLs, were competitive for 326E-CoA formation in the mi-
crosomes (Supporting Information Fig. S3). Moreover, to further
determine whether 326E-CoA was transformed by 326E treat-
ment in vivo, a single dose of 326E was orally administered to in
mice. The content of 326E-CoA was measured using LCeMS/
MS. Consistently, 326E-CoA was detected in the liver
(2.11 � 0.84 mg/g liver) after 1 h of 326E treatment, and the
coupled rate of 326E to 326E-CoA was 11.89% (Supporting In-
formation Table S3). These results indicate that 326E is converted
to 326E-CoA in the liver by ACSLs-related enzymes.

Next, we used primary hepatocytes isolated from mice to
further explore the inhibition of de novo lipogenesis. 326E treat-
ment inhibited fatty acids and cholesterol biosynthesis dose
dependently when using [1,2-14C]-acetate and [14C]-citrate as
precursors. The IC50 values of fatty acids and cholesterol synthesis
inhibition were 0.76 � 0.20 and 1.82 � 1.89 mmol/L respectively
for [1,2-14C]-acetate incorporation (Fig. 2E). Meanwhile, 326E
treatment inhibited fatty acids and cholesterol biosynthesis with
IC50 values of 13.26 � 1.89 and 5.53 � 2.49 mmol/L, respectively
after [14C]-citrate incorporation (Fig. 2F). Besides, 326E



Figure 1 Identification of 326E inhibits lipogenesis and gluconeogenesis in primary hepatocytes with more effective than BA. (A)e(B)

Primary mouse hepatocytes were treated with the indicated concentration of 326F or BA for 24 h. 0.1 mCi/well [1,2-14C]-acetate was added

into the culture medium at last 4 h of incubation. The contents of [1,2-14C]-acetate incorporated into fatty acids (A) and cholesterol (B) were

measured. The radioactive content of lipids was normalized to DMSO group (n Z 4); (C) Primary mouse hepatocytes were treated with the

indicated concentration of 326F or BA for 6 h. The rate of gluconeogenesis in the medium induced by pyruvate (2 mmol/L) and lactate

(20 mmol/L) was measured. The content of glucose output was normalized to DMSO group (n Z 4); (D) Primary mouse hepatocytes

were treated with the indicated concentration of 326F or BA for 6 h in the gluconeogenesis medium as (C), with or without suppled with

4.0 mmol/L L-glutamine in the indicated group. The content of glucose output was normalized to DMSO group (n Z 4); (E) The structure of

326F, 326Z and 326E; (F)e(G) Primary mouse hepatocytes contain 0.1 mCi/well [1,2-14C]-acetate were treated for 4 h with the indicated

concentration of 326F, 326E, 326Z and BA. The contents of [1,2-14C]-acetate incorporated into fatty acids (F) and cholesterol (G) were

measured. The radioactive content of lipids was normalized to DMSO group (n Z 3e4); (H) The Schematic diagram of the experiment. Male

golden hamsters fed an HFHC diet for 2 weeks, then oral administration of 326E (10 mg/kg), 326Z (10 mg/kg) and BA (30 mg/kg) for another

2 weeks (n Z 8). HFHC diet, high fat high cholesterol diet (normal chow supplemented with 0.5% cholesterol, 23% fat and 5% Fructose,

w/w); (I)e(L) Serum levels of TG (I), TC (J), LDL-C (K) and HDL-C (L) in the groups were determined and plotted at indicated time. The

hamsters were fasted overnight before the experiment. Data are mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to DMSO or

Veh. #P < 0.05, ##P < 0.01, ###P < 0.001 compared to indicated group. ns, not significant.
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treatment reduced fatty acids and cholesterol biosynthesis when
traced by 3H-H2O and 14C-glucose (Fig. 2GeJ). 326E was
coupled to 326E-CoA by ACSLs-related enzymes. Furthermore,
we utilized triacsin C, an inhibitor of ACSLs family enzymes,
including ACSVL1, to confirm the requirement for CoA thioester
conjugation. 326E treatment reduced lipogenesis in a dose
dependent manner. However, pretreatment with triacsin C for
30 min attenuated de novo lipogenesis inhibition by 326E (Fig. 2K
and L). 326E treatment displayed a negligible inhibitory effect on
de novo lipogenesis inhibition in the human hepatoma cell line
HepG2, due to the slight ACSVL1 expression as reported (Fig. 2M
and N, Supporting Information Fig. S4). These results indicate
that the reduction of de novo lipogenesis by 326E is dependent on
CoA thioester transformation.

Moreover, to specifically investigate the role of ACLY in
326E-attenuated lipogenesis, hepatocytes isolated from ACLY KO
mice (Acly f/f:cre) and wild-type mice (Acly f/f ) were utilized
(Supporting Information Fig. S5). We observed reduced fatty acids
and cholesterol biosynthesis as a result of 326E treatment in he-
patocytes from Acly f/f but these results were attenuated in Acly f/



Scheme 2 Synthesis of 326E and 326Z. Condition: a) PPTS, DHP, DCM. b) n-BuLi, HMPA,THF. c) TsOH, MeOH. d) CBr4, PPh3, DCM.

e) ethyl isobutyrate, LDA, THF. f) H2, Ni(OAc)2, NaBH4, ethylene diamine, EtOH. g) KOH, EtOH, H2O. h) LiAlH4, Ethylene glycol diethyl ether.
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f:cre hepatocytes, suggesting that ACLY inhibition was required
for 326E-facilitated lipogenesis inhibition (Fig. 2O and P).
Together, these data suggest that treatment with the small mole-
cule 326E ameliorates lipogenesis in the hepatocytes through
ACLY inhibition.

2.5. The in vivo pharmacokinetics of 326E

To increase the solubility and in vivo exposure of 326E based on
the weak acid form, we screened the salt types, and sodium salt
was selected for further development due to its good solubility and
stability. The in vivo pharmacokinetics of 326E were examined in
mice and dogs after intravenous (iv) and oral (po) administration
(Table 1). Following iv administration, 326E demonstrated low
plasma steady-state clearance (CL) in mice (1.31 mL/min/kg) and
in dogs (0.13 mL/min/kg). The steady state distribution volumes
(Vss) were 0.33 L/kg in mice and 0.29 L/kg in dogs.

Following oral administration at the indicated dose (10 mg/kg in
mice and 5 mg/kg in dogs), 326E was rapidly absorbed (Supporting
Information Tables S4 and S5). The mean terminal half-life (t1/2)
value of 326E was 3.79 h in mice and 27.40 h in dogs (Table 1).
These results indicated that 326E is orally bioavailable and has
appropriate pharmacokinetic properties for use in mice and dogs.

2.6. Oral administration of 326E reduces hepatic lipogenesis
and VLDL-TG secretion

To evaluate its impact on lipogenesis in vivo, we examined the
hepatic de novo lipogenesis inhibitory effect of 326E (Fig. 3A).
Oral administration of 326E reduced the incorporation of
[1,2-14C]-acetate into hepatic fatty acids and cholesterol in a dose
Scheme 3 Synthesis of the Co
dependent manner (Fig. 3B and C). Since 326E was coupled to the
active agent 326E-CoA in the liver by ACSLs, we further inves-
tigated the effect of lipogenesis after 326E treatment in other
tissues. Consistently, our data showed that 326E treatment
reduced lipogenesis specifically in the liver but not obviously so in
the muscle, heart, ileum, abdominal adipose or kidney tissues
(Fig. 3D and E).

The development of hypercholesterolemia is generally due to
an imbalance between lipid secretion and elimination. Hepatic
VLDL-TG secretion into the circulation is an important mecha-
nism of lipid output from the liver. To determine whether hepatic
DNL inhibition by 326E treatment prompted an acute lipid-lowing
effect, hepatic VLDL-TG secretion was measured after oral
administration of 326E in a fasted-refed mouse model. We
discovered that 326E and BA treatment rapidly diminished the
increase in plasma TG levels (Fig. 3F and G) and cholesterol
levels (Fig. 3H and I) at the indicated times after intraperitoneal
injection of the lipoprotein lipase (LPL) inhibitor tyloxapol
(Fig. 3F and H). The TG and cholesterol AUC0e4 h were
decreased by 75.8% and 58.9% in response to 100 mg/kg 326E
treatment respectively (Fig. 3G and I). Consistent with the in vitro
effect, these results indicated that oral administration of 326E
inhibits hepatic de novo lipogenesis and reduces VLDL-TG
secretion in vivo.

2.7. Inhibition of ACLY by 326E and BA increases cholesterol
efflux in vitro and in vivo

According to previous studies, hepatic cholesterol efflux is
mediated by ACLY30,31. Inhibition of ACLY is relevant to the
expression of the cholesterol efflux genes Abcg5/8. To estimate
A thioester of 326E and BA.



Figure 2 326E inhibits ACLY activity and suppresses lipid synthesis in primary hepatocytes isolated from mice. (A)e(B) Dose-dependent

inhibition of purified, recombinant ACLY after incubated with BA-CoA (A) and 326E-CoA (B), the activity at control was defined as 100%;

(C)e(D) Recombinant human ACLY was incubated with indicated concentrations of 326E-CoA coenzyme A (C) or citrate (D). Ki was calculated

by Michaelis-Menten kinetic analysis; (E)e(F) Hepatocytes from mouse were exposed to DMEM with control or multiple doses of 326E for 4 h in

the presence of [1,2-14C]-acetate (E) or [14C]-citrate (F) as noted, and IC50 for de novo lipogenesis in the hepatocytes were generated; (G)e(J)

Hepatocytes from mouse were exposed to DMEM with control or 326E for 4 h in the presence of [3C]-H2O or [14C]-glucose as noted, fatty acids

(G, I) and cholesterol (H, J) biogenesis in the hepatocytes were showed; (K)e(L) ACSLs inhibitor triacsin C attenuates 326E induced lipogenesis

in fatty acids (K) and cholesterol synthesis (L). Triacsin C (5 mmol/L) was pre-treated for 30 min before 326E treatment; (M)e(N) Hepatocytes

isolated from mice or HepG2 cell lines were exposed to DMEM with control or 326E for 4 h in the presence of [1,2-14C]-acetate as noted, and the

radioactive contents of 14C-fatty acids (M) and 14C-cholesterol (N) incorporated by [1,2-14C]-acetate were counted by liquid scintillation counter;

(O)e(P) Hepatocytes isolated from Acly f/f mice or Acly f/f:cre mice were exposed to DMEM with control, 326E or BA for 4 h in the presence of

0.1 mCi/well [14C]-citrate as noted, and the radioactive contents of 14C-fatty acids (O) and 14C-cholesterol (P) incorporated by [14C]-citrate were

counted by liquid scintillation counter. Data are mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared toControl (Con). #P < 0.05,
##P < 0.01, ###P < 0.001 compared to indicated group. ns, not significant.
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the cholesterol efflux efficacy of ACLY inhibition by 326E, we
investigated the effect of the cholesterol efflux rate after 326E
treatment in vitro and in vivo. Primary hepatocytes were co-
incubated with 15 mg/mL cholesterol (in 420 mg/mL M-b-CD)
and BA or 326E for 24 h, and Abcg5/8 mRNA and intracellular
cholesterol were measured. Expression of the cholesterol efflux-
related genes Abcg5 and Abcg8 was upregulated dose-
dependently in response to 326E treatment (Fig. 4A). Consis-
tently, 326E or BA treatment significantly ameliorated
intracellular cholesterol accumulation (Fig. 4B). Next, we evalu-
ated the effect of ACLY inhibitors on cholesterol efflux in hepa-
tocytes as assessed by 3H-labelled cholesterol according to the
scheme shown in Fig. 4C. 326E or BA treatment markedly pro-
moted cholesterol efflux into the cell culture medium, and the
cholesterol efflux rate was much higher than that of the control
group (Fig. 4D).

Hepatic cholesterol efflux occurs through ABCG5/8 trans-
porters into the gallbladder and is then excreted into the intestine



Table 1 Preclinical pharmacokinetics of 326E in mice and dogs.

Species Route Dose (mg/kg) CL (mL/min/kg) Vss (L/kg) t1/2 (h) Tmax (h) Cmax (mg/mL) AUC0et (mg$h/mL)

ICR mice iv 10 1.31 0.33 4.55 NA NA 138.00

po 10 NA NA 3.79 0.13 25.65 128.40

Beagle dog iv 5 0.13 0.29 26.20 NA NA 534.00

po 5 NA NA 27.40 0.25 39.60 419.00

Pharmacokinetic parameters were calculated from plasma concentration-time data and were reported as mean value (n Z 6, sex in half). Solution

formulation for iv pharmacokinetics were conducted using ddH2O. Oral pharmacokinetics were conducted using 0.9% NaCl. NA Z not applicable.
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along with bile acids45. To investigate the cholesterol efflux effect
of 326E in vivo, high cholesterol diet-induced mice (HCD mice)
were orally administered a single dose of 326E or BA for 24 h.
Treatment with ACLY inhibitor 326E or BA increased hepatic
Abcg5 and Abcg8 mRNA expression (Fig. 4E). Meanwhile,
cholesterol content in the gallbladder was much higher than that in
the vehicle group, indicated a higher cholesterol efflux rate
(Fig. 4F). We next evaluated the cholesterol efflux in HCD mice
using 3H-labelled cholesterol after BA and 326E treatment for 7
days (Fig. 4G). The fecal and hepatic radiolabeled cholesterol as
well as bile acids were determined. ACLY inhibitor treatment
Figure 3 326E treatment reduces hepatic de novo lipogenesis and VLDL

de novo lipogenesis. Briefly, male C57BL/6J mice were fasted for 48 h

treatment at multi-dose followed by an intraperitoneally injection with 2 mC

later dosing. One hour after [1,2-14C] acetate injection, the mice were sacri

(B)e(C) The rate of 14C-labeled hepatic de novo lipogenesis after 326E (1

The rate of 14C-labeled de novo lipogenesis after 326E (30 mg/kg) in t

(n Z 7e8); (F)e(I) Plasma TG (F) and TC (H) concentration under tyloxa

at the indicated dose (n Z 10). The area under the curve of TG level (G

mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to Veh. #P

significant.
increased radiolabeled cholesterol but not bile acids excretion in
feces (Fig. 4H and I). Consistent with this finding, much lower
radiant quantities of radiolabeled cholesterol in the liver were
observed (Fig. 4J). The radiolabeled 3H-bile acids were reduced in
326E-treated mice compared to vehicle-treated mice, likely due to
lower content of hepatic 3H-labeled cholesterol, which was as the
result of higher 3H-cholesterol efflux after 326E treatment
(Fig. 4K). Similarly, we also observed that 326E and BA treatment
for 7 days significantly reduced hepatic cholesterol content in
HCD mice (Fig. 4M and L). These findings suggest that the ACLY
inhibitor increased cholesterol efflux in HCD mice and reduced
-TGs secretion. (A) Schematic diagram of 326E treatment for hepatic

followed by refeeding for another 48h. Animals then received 326E

i [1,2-14C] acetate (in B, C) and 5 mCi [1,2-14C] acetate (in D, E) 1 h

ficed after anesthetization, and the hepatic lipogenesis was calculated;

0, 30, 100 mg/kg) and BA (30 mg/kg) treatment (n Z 5e6); (D)e(E)

he liver, leg muscle, ileum, kidney, heart and abdominal fat (a-Fat)

pol (600 mg/kg) injection were measured after 326E and BA treatment

) and TC (I) in 4 h of VLDL-TGs secretion were shown. Data are

< 0.05, ##P < 0.01, ###P < 0.001 compared to indicated group. ns, not
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hepatic cholesterol content, which at least partly contributed to the
lipid-lowering effect in vivo.

2.8. 326E treatment improves hyperlipidemia in rodents and
rhesus monkeys

To examine the potential clinical translation of our novel ACLY
inhibitor, we administered multiple doses of 326E therapy for 14
days to treat hyperlipidemia in an HFHC diet-induced hamster
model (Fig. 5A). Compared to the vehicle group, body weight was
Figure 4 Treatment of ACLY inhibitors increase cholesterol efflux and r

Abcg5 and Abcg8 (A) and intracellular cholesterol (B) were detected in the

for 24 h. During the incubation, 15 mg/mL cholesterol (containing 420 mg/

were used as positive control in (B); (C) The schematic diagram of cholest

efflux rate was detected after 326E and BA (50 mmol/L) treatment for 12 h

used as positive control; (E) Hepatic mRNA of Abcg5 and Abcg8 were me

mice (n Z 5e6); (F) The content of cholesterol in the gallbladder was de

mice (n Z 5e6); (G)e(K) 3H-cholesterol and 3H-bile acids content in th

Briefly, HCD mice were oral of 326E or BA for 7 days. On the 7th day

2.5 mCi 3H-cholesterol, which was dissolved in 100 uL intralipid (20%).

injection. Livers were harvested 24 h later at last dosing (G). The radioactiv

(L)e(M) The HCD mice were oral given with 326E and BA for 7 days. T

H&E staining (L) were shown. The contents of hepatic cholesterol (TC

mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared toVeh. #P

significant.
significantly decreased during the 2 weeks of 326E treatment at
15 mg/kg and 30 mg/kg, as well as BA treatment (Fig. 5B). In
accordance with the reduced body weight, hamsters orally
administered 326E exhibited a dose-dependent improvement in
the hypolipidemic effect. 326E treatment (30 mg/kg) resulted in a
57.8% reduction in serum TC, 92.9% reduction in serum TG, and
72.8% reduction in serum LDL-C, confirming the hypolipidemic
effect of 326E in vivo (Fig. 5CeE). Oral administration of 326E
and BA also reduced serum HDL-C levels, likely due to the
reduced serum LDL-C concentration (Fig. 5F).
educe hepatic cholesterol in HCD mice. (A)e(B) The mRNA levels of

primary mouse hepatocytes after 326E and BA (50 mmol/L) treatment

mL M-b-CD) was added. The LXR agonist T0901317 (T0, 1 mmol/L)

erol efflux in the primary hepatocytes was shown; (D) The cholesterol

in primary hepatocytes. The LXR agonist T0901317 (1 mmol/L) were

asured after a single dose of 326E and BA 30 mg/kg for 24 h in HCD

tected after a single dose of 326E and BA 30 mg/kg for 24 h in HCD

e feces (H, I) and liver (J, K) were counted with scintillation liquid.

of treatment, mice were received an intravenous tail vein injection of

Fecal samples were collected at indicated time after 3H-cholesterol

e cholesterol (H, J) and 3H-bile acids (I, K) were detected (n Z 5e6);

he livers were harvested after 4 h fasting. The representative pictures

) and triglycerides (TG) were measured (M) (n Z 5e6). Data are

< 0.05, ##P < 0.01, ###P < 0.001 compared to indicated group. ns, not
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To predict the efficacy of 326E in treating human hypercholes-
terolemia, rhesus monkeys with spontaneous hyperlipidemia were
used to evaluate the lipid-lowering efficacy of 326E (Fig. 6A).
Atorvastatin at the clinically recommended dose (2.4 mg/kg) was
used as a positive control (Fig. 6A, n Z 3). Body weight was un-
changed during treatment with 326E or atorvastatin (Fig. 6B andC).
In response to 326E (20mg/kg) treatment, plasma concentrations of
TG and TC were reduced by 20.94% and 31.83%, respectively,
compared to those at baseline (Fig. 6DeG). Plasma concentrations
of LDL-C and ApoB100 were reduced by 20.11% and 20.88%,
respectively, compared to those at baseline (Fig. 6HeK). During
treatment, the efficacy of 326E in lowering plasma TC, LDL-C and
ApoB100 were comparable with atorvastatin, but TG content
reduction after 326E treatment was much effective (Fig. 6D and E).
To evaluate the pharmacokinetics, we also examined the in vivo
pharmacokinetics of 326E in rhesus monkeys after the first dose
administration. 326Ewas rapidly absorbed (TmaxZ 1.33� 0.58 h),
and the mean terminal half-life (t1/2) value was 49.47 � 29.34 h in
rhesus monkeys. The Cmax of 326E after oral administration was
139.22 � 48.31 mg/mL (Fig. 6L, Table 2). Accordingly, the
AUC0e24 h of individual tendency was similar to the LDL-C
lowering effect, suggesting a good relationship between in vivo
exposure and lipid lowering efficacy (Fig. 6L and M).

Encouragingly, during the treatment period of 326E, general
organ function, as reflected by plasma creatine kinase (CK) for
muscle injury and urea nitrogen for renal function, was similar
before and after treatment (Supporting Information Fig. S6).
Furthermore, ASTand ALT levels in the plasma, which reflect liver
function were decreased after 326E treatment (Fig. 6N and O).
Therefore, these results indicated that oral administration of 326E
might be an effective and safe therapy for hyperlipidemia treatment.
2.9. Inhibition of ACLY by 326E ameliorates atherosclerosis in
ApoE�/� mice

Excessive hepatic cholesterol biosynthesis contributes to the
development of hypercholesterolemia and atherosclerosis. To assess
the anti-atherosclerotic efficacy of chronic ACLY inhibition by
Figure 5 Effects of 326E on lipid levels in blood of HFHC diet induce

treatment. Briefly, male golden hamsters were induced by HFHC diet for 2 w

(nZ 8).HFHCdiet, high fat high cholesterol diet (normal chow supplemente

gain were shown after 326E treatment for 2 weeks; (C)e(F) Serum levels

treatment period were shown. The oral dose of BAwas 30 mg/kg. Data are m
326E in vivo, we investigated the effect of 326E in Western diet
(WD)-induced ApoE�/� mice. Once-daily oral administration of
326E significantly decreased body weight gain during treatment
with 326E at 15, 30 and 60 mg/kg, but did not affect food intake
(Supporting Information Figs. S7A and B). ACLY inhibition had a
large impact on hepatic lipid levels. Accordingly, the contents of
liver cholesterol and triglycerides were significantly decreased by
326E treatment (Fig. 7A and B). Fasting content of cholesterol and
LDL-C levels were lower than those of vehicle mice after 12 weeks
of treatment with 30 mg/kg and 60 mg/kg 326E, but not with
15 mg/kg or BA (30 mg/kg) treatment (Figs. S7C and D). To
investigate the effect of 326E on atherosclerosis, we stained the
entire aortas of WD-induced ApoE�/� mice with Sudan IV. The
number and size of aortic plaques were significantly lower in 326E-
treated mice than in vehicle-treated mice and BA-treated mice
(Fig. 7C and D), and a lower degree of atherosclerotic lesions was
observed at the aortic valve in 326E-treated mice as assessed by
H&E staining (Fig. 7E and F). BA administration in clinical trials
demonstrated a sustained reduction in the content of plasma high
sensitivity Creactive protein (hsCRP) levels, so we next investigated
the hsCRP lowering effect of 326E treatment. In accordance with
the reduced size of aortic plaques, the hsCRP content was reduced
by more than 50% in response to multiple doses of 326E (Fig. 7G).
Expression of the inflammatory-related genes Cd68, F4/80 and Il-
1b was also reduced in a dose dependent manner after 326E
treatment (Fig. 7HeJ). In addition, gene expression of Abcg5 and
Abcg8, which are related to cholesterol efflux was induced after the
long-term treatment with 326E, indicating that the antiatherogenic
effects of ACLY inhibition are also related to hepatic cholesterol
efflux (Fig. 7K and L). Taken together, these results all indicate that
treatment with the novel ACLY inhibitor 326E improves athero-
sclerosis in WD-induced ApoE�/� mice.
3. Discussion

Overnutrition is a driver of hepatic dysfunction and metabolic
syndrome46,47. Elevated hepatic de novo lipogenesis, attenuated
clearance of circulating atherogenic LDL-C, and inflammatory
d hyperlipidemia. (A) Schematic diagram of 326E for hyperlipidemia

eeks. Animals then received 326E or BA treatment for another 2 weeks

dwith 0.5%cholesterol, 23% fat and 5% fructose,w/w); (B)Bodyweight

of TG (C), TC (D), LDL-C (E), and HDL-C (F) before and during the

ean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to Veh.



Figure 6 Lipid lowering efficacy and safety evaluation of 326E in monkeys with hyperlipidemia. (A) Schematic diagram of 326E treatment in

rhesus monkey. Briefly, 6e20 years old male rhesus monkey with mild or moderate hyperlipidemia for more than 2 years (LDL-

C:1.94e2.45 mmol/L) were selected, and oral treated with Veh, atorvastatin (atorva, 2.4 mg/kg/day) or 326E (20 mg/kg/day). n Z 3 monkey per

group; (B)e(C) Body weight change after 2 weeks treatment; (D)e(K) Plasma levels of TG (D), TC (F), LDL-C (H), ApoB100 (J) in rhesus

monkey before and after 2 weeks treatment; percentage lipid lowering effect were showed compared to baseline TG (E), TC (G), LDL-C (I),

ApoB100 (K) were shown; (L)e(M) Pharmacokinetic curve in each monkey (M1, M2, M3) was shown after the first dose of 326E at indicated

time (L), and percentage of LDL-C lowering after 326E treated for 2 weeks in each monkey (M); (N)e(O) Plasma levels of ALT (N) and AST (O)

before and after 326E or atorvastatin treatment. Data are mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001, Veh compared to 326E; #P < 0.05,
##P < 0.01, ###P < 0.001, Veh compared to atorva.
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stimulation has proven difficult to correct CVDs using currently
available agents48. Approaches attempting to reduce hepatic
lipogenesis and TG-VLDL secretion by targeting ACLY inhibition
have been shown to be an attractive approach for combatting
hyperlipidemia35,41.

Herein, we identified 326E, a novel ACLY inhibitor, was
conjugated to form 326E-CoA in the liver. 326E-CoA inhibited
human recombinant ACLY activity in vitro through competing the
binding site of CoA. However, the detailed working molecular
mechanism needs to be further explored. 326E treatment signifi-
cantly reduced fatty acids and cholesterol biosynthesis, as well as
long chain fatty acids elongation partially dependent on ACLY.
Oral administration of 326E improved hyperlipidemia and
ameliorated atherosclerosis in animal models. In particularly, oral
administration of 326E for 2 weeks in rhesus monkeys resulted in
good tolerance and lipid-lowering effects. All these results suggest
that the novel ACLY inhibitor 326E is promising for clinical
translation.

Cholesterol efflux through cholesterol channels or bile acids
into the intestine are the major routes for cholesterol metabolism.
Recent in vitro studies have shown that the transcriptional
repressor Period 2 (PER2) possesses multiple binding sites within
Table 2 Pharmacokinetics of 326E in rhesus monkey with hyperlip

Dose (mg/kg) t1/2 (h) Tmax (h) Cmax

20 49.47 � 29.34 1.33 � 0.58 139.2

Pharmacokinetic parameters were calculated from plasma concentrationet
male).
the Abcg5/8 locus. Once ACLY was inhibited by BMS303141, the
occupation of PER2 at the Abcg5/8 promoter was reduced, leading
to a notable increase in Abcg5/8 expression in primary hepato-
cytes31. Treatment with the ACLY inhibitor BA significantly in-
creases hepatic Abcg5/8 gene expression in vivo30. Our studies
indicated that ACLY inhibition by 326E and BA treatment in-
creases cholesterol efflux in vitro and in vivo, which was associ-
ated with improved Abcg5/8 gene expression. Our observation
demonstrated that ACLY inhibitor treatment augments hypercho-
lesterolemia not only by inhibiting de novo lipogenesis, but also
inducing hepatic cholesterol efflux.

Hepatic de novo lipogenesis reduced by ACLY inhibitor
treatment provides a different therapy mechanism from statin
therapy. Although having a similar IC50 for ACLY inhibition
in vitro, we observed that oral administration of 326E improves
WD-induced atherosclerosis in ApoE�/� mice after 24 weeks of
treatment, which was much more effective than oral treatment
with BA for the same treatment period. 326E treatment reduced
aortic plaques by 60%e86.7%, while BA was only reduced pla-
ques by 33.4% after treatment. In addition, compared to vehicle
mice, hepatic cholesterol content after 326E treatment was
reduced by 50%, which was much stronger than that of BA
idemia.

(mg/mL) AUC0et (mg$h/mL) AUC0eN (mg$h/mL)

2 � 48.31 1777.75 � 529.58 5681.43 � 1430.25

ime data related to Fig. 6L and were reported as mean � SD (n Z 3,



Figure 7 Treatment of 326E decreases atherosclerosis in ApoE�/� mice. (A)e(B) Male 6e8 weeks ApoE�/� mice were induced by Western

diet for 23e24 weeks. During the inducement, mice were received 326E or BA treatment once daily (n Z 10). Western diet (normal chow

supplemented with 0.2% cholesterol, w/w). Cholesterol levels (A) and triglycerides levels (B) in liver after 24 weeks treatment (nZ 10); (C)e(D)

Representative photographs of aortas from different groups after 24 weeks treatment (C); the quantifications (D) of the lesion areas in C (nZ 10);

(E)e(F) Representative H&E staining of cross-sections of aortic roots in different groups after 24 weeks treatment (E); the quantifications (F) of

the lesion areas in E (nZ 8e10); (G) Plasma contents of hsCRP in the indicated groups after 24 weeks treatment (nZ 10); (H)e(L) Quantitative

mRNA expression of Cd68, F4/80, Il-1b, Abcg5, Abcg8 in the liver after 326E and BA treatment. Data are mean � SEM; *P < 0.05, **P < 0.01,

***P < 0.001 compared to Veh. #P < 0.05, ##P < 0.01, ###P < 0.001 compared to indicated group. ns, not significant.
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treatment (37%). The observed dramatic pharmacological thera-
peutic effects after 326E administration were likely due to the
distinctive pharmacokinetic characteristics in vivo.

As in a previous study, the in vitro plasma protein-binding rate
of BA was 95%e98% in mouse, rat, monkey and human plasma.
Our unpublished data showed that 326E exhibited a much higher
plasma protein-binding rate in mice, dogs and humans (>99.8%).
Higher blood exposure was detected after oral administration
(Cmax>100 mg/mL) of multiple dose’s given. Although the free
form of 326E was approximately 0.5e1.5 mmol/L, which was
close to the IC50 of lipogenesis inhibition, the high plasma
protein-binding rate and the tardy plasma steady-state clearance
(1.31 mL/min/kg) resulted in continuous ACLY inhibition in the
liver, which was closely related to the much greater reduction in
hepatic cholesterol and plasma LDL-C. Our studies indicated that
the plasma elimination half-life (t1/2) among mice (3.79 h), dogs
(27.4 h) and monkey (49.47 h) were extremely different. However,
when we are considering the relationship between body size and
physiologic function, which is known as allometry (t1=2 Z
0:693 V

CL)
49, the t1/2 between mice and dogs are comparable

(4.55 h in mice, and 21,5 h in dogs). However, in monkey study,
the animals are old rhesus monkey with hyperlipidemia (6e20
years old, and with moderate to mild hyperlipidemia for more than
2 years). The age and diseases state may decrease the clearance
for drugs, that may be the reason why the t1/2 is longer (49.47 h) in
monkey.

Previous studies have determined statins are strong inhibitors
of mitochondrial complex III, which is associated with statin-
induced myopathies10. In agreement with recent studies for
BA41,43, 326E is a substrate of ACSLs (the specific synthetase of
ACSLs isoform couples 326E to 326E-CoA needs to be further
explored), which is coupled with CoA by ACSLs restricted in the
liver. In fact, there was no significant inhibition of muscle de novo
lipogenesis after 326E administration in fasted-refed mouse
model, and there was good tolerance in rhesus monkeys after
326E treatment, indicating the tissue specificity of the 326E
response. Besides, the long term GLP toxicity study in beagle
dogs indicated the no observed adverse effect level (NOAEL) was
considered to 360 mg/kg (Cmax Z 569.50 mg/mL,
AUC0e24 h Z 2472.50 mg$h/mL). Collectively, the high exposure
and good tolerance property further supported that 326E might be
an effective and safe therapy for hypercholesterolemia.
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4. Conclusions

In summary, our results show that pharmacological ACLY inhi-
bition in the liver by 326E leads to chronically sustainable im-
provements in lipid homeostasis, including lipid-lowering effects
and the amelioration of atherosclerosis by reducing lipogenesis
and hepatic cholesterol efflux. These findings demonstrate that
326E has therapeutic potential and may serve as an oral agent for
hypercholesterolemia. Recently, we have completed the IND
application for this drug and have received approval for a clinical
study for hypercholesterolemia (chictr.org.cn,
ChiCTR2200057793), the first-in-human (FIH) results will be
reported in due course.

5. Experimental

5.1. Chemistry

The experimental procedures and characterization of all com-
pounds are provided in the Supporting Information.

5.2. Animal studies

For hepatocyte isolation and de novo lipogenesis in vivo, 8- to 12-
week-old male C57BL/6J mice were purchased from Shanghai
Model Organisms (Shanghai, China). Six-to eight-week-old male
ApoE�/� mice and six-to eight-week old male golden hamsters
were purchased from Charles River (Beijing, China). ApoE�/�

mice were fed a high fat, high cholesterol diet (HFHC diet,
D12079B, Research Diets, New Jersey, USA) for 23e24 weeks to
induce atherosclerosis; hamsters were fed a high fat, high
cholesterol, high fructose diet (C11953, Research Diets, New
Jersey, USA) for 2e4 weeks to induce hyperlipidemia. C57BL/6J
mice were fed a high cholesterol diet (HCD diet, D12109C,
Research Diets, New Jersey, USA) for 2e4 weeks followed by
analysis of cholesterol efflux. To obtain ACLY KO hepatocytes,
ACLY-flox mice (Aclyf/f stock No: 43555, Jackson Laboratory,
Bar Harbour, Maine, USA) were crossed with Albumin-Cre mice
(stock No: 003574, Jackson Laboratory, Bar Harbor, Maine, USA)
to generate liver-specific ACLY KO mice (Aclyf/f:cre). Rodents
were housed in caging with 3e4 animals per cage and were
maintained at 20e22 �C and at a humidity of 35 � 5% under a
12 h light-dark cycle (7 AM on, 7 PM off). Food and water were
available ad libitum. Age-matched animals were used for all ex-
periments. All animals were sacrificed if needed under anaesthetic
conditions, and animal welfare and animal experimental proced-
ures were approved by the Animal Ethics Committee of the
Shanghai Institute of Materia Medica, CAS, China.

5.3. In vitro ACLY assays

ACLY activity detection in the cell-free system was conducted as
previously reported using an ADP-Glo dependent assay50. Briefly,
the reaction was performed in a 384-well plate, containing 2 mL
substrate (5 mmol/L ATP, 30 mmol/L citrate, 15 mmol/L CoA)
within kinase buffer (40 mmol/L Tris base, 10 mmol/L MgCl2,
5 mmol/L DTT). The reaction was initiated by adding 20 nmol/L
recombinant human ACLY protein and multiple doses of com-
pounds into the well, followed by incubation for 30 min at 37 �C.
In the reaction, ATPs were converted to ADPs by ACLY. The
levels of ADPs in the well, representing the activity of ACLY,
were detected using the ADP-Glo kit (V9102, Promega, Madison,
USA) according to the manufacturer’s instructions. The enzymatic
activity curve was analyzed using log (inhibitor) vs. normalized
response-variable slope in GraphPad Prism.

5.4. Primary hepatocyte isolation

Primary hepatocytes were isolated from 8- to 12-week-old male
C57BL/6J mouse51. Briefly, C57BL/6J mouse was anaesthetized
and perfused with 20 mL calcium-free buffer from the inferior
vena cava to the liver, and then the buffer containing collagenase I
(LS004196, Worthington, USA) was added to breakdown the
extracellular matrix and tight junctions at 37 �C. The liver was
dissected in a sterile 6-cm cell culture dish containing 10 mL cold
DMEM with 10% FBS, followed by filtration through a 70 mm cell
strainer and centrifugation at 500 rpm for 3 min. Cells were then
centrifuged with Percoll (P1644-100 ML, SigmaeAldrich, USA)
and living cells were resuspended in Hepato ZYME-SFM (17705-
021, Thermo Fisher, USA) medium supplemented with 2 mmol/L
L-glutamine, 20 units/mL penicillin and 20 mg/mL streptomycin.
Then the hepatocytes were plated at 6 � 105 cells/well in 6-well or
1.5 � 105 cells/well in 24-well culture dishes precoated with 0.2%
glue.

5.5. In vitro measurement of de novo lipogenesis

Hepatocytes were cultured in 6-well plates (6 � 105 cells/well),
and treated with compounds and [1,2-14C]-acetate, [14C]-citrate,
[14C]-glucose, [3H]-H2O (0.1 mCi/well) for the indicated
times43,52. The cells were washed with cold PBS and dissolved in
0.4e0.6 mL 0.5 mol/L KOH. Cholesterol and fatty acids were
separated by saponification at 95 �C for 3 h with 0.4 mL KOH
(20% methanol solution). The nonpolar cholesterol was extracted
in 0.5 mL petroleum ether 3 times, and the polar fatty acids were
extracted in 0.5 mL petroleum ether after adding 0.2 mL H2O and
0.4 mL 5 mol/L H2SO4 for 3 times. The petroleum ether fractions
were air-dried overnight at room temperature. Radioactive prod-
ucts were counted using a liquid scintillation counter.

5.6. In vivo measurement of de novo lipogenesis

The lipogenesis effect in vivo was assessed as previously
described52. Briefly, male C57BL/6J mice weighing 20e25 g at
8e10 weeks of age were fasted for 48 h followed by refeeding for
another 48 h. Next, animals received one dose of vehicle or
experimental compounds. One hour after dosing, each mouse was
intraperitoneally injected with the indicated dose of [1,2-14C]-
acetate (NEC553001MC, PerkinElmer, USA). Mice were sacri-
ficed 1 h after acetate injection and tissues were saponified.
Isotope labelled fatty acids and cholesterol were then extracted
and counted.

5.7. 326E-CoA conjugated from 326E in vitro and in vivo

In the in vitro study, mouse liver microsomes were obtained by
ultracentrifugation according to a published previously protocol53.
The [14C]-326E-CoA conjugation rate was measured according to
previously reported experimental methods41. [14C]-326E-CoAwas
separated from [14C]-326E by diethyl ether with two times of
extractions. The contents of [14C]-326E-CoA in the aqueous phase
were counted. In the in vivo study, the livers were harvested 1 h
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after 326E oral treatment, and the contents of 326E and 326E-
CoA were measured separately using LC‒MS/MS.
5.8. Plasma and liver lipid determination

Plasma total cholesterol (TC), triglycerides (TG), LDL-C and
high-density lipoprotein cholesterol (HDL-C) levels were deter-
mined according to the manufacturer’s instructions. To measure
hepatic contents of triglycerides and cholesterol, liver tissues
(30e40 mg) were homogenized in 0.5 mL cold PBS. A 0.4 mL
homogenate was added to 1.4 mL of a mixture of CHCl3/CH3OH
(2:1, v/v), followed by shaking overnight at room temperature. The
suspension was centrifuged at 2500�g for 10 min, and the organic
phase was transferred and air-dried. The residual organic sub-
stance was resuspended in 800 mL ethanol containing 1% Triton
X-100, and the concentrations of triglycerides and cholesterol
were determined using commercial kits.
5.9. VLDL-TG secretion experiment

Male C57BL/6J mice weighing 20e25 g at 8e10 weeks of age
were fasted for 48 h followed by refeeding for another 48 h. Mice
were divided into groups according to body weight during the
refeeding period and treated with the indicated compounds for 3
days (one dose daily). Time 0-min blood samples were collected
from tails after the last dose of compound treatment 30 min later,
followed by intravenous injection of tyloxapol (600 mg/kg, dis-
solved in saline, T0307-10G, SigmaeAldrich, USA). Blood
samples were collected 1, 2, 3, 4 h after tyloxapol injection and
were subjected to centrifugation at 12,000�g for 2 min and stored
at e20 �C until TG and cholesterol levels were assayed54.
5.10. In vitro measurement of cholesterol efflux

First, 0.5 mCi/mL 3H-cholesterol (NET139001MC, PerkinElmer,
USA) and 15 mg/mL cholesterol (in 420 mg/mL M-b-CD) were
added to the primary hepatocytes and cultured for 12 h (37 �C, 5%
CO2). The medium containing 3H-cholesterol, was then discarded,
and the cells were gently washed 3 times with PBS. Cells were
incubated in serum-free medium containing 15 mg/mL cholesterol
and 326E (12.5, 25, 50 mmol/L), BA (50 mmol/L) or T0901317
(1 mmol/L) for another 12 h (37 �C, 5% CO2). Cell medium was
carefully collected and centrifuged at 14,000�g for 3 min to
remove cellular debris, and 200 mL supernatant was transferred
into a new microcentrifuge tube. The cells were washed 3 times
with 200 mL PBS, and 200 mL 0.25 mol/L NaOH was added to
lyse the cells. Transfer 150 mL of cell suspension to a new
microcentrifuge tube. The 3H-cholesterol content in the medium
supernatant and cell suspension was counted in scintillation liq-
uids (LSC). The cholesterol efflux ratio was determined as Eq. (1):

Cholesterol efflux ratio (%) Z 3H-Cholesterol in the supernatant/
(Supernatant 3H-cholesterol þ intracellular 3H-cholesterol)
� 100 (1)

The content of unlabeled intracellular cholesterol was
measured using an Amplex™ Red Cholesterol Assay Kit
(A12216, Thermo Fisher, MA, USA) according to the manufac-
turer’s protocol.
5.11. In vivo measurement of cholesterol efflux

Male C57BL/6J mice weighing 20‒25 g at 8‒10 weeks of age
were induced using a high cholesterol diet (HCD diet, D12109C,
Research Diets, USA) for 2 weeks. Then, HCD mice were orally
administered ETC-1002 (HY-12357, MedChemExpress, USA) or
326E at 30 mg/kg for 7 days. On the 7th day of ACLY inhibitor
treatment, mice were received an intravenous tail vein injection of
2.5 mCi 3H-cholesterol, which was dissolved in 100 mL intralipid
(20%). Fecal samples were collected 1, 2, 3, 4 days after 3H-
cholesterol injection. The feces samples were soaked and ho-
mogenized in ddH2O (w/v Z 1:10) overnight at 4 �C. Then,
100 mL homogenates were mixed with 400 mL KOH (20% in
methanol), and saponified at 95 �C for 3 h. The neutral cholesterol
fraction was extracted 2 times using 800 mL petroleum ether. The
extracts were dried overnight and counted in scintillation liquids.
Feces were prepared by mixing with ddH2O (w/vZ 1:10) for 12 h
at 4 �C. An equal volume of tert-butanol was added, and samples
were extracted for 45 min at 37 �C. The supernatant, which
contained bile acids, was transferred after centrifugation at
2000�g for 15 min. The 3H-bile acid content in the supernatants
was measured in scintillation liquids55.

5.12. Analysis of atherosclerotic lesions

To quantify the atherosclerotic area along the entire aorta, the
aortic tree isolated from ApoE�/� mice was dissected out and
fixed in 70% ethanol for 10 min. Then, the lesions were stained
with Sudan IV for 10 min, and rinsed twice with 70% ethanol
(1.5 min/wash). The aortic tree was rinsed with PBS for 5 min to
remove the residual ethanol, and the sudanophilic lesion area was
assessed using Image J Pro Plus56.

5.13. Histology

Tissue specimens were fixed in 4% paraformaldehyde (PFA), and
paraffin-embedded sections were subjected to standard
haematoxylin-eosin (H&E) staining.

5.14. Pharmacokinetic evaluation

ICR mice and beagle dogs were orally administered or intrave-
nously injected with the indicated compounds, and serial blood
samples were collected at the indicated times. Blood samples were
centrifuged at 12,000 rpm for 2 min at 4 �C to generate plasma.
All plasma samples were kept frozen until analysis. The concen-
tration of compounds in the plasma was detected using LCeMS/
MS.

5.15. Rhesus monkey studies

Six to twenty-year old male rhesus monkeys with spontaneous
mild or moderate hyperlipidemia for more than 2 years (LDL-C:
1.94e2.45 mmol/L) were selected, and then divided into three
groups (n Z 3). 326E (20 mg/kg) or atorvastatin (2.4 mg/kg) was
administered by oral gavage once daily for 2 weeks at Sichuan
Primed Shines Bio-tech Co., Ltd., China. A comprehensive eval-
uation of clinical laboratory measurements was conducted,
including TC, TG, LDL-C, ApoB100, ALT, AST, CK and BUN.
After the first oral administration of 326E, the PK study was
performed.
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5.16. Statistical analysis

All results are reported as the means � SEM. Differences between
two groups were analyzed using a two-tailed unpaired Student’s t-
test. Differences in multiple groups were analyzed using one-way
ANOVA (GraphPad Prism version 6.0 for Windows). Differences
were considered significant when P < 0.05.
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