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Background and objectives. Statins are used for
metabolic dysfunction-associated steatotic liver
disease (MASLD) (NAFLD) treatment, but their role
in this context is unclear. Genetic variants of
patatin-like phospholipase domain containing 3
(PNPLA3) are associated with MASLD susceptibil-
ity and statin treatment efficacy. Access to liver
biopsies before established MASLD is limited, and
statins and PNPLA3 in early liver steatosis are thus
difficult to study.

Methods. Liver biopsies were collected from 261
patients without known liver disease at surgery
and stratified based on statin use and criteria
for the metabolic syndrome (MS). Genotypes and
transcript levels were measured using Illumina
and Affymetrix arrays, and metabolic and lipopro-
tein profiles by clinical assays. Statin effects on
PNPLA3, de novo lipogenesis (DNL), and lipid accu-
mulation were further studied in vitro.

Results. The PNPLA3I148M genetic variant was asso-
ciated with significantly lower hepatic levels of

cholesterol synthesis-associated transcripts.
Patients with MS had significantly higher hepatic
levels of MASLD and lipogenesis-associated tran-
scripts than non-MS patients. Patients with MS on
statin therapy had significantly higher hepatic lev-
els of PNPLA3, acetyl-CoA carboxylase alpha, and
ATP citrate lyase, and statin use was associated
with higher plasma fasting glucose, insulin, and
HbA1c. Exposure of hepatocyte-like HepG2 cells to
atorvastatin promoted intracellular accumulation
of triglycerides and lipogenesis-associated tran-
scripts. Atorvastatin-exposure of HepG2, sterol
O-acyltransferase (SOAT) 2-only-HepG2, primary
human hepatic stellate, and hepatic stellate
cell-like LX2 cells significantly increased levels
of PNPLA3 and SREBF2-target genes, whereas
knockdown of SREBF2 attenuated this effect.

Conclusions. Collectively, these observations suggest
statin-associated regulation of PNPLA3 and DNL
in liver. The potential interaction between PNPLA3
genotype and metabolic status should be consid-
ered in future studies in the context of statin ther-
apy for MASLD.
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Introduction

The metabolic dysfunction-associated steatotic
liver disease (MASLD)—formerly termed nonalco-
holic fatty liver disease [1]—is the most prevalent
cause of chronic liver disease worldwide, affecting
an estimated one billion individuals globally [2].
Overall, 90% of patients with MASLD fulfill more
than one criterion of the metabolic syndrome (MS),
a cluster of clinical findings that significantly
increase the risk of cardio-metabolic diseases [3,
4].

MASLD pathophysiology typically involves exces-
sive hepatic lipid accumulation in genetically sus-
ceptible individuals [5]. GWAS studies have uncov-
ered strong associations between MASLD devel-
opment and genetic variants of patatin-like phos-
pholipase domain containing 3 (PNPLA3), trans-
membrane 6 superfamily member 2 (TM6SF2), and
glucokinase regulator (GCKR) [6]. As increased
free cholesterol accumulation in the liver is a key
feature of MASLD development [7, 8], statins—
which inhibit cholesterol synthesis in the liver and
are the first-line therapy for dyslipidemia [9]—
have been investigated in treatment of established
MASLD [10–12]. The findings on statin treatment
in MASLD are yet inconclusive [13]. Patients carry-
ing the I148M mutation of PNPLA3 (PNPLA3148M)—
encoding an isoleucine to methionine substitution
at position 148—have a higher risk for MASLD
development [14, 15] and show reduced benefi-
cial effects on MASLD from statin therapy [16],
suggesting that statin efficacy depends on geno-
type. PNPLA3 has lipase activity toward triglyc-
erides in hepatocytes and retinyl esters in hepatic
stellate cells (HSC) [15], and the I148M substitu-
tion confers a loss of function that promotes triglyc-
eride accumulation in hepatocytes [15]. Although
an association between PNPLA3148M and the devel-
opment of MASLD has been reported [14], the links
to the MS and statins remain unknown. A barrier
to understanding MASLD onset and pathogenesis
in the context of MS has been the limited access
to liver biopsies from individuals with MS without
established MASLD.

Here, we stratified patients on PNPLA3 geno-
type, MS, and statin use and studied markers
of metabolic status in liver and plasma. The link
between statin and PNPLA3 was further investi-
gated in vitro.

Materials and methods

The study was approved by the Human Research
Ethics Approval Committee of Stockholm (appli-
cation numbers 2006/784-31/1 and 2012/1633-
31/4), Sweden. Written informed consent was
obtained from all participants, and the study con-
formed to the principles of the Declaration of
Helsinki.

Patients

Liver biopsies were obtained from patients under-
going elective open-heart surgery for ascending
aortic aneurysm and/or aortic valve disease at the
Karolinska University Hospital, Stockholm, Swe-
den, as part of the Advanced Study of Aortic Pathol-
ogy (ASAP) [17–19].

Exclusion criteria

(1) Alanine aminotransferase (ALT) lev-
els > or = 1.1 µkat/L; indicating active liver
disease or hepatic dysfunction; (2) missing data
on statin use or one of the five MS criteria; and (3)
less than 6 h of fasting before surgery.

Liver microarray and genotyping

Gene expression was measured in liver sam-
ples using the human transcriptomic array (HTA)
(Affymetrix) or the Affymetrix GeneChip Human
Exon 1.0 ST array (in n = 261 and n = 144
patients for HTA and Exon 1.0 ST array, respec-
tively) at the Karolinska Institutet Affymetrix core
facility, as previously described [18]. The raw data
were preprocessed using Robust Multichip Average
(RMA) [20] normalization as implemented in the
Affymetrix Transcriptome Analysis Console Soft-
ware (for HTA) or Affymetrix Power Tools 1.10.2
package apt-probeset-summarize (for Exon 1.0
array). All expression measurements were log2-
transformed as part of the RMA normalization.
Genotypes were determined based on the Illumina
Human 610W-Quad Bead arrays at the SNP tech-
nology platform, Uppsala University. DNA was iso-
lated from the blood.

Plasma protein determinations

All blood samples were collected in fasting state.
Blood glucose, HbA1c, and ALT levels were ana-
lyzed by certified routine assays at the Karolinska

48 © 2024 The Author(s). 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, 2025, 297; 47–59



Statin-dependent regulation of PNPLA3 / O. Ahmed et al.

University Laboratory, Stockholm, Sweden. Insulin
wasmeasured by standard ELISA, and lipoproteins
analyses were measured as described [19].

Criteria to diagnose metabolic syndrome (MS)
1. Waist circumference of 40 in. (101 cm) or more

for men and 35 in. (90 cm) or more for women
(measured across the abdomen);

2. Blood pressure of 130/85 mm Hg or higher;

3. Plasma triglyceride level above 150 mg/dL
(1.7 mmol/L);

4. Plasma high-density lipoprotein (HDL) level
cholesterol less than 40 mg/dL (1.03 mmol/L)
for men or under 50 mg/dL (1.3 mmol/L) for
women;

5. Fasting blood glucose level above 5.6 mmol/L.

Patients who fulfill the essential waist circumfer-
ence criteria in addition to two or more of the other
above criteria are diagnostic for MS according to
the International Diabetes Federation [21–23].

Cell culture

SterolO-acyltransferase (SOAT) 2-only-HepG2 [24],
HepG2, primary human HSCs (phHSCs) (LifeNet
Health), and immortalized primary human hepatic
stellate LX2 cells (Sigma, #SCC064) were used for
in vitro experiments.

We previously generated SOAT2-only-HepG2 [24]
because HepG2 cells, in contrast to human hep-
atocytes in vivo—which solely express SOAT 2—
also express SOAT1. SOAT2-only-HepG2 cells were
grown at 37°C and 5% CO2 in Dulbecco’s Mod-
ified Eagle Medium (DMEM; 1 g/L glucose and
4.5 g/L glucose, respectively) supplemented with
10% fetal bovine serum (FBS), 100 units/mL peni-
cillin, and 100 µg/mL streptomycin (Thermo Sci-
entific). We previously also developed a protocol
that improves the phenotype of hepatoma cells,
which become more hepatocyte-like in terms of
hepatic lipid metabolism [25]. Accordingly, SOAT2-
only-HepG2 cells were cultured in six well-plates
as described above, but the FBS was replaced
with 2% human serum for 10 days. Then, cells
were incubated for 16 h in Opti-MEM (Thermo Sci-
entific) ± atorvastatin 5 µmol/L or dimethylsul-
foxide (DMSO) used for control purpose as vehi-
cle at 0.08% V/V. DMSO and compounds were
purchased from Merck/Sigma (#2650-100ML and
#PHR1422-1G).

HepG2 and LX2 cells were maintained in
DMEM with 10% FBS, 100 U/mL penicillin,
and 100 µg/mL streptomycin at 37°C in air con-
taining 5% CO2. Triglycerides were measured by
triglyceride assay kit (Abcam# Ab65336) according
to manufacturer instructions.

The phHSCs (n donors = 4) were thawed, seeded at
the density of 1.75e4 cells per well of 12-well plate,
and maintained in DMEM supplemented with glu-
tamax and 10% FBS according to manufacturer’s
instructions. phHSCs were transfected with siRNA
as described below. After 48 h transfection, cells
were serum-starved for 24 h and exposed to ator-
vastatin or DMSO for 24 h.

RNA interference

For siRNA transfection, media was replaced with
fresh DMEM + 20% FBS, 100 µL per well of
96-well plate. siRNA/RNAiMAX (Thermo Fisher,
#13778075) complexes were prepared in 100 µL
of Opti-MEM according to manufacturer’s instruc-
tions using 5 pM of scrambled siRNA (Thermo
Fisher, #4390843) or siRNA targeting SREBF2
(Thermo Fisher, #4390824 s27) and 0.4 µL of
RNAiMAX per well. SOAT2-only-HepG2, HepG2,
phHSC, and LX2 cells were incubated with the
complexes for 24 h. Next, HepG2, phHSC, and LX2
cells were serum-starved in DMEM for 24 h. The
medium was replaced with fresh DMEM for HepG2,
phHSC, and LX2 cells and for Opti-MEM for
SOAT2-only-HepG2 cells, and cells were exposed
to atorvastatin (5 µmol/L) or DMSO for 24 h and
collected for subsequent RNA or protein isolation.

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

Total RNA was extracted using QIAzol (Qiagen,
#79306) and transcribed into cDNA using High
Capacity cDNA Reverse Transcription kit (Thermo
Fisher, #4368813). mRNA levels were quantified
using specific primers (Table S1), and arbitrary
units were calculated by linearization of the CT val-
ues and normalized to PPIA and B2M.

Western blot

HepG2 cells were lysed in the RIPA buffer in the
presence of 1× Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher, #78440) for
10 min at +4°C. Lysates were diluted in 2×
Laemmli buffer, and proteins were separated
using SDS–PAGE in 10% acrylamide gel. Proteins
were transferred to a nitrocellulose membrane,
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Fig. 1 Inclusion and stratification of patients.

blocked with 5% Blotting-Grade Blocker (Bio-
Rad, #170-6404), and stained using antibodies
against SREBF2 (Cayman Chemicals, #10007663),
PNPLA3 (Abcam, #ab81874), and β-actin (Abcam,
#ab8226). Donkey anti-rabbit IgG (LI-COR, #926-
32213) and goat anti-mouse IgG (LI-COR, #925-
68070) were used as secondary antibodies and
signals visualized using a ChemiDoc Imager (Bio-
Rad).

Statistical analysis

Data are shown as mean ± SEM or min to max
box plots with the middle line at median. Groups
were compared in GraphPad Prism 9 (GraphPad
Software Inc.) using an unpaired Student’s t test,
Mann–Whitney U test, or one-way ANOVA followed
by Fisher’s least significant difference or Šídák’s
multiple comparisons post hoc test as indicated in
the figure legends. p < 0.05 was considered signif-
icant.

Results

Patient inclusion

A total of 261 patients scheduled for aortic surgery
were subjected to peroperative liver biopsy [17–19].
As MS is a key predictor of MASLD [26, 27],
patients were stratified on established MS criteria
[21–23]. Out of the 261 patients, 39 patients were
excluded due to missing information on statin
use or MS criteria, absence of sufficient fasting,
or plasma ALT level above 1.1 µkat/L. Eighty-one
had ongoing statin treatment, whereas 141 did not
(Fig. 1). Among statin users, 24 patients fulfilled
the criteria for the MS, and 57 did not. Study

subgroups and baseline characteristics are shown
in Fig. 1 and Tables 1 and 2.

The PNPLA3I148M genetic variant was associated with
higher hepatic levels of MASLD-associated and lower
hepatic levels of cholesterol-synthesis-associated
transcripts

The genetic variant PNPLA3 I148M is associ-
ated with MASLD development and severity
[15]. We grouped patients based on PNPLA3
genotype (i.e., homozygote PNPLA3148II, heterozy-
gote PNPLA3148M/I, and homozygote PNPLA3148MM)
and investigated hepatic transcript levels of the
MASLD-associated PNPLA3, TM6SF2, GCKR, and
membrane bound O-acyltransferase domain con-
taining 7 (MBOAT7) using Illumina and Affymetrix
arrays. We observed no significant difference in
PNPLA3 levels between genotype groups (Fig. 2a).
Levels of TM6SF2, GCKR, andMBOAT7 were signif-
icantly higher in the PNPLA3148MM compared with
the PNPLA3148II group (Fig. 2b). Interestingly, in
patients without statin therapy, the PNPLA3148MM
group had significantly lower transcript lev-
els of cholesterol synthesis genes 3-hydroxy-3-
methylglutaryl-CoA synthase (HMGCS) and 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
compared to the PNPLA3148II group (Fig. 2c). No
significant difference was observed in SREBF2
between groups (Fig. 2d). Because there was an
association between PNPLA3 genetic variants and
levels of key cholesterol synthesis genes, and
previous studies linked PNPLA3 genetic variants
with the efficiency of statin therapy in MASLD
[16], we next investigated whether statin treat-
ment was associated with differences in PNPLA3
levels.

Statin treatment was associated with higher levels of
hepatic PNPLA3 and DNL-associated transcripts in MS
patients

Patients were stratified on the presence of MS
and statin use. Transcript levels of PNPLA3 and
TM6SF2 were significantly higher in MS patients
compared with the non-MS group, but there was
no significant difference in GCKR and MBOAT7
(Fig. 3a,b). Transcript levels of key enzymes in hep-
atic de novo lipogenesis (DNL)—including ATP cit-
rate lyase (ACLY), acetyl-CoA carboxylase alpha
(ACACA), and stearoyl-CoA desaturase (SCD)—
were also higher in patients with MS compared
with the non-MS group (Fig. 3c). No significant dif-
ference was observed in SREBF1c levels between
groups (Fig. 3d). Thus, in patients without statin
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Table 1. Clinical characteristics in patients without statin treatment defined as metabolic syndrome (MS) or not.

Patients
Non-MS
(n = 115) MS (n = 26) p

Sex (F/M) (26/89) (5/21)
Age 62.4 ± 1.2 62.4 ± 2.4 n.s.
BMI 26 ± 0.3 30 ± 0.8 <0.0001
Waist circumference (cm) 95 ± 1.0 107 ± 1.5 <0.01
Plasma total cholesterol (mmol/L) 5.4 ± 0.1 5.5 ± 0.2 n.s.
Plasma triglycerides (mmol/L) 1.0 ± 0.05 1.9 ± 0.2 <0.0001
LDL cholesterol (mmol/L) 3.5 ± 0.1 3.5 ± 0.2 n.s.
HDL cholesterol (mmol/L) 1.4 ± 0.04 1.2 ± 0.08 <0.01
Apolipoprotein B (g/L) 1.0 ± 0.02 1.1 ± 0.06 n.s.
Apolipoprotein A1 (g/L) 1.6 ± 0.03 1.4 ± 0.06 <0.05

Note: Data show mean ± SEM. Unpaired Student’s t test
Abbreviations: BMI, body mass index; F, female; HDL, high density lipoprotein; LDL, low-density lipoprotein; M, male;
n.s, not significant.

Table 2. Clinical characteristics in patients who fulfilled the criteria for the metabolic syndrome (ms), stratified on statin
use.

Patients
No statin
(n = 26) Statin (n = 24) p

Sex (F/M) (5/19) (6/18)
Age 62.3 ± 2.4 67.7 ± 2.1 n.s.
BMI 30.0 ± 0.8 31.8 ± 0.8 n.s.
Waist circumference (cm) 107 ± 1.5 114 ± 4.2 n.s.
Plasma total cholesterol, mmol/L 5.5 ± 0.2 4.7 ± 0.1 <0.01
Plasma triglycerides, mmol/L 1.9 ± 0.2 1.9 ± 0.2 n.s.
LDL cholesterol, mmol/L 3.5 ± 0.2 2.6 ± 0.1 <0.001
HDL cholesterol, mmol/L 1.2 ± 0.08 1.1 ± 0.09 n.s.
Apolipoprotein B, g/L 1.1 ± 0.06 1.0 ± 0.03 <0.05
Apolipoprotein A1, g/L 1.4 ± 0.06 1.4 ± 0.05 n.s.

Note: Data show mean ± SEM. Unpaired Student’s t test.
Abbreviations: BMI, body mass index; F, female; HDL, high density lipoprotein; LDL, low-density lipoprotein; M, male;
n.s, not significant.

therapy, levels of DNL- and MASLD-associated
hepatic transcripts were higher in MS compared to
non-MS patients.

Levels of PNPLA3 were significantly higher in the
statin-treated group (Fig. 4a). In contrast, tran-
script levels of TM6SF2, GCKR, and MBOAT7
were not significantly different between groups
(Fig. 4b). Congruent with ongoing statin treat-
ment [28, 29], patients in the “statin treatment
group” showed significantly higher transcript lev-
els of SREBF2 and the SREBF2-regulated genes
HMGCS, HMGCR, and LDL receptor (LDLR) in liver
biopsies as compared with patients without statin
therapy (Fig. 4c).

Plasma levels of LDL-cholesterol and apolipopro-
tein B were lower in the statin-treated group
(Table 2), further supporting ongoing statin ther-
apy. Patients with MS with ongoing statin treat-
ment also showed significantly higher hepatic tran-
script levels of the key DNL enzymes—that is,
ACLY, ACACA, and SCD—as compared with MS
patients without statin treatment (Fig. 4d). No sig-
nificant difference was observed in SREBF1c levels
between groups (Fig. 4d).

Patients with ongoing statin treatment who did not
fulfill MS criteria also showed significantly higher
hepatic transcript levels of PNPLA3 (Fig. S1a) and
the key DNL enzymes as compared with patients
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Fig. 2 PNPLA3I148M was associated with altered hepatic levels of metabolic dysfunction–associated steatotic liver disease
(MASLD)-associated and cholesterol synthesis–associated transcripts. Liver biopsy homogenates from individuals without
known liver disease were analyzed using human transcriptome array and grouped by genotype for the PNPLA3I148M. (a
and b) Transcript levels of MASLD associated genes patatin-like phospholipase domain containing 3(PNPLA3), transmem-
brane 6 superfamily member 2 (TM6SF2), glucokinase regulator (GCKR), and membrane bound O-acyltransferase domain
containing 7 (MBOAT7) (c) Transcript levels of cholesterol synthesis associated genes, in patients without statin therapy,
3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and (d) SREBF2.
148II—homozygote for the enzymatically active allele, 148I/M—heterozygote, and 148MM—homozygote for the enzymat-
ically inactive alleles. Data are expressed as min to max box plots with middle line at median, each dot represents one
patient. One-way ANOVA, Fisher’s least significant difference (LSD) test. n.s., not significant. *p < 0.05 and **p < 0.01
(n = 15–83/group).

without statin treatment who did not fulfill MS
criteria (Fig. S1c). No significant difference was
observed in SREBF1c levels between the groups
(Fig. S1d). As expected, patients on statins showed
significantly increased transcript levels of SREBF2
and the SREBF2-regulated genes in liver biopsies
(Fig. S1e).

In vitro, hepatocyte-like HepG2 cells showed sig-
nificant induction of ACLY, ACACA, and SCD and
a significant reduction of SREBF1c following ator-
vastatin exposure (Fig. S2a,b). No significant dif-
ference was observed in ACACB and FASN lev-

els following atorvastatin exposure (Fig. S2a). In-
line with this, we observed higher levels of triglyc-
erides in HepG2 cells following atorvastatin expo-
sure, supporting a physiological effect of the statin-
induced increase of DNL transcripts (Fig. S2c).

We were unable to measure liver fat accumula-
tion as an indication of DNL in our clinical cohort.
Instead, we proceeded to compare key metabolic
indicators between statin-treated and non-statin-
treated MS and non-MS patients. Patients who
fulfilled MS criteria and were on statin ther-
apy showed significantly higher fasting glucose,
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Fig. 3 Hepatic levels of metabolic dysfunction–associated steatotic liver disease (MASLD)- and de novo lipogenesis (DNL)-
associated transcripts were higher in human metabolic syndrome patients. Liver biopsy homogenates from individuals
without known liver disease and without statin therapy were analyzed using human transcriptome array and grouped
by meeting criteria for the metabolic syndrome (MS) or not (non-MS). (a and b) Transcript levels of MASLD associated
genes patatin-like phospholipase domain containing 3 (PNPLA3), transmembrane 6 superfamily member 2 (TM6SF2), glu-
cokinase regulator (GCKR), and membrane bound O-acyltransferase domain containing 7 (MBOAT7). (c) Transcript levels
of key enzymes involved in DNL ATP citrate lyase (ACLY), acetyl-CoA carboxylase alpha (ACACA), ACACB, stearoyl-CoA
desaturase (SCD), and FASN. (d) Transcript levels of SREBF1 transcriptional regulator of DNL associated genes. Data are
expressed as min to max box plots with middle line at median, each dot represents one patient. Mann Whitney U test. n.s.,
not significant. *p < 0.05, **p < 0.01, and ***p < 0.001 (n = 26–115/group).

insulin, and HbA1c levels as compared with MS
patients without statin therapy (Fig. 5a). When
patients with diabetes were excluded from the
analysis, levels of fasting glucose and insulin were
still significantly higher in statin-treated patients
compared with patients without statin treatment
who fulfilled MS criteria (Fig. 5b). However, in
patients who did not fulfill the criteria for MS, there
was no significant difference in levels of fasting glu-
cose, insulin, or HbA1c between statin-treatment
groups (Fig. 5a). Together, the findings suggest
that statin therapy may promote hepatic DNL and
aggravated hyperglycemic features in MS patients
in this cohort.

Statin regulation of PNPLA3 in liver cells required
SREBF2

To investigate the mechanism of statin regulation
of PNPLA3, we turned to cell culture and exposed
four different cell models relevant in the context of
liver pathophysiology—hepatocellular carcinoma
(HepG2) cells, SOAT2-only-HepG2 cells, immor-
talized phHSC line (LX2) cells, and phHSC—to

atorvastatin in vitro. In HepG2, LX2, and phHSC
cells, atorvastatin significantly increased levels
of transcripts involved in hepatic cholesterol
metabolism—including SREBF2, HMGCR, PCSK9,
and LDLR (Figs. 6a, 7a, and Fig. S3a). Consis-
tently, both HMGCR and PCSK9 were upregulated
in SOAT2-only-HepG2 cells (Fig. 8a). In-line with
the observations in human liver biopsies (Fig. 4a,
Fig. S1a), PNPLA3 levels were significantly higher
in all four cell models exposed to atorvastatin in
vitro as compared with vehicle (Figs. 6b, 7b, 8b
and Fig. S3b).

As SREBF2 is a key transcription factor in the
cholesterol synthesis pathway targeted by statins
[28, 29], we investigated the effect of SREBF2 in
the context of statin-regulated PNPLA3 transcrip-
tion. SREBF2 was knocked down using siRNA
(Fig. S4) in the four cell models: HepG2, SOAT2-
only-HepG2, LX2 cells, and phHSC. SREBF2
knockdown reduced basal expression of PNPLA3
by ∼50% in HepG2 cells and by ∼20% in LX2
cells (Fig. 6b, Fig. S3b). Cultures were sub-
sequently exposed to atorvastatin or vehicle.
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Fig. 4 Hepatic expression of metabolic dysfunction-associated steatotic liver disease (MASLD)- and de novo lipogene-
sis (DNL)-associated genes in patients with metabolic syndrome was elevated in the statin-treated group. Liver biopsy
homogenates from individuals without known liver disease were analyzed using human transcriptome array. (a and b)
Transcript levels of MASLD associated genes patatin-like phospholipase domain containing 3 (PNPLA3), transmembrane 6
superfamily member 2 (TM6SF2), glucokinase regulator (GCKR), and membrane bound O-acyltransferase domain containing
7 (MBOAT7). (c) Transcript levels of key regulators of hepatic cholesterol metabolism (SREBF2, 3-hydroxy-3-methylglutaryl-
CoA synthase (HMGCS1), 3-hydroxy-3-methylglutaryl-coa reductase (HMGCR), low-density lipoprotein receptor (LDLR), and
PCSK9) in metabolic syndrome (MS) patients with or without statin treatment. (d and e) Transcript levels of transcription-
ally regulated key enzymes involved in DNL ATP citrate lyase (ACLY), acetyl-CoA carboxylase alpha (ACACA), ACACB,
stearoyl-CoA desaturase (SCD), FASN, and SREBF1. Data are expressed as min to max box plots with the middle line at the
median, each dot representing one patient. Mann Whitney U test. n.s., not significant. *p < 0.05, **p < 0.01, ****p < 0.0001
(n = 24–26/group).

Knockdown of SREBF2 attenuated the
atorvastatin-dependent upregulation of PNPLA3
along with SREBF2,HMGCR, and PCSK9 in HepG2,
LX2, and phHSC cells; LDLR in HepG2 and LX2
cells (Figs. 6a,b, 7a,b, Figs. S3a,b and S4); and
HMGCR and PCSK9 in SOAT2-only-HepG2 cells
(Fig. 8a). Taken together, atorvastatin-mediated
regulation of PNPLA3 required SREBF2.

Discussion

Here, we observed that patients without known
liver disease who fulfill the criteria for MS
showed higher hepatic levels of MASLD- and DNL-
associated transcripts. Statin treatment was asso-
ciated with higher levels of hepatic PNPLA3 and
lipogenesis-associated transcripts in patients with-
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Fig. 5 Statin treatment associated with hyperglycemic signs in patients with metabolic syndrome. (a) Plasma levels of
fasting blood glucose (n = 57–115 and 24–26/treatment group, insulin (n = 39–70 and 13–17/treatment group) and HbA1c
(n = 51–95 and 22–24/treatment group) in metabolic and non-metabolic syndrome patients treated with (blue dots) or
without (gray dots) statins. Data are expressed as min to max box plots, and each dot represents one patient. One-way
ANOVA with Šídák’s multiple comparisons test. (b) Plasma levels of fasting blood glucose (n = 15–26/treatment group),
insulin (n = 9–17/treatment group) and HbA1c (n = 14–24/treatment group) in metabolic syndrome (MS) patients, after
exclusion of individuals diagnosed with diabetes, treated with or without statins. Data are expressed as min to max box
plots, and each dot represents one patient. Student’s t test. n.s., not significant. *p < 0.05.

Fig. 6 Statin regulation of patatin-like phospholipase domain containing 3 (PNPLA3) in liver cells required SREBF2. (a and b)
HepG2was exposed to atorvastatin (Atrov.) or vehicle dimethylsulfoxide (DMSO), with andwithout SREBF2 knockdown, and
the mRNA levels of SREBF2, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), PCSK9, low-density lipoprotein receptor
(LDLR), and PNPLA3 were quantified using qPCR. Data are expressed as mean ± SEM. One-way ANOVA, Fisher’s least
significant difference (LSD) post hoc test. n.s., not significant; siC, scrambled siRNA; siSR, SREBF2 siRNA. **p < 0.01,
***p < 0.001, and ****p < 0.0001 (n = 10).

out known liver disease, regardless of whether they
fulfilled the criteria for MS. Interestingly, statin
regulation of PNPLA3 required SREBF2 in human
hepatocyte-like cells and primary HSCs in vitro.

An important function of the liver is to synthe-
size fatty acids from non-lipid precursors such
as glucose, so-called DNL. Patients with MS fre-
quently show increased liver fat accumulation [30],
which can progress into MASLD [26]. Hepatic DNL-
associated genes are elevated in MASLD patients
[31], and enhanced DNL significantly contributes
to liver fat accumulation in MASLD [32]. Although
established MASLD has been extensively studied,

the molecular mechanisms that underlie the early
hepatic fat accumulation in patients with MS are
not well understood.

The MS-associated elevation of hepatic DNL-
associated transcripts observed here suggests that
DNL is linked to MASLD development in MS. Of
note, patients in this cohort with MS treated with
statins showed higher glucose, insulin, and HBA1c
levels compared to MS non-statin users. These
observations were supported by statin-induced ele-
vation of DNL-associated transcripts and corre-
sponding significant accumulation of triglycerides
in cell cultures in this study. Collectively, these
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Fig. 7 Statin regulation of patatin-like phospholipase domain containing 3 (PNPLA3) in primary human HSC required
SREBF2. (a and b) Primary human hepatic stellate cells (HSC) were exposed to atorvastatin (Atrov.) or vehicle dimethyl-
sulfoxide (DMSO), with and without SREBF2 knockdown, and the mRNA levels of SREBF2, 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR), PCSK9, low-density lipoprotein receptor (LDLR), and PNPLA3 were quantified using qPCR. Data are
expressed as mean ± SEM. One-way ANOVA, Fisher’s least significant difference (LSD) post hoc test. n.s., not significant;
siC, scrambled siRNA; siSR, SREBF2 siRNA. **p < 0.01, ***p < 0.001, and ****p < 0.0001 (n = 3–4).

Fig. 8 Statin regulation of patatin-like phospholipase domain containing 3 (PNPLA3) in sterol O-acyltransferase (SOAT)
2-only-HepG2 cells involved SREBF2. (a and b) SOAT2-only-HepG2 cells were exposed to atorvastatin (Atrov.) or vehicle
(DMSO), with andwithout SREBF2 knockdown, and the mRNA levels of SREBF2, 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR), PCSK9, low-density lipoprotein receptor (LDLR), and PNPLA3 were quantified using qPCR. Data are expressed as
mean ± SEM. One-way ANOVA, Fisher’s least significant difference (LSD) post hoc test. n.s., not significant; siC, scrambled
siRNA; siSR, SREBF2 siRNA. **p < 0.01, ***p < 0.001, and ****p < 0.0001 (n = 3–4).

findings suggest an additional potential mecha-
nism for the proposed possibility of a diabetogenic
effect of statins [1, 32, 33, 34].

Our finding in our cohort that statin-treated
patients had higher levels of hepatic PNPLA3
is interesting in the context of previous genetic
studies of MASLD—in particular, that carriers of
PNPLA3148M do not benefit from statin therapy [16]:
Previous studies showed that hepatic overexpres-
sion of human PNPLA3148M, but not PNPLA3148I,
promotedMASLD inmice [35]. Congruently, silenc-
ing PNPLA3148M after its initial overexpression
ablated fatty liver disease [36]. Together, the find-
ings suggest that statin-mediated upregulation of

hepatic PNPLA3148M might contribute to MASLD
progression.

There was increased hepatic expression of MASLD-
associated genes in homozygous PNPLA3148MM
individuals, potentially resulting from the
metabolic consequences of loss of PNPLA3 hydro-
lase activity. PNPLA3148MM individuals also had
lower levels of key cholesterol synthesis-associated
transcripts, hinting at higher intracellular basal
cholesterol levels, and suggesting an interaction
between PNPLA3148MM and the intracellular choles-
terol homeostasis. As statin therapy is known to
inhibit intracellular cholesterol synthesis, it is
plausible that there is an interaction between
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statin therapy and PNPLA3148MM. Accordingly, it
will be important to pursue further functional
studies on the effect of the PNPLA3 genotype on
hepatic cholesterol hemostasis in the context of
statin therapy.

PNPLA3 is known to be regulated by SREBF1
[37]. The overexpression of both Srebf1 and Srebf2
in livers of transgenic mice promotes Pnpla3,
and Pnpla3 upregulation was reported to be
25-fold stronger following Srebf1 overexpression
[38]. Statins promote SREBF2 nuclear translo-
cation and DNA binding, but statins are not
known to directly regulate PNPLA3. The findings
here that statin treatment was associated with
an elevation of PNPLA3 in the liver and that
exposures of hepatocyte-like SOAT2-only-HepG2,
HepG2, phHSC, and HSC-like LX2 cells to atorvas-
tatin in vitro upregulated PNPLA3 in an SREBF2-
dependent manner, imply that both SREBF1 and
SREBF2 can regulate PNPLA3 in human liver cells.

As both hepatic cholesterol and triglyceride lev-
els contribute to MASLD progression, hepatic
cholesterol-lowering alone likely does not fully
explain all the previously reported positive changes
of statin therapy in MASLD [10–12]. Statins have
been shown to improve MASLD in experimental
models and patients [12, 39, 40] but were not help-
ful in patients carrying PNPLA3148M [16]. The asso-
ciation between statins and PNPLA3 found here
suggests a possible mechanism for the observed
differential effects of statins on MASLD, that
is, through upregulating PNPLA3 expression. The
effects of the PNPLA3 upregulation are variant-
dependent according to experimental studies [35,
36]. Accordingly, we speculate that PNPLA3 and
DNL upregulation with statins may have dif-
ferential outcomes dependent on genotype and
metabolic status. Based on what we know today,
one possibility is that the effect of statins in hep-
atocytes and HSC will depend on patient genotype
and metabolic status, ultimately shaping MASLD
progression.

More studies are thus needed to investigate the
interaction between statins and the PNPLA3148M
polymorphism, and whether alternative lipid-
lowering drugs such as PCSK9 inhibitors should be
considered for treating dyslipidemia in this group
of patients.

In conclusion, the findings here indicate that the
interaction between the PNPLA3 genotype and

metabolic status should be considered in the con-
text of statin therapy for MASLD.
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