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Abstract. Pramfalk C, Ahmed O, Pedrelli M, Minniti
ME, Luquet S, Denis RGP, et al. Soat2 ties choles-
terol metabolism to β-oxidation and glucose toler-
ance in male mice. J Intern Med. 2022;292:296–
307.

Background. Sterol O-acyltransferase 2 (Soat2)
encodes acyl-coenzyme A:cholesterol acyltrans-
ferase 2 (ACAT2), which synthesizes cholesteryl
esters in hepatocytes and enterocytes fated either
to storage or to secretion into nascent triglyceride-
rich lipoproteins.

Objectives. We aimed to unravel the molecular
mechanisms leading to reduced hepatic steatosis
when Soat2 is depleted in mice.

Methods. Soat2−/− and wild-type mice were fed a
high-fat, a high-carbohydrate, or a chow diet, and
parameters of lipid and glucose metabolism were
assessed.

Results. Glucose, insulin, homeostatic model
assessment for insulin resistance (HOMA-IR), oral
glucose tolerance (OGTT), and insulin tolerance

tests significantly improved in Soat2−/− mice, irre-
spective of the dietary regimes (2-way ANOVA).
The significant positive correlations between area
under the curve (AUC) OGTT (r = 0.66, p < 0.05),
serum fasting insulin (r = 0.86, p < 0.05), HOMA-
IR (r = 0.86, p < 0.05), Adipo-IR (0.87, p < 0.05),
hepatic triglycerides (TGs) (r = 0.89, p < 0.05),
very-low-density lipoprotein (VLDL)-TG (r = 0.87,
p < 0.05) and the hepatic cholesteryl esters in wild-
type mice disappeared in Soat2−/− mice. Genetic
depletion of Soat2 also increased whole-body oxi-
dation by 30% (p < 0.05) compared to wild-type
mice.

Conclusion. Our data demonstrate that ACAT2-
generated cholesteryl esters negatively affect the
metabolic control by retaining TG in the liver
and that genetic inhibition of Soat2 improves liver
steatosis via partitioning of lipids into secretory
(VLDL-TG) and oxidative (fatty acids) pathways.

Keywords: ACAT2, atherosclerosis, cardiometabolic
diseases, cholesteryl esters, CIDEC, GLUT2,
insulin resistance, lipoproteins, NAFLD, Soat2,
triglycerides

Introduction

Disrupted glucose homeostasis by impaired
metabolism leads to the inability to maintain
normal blood glucose levels, to impaired insulin
secretion and to decreased central and peripheral
insulin sensitivity. The resulting different clinical
conditions are known as cardiometabolic dis-
eases (e.g. atherosclerotic cardiovascular disease),
type 2 diabetes mellitus (T2DM), non-alcoholic

fatty liver disease (NAFLD), and non-alcoholic
steatohepatitis. Dyslipidemia is a common periph-
eral phenotype of cardiometabolic diseases and
typically includes increased plasma levels of
triglycerides (TGs), cholesterol remnant, and
small dense low-density lipoproteins (LDLs)
and reduced high-density lipoproteins (HDLs)
[1]. The significant accumulation of TG and
cholesteryl esters (CE) inside the hepatocytes
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(hepatic steatosis) is another common pheno-
type of cardiometabolic diseases and is regarded
as the hepatic manifestation of the metabolic
syndrome.

Hepatocyte nuclear factor (HNF) 1α and 4α play
central roles in lipid and carbohydrate metabolism,
and mutations in the respective genes cause
monogenic forms of T2DM in humans. The
first indications for a possible role in carbohy-
drate metabolism of the cholesterol esterifying
enzyme acyl-coenzyme A:cholesterol acyltrans-
ferase 2 (ACAT2), which is encoded by the sterol
O-acyltransferase 2 (SOAT2) gene, came when
HNF1α [2] and HNF4α [3] were identified as pos-
itive regulators of the human SOAT2 promoter.
The finding that heterozygous HNF4α-mutation
carriers have lower plasma levels of CE and TG in
their very-low-density lipoprotein (VLDL) particles,
compared to non-carriers, confirmed the initial
pre-clinical studies [3]. The intracellular biosyn-
thesis of CE from unesterified cholesterol (UC)
and long-chain fatty acids is carried out by ACAT1
and ACAT2 [4]. ACAT2 is exclusively expressed in
normal enterocytes and hepatocytes [5]. ACAT2
is responsible for the synthesis of CE fated to
storage and for the formation of the lipid core
of chylomicrons and nascent VLDL [6]. In mice,
genetic or selective pharmacological inhibition of
Soat2/ACAT2 protects against atherosclerosis and
diet-induced hypercholesterolemia and cholesterol
gallstone disease [7–11]. Also, Soat2−/− mice are
resistant to dietary cholesterol-induced hepatic
steatosis [12, 13]. In humans, ACAT2/SOAT2—
chaperoned by apolipoprotein J—has recently been
shown to facilitate the hepatic lipid accumulation
following hepatitis C virus infection and nutrient
stress [14]. Hence, ACAT2/SOAT2 increases the
risk for NAFLD also after non-obese stress [14].

In previous studies in mice, the effects on glucose
metabolism following genetic depletion of Soat2
were not investigated in detail. Here, we sought
to further characterize the role of ACAT2/Soat2 in
glucose and lipid metabolism in male mice fed a
high-fat, a high-carbohydrate, or a chow diet.

Material and methods

Animals

Wild-type and Soat2−/− mice were generated by
heterozygote breeding of mice on an almost pure
genetic background (C57BL6, about 95%). Male
mice, 9–15 weeks of age, were fed a high-fat diet

(HFD; 21% [w/w] fatty acids and 0.05% [w/w]
cholesterol) for eight weeks, a high-carbohydrate
diet (HCD; 70% [w/w] carbohydrates and <0.05%
[w/w] cholesterol) for two-and-a-half weeks, or a
chow diet. We studied eight mice per genotype per
diet. In an additional experiment, seven-month-old
male mice were fed the earlier mentioned HFD for
eight weeks. Here, we studied 10 mice per genotype
per diet. The studies were approved by the local
ethical committee—Stockholm South Ethical Com-
mittee, Huddinge, Sweden—and follow the Swedish
National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Insulin and oral glucose tolerance tests

After a 4-h fast, mice were intraperitoneally
injected with 0.75 U/kg insulin or gavaged with
1 g/kg glucose, and glucose concentrations were
monitored up to 120 minutes.

Tissue lipids

Frozen liver sections were stained with Oil red O to
visualize lipids. Liver and muscle (soleus and tib-
ialis anterior) lipids were extracted using chloro-
form:methanol (2:1 v/v) [15]. Samples were anal-
ysed using TG, total- and free cholesterol reagents.
Esterified cholesterol was calculated by subtract-
ing the free- from total cholesterol and multiplied
by 1.67, for use in determining the mass of the fatty
acid moiety.

Serum analyses

Serum lipoproteins were separated by size-
exclusion chromatography followed by online
determination of total cholesterol, UC, and TG
[16]. Serum nonesterified fatty acids (NEFAs),
insulin, and glucose were assessed by ELISA or
colorimetric enzymatic kits.

RNA extraction, cDNA synthesis, and real-time RT-PCR

Total RNA was extracted and transcribed into
cDNA, and gene expressions were assessed (primer
sequences are available upon request). Fat specific
protein 27 (Fsp27)/Cidec gene expression was also
quantified by Taqman. Arbitrary units were calcu-
lated by linearization of the CT values.

Quantification of total lipolytic activities in adipose
tissue

Total lipolytic activities in gonadal adipose tis-
sue were assessed using an LPL Activity assay kit

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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(Roar Biomedical, SIGMA), which is not specific for
lipoprotein lipase (LPL), as described in [13].

Western blot

Whole-cell, cytosolic, and membrane proteins were
prepared from each individual, and an equal
amount of protein from individuals in each group
(n = 8 mice/group/genotype) was pooled. Three
different protein concentrations were loaded, and
proteins were separated by electrophoresis, trans-
ferred to nitrocellulose membranes, blocked, and
incubated with antibodies against CIDEC, per-
ilipin 2 (PLIN2), and glucose transporter (GLUT)
2 and 4. Bands were visualized and quantified
using Odyssey CLx (LI-COR, Lincoln, NE, USA).
The slopes of the curves were calculated, and the
slopes for wild types of the respective diet were set
equal to 1.

Calorimetric analyses

Calorimetric analyses for energy expenditure, O2
consumption and CO2 production, respiratory
exchange rate, food intake, and spontaneous loco-
motor activity (beam breaks per hour) were mon-
itored automatically using calorimetric cages as
described in [17]. Body composition was measured
using EchoMRI (Houston, TX, USA).

Statistics

All data are presented as mean ± SEM unless
stated. Data were tested for normality according
to the Shapiro–Wilk test. Parameters that were not
normally distributed were log-transformed before
analysis. Differences were tested using factorial
ANOVA with genotype and diet as factors. Differ-
ences between the two genotypes fed the same
diet were tested using the Student´s t-test. Areas
under the curve (AUC) were calculated by the
trapezoid method and divided by time. Correla-
tions were performed using Spearman’s Rank Cor-
relation. All statistical analyses were performed
using Statistica version 12.0 (StatSoft, Tulsa, OK,
USA).

Results

Genetic depletion of Soat2 reduces hepatic steatosis in
male mice

To confirm the role of Soat2 in hepatic steatosis, we
fed male Soat2−/− and wild-type mice an HFD for
eight weeks, an HCD for two-and-a-half weeks, or
a regular chow diet. All diets were low in choles-

terol to investigate ACAT2/Soat2 independent of
excess dietary cholesterol, which was instead done
by Alger et al. [12, 13]. No significant differences
in weight gain during the study were observed
between Soat2−/− and wild-type mice (Fig. 1a,b).
Liver sections stained for lipid droplets showed
less intrahepatic lipid accumulation in Soat2−/−

compared to wild-type mice (Fig. 1c–e). Quantifi-
cation of these lipids revealed lower levels of hep-
atic TG (p < 0.001; Fig. 1f) and CE (p < 0.001;
Fig. 1g) in Soat2−/− mice. Intrahepatic UC levels did
not significantly differ between the two genotypes,
independent of the diets. However, the UC levels
decreased (p< 0.01), were unchanged, or increased
(p < 0.001) in Soat2−/− mice fed HFD, HCD, or
chow diet, respectively (Fig. 1h). A strong positive
correlation between the hepatic levels of CE and
TG was observed in wild-type mice (r = 0.89, p
< 0.05), which disappeared in Soat2−/− mice (r =
0.39, NS), indicating that the ACAT2-generated CE
are an important driving force for TG accumulation
in the liver (Table S1).

Increased secretion of TG in VLDL particles was
proposed to explain the reduced liver lipid accu-
mulation in male Soat2−/− mice when fed a high-
cholesterol diet [12]. Increased serum levels of
VLDL-TG were reported also in female Soat2−/−

mice fed low-cholesterol HFD or HCD [13]. In line
with these studies, we found male Soat2−/− mice to
have higher serum levels of total-, VLDL-, and LDL-
TG (p < 0.001) compared to wild types (Table S2).
Interestingly, the hepatic TG levels were strongly
and positively correlated with the levels of VLDL-TG
in Soat2−/− (r = 0.87, p < 0.05) but not in wild-type
(r = −0.39, NS) mice, suggesting again that ACAT2-
generated CE induce retention of TG in the liver
(Table S1). Our results here are in line with previ-
ous studies and clearly show that genetic depletion
of Soat2 protects against hepatic steatosis and that
this is associated with an increased mobilization of
TG from the liver, via increased secretion of TG in
VLDL particles [12, 13].

Genetic depletion of Soat2 improves glucose tolerance
in male mice

In most people, hepatic steatosis results from and
promotes insulin resistance, a condition associated
with T2DM. Hence, we wanted to investigate the
effects of ACAT2 inhibition by genetic depletion of
Soat2 on glucose tolerance, also in light of the role
of HNF1α and HNF4α for SOAT2 gene regulation [2,
3]. Fasting serum glucose (p < 0.05) and insulin

298 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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Fig. 1 Reduced hepatic steatosis in Soat2−/− mice. No significant differences in weight-gain were observed between
Soat2−/− and wild-type (WT) mice (a–b). Frozen liver sections stained with Oil red O (d–e) and quantification of hepatic
triglycerides (TG), cholesteryl esters (CE) and unesterified cholesterol (UC) levels (f–h) showed reduced hepatic steatosis in
Soat2−/− compared to WT mice. Black bars represent WT and grey bars represent Soat2−/− mice. Data are expressed as
mean ± SEM. Differences were tested using factorial ANOVA with genotype and diet as factors. Differences between the
two genotypes fed the same diet were tested using the Student´s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001.

levels (p < 0.01), as well as HOMA-IR (p < 0.01),
were all significantly lower in Soat2−/− compared to
wild-type mice (Fig. 2a–c, respectively). The effects
of Soat2 genetic depletion were more evident in
mice fed HFD. Oral glucose tolerance (OGTT) and
insulin tolerance (ITT) tests further supported the
evidence of improved glucose tolerance following
Soat2 genetic depletion (AUC OGTT, p < 0.01; AUC
ITT, p < 0.001; Fig. 2d and e and Fig. S1a–f). Again,
the effects of Soat2 genetic depletion were more evi-
dent in mice fed HFD.

NEFAs in circulation are the main source of fatty
acids for synthesis of TG for secretion in VLDL par-
ticles, both in the fasting and postprandial state
[18, 19], and insulin suppresses NEFA mobiliza-
tion from the adipose tissue by inhibition of lipol-
ysis [20]. Since Soat2−/− mice had higher serum
TG levels and lower serum insulin levels, we were
expecting to find higher serum levels of NEFA com-
pared to wild types. Hence, it was a surprise to

find that fasting levels in serum of NEFA were
not significantly different between Soat2−/− and
wild-type mice (Fig. 2f). We also found the adipose
tissue insulin resistance index (Adipo-IR), calcu-
lated by multiplying fasting serum NEFA, to be
lower in Soat2−/− compared to wild-type mice (p
< 0.01) (Fig. 2g). Adipose LPL has been shown to
become resistant to insulin in diet-induced insulin-
resistant rats [21]. Here we found total lipolytic
activities in the adipose tissue to be higher in
Soat2−/− compared to wild-type mice (p < 0.05)
(Fig. 2h and Fig. S2a–f). Moreover, inverse corre-
lations were observed between total lipolytic activi-
ties and Adipo-IR in Soat2−/− (r = −0.60, p < 0.05)
and wild-type (r = −0.77, p < 0.05) mice, suggest-
ing that Soat2 depletion did not negatively affect
insulin signalling in adipose tissue (Table S1).

Intramuscular lipid accumulation has been
reported to be associated with dysfunctional
insulin sensitivity [22]. Despite the high levels

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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Fig. 2 Improved glucose tolerance in Soat2−/− mice. Glucose, insulin, and HOMA-IR (a–c) together with oral glucose (OGTT)
and insulin (ITT) tolerance test (d–e) showed improved glucose tolerance in Soat2−/− compared to wild-type (WT) mice. NEFA
levels (f) did not significantly differ but the adipose tissue insulin resistance index (Adipo-IR) (g) and assessment of lipase
activities in adipose tissue (h) show improved glucose tolerance in Soat2−/− mice. Black bars represent WT and grey bars
represent Soat2−/− mice. Data are expressed as mean ± SEM. Differences were tested using factorial ANOVAwith genotype
and diet as factors. Differences between the two genotypes fed the same diet were tested using the Student´s t-test; *p <

0.05, **p < 0.01 and ***p < 0.001.

of TG in circulation in Soat2−/− mice, quantifi-
cation of intramuscular lipids revealed less TG
accumulation in the Soleus muscle (p < 0.01)
compared to wild-type mice (Table S3). Further,
no significant differences were observed between
the two genotypes in intramuscular lipid accumu-
lation (TG and cholesterol) in the tibialis anterior
muscle (Table S3). No differences were observed
in the protein expression of GLUT4, which medi-
ates insulin-stimulated glucose transport in the
muscles, between Soat2−/− and wild-type mice
(data not shown). Collectively, our data show that
genetic depletion of Soat2 improves both central

(hepatic) and peripheral glucose tolerance—an
effect that is not associated with the level of TG
and NEFA in circulation.

Genetic depletion of Soat2 decreases hepatic
FSP27/CIDEC and GLUT2 expression in male mice

To investigate more deeply the molecular mecha-
nisms responsible for the diminished hepatic lipid
accumulation and improved glucose tolerance fol-
lowing inhibition of ACAT2 by genetic depletion of
Soat2, key genes involved in hepatic lipid and car-
bohydrate metabolism were assessed (Table S4).

300 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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Fig. 3 Lower hepatic FSP27 protein expression in
Soat2−/− mice fed a high-fat diet. Whole-cell proteins
were prepared from each individual and equal amount
of protein from individuals in each group were pooled
(n = 8 mice/genotype/group). Three different protein
concentrations were loaded. The slopes of the curves
were calculated and the slopes for wild types (WT) were
set equal to 1. The FSP27 protein expressions were more
than 50% lower in Soat2−/− fed a high-fat diet (a);
however, no differences in mice fed a high-carbohydrate
diet were observed (b).

The mRNA expression of acetyl-CoA carboxylase
(ACC, encoded by Acaca), which catalyses the
first and rate-limiting step in de novo lipogen-
esis (DNL), was lower in Soat2−/− compared to
wild-type mice (p < 0.001). The mRNA expres-
sion of fat-specific protein 27 (Fsp27/Cidec), a lipid
droplet (LD) protein known to be upregulated in
fatty livers and to enlarge LD [23, 24], was more
than 30–60 times higher in wild-type mice fed
HFD compared to a chow diet, as expected. Strik-
ingly, the mRNA expression of Fsp27/Cidec was
dramatically lower in Soat2−/− compared to wild-
type mice (p < 0.001), independent of the diet
(Factorial ANOVA, WT vs Soat2−/−), and this was
highly evident in animals fed HFD (98% reduc-
tion). Hence, it was not surprising to find that
FSP27/CIDEC protein levels were approximately
50% lower in Soat2−/− mice fed HFD, whereas no
major differences were present between the two
genotypes when the mice were fed HCD (Fig. 3a,b).
PLIN2 and PLIN3 are two additional LD-associated
proteins, and, similar to Fsp27/Cidec, we found
lower Plin2 and Plin3 mRNA levels (p < 0.001) in
Soat2−/− mice. However, this similarity was lost
for the hepatic PLIN2 protein expression since no
major differences were observed between the two
genotypes fed HFD (Fig. S3). Collectively, our data

show that genetic depletion of Soat2 affects the
gene expression of important LD-associated pro-
teins and determines lower hepatic FSP27/CIDEC
relative to PLIN2 protein expression.

Glucokinase (encoded by Gck) catalyses the con-
version of glucose into glucose-6-phosphate, and
GLUT2 (encoded by Slc2a2) is responsible for
the bidirectional transport of glucose over the
plasma membrane. We found Gck mRNA levels
(p < 0.01) (Table S4) and GLUT2 membrane pro-
tein levels (Fig. 4a–d) to be lower in Soat2−/− com-
pared to wild-type mice. Thus, the diminished
hepatic steatosis and improved glucose tolerance
observed in Soat2−/− mice involve Acaca, Plin2,
Plin3, FSP27/CIDEC, Gck, and GLUT2.

Association between hepatic CE levels and parameters
of glucose metabolism

In wild-type but not in Soat2−/− mice, the hepatic
CE levels were positively correlated with the AUC
OGTT (r = 0.66, p < 0.05), serum fasting insulin
(r = 0.86, p < 0.05), HOMA-IR (r = 0.86, p < 0.05),
and Adipo-IR (0.87, p < 0.05) levels (Table S1).
The hepatic CE levels were positively correlated
with serum levels of glucose and AUC ITT in both

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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Fig. 4 Lower hepatic GLUT2 membrane protein expres-
sion in Soat2−/− mice. Cytosolic and membrane fractions
were prepared from each individual and an equal amount
of protein from individuals in each group was pooled (n
= 8 mice/genotype/group). Three different protein concen-
trations were loaded. The slopes of the curves were calcu-
lated and the slopes for wild-type (WT) mice were set equal
to 1. Soat2−/− mice fed either a high-fat (a and b) or a high-
carbohydrate (c and d) diet had lower GLUT2 membrane
protein expression compared to WT mice.

wild-type (0.76 and 0.68, p < 0.05) and Soat2−/−

(0.47 and 0.63, p < 0.05) mice, respectively
(Table S1). Moreover, hepatic CE levels were
inversely correlated with total lipolytic activity in
wild-type (−0.75, p < 0.05) and Soat2−/− (−0.66, p
< 0.05) mice (Table S1).

Genetic depletion of Soat2 increases β-oxidation in
male mice

To further understand the consequences of
absence of ACAT2 activity due to genetic deple-
tion of Soat2 onto metabolic efficiency and adult
adaptation to an energy-rich diet, approximately
seven-month-old Soat2−/− mice were fed HFD for
eight weeks prior to metabolic characterization.
Using automated recording of food, water, loco-
motor activity, energy expenditure, and respira-
tory quotient—RER = VCO2/VO2 indicative of the
substrate being used, RER = 1 for carbohydrate
and 0.7 for lipid—we did not find any signifi-
cant difference in high fat-induced body weight-
gain (Fig. 5a), body composition (lean and fat
mass), food and water intake, spontaneous loco-
motor activity, energy expenditure, O2 consump-
tion and CO2 production, or respiratory exchange
rate (data not shown) between Soat2−/− and wild-
type mice. In agreement with what we observed in
the younger mice, Soat2−/− mice had lower hep-
atic TG (p < 0.05) (Fig. 5b) and CE (p < 0.001)
(Fig. 5c), whereas levels of UC (Fig. 5d) did not
significantly differ compared to wild types. Also,
serum levels of total-TG (p < 0.01) and LDL-TG
(p < 0.001) were higher in Soat2−/− compared to
wild-type mice (Table S5). Of fundamental impor-
tance was the observation that whole-body oxida-
tion was about 30% higher (p < 0.05) in Soat2−/−

compared to wild-type mice (Fig. 5e,f), indicating a
whole-body shift toward lipid-based substrate uti-
lization. Interestingly, analysis of key genes reg-
ulating β-oxidation showed a 100% increase in
Ctp1a mRNA levels in Soat2−/− compared to wild-
type mice in the tibialis anterior, which was paral-
leled by around a 10% decrease in genes belonging
to the Acad family (Fig. S5d).

OGTT, ITT, and fasting serum glucose levels did
not significantly differ, while fasting serum levels of
insulin were lower (p < 0.05), with a similar trend
for HOMA-IR, in Soat2−/− compared to wild-type
mice (Fig. S4a–e). Also, in agreement with what
we observed in the younger mice, fasting serum
levels of NEFA did not differ but Adipo-IR was
lower (p < 0.05) in Soat2−/− compared to wild-type
mice (Fig. S4f,g). Hence, although genetic deple-
tion of Soat2 seems to have a lesser impact on
parameters of glucose tolerance in older mice, less
insulin is needed to maintain glucose homeostasis
in Soat2−/− compared to wild-type mice also when
ageing, indicative of a certain degree of resilience
against diet-induced diabetes.

302 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Fig. 5 Increased whole-body oxidation in Soat2−/−
mice. An additional experiment in older mice (∼7
months) fed a high-fat diet for eight weeks was
performed. As for younger mice, no significant
differences in weight-gain (a) were observed, but
hepatic lipids (b)–(d) decreased in Soat2−/− compared to
wild-type (WT) mice. Metabolic studies revealed that
Soat2−/− mice had about 30% higher whole-body
oxidation than wild types (e and f). Data are expressed
as mean ± SEM. Differences between the two
genotypes were tested using the Student´s t-test; *p <

0.05, **p < 0.01, and ***p < 0.001.

Discussion

Our work shows for the first time that inhibition
of cholesterol esterification in the liver and intes-
tine by genetic depletion of Soat2, and the following
lack of ACAT2 activity, lowers storage of lipids via
partitioning them into oxidation pathways¸ a fea-
ture that would protect against the HFD-induced
metabolic defect [17] (Fig. S6).

As Soat2−/− mice are healthy and do not present
features of the metabolic syndrome, we challenged
the mice with two types of diets, which have been
shown in other animal models to increase hepatic
and serum lipids, as well as impair glucose tol-
erance [25, 26]. Interestingly, in mice genetically
depleted for Soat2, the markers of glucose toler-
ance (e.g. glucose, insulin, HOMA-IR, OGTT, and

ITT) were strongly positively correlated to the levels
of ACAT2-derived CE in the liver, which substanti-
ates the role and relevance of Soat2 in maintaining
glucose homeostasis. The level of ACAT2-derived
CE also influences the levels of TG in the liver
since the positive association between the two
major lipids in the liver recedes when Soat2 is
genetically depleted. Further, the presence of a
strong positive correlation between the levels of TG
in the liver and in serum VLDL particles only in
Soat2−/− mice, and not in wild-type mice, clearly
indicates that ACAT2 activity leads to a trapping of
TG in the liver, in line with a previous study [12].

The relevance of our conclusions for the human
condition is sustained by our observation that
cholesterol-synthesis inhibition in gallstone
patients leads to decreased hepatic ACAT2 activity

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 296–307
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[27], decreased TG accumulation in the liver [28],
and to decreased cholesterol remnants (non-LDL
and non-HDL cholesterol) [29]. In humans, reduc-
tion of ACAT2 activity by statins was not associated
with an increase in TG in VLDL particles, likely
due to additional effects of cholesterol-synthesis
inhibition on TG and glucose metabolism [28].

Elevated levels of TG in the circulation are a risk
factor for cardiovascular events in humans. Hence,
the increased TG in VLDL particles, observed in
male mice genetically depleted of Soat2, may be
interpreted as a proatherogenic lipoprotein pheno-
type. However, this does not seem to be the case
since genetic or selective pharmacological inhibi-
tion of Soat2 has been shown to confer protection
against atherosclerosis, despite the increase in TG
in circulation [7–11]. This apparently paradoxical
condition can be explained by the observation that
enrichment in ACAT2-derived CE increases proteo-
glycan binding of LDL and promotes atherosclero-
sis in mice [30], and is further supported by the
recognition that CE in the core of TG-rich apoB-
containing particles—which aremainly synthetized
by ACAT2 in the intestine and in the liver—promote
atherosclerosis in humans, independent of LDL
cholesterol [31]. The overall result would be an
increase in TGmobilization from the liver but also a
synergistic shift in peripheral nutrient partitioning
in favour of lipid substrate oxidation. This pheno-
type has also been associated with an increase in
plasma TG but paradoxical improvement of glucose
tolerance onto HFD [17].

Blood glucose is transported across the plasma
membrane into the liver by GLUT2 and imme-
diately phosphorylated by GCK. The expression
of GLUT2 has been reported to be increased in
insulin-resistant states [32–34]. SNPs in SLC2A2
are associated with cardiovascular disease and
serum cholesterol levels [35, 36], and humans
with mutations in SLC2A2—which cause Fanconi-
Bickel syndrome—have elevated plasma choles-
terol levels [37]. Also, long-term hepatic Gck over-
expression increases markers of glucose tolerance
(e.g. glucose, insulin, and OGTT), and hepatic and
serum lipid levels in mice [38]. Consequently, our
findings of lower GLUT2 membrane protein expres-
sion and lower Gck mRNA levels in Soat2−/− mice
further support the relevance of ACAT2/Soat2 in
maintaining glucose homeostasis.

High serum levels of glucose and insulin also
inhibit fatty acid oxidation [39]. Hence, it is not

surprising that ACAT2 inhibition by genetic deple-
tion of Soat2 induces whole-body oxidation as a
likely consequence of the lower fasting insulin lev-
els in circulation, which is paralleled by lower or
unchanged glucose levels. An interesting finding is
that genetic depletion of Soat2 doubled the expres-
sion of Cpt1a only in tibialis anterior—which is
a glycolytic muscle—whereas no increases were
observed in soleus, liver, or adipose tissue (Fig. S5).
This interesting finding—which suggests a switch
towards a more oxidative phenotype in tibialis
anterior—was paralleled by a different and incon-
sistent behaviour of the Acadm gene, which was
slightly decreased in the liver, soleus, and tibialis
anterior but increased by 50% in adipose tissue of
Soat2−/− mice. Glucose is the main substrate for
DNL, which is elevated in T2DM and NAFLD. As in
female Soat2−/− mice challenged by the same diets
[13], male mice depleted for Soat2 seem to have
reduced DNL—following decreased expression of
Acaca—which in turn contributes to the reduced
hepatic steatosis and improved glucose tolerance
observed in Soat2−/− mice.

In adipose tissue, insulin suppresses lipolysis, pro-
motes lipogenesis, and increases glucose uptake.
Adipo-IR is considered a surrogate marker of
insulin resistance in adipose tissue, and it gradu-
ally increases from a normal condition to impaired
glucose tolerance and finally to overt T2DM [40].
In line with the improved glucose tolerance in
Soat2−/− mice, it seems that genetic depletion of
Soat2 positively affects the insulin resistance of
adipose tissue, since Adipo-IR was lower com-
pared to wild-type mice. The mechanism behind
this is yet unknown. We cannot exclude that
the different composition of CE in the circulat-
ing apoB-containing lipoproteins [4] may play a
role, by exposing the adipose tissue to different
loads of cholesterol and CE species. Our hypoth-
esis is also supported by the identification of a role
for cholesterol, and its esterification, in lipolysis
and insulin signaling of adipocytes [41]. Hence, it
seems that the positive effects of Soat2 depletion go
beyond decreased hepatic lipid accumulation and
improved hepatic glucose tolerance and involve the
adipose tissue and the muscles, in which lower
accumulation of lipids is observed.

Dysregulation of LD physiology and metabolism
also increases the risk of developing T2DM and
NAFLD. The expression of FSP27/CIDEC is high
in adipose tissue, low in normal livers, and highly
induced in fatty livers [23, 24]. A key finding of

304 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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our studies is that genetic depletion of Soat2 either
blunts (HCD) or dampens (HFD) the increase in
hepatic Fsp27/Cidec mRNA levels. In contrast, no
significant differences in Fsp27mRNA levels in the
adipose tissue were observed between Soat2 −/−

and wild-type mice (data not shown). Adipocyte-
specific [42] or total Fsp27 knockout mice chal-
lenged with HFD have lower body weight and
less fat mass, but this is accompanied by hep-
atic steatosis and insulin resistance [43]. Partial
lipodystrophy and insulin-resistant diabetes have
also been reported in a woman bearing a nonsense
mutation in CIDEC [44]. It is thus clear that inhi-
bition of FSP27/CIDEC in adipose tissue should
be avoided. Interestingly, overexpression of FSP27
in mouse hepatocytes increases intracellular TG
accumulation, impairs mitochondrial β-oxidation,
and reduces TG turnover [45]. Here we found
genetic depletion of Soat2 to be associated with
lower FSP27/CIDEC, diminished hepatic steato-
sis, improved glucose tolerance, and enhanced
β-oxidation. Reduced hepatic Fsp27/Cidec levels
in Soat2−/− mice seem thus to be an impor-
tant mechanism by which depletion of Soat2
results in improved hepatic steatosis and glucose
tolerance.

The results in this and previous studies [7–13] con-
trast with the study by Wang et al. [46], which
reported no significant differences in hepatic and
serum TG levels between Soat2−/− and wild-type
mice when fed either HFD (60% kcal% fat) or a
chow diet for 12 weeks. Also, in contrast to our
study, increased serum levels of NEFA, AUC GTT,
and AUC ITT were reported in Soat2−/− fed HFD,
but not the chow diet [46]. The Soat2−/− mice used
in the study [46] are of the same origin as ours
and the studies mentioned earlier. The diet and the
feeding period differ, but it seems unlikely that this
could explain the discrepancy. It is challenging to
resolve the discrepancy in findings of this study
with that of Wang et al. [46] as they did not: (a)
report potential differences in body weight at base-
line and weight-gain during the course of the study;
(b) assess serum levels of glucose and insulin lev-
els and calculation of HOMA-IR; (c) perform OGTT
tests (i.p. injection of glucose was performed); or(
d) assess glucose tolerance in various tissues (e.g.
liver, adipose) and skeletal muscles. Nevertheless,
the lack of significant differences in serum VLDL-
TG in Soat2−/− compared to wild-type mice seems
to be one of the most relevant mechanistic expla-
nations to the discrepancies.

In conclusion, our study reveals the mechanisms
by which ACAT2, encoded by Soat2, and ACAT2-
derived CEmodulate glucose and lipid metabolism,
and insulin resistance (Fig. S6). It also shows
how cholesterol esterification by ACAT2 affects β-
oxidation and how the ACAT2-derived CE regu-
lates the mobilization of TG from the liver. The pos-
itive effects on adipose tissue and muscles also
suggest that genetic depletion of Soat2 amelio-
rates the metabolic status of mice, beyond the
observed diminished or complete resistance to hep-
atic steatosis. Our study strongly suggests spe-
cific inhibition of ACAT2 as an effective strategy
to reduce liver lipid accumulation—a strategy with
positive consequences beyond the cardiometabolic
diseases as suggested by the recent finding that
ACAT2/SOAT2 increases the risk for NAFLD fol-
lowing hepatitis C virus infection [14].
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