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Nonalcoholic fatty liver disease (NAFLD) contributes to the pathogenesis of type 2 diabetes and cardiovascular disease,

and patients with nonalcoholic steatohepatitis (NASH) are also at risk of developing cirrhosis, liver failure, and hepatocel-

lular carcinoma. To date, no specific therapy exists for NAFLD/NASH, which has been recognized as one of the major

unmet medical needs of the twenty-first century. We recently identified serine/threonine protein kinase (STK)25 as a criti-

cal regulator of energy homeostasis and NAFLD progression. Here, we investigated the effect of antisense oligonucleotides

(ASOs) targeting Stk25 on the metabolic and molecular phenotype of mice after chronic exposure to dietary lipids. We

found that Stk25 ASOs efficiently reversed high-fat diet-induced systemic hyperglycemia and hyperinsulinemia, improved

whole-body glucose tolerance and insulin sensitivity, and ameliorated liver steatosis, inflammatory infiltration, apoptosis,

hepatic stellate cell activation, and nutritional fibrosis in obese mice. Moreover, Stk25 ASOs suppressed the abundance of

liver acetyl-coenzyme A carboxylase (ACC) protein, a key regulator of both lipid oxidation and synthesis, revealing the

likely mechanism underlying repression of hepatic fat accumulation by ASO treatment. We also found that STK25 protein

levels correlate significantly and positively with NASH development in human liver biopsies, and several common non-

linked single-nucleotide polymorphisms in the human STK25 gene are associated with altered liver fat, supporting a criti-

cal role of STK25 in the pathogenesis of NAFLD in humans. Conclusion: Preclinical validation for the metabolic benefit

of pharmacologically inhibiting STK25 in the context of obesity is provided. Therapeutic intervention aimed at reducing

STK25 function may provide a new strategy for the treatment of patients with NAFLD, type 2 diabetes, and related com-

plex metabolic diseases. (Hepatology Communications 2018;2:69-83)

Introduction

N
onalcoholic fatty liver disease (NAFLD),

comprising nonalcoholic fatty liver (NAFL)

and nonalcoholic steatohepatitis (NASH), is
emerging as a leading cause of advanced liver disease

worldwide. NAFLD has an estimated prevalence rang-
ing from 20% to 30% in Europe and the Middle East
and affects one third of the adult population in the
United States.(1) In addition to benign lipid accumula-
tion in the liver (steatosis) characterizing NAFL,
NASH patients display hepatic inflammation, fibrosis,
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and hepatocellular damage in the form of ballooning
and apoptosis. NAFLD actively contributes to the
pathogenesis of type 2 diabetes and cardiovascular dis-
ease, and NASH is emerging as a dominant cause of
hepatocellular carcinoma, the third leading cause of can-
cer mortality.(2,3) To date, no pharmacological treat-
ment exists for NAFLD, which is projected to become
the major underlying etiology for liver transplantation
by 2020.(2) With this growing burden of NAFLD, it is
critical to understand the molecular pathogenesis of the
disease and to develop safe and effective pharmacologic
therapies for its prevention and treatment.
We recently identified serine/threonine protein

kinase (STK)25, a member of the sterile 20 kinase
superfamily,(4) as a critical regulator of whole-body
energy homeostasis.(5-12) We found that genetic disrup-
tion of STK25 in mice challenged with a high-fat diet
prevents liver steatosis and is accompanied by better
preserved systemic glucose tolerance and insulin sensi-
tivity compared to wild-type littermates.(5) In contrast,
high-fat-fed transgenic mice overexpressing STK25
develop aggravated liver steatosis combined with more
severe whole-body glucose intolerance and insulin resis-
tance compared to wild-type mice.(6,9) Furthermore, we
found that Stk25–/– mice are protected against NASH

induced by a methionine and choline-deficient diet, as
evidenced by dramatic suppression of hepatic lipid stor-
age, oxidative stress, hepatocellular damage, inflamma-
tion, and nutritional fibrosis in the liver.(7) Conversely,
methionine and choline-deficient diet-induced NASH
is markedly exacerbated in Stk25 transgenic mice com-
pared with their wild-type littermates.(7) Consistent
with these results from mouse models, we observed that
knockdown of STK25 by small interfering RNA in
human cultured hepatocytes attenuates lipid accumula-
tion and improves insulin action, whereas the reciprocal
effect was seen with STK25 overexpression.(8) We also
found a statistically significant positive correlation
between STK25 messenger RNA (mRNA) expression
and three individual histologic components of the
NAFLD activity score (NAS; steatosis, lobular inflam-
mation, and hepatocellular ballooning) in human liver
biopsies.(7) Interestingly, both in human and mouse
liver cells, STK25 protein coats the surface of intrahepa-
tocellular lipid droplets.(6,8)

Our previous studies identified STK25 as a potential
new-in-class drug target for the treatment of NAFLD,
type 2 diabetes, and related metabolic diseases. The
objective of the current study was to demonstrate
in vivo proof-of-principle for the metabolic benefit of
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pharmacologically inhibiting STK25 function in mice
by using generation 2.5 antisense oligonucleotides
(ASOs).(13) Antisense technology exploits a cellular
ribonuclease H mechanism to specifically degrade the
target mRNA in an mRNA–ASO duplex.(14) Second-
generation ASOs are potent and specific inhibitors of
gene expression,(14) and mipomersen (Kynamro), a
second-generation ASO targeting liver-derived apoli-
poprotein B-100 for the treatment of homozygous
familial hypercholesterolemia, was the first systemically
administered ASO to achieve U.S. Federal Drug
Administration approval.(15) Recently, generation 2.5
ASO chemistry used in this study was developed; this
enhances ASO potency 3-fold to 5-fold.(13,16,17) Previ-
ous pharmacokinetic studies have shown that using
generation 2.5 ASOs results in significant target reduc-
tion in peripheral organs, including liver, muscle, and
adipose tissue, without penetrating the blood–brain
barrier.(17) This chemical class of ASOs has been
widely used in preclinical experimental models(18-20)

and is also currently being evaluated in various clinical
trials(20) (ClinicalTrials.gov numbers NCT02983578,
NCT02499328, NCT02549651, NCT02144051).
The results of the present study demonstrate that

repressing STK25 abundance in mice by ASOs effec-
tively reverses the diet-induced impairment in glucose
and insulin homeostasis and ameliorates liver steatosis,
inflammation, and fibrosis in the context of obesity.
Further investigations of the potential therapeutic ben-
efit of pharmacological STK25 inhibitors as new-in-
class drug candidates for NAFLD, type 2 diabetes,
and related metabolic diseases in humans are
warranted.

Materials and Methods

GENERATION OF ASOs

The oligonucleotides used in this study were 16
nucleotides in length and chemically modified with
phosphorothioates in the backbone, three 20-40 con-
strained ethyl residues at each terminus, and a central
deoxynucleotide region of 10 residues (3-10-3 gapmer
design). Oligonucleotides were synthesized as previ-
ously described.(13) Stk25 ASO sequences used in this
study were ASO#1 50-GGACGATTCGAGTACT-
30 and ASO#2 50-GCATAATCCCCTAGGC-30.
ASOs were dissolved in phosphate-buffered saline
(PBS) (without Ca21 or Mg21; Invitrogen, Carlsbad,
CA) for in vivo experiments.

CELL CULTURE EXPERIMENTS

Mouse brain endothelial (bEND.3) cells (American
Type Culture Collection, Manassas, VA) were cul-
tured in Dulbecco’s modified Eagle’s medium with
high glucose (Lonza, Basel, Switzerland) supple-
mented with 10% (volume [vol.]/vol.) fetal bovine
serum (Invitrogen) at 378C and 5% CO2. ASOs were
administered to cells at the indicated concentrations by
electroporation using the HT-200 BTX Electroporator
with the ElectroSquare Porator (ECM 830) voltage
source in 96-well BTX electroporation plates (2 mm;
Harvard Apparatus, Holliston, MA), and cells were
plated. Cells were harvested 16 hours after electropora-
tion, and total RNA was isolated using glass fiber filter
plates (Pall Corporation, Port Washington, NY). The
amount of Stk25 mRNA was quantified using a quan-
titative real-time polymerase chain reaction (PCR)
assay on the QuantStudio 7 instrument (Applied
Biosystems, Foster City, CA). The sequences of pri-
mers and probes used to detect Stk25 mRNA were as
follows: forward: 50-GTCCTTATATCACCCGCT-
ACTTC-30, reverse: 50-AGGTTTCAGCAAGTCC-
AGTG-30; probe: 50-Fam-ACAGCTTGGTGCTC-
TTCAGGTAGG-Iowa Black-30 (IDT, San Diego,
CA). PCR results were normalized to total RNA
measured with Quant-iT RiboGreen RNA reagent
(Molecular Probes, Eugene, OR).

ANIMAL EXPERIMENTS

Male mice of C57BL/6J strain (Charles River, Sulz-
feld, Germany; Jackson, Sacramento, CA) were housed
four to eight animals per cage in a temperature-
controlled (218C) facility with a 12-hour light–dark
cycle with free access to water and food. To assess the
efficacy of Stk25 ASOs in reducing the target gene
expression, 6-week-old mice fed a regular chow diet
were treated with Stk25 ASO#1 or ASO#2 in PBS at
the indicated concentrations or placebo (PBS), twice
weekly for 4 weeks by intraperitoneal injections. At the
age of 10 weeks, the mice were killed. Blood was col-
lected by heart puncture for analysis of plasma chemis-
try, and body and organ weights were recorded. Liver
samples were snap frozen in liquid nitrogen and stored
at –808C for analysis of Stk25 mRNA expression.
To assess the metabolic effect of Stk25 ASOs, 6-

week-old mice were fed a high-fat diet (45 kcal% fat;
D12451; Research Diets, New Brunswick, NJ) for 21
weeks and were treated with Stk25 ASO#1 or ASO#2
in PBS (50 mg/kg/week) or placebo (PBS), by
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intraperitoneal injections twice weekly for the last 6
weeks (Supporting Fig. S1). Body weight was recorded
weekly during the treatment period. Baseline glucose
and insulin levels were measured at different time
points during the study using blood samples collected
by tail bleed after 4 hours of food withdrawal. At the
age of 27 weeks, the mice were killed after 4 hours of
food withdrawal. Blood was collected by heart puncture
for analysis of triacylglycerol (TAG) and cholesterol.
Liver samples were collected for histologic analysis (see
below). Liver, gastrocnemius skeletal muscle, and sub-
cutaneous white adipose tissue were also snap frozen in
liquid nitrogen and stored at –808C for biochemical
assays and analysis of gene and/or protein expression.
All animal experiments were performed after prior

approval from the local Ethics Committee for Animal
Studies at the Administrative Court of Appeals in
Gothenburg, Sweden, or by the Ionis Pharmaceuticals
Institutional Animal Care and Use Committee, Carls-
bad, CA, following appropriate guidelines.

BIOCHEMICAL ASSAYS

Plasma albumin, bilirubin, blood urea nitrogen, creat-
inine, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were measured using an
AU480 Clinical Chemistry Analyzer (Beckman Coul-
ter, Providence, RI). Basal blood glucose and plasma
insulin were assessed using an Accu-Chek glucometer
(Roche Diagnostics, Basel, Switzerland) and the Ultra-
sensitive Mouse Insulin Enzyme-Linked Immunosor-
bent Assay kit (Crystal Chem, Downers Grove, IL),
respectively. Plasma levels of TAG and cholesterol were
measured using the Infinity TAG and the Infinity Cho-
lesterol kits, respectively (Thermo Fisher Scientific,
Waltham, MA), with Multiconstituent Calibrator
1E65-04 (Abbott, North Chicago, IL) used as refer-
ence. For hepatic TAG measurements, lipids were
extracted from liver samples and analyzed using straight-
phase high-performance liquid chromatography as
described.(21) Hepatic collagen deposition was assessed
in liver homogenates using the Hydroxyproline Colori-
metric Assay kit (Sigma-Aldrich, St. Louis, MO).

GLUCOSE AND INSULIN
TOLERANCE TESTS

Following 4 hours of food withdrawal, mice were
injected with glucose (1 g/kg; Fresenius Kabi, Bad
Homburg, Germany) or human recombinant insulin
(1 U/kg; Actrapid Penfill; Novo Nordisk, Bagsværd,

Denmark) intraperitoneally at time 0 for the glucose toler-
ance test (GTT) and insulin tolerance test (ITT), respec-
tively. Blood was taken from the tail tip to determine
blood glucose concentrations at 0, 15, 30, 60, 90, and 120
minutes postinjection, using an Accu-Chek glucometer.

HISTOLOGY

Liver samples were fixed with 4% (vol./vol.)
phosphate-buffered formaldehyde (Histolab Products,
Gothenburg, Sweden), embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Total
hepatic lipid area was assessed in five randomly
selected 2003 microscopic fields per mouse, using
ImageJ version 1.47 (Wayne Rasband, National Insti-
tutes of Health, Bethesda, MD). Ten randomly
selected 2003 microscopic fields per mouse were
assessed for the NAS according to Kleiner/Brunt crite-
ria.(22-25) To estimate the degree of fibrosis, liver sec-
tions were stained with picrosirius red (Histolab
Products), counterstained with Fast Green (Sigma-
Aldrich), and the stained area was measured in five
randomly selected 2003 microscopic fields per mouse.
Ten randomly selected 2003 microscopic fields per
mouse were also assessed for fibrosis score according to
Kleiner/Brunt criteria.(22,23,26) In parallel, liver samples
were embedded in optimal cutting temperature
mounting medium (Histolab Products) and frozen in
liquid nitrogen, followed by cryosectioning and stain-
ing with Oil Red O (Sigma-Aldrich).

IMMUNOHISTOCHEMISTRY AND
IMMUNOFLUORESCENCE

Liver sections were incubated with primary anti-
bodies, followed by incubation with biotinylated sec-
ondary antibodies. See Supporting Material for
antibody information.

QUANTITATIVE REAL-TIME PCR
AND WESTERN BLOT ANALYSIS
IN MOUSE TISSUE SAMPLES

See Supporting Material for details.

WESTERN BLOT ANALYSIS IN
LIVER BIOPSIES OF HUMAN
PARTICIPANTS

The protein abundance of STK25 was measured in
liver tissue samples obtained from 10 Caucasian
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individuals who fulfilled the following inclusion crite-
ria: NAFL verified by computed tomography and/or
ultrasound, laboratory signs (elevated aminotransfer-
ases), and/or liver elastography findings (fibrosis 2-3)
suggestive of NASH. A typical ultrasound-guided
Menghini liver biopsy was performed, of which one
part was transferred to ice-cold 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid buffer, and stored at
2808C until further preparations. All liver biopsies
were collected between 8 AM and 10 AM after an over-
night fast. NAS was assessed on liver sections by a cer-
tified pathologist, according to the Brunt scoring
system.(27) Western blot analysis was carried out as
described above. All participants gave their written
informed consent before taking part in the study. All
investigations were approved by the Ethics Committee
of the University of Gothenburg, Sweden (Dnr. 1062-
11) and were carried out in accordance with the Decla-
ration of Helsinki.

GENETIC ASSOCIATION
ANALYSIS IN HUMAN
PARTICIPANTS

From the ongoing T€ubingen Family study for type 2
diabetes,(28) we selected 430 healthy subjects from the
southern part of Germany who were at risk for type 2
diabetes (i.e., with family history of diabetes, body
mass index �27, impaired fasting glycemia, and/or
previous gestational diabetes) and who had liver fat
measured by 1H-magnetic resonance spectroscopy
(localized stimulated echo acquisition mode). The sub-
jects had a mean age of 43 years (range, 18-69 years), a
mean body mass index of 30 kg/m2 (range, 19-47 kg/
m2), a mean liver fat content of 5.9% (range, 0.2%-
30.1%), and 65% were female. This study population
was genotyped for 15 intronic tagging single nucleo-
tide polymorphisms (SNPs) selected based on linkage
disequilibrium information from the 1000 Genomes
project covering 97% of the common genetic variation
(minor allele frequency �0.1) in the STK25 gene.
Genotyping was performed by mass spectrometry
using the massARRAY system from Sequenom and
the manufacturer’s iPLEX software (Sequenom, Ham-
burg, Germany). Assay design for a sixteenth SNP
necessary to cover 100% of the common variation
failed. Four of the 15 genotyped SNPs were not in
Hardy–Weinberg equilibrium and were excluded from
analyses.

STATISTICAL ANALYSIS

Statistical significance between the groups was evalu-
ated using the unpaired two-tailed Student t test and
among more than two groups by analysis of one-way
analysis of variance with the t test for post-hoc analysis.
Differences were considered statistically significant at P
< 0.05. Statistical analyses were performed using SPSS
Statistics version 22 (IBM Corp., Armonk, NY). For
details on SNP analyses, see Supporting Fig. S5.

Results

Stk25ASOTREATMENT
EFFECTIVELYREDUCES Stk25mRNA
LEVELS IN VITRO AND IN VIVO

We synthesized over 400 generation 2.5 constrained
ethyl ASOs,(13) each 16 base pairs in length and designed
to target the mouse Stk25 gene. We then evaluated their
ability to reduce Stk25 mRNA expression in mouse
bEND.3 cells. We found that numerous ASOs were
active in repressing Stk25 mRNA levels (data not
shown); however, two ASOs (Stk25 ASO#1 and #2),
complementary to the 30 untranslated region and intronic
region of the Stk25 gene, respectively, demonstrated
the highest potency, exhibiting more than 90% target
reduction with doses higher than 2.2 lM (Fig. 1A).
To evaluate the in vivo efficacy of Stk25 ASOs, we

treated mice fed a regular chow diet twice weekly for 4
weeks with 12.5, 25.0, or 50.0 mg/kg/week of Stk25
ASO#1 or ASO#2. At study termination, we observed
a dose-dependent reduction of hepatic Stk25 mRNA
with both ASOs (Fig. 1B), with over 90% repression
in mRNA expression at the high-dose level. Body
weights, organ (liver, kidney, and spleen) weights, and
plasma chemistry parameters (albumin, bilirubin,
blood urea nitrogen, creatinine, ALT, and aspartate
aminotransferase) remained within normal reference
values in both treatment groups (data not shown).

TREATMENT WITH Stk25 ASOs
REVERSES METABOLIC DEFECTS
IN GLUCOSE AND INSULIN
HOMEOSTASIS IN A DIET-
INDUCED TYPE 2 DIABETES
MODEL IN MICE

To evaluate the metabolic effect of Stk25 ASOs in
vivo, we treated mice on a high-fat diet (for 21 weeks)
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with Stk25 ASO#1 or ASO#2 in PBS (50 mg/kg/
week) or placebo (PBS), twice weekly for the last 6
weeks of the diet (Supporting Fig. S1). Hepatic Stk25
mRNA expression was markedly lower in groups
treated with ASO#1 or ASO#2 compared with the
placebo group of mice (Fig. 1C), whereas the protein
abundance of STK25 was below the detection limit of
western blot in the livers of ASO-treated mice (Fig.
1D). Notably, STK25 protein was readily detected by
western blot in skeletal muscle samples of control as
well as ASO-treated mice, without any difference
between the groups (Supporting Fig. S2A). We
observed considerable variation in STK25 protein lev-
els in white adipose tissue in the control group of mice,
and STK25 levels were below the detection limit of
western blot in a number of mice both in PBS- and
ASO-treated groups (Supporting Fig. S2B).
We measured fasting circulating levels of glucose

and insulin at different time points during the study.

As expected, significant hyperglycemia and hyperinsu-
linemia were established in mice during 12-14 weeks
of dietary stress challenge (i.e., before ASO treatment
was initiated; Fig. 2A,B). Notably, plasma insulin lev-
els were dramatically reduced in mice by treatment
with ASO#1 or ASO#2 compared with the placebo
group, while blood glucose was significantly lowered
only by Stk25 ASO#2 (Fig. 2A,B). In fact, fasting lev-
els of glucose and insulin at the end of the treatment
period with ASO#2 were significantly decreased com-
pared to the values measured prior to administration
and were similar to the values before high-fat diet
feeding was initiated, suggesting that the diet-induced
hyperglycemia and hyperinsulinemia were fully
reversed by ASO#2 (Fig. 2A,B). Consistently, the
homeostasis model assessment score of insulin resis-
tance (HOMA-IR) was also lower throughout the
treatment period with both ASOs compared with the
placebo group of mice (Fig. 2C). At the end of

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 1. Stk25 ASOs effectively repressed STK25 levels in vitro and in vivo. (A) Dose-dependent reduction of Stk25 mRNA in
mouse bEND.3 cells. Data are mean 6 SD (n 5 4) compared with sham-transfected control. (B) Dose-dependent reduction of Stk25
mRNA in the liver of chow-fed lean mice treated with Stk25 ASOs for 4 weeks. Data are mean 6 SD (n 5 4) compared with con-
trol group of mice treated with PBS. (C,D) Reduction of (C) Stk25 mRNA and (D) protein abundance in the liver of high-fat-fed
mice treated with Stk25 ASOs (50 mg/kg/week) for 6 weeks. Data in (C) are mean 6 SEM (n 5 8) compared with control group of
mice treated with PBS. In (D) representative western blots are shown with b-actin used as loading control. **P < 0.01. Abbreviations:
TG, Stk25 transgenic mice; w, week.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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the treatment period, the homeostasis model assess-
ment score of insulin resistance (HOMA-IR) in mice
treated with ASO#2 was reduced to levels previously
measured in age-matched, lean, chow-fed mice of the
same genetic background.(5)

In the GTT experiment, blood glucose levels
returned to normal more rapidly in Stk25 ASO-treated
mice than in placebo controls (Fig. 2D), revealing a

better-preserved glucose tolerance. Interestingly, in
contrast to results shown in Fig. 2A, a significant
reduction of basal blood glucose was recorded in the
GTT experiment in both ASO-treated groups, sug-
gesting that ASO#1, similar to ASO#2, lowers fasting
glucose levels, although this is not evident until later
time points. Of note, glucose-stimulated insulin secre-
tion was significantly increased in both ASO-treated

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 2. Stk25 ASO treatment normalized glucose and insulin homeostasis in mice fed a high-fat diet. (A-C) Fasting circulating lev-
els of (A) glucose and (B) insulin; (C) HOMA-IR was calculated using the equation (fasting glucose [mg/dL] 3 fasting insulin [ng/
mL])/405. The number of weeks on a high-fat diet is show for each measurement; Stk25 ASO treatment was initiated after 14 weeks
of high-fat diet feeding. (D-F) Intraperitoneal (D,E) GTT and (F) ITT in mice treated with ASO#1, ASO#2, or placebo for 5
weeks. The AUC for each test is shown. Data are mean 6 SEM from six to eight mice per group. In bar diagrams, *P < 0.05, **P <
0.01, †P 5 0.08. In line diagrams, ‡P < 0.05 and ‡ ‡P < 0.01 for ASO#1-treated versus placebo group; #P < 0.05 and ##P < 0.01
for ASO#2-treated versus placebo group. Abbreviations: AUC, area under the curve; HOMA-IR, homeostasis model assessment score
of insulin resistance; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; w, week.
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groups during the GTT, despite lower net change in
blood glucose concentration compared with the pla-
cebo group, suggesting improved b-cell function (Fig.
2E). The insulin tolerance test (ITT) revealed marked
improvement in insulin sensitivity in groups treated
with Stk25 ASO#1 or #2 compared with the placebo
group (Fig. 2F). Stk25 ASO treatment did not affect
body weight (Supporting Fig. S3), and we observed no
signs of local irritation or inflammation with macro-
scopic examination of the injection sites.

Stk25 ASO TREATMENT
AMELIORATES LIVER STEATOSIS
INDUCED BY FEEDING MICE A
HIGH-FAT DIET

Chronic exposure to dietary lipids is known to pro-
mote ectopic lipid accumulation in the liver.(2) Consis-
tently, upon dissections the livers of the placebo group
of mice fed a high-fat diet were visibly lipid laden, dis-
playing a milky pale appearance (Fig. 3A). In contrast,
the livers of Stk25 ASO-treated mice challenged with a
high-fat diet remained similar in appearance to the lean
chow-fed mice (Fig. 3A). In line with this finding,
microscopic examination of hematoxylin and eosin and
Oil Red O-stained liver sections revealed pronounced
steatosis in the placebo group of mice, while the density
and size of intrahepatocellular lipid droplets were dra-
matically reduced in Stk25 ASO-treated mice (Fig.
3A). Of note, the histologic appearance of the livers of
mice treated with ASO#1 or ASO#2 closely resembled
that of age-matched lean mice fed a regular chow diet
as well as the livers of high-fat-fed Stk25–/– mice of the
same genetic background (Fig. 3A,B).
Quantification of the total lipid area confirmed a 2.2

6 0.1-fold and 5.0 6 0.1-fold reduction in the liver
sections of mice treated with Stk25 ASO#1 and
ASO#2, respectively, compared with the placebo group
(Fig. 3C). Notably, the hepatic lipid area in liver sec-
tions of mice treated with ASO#2 was similar to that
previously measured in age-matched, lean, chow-fed
mice (chow-fed mice, 5.5% 6 0.4%(7); high-fat-fed
ASO#2-treated mice, 5.0% 6 0.5%). Consistent with
these histologic findings, biochemical analysis showed
that the TAG content in liver extracts was significantly
decreased in the ASO-treated versus placebo group,
although the TAG level in ASO-treated mice
remained higher compared to age-matched, lean,
chow-fed mice (Fig. 3D).
The liver exports TAG to extrahepatic tissues

through very low-density lipoprotein (VLDL)

secretion, and the formation of VLDL-TAG particles
is highly dependent on the availability of cytosolic
TAG.(29,30) Consistent with this strong correlation
between VLDL secretion and the levels of intrahepatic
lipids, we found that fasting plasma concentrations of
TAG were slightly lower in the ASO-treated groups
compared with the placebo group of mice (Supporting
Fig. S4).

Stk25 ASO TREATMENT IN MICE
FED A HIGH-FAT DIET
PROTECTS AGAINST LIVER
FIBROSIS, META-
INFLAMMATION, AND
HEPATOCELLULAR INJURY

We next evaluated the impact of changes in liver
lipid deposition by Stk25 ASO administration on
hepatic fibrosis, inflammation, and cell damage. We
found that the Stk25 ASO treatment protected from
diet-induced perivenular/pericellular fibrosis, as stud-
ied by picrosirius red staining for collagen fibers (Fig.
4A,B). Moreover, immunostaining for a-smooth mus-
cle actin, a marker for activated hepatic stellate cells
responsible for liver collagen deposition, was similarly
reduced in ASO-treated livers (Fig. 4A). Consistent
with these histologic findings, the hydroxyproline con-
tent, a marker of collagen deposition, was 1.5 6 0.1-
fold and 1.3 6 0.04-fold lower in the liver lysates from
mice treated with ASO#1 and ASO#2, respectively,
compared with placebo (Fig. 4C). Notably, the hepatic
hydroxyproline levels in ASO-treated mice were simi-
lar to those measured in age-matched, lean, chow-fed
mice of the same genetic background (Fig. 4C).
Several reports have suggested that freshly infiltrat-

ing monocyte-derived macrophages characterized by
high expression of Gr1 (Ly6C) have a vital role in the
development and progression of NASH.(31-33) We
found that Gr1 (Ly6C)-positive areas were approxi-
mately 2-fold reduced in Stk25 ASO-treated livers
compared with the livers of the placebo group of mice
(Fig. 4A,D). As a reference, our previous studies have
shown only a very low level of Gr1 (Ly6C)-positive
inflammatory cells in the livers of chow-fed lean mice
(Gr1 [Ly6C]-positive area, 0.1% 6 0.04%(7)). Fur-
thermore, we observed frequent microgranulomatous
lesions and lipogranulomas in the livers of the placebo
group (Fig. 4E) but not in ASO-treated mice, sugges-
ting attenuation of lobular inflammation by Stk25
ASO administration.
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FIG. 3. Stk25 ASO treatment ameliorated diet-induced liver steatosis. (A) Representative images of whole liver; representative liver
sections stained with H&E or Oil Red O for lipids. Scale bars, 100 lm. (B) Representative liver sections stained with H&E from
age-matched, lean, chow-fed mice as well as Stk25 knockout mice and their wild-type littermates fed a high-fat diet. Stk25 knock-
out mice were a gift from B. Howell, State University of New York Upstate Medical University, Syracuse, NY. Scale bars, 100 lm.
(C) Total lipid area in liver sections. (D) TAG content in liver extract. Age-matched, lean, chow-fed mice of the same
genetic background are included as a reference group. Data in (C,D) are mean 6 SEM from six to eight mice per group. *P <
0.05, **P < 0.01, †P 5 0.08. Abbreviations: CD, chow diet; H&E, hematoxylin and eosin; HFD, high-fat diet; KO, knockout;
WT, wild-type.
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Evidence of severe hepatocellular damage was read-
ily observed in the placebo group of mice, as demon-
strated by the presence of apoptotic hepatocytes

detected by terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) assay (Fig. 4A), ballooning degradation of
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FIG. 4. Stk25 ASO treatment protected against diet-induced fibrosis, inflammation, and cellular damage in the liver. (A) Representa-
tive liver sections stained with picrosirius red or TUNEL. Sections were processed for immunohistochemistry with anti-a-SMA anti-
bodies or for immunofluorescence with anti-Gr1 (Ly6C) antibodies (pink) with nuclei stained with DAPI (blue). Scale bars, 100 lm.
(B) Quantification of picrosirius red staining. (C) Hydroxyproline content in liver extract. Age-matched, lean, chow-fed mice of the
same genetic background are included as a reference group. (D) Quantification of Gr1 (Ly6C) staining. (E) H&E-stained liver sec-
tions of the placebo group of mice showing the presence of micro- and lipogranuloma, hepatocellular ballooning, and enlarged nuclei
containing intranuclear vacuoles. Scale bars, 100 lm. Data in (B-D) are mean 6 SEM from six to eight mice per group. *P < 0.05,
**P < 0.01. Abbreviations: CD, chow diet; DAPI, 4’,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; SMA, smooth
muscle actin; TUNEL, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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hepatocytes, and enlarged nuclei containing intranu-
clear vacuoles (Fig. 4E); we did not detect these fea-
tures in mice treated with Stk25 ASOs.

TREATMENT WITH Stk25 ASOs
AMELIORATES DIET-INDUCED
NAFLD IN MICE

We further compared the liver pathology in ASO-
treated versus placebo-treated mice by using NAS as
well as fibrosis score based on the Kleiner/Brunt crite-
ria adapted to rodents.(22-26) We found that mice
treated with Stk25 ASOs scored markedly lower both
for NAS and fibrosis compared with the placebo
group, while the differences were most pronounced in
mice treated with ASO#2 (Fig. 5).

Stk25 ASO#2 REPRESSES THE
PROTEIN ABUNDANCE OF
ACETYL-COENZYME A
CARBOXYLASE

Our previous results demonstrate decreased hepatic
protein levels of acetyl-coenzyme A (CoA) carboxylase
(ACC), a key controller of the balance of lipid storage
versus lipid oxidation, in high-fat-fed Stk25–/– mice.(5)

Consistently, we found that the total protein abun-
dance of ACC was 2.5 6 0.5-fold lower in Stk25
ASO#2-treated livers compared with livers from the
placebo group of mice (Fig. 6). ACC activity is regu-
lated by phosphorylation, where kinases, such as aden-
osine monophosphate-activated protein kinase
(AMPK), directly phosphorylate and inactivate
ACC.(34) Similar to total protein, the levels of phos-
phorylated ACC were also reduced in Stk25 ASO#2-
treated livers, and there was no change in the phos-
phorylated ACC/ACC ratio (Fig. 6).

STK25 PROTEIN ABUNDANCE
CORRELATES SIGNIFICANTLY
AND POSITIVELY WITH NASH
IN HUMAN LIVER

We previously reported a significant positive correla-
tion in human liver biopsies between STK25 mRNA
expression and NASH development.(7) Here, we
examined the levels of STK25 protein in relation to
the development of NASH in liver biopsy material,
where NAFLD was characterized by using the widely
applied semiquantitative histologic scoring NAS.(27)

Consistent with the mRNA data, comparison of the
patients with NAFL (i.e., those with a NAS of 1-3/8)
versus the patients with NASH (i.e., those with a
NAS of 4-8/8) showed that NASH patients displayed
2.6 6 0.3-fold higher STK25 protein levels (Fig. 7).

COMMON GENETIC VARIANTS
IN THE HUMAN STK25 GENE
ASSOCIATE WITH LIVER FAT
CONTENT

Finally, we genotyped 430 participants of the
T€ubingen Family study for 11 common tagging SNPs
covering major parts of the human STK25 gene and
assessed their associations with liver fat content
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FIG. 5. Stk25 ASO treatment in mice fed a high-fat diet ame-
liorated the progression of NAFLD. (A,B) Quantification of
NAS based on three histologic features (steatosis 0-3, inflamma-
tion 0-3, hepatocellular ballooning 0-2) in H&E-stained liver
sections. (C) Quantification of fibrosis score based on Kleiner/
Brunt criteria adapted to rodents (0, no fibrosis; 1, focal pericel-
lular fibrosis in zone 3; 2, perivenular and pericellular fibrosis
confined to zones 2 and 3; 3, bridging fibrosis; 4, cirrhosis) in
liver sections stained with picrosirius red. Data are mean 6 SEM
from six mice per group. *P < 0.05, **P < 0.01, †P 5 0.07.
Abbreviation: H&E, hematoxylin and eosin.
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measured by magnetic resonance spectroscopy.
After adjustment for sex and age, three SNPs
(rs34506685, rs34751932, rs4675810) showed nom-
inal and one SNP (rs6757649) showed significant
associations. Homozygous minor allele carriers of
rs34751932 and rs4675810 revealed 1.4-fold and
1.7-fold increased liver fat content, respectively,
compared to homozygous major allele carriers
(Supporting Fig. S5A,B), and homozygous minor
allele carriers of rs6757649 and rs34506685 revealed
35% and 31% decreased liver fat content, respec-
tively, compared to homozygous major allele carriers
(Supporting Fig. S5C,D).

Discussion
This study found that systemic administration of

Stk25 ASOs in mice significantly suppresses hepatic
STK25 mRNA and protein abundance compared with
placebo-treated mice, reverses high-fat diet-induced
systemic hyperglycemia and hyperinsulinemia,
improves whole-body glucose tolerance and insulin
sensitivity, and ameliorates steatosis, inflammatory
infiltration, nutritional fibrosis, and hepatocellular
damage in the liver (Fig. 8). We observed no differ-
ences in body mass between the Stk25 ASO-treated
versus placebo groups, suggesting that repression of
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FIG. 6. Stk25 ASO treatment reduced ACC protein levels in high-fat-fed mice. Liver protein lysates were analyzed by western blot
using antibodies specific for total ACC or phospho-ACC (Ser79). Protein levels were analyzed by densitometry, and data are shown
as the total and phospho-protein abundance as well as the ratio of phospho-protein to total protein, with values in the placebo group
of mice set to 1. Representative western blots are shown with b-actin used as a loading control. Data are mean 6 SEM from seven to
eight mice per group. *P < 0.05, **P < 0.01. Abbreviations: p-ACC, phosphorylated ACC.
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FIG. 7. Protein abundance of STK25 in human liver was found to be significantly increased in subjects with NASH. (A) Character-
istics of NAFL and NASH subjects. Data are mean 6 SEM. (B) Protein lysates from liver biopsies of individuals with NAFL (NAS
of 1-3/8; n 5 3) versus NASH (NAS of 4-8/8; n 5 7) were analyzed by western blot using antibodies specific for STK25. Protein
levels were analyzed by densitometry, and data are mean 6 SEM with values in the NAFL group of subjects set to 1; *P < 0.05.
Abbreviations: BMI, body mass index; T2DM, type 2 diabetes mellitus.
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STK25 levels protects against the metabolic conse-
quences of chronic exposure to dietary lipids indepen-
dent of changes in obesity. The Stk25 ASOs were well
tolerated and no systemic toxicity or local tolerability
concerns were observed.
STK25 is broadly expressed during embryonic

development.(35) Therefore, discrepancies between the
phenotypic consequences of pharmacologically inhibit-
ing STK25 by ASO treatment in adult mice described
in this study versus the previously reported conven-
tional Stk25 knockout phenotype(5,7) could be
expected, attributed to possible developmental effects
of this target. However, we found that the metabolic
phenotype of Stk25 ASO-treated mice was fully con-
sistent with that of Stk25–/– mice,(5,7) including obser-
vations of improved glucose and insulin homeostasis as
well as attenuated liver lipid storage, inflammation,
hepatic stellate cell activation, fibrosis, and hepatocel-
lular damage (Fig. 8). Thus, STK25 knockdown early
in development is not critical for its metabolic effects.
The similarity in phenotype between treatment with
Stk25 ASOs, which achieve the highest target

inhibition in the liver, and whole-body depletion of
STK25 in knockout mice(5,7) also suggests that hepatic
inhibition of STK25 is sufficient for its metabolic
effects. Importantly, our current study extends our pre-
vious observations in Stk25–/– mice, which showed
prevention of high-fat diet-induced metabolic compli-
cations,(5,7) by demonstrating that STK25 inhibition
can also reverse NAFLD and defects in systemic glu-
cose and insulin homeostasis in adult mice after
chronic exposure to dietary lipids. Of note, a striking
pattern of opposing metabolic alterations is revealed
when comparing the phenotype of Stk25 ASO-treated
mice described in this study to the previously reported
phenotype of STK25-overexpressing transgenic
mice,(6,7,9) further supporting the validity of the results
(Fig. 8).
We previously reported that hepatic ACC protein

abundance is significantly reduced in high-fat-fed
Stk25–/– versus wild-type mice.(5) This provides a likely
mechanism underlying the reduced lipid accumulation
in Stk25–/– livers because ACC regulates both lipogen-
esis and b-oxidation through its enzymatic product
malonyl-CoA. Malonyl-CoA is a precursor of fatty
acid synthesis and also represses long-chain fatty acyl-
CoA uptake and oxidation in mitochondria through
allosteric inhibition of carnitine palmitoyltransferase
1.(36) Consistent with our observations in Stk25–/– liv-
ers,(5) hepatic ACC protein levels were significantly
suppressed by Stk25 ASO treatment, suggesting that
not only the phenotypic consequences but also their
underlying molecular mechanisms are identical in
Stk25 ASO-treated and knockout mice.
Several lines of recent evidence support that STK25

has a similar role in the pathogenesis of NAFLD in
human liver as described in mouse models. We found a
significant positive correlation in human liver biopsies
between NASH development and STK25 mRNA(7)

and protein abundance (in this study). In addition, we
previously reported that STK25 knockdown in human
hepatocytes suppresses lipid accumulation and increases
insulin sensitivity(8) and also represses NASH features,
such as ALT secretion and oxidative damage.(7)

Furthermore, in this study we identified four common
nonlinked intronic SNPs in the human STK25 gene
that were associated with altered liver fat; two were
associated with increased and two with decreased
hepatic fat content. The divergent directionality of SNP
effects may be explained by strengthening versus
weakening effects of the independent noncoding
base exchanges on transcription factor binding. Even
though these human genetic data need replication and
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FIG. 8. Schematic illustration of reciprocal metabolic responses
in the liver as well as at the whole-body level in mice with
repressed STK25 function by either Stk25 ASO treatment or
genetic disruption (indicated by red and black arrows, respec-
tively) and transgenic mice overexpressing STK25 (indicated by
blue arrows) compared with the corresponding control groups of
mice. The phenotypes of Stk25–/– and transgenic mice have been
described.(5-7,9) Abbreviation: HSC, hepatic stellate cell.
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deeper functional exploration, they are in line with our
findings in mice.
The results of this study warrant further investiga-

tion of the potential therapeutic benefit of pharmaco-
logic STK25 inhibitors for the treatment of NAFLD.
To date, no specific pharmacologic therapy is approved
for NAFLD/NASH by the European Medicines
Agency or the U.S. Food and Drug Administration.
The results of phase II trials for the most advanced
products in clinical development for NASH have
recently been reported.(37) Obeticholic acid, an agonist
of farnesoid X receptor, achieved statistically signifi-
cant improvement in the primary study endpoint (i.e.,
NAS without worsening of fibrosis) in a phase II trial,
although a principal concern was the observation of pru-
ritus(38) (ClinicalTrials.gov number NCT01265498).
Elafibranor, a dual peroxisome proliferator-activated
receptor-a/d agonist, failed to meet the predefined
endpoint (i.e., resolution of NASH without fibrosis
worsening) in the intention-to-treat population in a
phase II trial; however, a post-hoc analysis accounting
for baseline patient heterogeneity and severity of
disease demonstrated a dose-dependent improve-
ment in liver histology(39) (ClinicalTrials.gov number
NCT01694849). Interestingly, in a recently reported
initial proof-of-concept trial in NASH patients, oral
treatment with liver-targeted, selective inhibitor of
ACC GS-0976 was shown to significantly improve
liver steatosis as well as circulating biomarkers of liver
fibrosis and cell death.(40) These data suggest that the
repression of hepatic ACC levels by Stk25 ASOs,
which we observed in this study, may constitute a key
mechanism for the effect of Stk25 ASOs not only on
reducing liver steatosis but also for suppressing fibrosis
and hepatocellular damage.
We found that the metabolic effect of ASO#2 was

slightly more pronounced compared with ASO#1 for
most of the parameters measured. We observed no evi-
dence that ASO#2 was more efficient in suppressing
the hepatic STK25 mRNA or protein levels at the
time of study termination compared with ASO#1;
however, it is possible that ASO#2 is slightly superior
in pharmacokinetic properties, such as improved distri-
bution to the disease-relevant cell type in liver.
Taken together, the results of metabolic and molec-

ular characterization of mice treated with Stk25 ASOs
provide preclinical in vivo proof-of-principle for the
metabolic benefit of pharmacologic STK25 inhibitors
in conditions of excess dietary fuels in a mouse model
and suggest that therapeutic intervention aimed at
reducing STK25 function may provide a new strategy

for the treatment of patients with NAFLD, type 2 dia-
betes, and related metabolic diseases.
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