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GR113808, a serotonin receptor 4 antagonist,
prevents high-fat-diet-induced obesity,

fatty liver formation, and insulin resistance

in C57BL/6J mice

Min Hee Kim'?, Su-Jeong Kim? Woo-Jae Park®’, Dae Ho Lee” and Kyoung-Kon Kim>*

Abstract

Background The burden of nonalcoholic fatty liver disease is increasing, and limited therapeutic drugs are available
for its treatment. Serotonin binds to approximately 14 serotonin receptors (HTR) and plays diverse roles in obesity and
metabolic complications. In this study, we focused on the function of HTR4 on nonalcoholic fatty liver disease using
GR113808, a selective HTR4 antagonist.

Methods Male C57BL/6J mice were fed high-fat diet for 12 weeks with intraperitoneal GR113808 injection, and HTR
expression, weight changes, glucose and lipid metabolism, hepatic fat accumulation, changes in adipose tissue, the
changes in transcriptional factors of signaling pathways, and inflammations were assessed. Hep3B cells and 3T3-L1
cells were treated with siRNA targeting HTR4 to downregulate its expression and then cultured with palmitate to
mimic a high-fat diet. The changes in transcriptional factors of signaling pathways, and inflammations were assessed
in those cells.

Results After feeding a high-fat diet to male C57BL/6J mice, HTR4 expression in the liver and adipose tissues
decreased. GR113808 suppressed body weight gain and improved glucose intolerance. Furthermore, GR113808
not only decreased fatty liver formation but also reduced adipose tissue size. Additionally, GR113808 reduced
inflammatory cytokine serum levels and inflammasome complex formation in both tissues. Palmitate treatment in
HTR4-downregulated Hep3B cells, also reduced peroxisome proliferator-activated receptor y and sterol regulatory
element-binding protein-1 pathway induction as well as inflammasome complex formation, thus decreasing
inflammatory cytokine levels. HTR4 downregulation in 3T3-L1 cells also reduced palmitate-induced inflammasome
complex formation and inflammatory cytokine production. Palmitate-induced insulin resistance in Hep3B cells, but
not in 3T3-L1 cells, was improved by HTR4 downregulation.

*Correspondence:
Woo-Jae Park
ooze@cau.ac.kr
Kyoung-Kon Kim
zaduplum@aim.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40360-024-00800-3&domain=pdf&date_stamp=2024-10-11

Kim et al. BMC Pharmacology and Toxicology (2024) 25:76

Page 2 of 14

Conclusions In summary, GR113808 protected against fatty liver formation and improved inflammation in the liver
and adipose tissue. Downregulation of HTR4 ameliorated insulin resistance in the liver. These results suggest that
HTR4 could serve as a promising therapeutic target for metabolic diseases.

Keywords Serotonin receptor 4, Insulin resistance, Fatty liver, Inflammation, Obesity

Introduction

Currently, the most common chronic liver disease is
nonalcoholic fatty liver disease (NAFLD), with a global
prevalence of approximately 25% in the adult popula-
tion, and it has become the leading cause of end-stage
liver disease [1, 2]. NAFLD is defined as the presence
of steatosis in >5% of hepatocytes and includes two dis-
tinct conditions: (1) nonalcoholic fatty liver and steato-
sis with or without mild lobular inflammation and (2)
nonalcoholic steatohepatitis and steatosis with fibrosis,
cirrhosis, or hepatocellular carcinoma [3]. NAFLD is
associated with metabolic risk factors, especially obesity
and type 2 diabetes, and has been designated as a meta-
bolic dysfunction-associated fatty liver disease by some
experts because of its association with cardiometabolic
risk factors [1]. Although less than 10% of patients with
NAFLD have complications of end-stage liver disease in
the form of cirrhosis or hepatocellular carcinoma, the
absolute number of patients with end-stage liver disease
due to NAFLD is considerable owing to its high preva-
lence, and the disease burden of NAFLD is increasing [1].
Although pioglitazone and vitamin E are suggested drugs
for biopsy-proven nonalcoholic steatohepatitis, there is
no approved pharmacotherapy for the direct treatment of
NAFLD [3].

First reported in the 1940s, serotonin (5-hydroxytryp-
tamine, 5-HT) is a monoamine with various biological
effects in both the central nervous system and periph-
eral tissues. 5-HT can bind to at least 14 different 5-HT
receptors, of which there are seven classes (5-hydroxy-
tryptamine receptors; HTR1-7). Most of these are
G-protein-coupled receptors, with the exception of
HTR3 which is a ligand-gated ion channel [4]. In the cen-
tral nervous system, 5-HT acts as a neurotransmitter and
modulates human behavioral and neuropsychological
processes; however, it is also involved in vascular biology,
cardiac function, respiration, digestion, pain perception,
ejaculation, and reproductive function in peripheral tis-
sues. Because 5-HT participates in the regulation of food
intake in the central nervous system, some 5-HT-related
drugs, such as fenfluramine, sibutramine, and lorcaserin,
have been used to suppress appetite [5]. Moreover, in the
periphery, 5-HT plays a role in insulin secretion [6], liver
regeneration [7], and inflammatory processes [8].

Several pathophysiological steps can be targeted by
pharmacotherapy to improve NAFLD and prevent
its progression, including hepatic fat accumulation,
oxidative stress, endoplasmic reticulum (ER) stress,

inflammation, apoptosis, and hepatic fibrosis [2]. Consid-
ering the biological effects of 5-HT on appetite control,
insulin secretion, liver regeneration, and inflammation,
it may be a potential solution for NAFLD. However, as
mentioned above, many types of receptors with different
biological effects have already been discovered, and little
is known about which receptors are appropriate targets
for NAFLD therapy.

Methods

Aim

In this study, we sought to determine the appropriate
HTR for NAFLD treatment and examined the metabolic
effects and underlying mechanisms of molecules related
to the receptor.

As described in the results, we focused on the role
of HTR4 among various HTR in NAFLD in this study.
Therefore, we investigated the metabolic effects and
mechanisms of GR113808, a known HTR4 antagonist,
in an HFD-induced NAFLD model. C57BL/6] mice were
fed high-fat diet (HFD) for 12 weeks with intraperito-
neal GR113808 injection, and HTR expression, weight
changes, glucose and lipid metabolism, hepatic fat accu-
mulation, the changes in adipose tissue, the changes in
transcriptional factors of signaling pathways, and inflam-
mations were assessed. Hep3B cells and 3T3-L1 cells
were treated with HTR4 siRNA and cultured with pal-
mitate to mimic a HFD. The changes of transcriptional
factors of signaling pathways, and inflammations were
assessed in those cells.

Animals and the glucose tolerance test (GTT)

NAFLD and type 2 diabetes mellitus are induced by feed-
ing mice a high-fat diet for 12 weeks [9], and long-term
(24-25 weeks) HFD feeding can induce liver fibrosis in
mice [10]. Therefore, mice fed with an HFD resemble a
human obesity model.

Six-week-old male C57BL/6] mice were purchased
from Orient Bio (Seongnam, Korea) and housed in a
specific pathogen-free environment. Following a 1-week
acclimation period, the mice were freely fed either an
HEFD, (D12492, Research diet) (60% fat, 20% carbohy-
drate, and 20% protein; 21.92 kJ/g) or a standard chow
diet (SCD, D12450K) (10% fat, 70% carbohydrate, and
20% protein; 16.11 kJ/g) for 12 weeks with intraperito-
neal GR113808 injection (1 mg/kg/week) (10 mice each;
10 mice used for the GTT [11]). GR113808 was dis-
solved in dimethyl sulfoxide at a concentration of 20 mg/
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ml and stored at —20 °C. It was then diluted with sterile
phosphate-buffered saline (PBS) (1:100) and injected into
mice. Mice were injected with GR113808 three times
a week in the morning (10 AM). Control mice received
the same amounts of vehicle injections. Body weight was
measured weekly. During the experiments, food intake
was measured every 12 h by manually weighing the food
in the individual cages. At the end of this experiment,
the weight change, glucose and triglyceride metabolism,
hepatic fat accumulation, and the change in adipose tis-
sue were recorded to investigate the metabolic effects of
HTR4 on NAFLD.

After 12 weeks of feeding, a GTT was performed as
previously described [12]. After 18 h of starvation, mice
were intraperitoneally injected with glucose (2.0 g/kg),
and blood glucose levels were measured at 0 (before
injection), 15, 30, 45, 60, 90, and 120 min using an auto-
matic glucometer (ACCU-CHEK PERFORMA, Roche
Diagnostics, Germany). After the GTT experiment,
the mice were anesthetized by placing them in a closed
chamber and ventilating with 2% isoflurane in oxygen for
approximately 2—-3 min. Under deep anesthesia with iso-
flurane, the mice were euthanized using a high concen-
tration of CO, [13]. After confirmation of apnea, the sera,
livers, and adipose tissues were isolated, weighed, and
stored at —80 °C for further analyses.

Cell culture, siRNA transfection, and insulin treatment
Hep3B cells and 3T3-L1 cells were cultured in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. siHTR4
(human: 144644, mouse: 158191) was purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA) and
transfected using Lipofectamine RNAiMAX Transfec-
tion Reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s protocol. In some experiments, cells
were transfected with siHTR4, followed by treatment
with 200 uM palmitate for 18 h. Subsequently, cells were
treated with 1 nM insulin. After 2 or 5 min of insulin
treatment, the cells were promptly frozen by immersion
in liquid nitrogen and lysed using radioimmunoprecipita-
tion assay (RIPA) buffer.

Materials

The following materials were purchased as indicated: (1)
anti-a-tubulin antibody and insulin from Sigma-Aldrich
(St. Louis, MO, USA); (2) anti-phospho-PERK (pro-
tein kinase R-like endoplasmic reticulum kinase), anti-
phospho-elF2a (eukaryotic translation initiation factor
2a), anti-PPAR-y (peroxisome proliferator-activated
receptor y), anti-CD36 (cluster of differentiation 36),
anti-NLRP3 (NOD-like receptor family pyrin domain
containing 3), anti-FAS (fatty acid synthase), anti-
SCD-1 (stearoyl-CoA desaturase-1), anti-Akt, and
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anti-phospho-Akt antibodies from Cell Signaling Tech-
nology (Beverly, MA, USA); (3) anti-HTR4 antibody
from Abcam (Cambridge, MA, USA); (4) interleukin
(IL) 1B antibody from Novus Biologicals (Littleton, CO,
USA); (5) anti-ASC (apoptosis-associated speck-like
protein containing a caspase-recruitment domain) and
anti-caspase-1 antibodies from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA); (6) GR113808 from Tocris
Bioscience (Bristol, UK); (7) anti-mouse-HRP (horserad-
ish peroxidase, 115-036-003) and anti-rabbit-HRP (111-
035-003) antibodies from the Jackson Laboratory (Bar
Harbor, ME, USA).

Enzyme-linked immunosorbent assay (ELISA)

The tumor necrosis factor (TNF)-a, IL-1p, and IL-6 levels
in the serum and media were measured using ELISA kits
(TNF-a, IL-1pB, and IL-6 Human and Mouse ELISA kits,
Komabiotech, Seoul, Korea) according to the manufac-
turer’s instructions. Serum adiponectin levels were mea-
sured using a Mouse Adiponectin/Acrp30 Quantikine
ELISA Kit (R&D Systems, Minneapolis, MN, USA).

Western blotting

Tissues, Hep3B cells, and 3T3-L1 cells were homoge-
nized in RIPA buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and 0.1% sodium dodecyl sulfate [SDS]) with protease
and phosphatase inhibitors (Sigma-Aldrich) and incu-
bated on ice for 30 min. After centrifugation (10,000xg,
10 min, 4 °C), the protein levels in the supernatants were
examined, and 50 pg of protein was separated on 8—15%
SDS polyacrylamide gels before being transferred to
nitrocellulose membranes (Bio-Rad Laboratories, Her-
cules, CA, USA). The membranes were blocked using 5%
bovine serum albumin (Sigma-Aldrich) in TBST (TBS
with 0.1% Tween-20) for 1 h and sequentially incubated
with primary (1:1000 dilutions) and secondary (1:10,000
dilutions) antibodies. Protein bands were detected using
EzWestLumi Plus Reagents (ATTO Corporation, Tokyo,
Japan) on a Chemidoc MP imaging system (Bio-Rad Lab-
oratories). The densitometric analyses of western blots
were conducted using Image] software (version 1.51;
http://imagej.net; National Institutes of Health, Bethesda,
MA, USA).

Hematoxylin and eosin staining

The mouse livers and adipose tissues were fixed in a 4%
paraformaldehyde solution overnight and embedded
in paraffin blocks. Tissue sections were cut at 4 um and
stained with hematoxylin and eosin. Two adipocytes
were randomly selected from each image, and their diam-
eters were measured using Image] software.
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Real-time PCR

Total mRNA was extracted from the livers and adipose
tissues using NucleSpin RNA (Macherey-Nagel, Ger-
many) or an RNeasy Lipid Kit (Qiagen, Valencia, CA,
USA), and cDNA was synthesized using ReverTra Ace
qPCR RT Master Mix (Toyobo, Japan). qPCR was per-
formed using Thunderbird SYBR qPCR mix (Toyobo)
on a Bio-Rad CFX96 System (Bio-Rad). The temperature
was initially held for 1 min at 95 °C, and then 40 cycles
comprising 15 seconds at 95 °C followed by 45 seconds at
60 °C were performed. Relative gene expression was cal-
culated using the 272ACt method [14]. The primers used
are listed in the Table S1.

Cholesterol, triglyceride, and high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) cholesterol
measurements

Serum cholesterol, triglyceride, and HDL and LDL cho-
lesterol levels were measured using the Reflotron System
(Roche Diagnostics). The liver triglyceride levels were
measured using a total triglyceride colorimetric assay kit
(Biovision, Mountain View, CA, USA).

Statistical analyses

All experiments were repeated independently in tripli-
cate, and the data are expressed as the mean=standard
deviation (SD). Statistical significance was calculated
using two-way ANOVA and a Tukey post hoc test for
the GTT and body weight changes, and a two-sample
student’s t-test (R software v4.3.3, Vienna, Austria.
https://www.R-project.org/, ggpubr v0.6.0) was used for
other studies, with statistical significance set at p<0.05.
Among the four groups, including control (SCD),
GR113808, HFD, and HFD+GR113808, comparisons of
two groups were performed for the following pairs: (1)
control vs GR113808, (2) control vs HFD, and (3) HFD vs
HFD+GR113808.

Results

Selection of HTR subtype for the therapeutic target in
NAFLD

We examined HTR expression in the liver and white
adipose tissue (WAT) of HFD-fed mice to identify a
candidate class of HTRs. The HFD increased HTR2a
expression in the liver but decreased HTR4 and HTR6
expression (Fig. 1A). Additionally, HTR2c, HTR3a,
HTR4, HTR5b, and HTR7 expression in WAT was
reduced by HFD feeding (Fig. 1B). The expression
of other HTRs (not shown in Fig. 1A and B) was not
detected because of their low expression levels. We
found that the HTR4 mRNA level was reduced in both
the liver and WAT of HFD-fed mice. The HTR4 protein
levels in the liver and WAT were examined and found to
be reduced, similar to the HTR4 mRNA levels (Fig. 1C).
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Fig. 1 HFD feeding reduces HTR4 expression in the liver and adipose
tissues. C57BL/6 mice were fed an HFD for 12 weeks, and relative mRNA
levels of HTR are analyzed in the liver (A) and WAT (B) (n=6). (C) Represen-
tative western blots (left) and densitometric analysis (right) of HTR4 expres-
sion (n=3) in the liver and WAT after 12 weeks of HFD feeding. A student’s
t-test was performed. Error bars on plots represent standard deviation
(SD); *p<0.05, **p < 0.01, ***p <0.001. Abbreviations HFD high-fat diet, HTR
serotonin receptor, SCD standard chow diet, WAT white adipose tissue

Based on these results, we examined the role of HTR4
using HFD-fed mice.

The HTR4 antagonist GR113808 reduced HFD-induced
body weight gain and improved glucose and triglyceride
metabolism

To examine the role of HTR4 in body weight gain and
fat accumulation in the liver, mice were fed an HFD
and injected with GR113808, an HTR4 antagonist,
for 12 weeks. First, we assessed food intake and found
that GR113808 had no effect, indicating that HTR4
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Fig. 2 GR113808 prevents HFD-induced body weight gain and insulin resistance. C57BL/6 mice were fed an HFD and treated with GR113808 (1 mg/kg/
week) for 12 weeks. (A) Body weight gain during 12 weeks of HFD feeding with GR113808 treatment (n=10). The gross anatomical view of the morphol-
ogy (B) and the organ weight (n=10) (C) of the liver and inguinal WAT after 12 weeks of HFD feeding are shown. (D) Glucose tolerance test after 12 weeks
of HFD feeding (n=10). (E) Serum TG, cholesterol, and HDL and LDL cholesterol from mice fed the HFD (n=10). Two-way ANOVA and Tukey's post hoc
test were performed for (A, D); Student’s t-test was performed for (C, E). Error bars on plots represent standard deviation (SD); **p <0.01, ***p <0.001,
**¥%¥p <0.0001. Abbreviations HDL high-density lipoprotein, HFD high-fat diet, LDL low-density lipoprotein, SCD standard chow diet, TG triglyceride, WAT

white adipose tissue

antagonists did not affect appetite (Fig. S1). Addition-
ally, GR113808 not only reduced body weight gain during
HED feeding (Fig. 2A) but also decreased weight gain of
the liver and adipose tissues (Fig. 2B and C). Moreover,
GR113808 improved postprandial glucose levels (Fig. 2D)
and decreased serum triglyceride levels but did not affect
cholesterol, HDL cholesterol, and LDL cholesterol levels
(Fig. 2E).

GR113808 suppressed hepatic fat accumulation, via a
transcriptional factor change, in mice fed an HFD

Next, we analyzed the histological appearance of the
liver, which showed reduced fatty liver formation

following GR113808 injection (Fig. 3A). GR113808 injec-
tion also reduced hepatic triglyceride levels (Fig. 3B). To
further understand this mechanism, we analyzed various
signaling pathways. GR113808 decreased not only ste-
rol regulatory element-binding protein 1c (SREBP-1c),
FAS, SCD-1, and monoacylglycerol O-acyltransferase
1 (Mogatl), but also reduced PPAR-y, CD36, and fatty
acid binding protein 1 (FABP1) expression (Fig. 3C and
D); these genes play critical roles in lipogenesis and fatty
acid uptake [15, 16]. Additionally, GR113808 injection
increased carnitine palmitoyl transferase 1a (Cptla) and
PPAR-a expression in HFD-fed livers, but it did not affect
gene expression of fatty acid transport protein 5 (FATP5)
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Fig. 3 GR113808 prevents HFD-induced fatty liver formation. A histological analysis of the liver (scale bar: 100 um) (A) and the triglyceride amount in (B)
the liver (n=10) are shown. (C) Representative western blots (left) and densitometric analysis (right) for the indicated antibody using liver lysates (n=3).
(D) Relative mRNA levels of genes related to lipogenesis (SREBP-1c, FAS, SCD-1, Agpat1, PPAR-y, and Mogat1), fatty acid uptake (CD36, FABP1, and FATPS),
and fatty acid oxidation (CPT1a, Acox1, and PPARa) in the livers of mice injected with GR113808 (n=6). A student’s t-test was performed. Error bars on
plots represent standard deviation (SD); *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Abbreviations Acox1 acyl-CoA oxidase 1, Agpat1 1-acylglycerol-
3-phosphate O-acyltransferase 1, CD36 cluster of differentiation 36, CPTTa carnitine palmitoyl transferase 1a, elF2a eukaryotic translation initiation factor
20, FABPfatty acid binding protein, FAS fatty acid synthase, FATP fatty acid transport protein, HFD high-fat diet, Mogat 1 monoacylglycerol O-acyltransferase
1, PERK protein kinase R-like endoplasmic reticulum kinase, PPAR peroxisome proliferator-activated receptor, SCD standard chow diet, SCD-1 stearoyl-CoA
desaturase 1, m-SREBPT mature form of sterol regulatory element-binding protein 1

and acyl-CoA oxidase 1 (Acox1) (Fig. 3D). GR113808 also
reduced PERK and elF2a phosphorylation (Fig. 3C), thus
it decreased ER stress.

GR113808 reduced the size of adipocytes upon HFD
feeding

HFD feeding increased the size of lipid droplets, but
GR113808 prevented this increase in WAT droplet size
(Fig. 4A and C). GR113808 reduced both the distribu-
tion of adipocyte size and mean adipocyte size in WAT
under HFD conditions (Fig. 4C). Interestingly, GR113808
injection increased serum adiponectin and adiponectin

mRNA levels in adipose tissue under both SCD and HFD
conditions (Fig. 4B and D). However, GR113808 did not
affect the expression of genes involved in triglyceride
synthesis (Mogatl, diacylglycerol O-acyltransferase 1
(Dgatl), and Dgat2), fatty acid synthesis (SCD-1), and
fatty acid uptake (PPAR-y and CD36) or peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha
(PGCla) (Fig. 4D). GR113808 decreased FAS expres-
sion and increased cell death—inducing DFFA-like effec-
tor A (Cidea), acetyl-CoA carboxylase alpha (ACACA),
hormone-sensitive lipase (HSL), and adipose triglyceride
lipase (Atgl) expression in WAT of HFD-fed mice and
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Fig. 4 GR113808 reduces the size of adipocytes in inguinal WAT but increases adiponectin production. (A) Histologic section of inguinal WAT (scale bar:
100 pum). (B) Serum adiponectin was measured using ELISA kits (1=8-9). (C) Adipocyte size distribution and mean adipocyte size (n=20). (D) Relative
mRNA levels of genes related to lipogenesis (Mogat1, Dgat1, Dgat2, ACACA, FAS, SCD-1, and PPAR-y), fatty acid uptake (CD36), thermogenesis (Dio2,
PGC1a, UCP1, and Cidea), and lipolysis (HSL and Atgl) in the WAT of mice injected with GR113808 (n=6). A student’s t-test was performed. Error bars on
plots represent standard deviation (SD); *p <0.05, **p <0.01, ***p < 0.001, ***p < 0.0001. Abbreviations ACACA acetyl-CoA carboxylase alpha, Adipog adipo-
nectin, Atgl adipose triglyceride lipase, CD36 cluster of differentiation 36, Cidea cell death—inducing DFFA-like effector A, Dgat diacylglycerol O-acyltrans-
ferase, Dio2 iodothyronine deiodinase 2, ELISA enzyme-linked immunosorbent assay, FAS fatty acid synthase, HFD high-fat diet, HSL hormone-sensitive
lipase, Mogat1 monoacylglycerol O-acyltransferase 1, PGCla peroxisome proliferator-activated receptor gamma coactivator 1-alpha, PLINT perilipin 1,
PPAR peroxisome proliferator-activated receptor, SCD standard chow diet, SCD-T1 stearoyl-CoA desaturase 1, UCP uncoupling protein, WAT white adipose

tissue

iodothyronine deiodinase 2 (Dio2) expression in WAT of
SCD-fed mice (Fig. 4D).

GR113808 reduced HFD-induced inflammation and
inflammasome formation

Because adiponectin has anti-inflammatory and anti-ath-
erogenic properties [17, 18], we examined inflammation
in the serum, liver, and WAT. First, we examined serum
inflammatory cytokine levels. GR113808 reduced the
levels of inflammatory cytokines, such as TNF-a, IL-1f,
and IL-6 (Fig. 5A). Furthermore, the expression of genes
related to inflammasome complex formation (NLRP3,

ASC, caspase-1, and IL-1p) and inflammatory cytokine
production (TNF-«, IL-1p, IL-6, and monocyte chemoat-
tractant protein-1 [MCP-1]) in the liver and adipose tis-
sues was reduced upon GR113808 injection (Fig. 5B—E).
HEFD feeding increased the level of adhesion G-protein-
coupled receptor E1 (F4/80), a macrophage marker [19],
and GR113808 reduced F4/80 levels in the WAT (Fig. 5E).

Effects of HTR4 downregulation in Hep3B and 3T3-L1 cells
To further examine whether downregulation of HTR4
affects the PPAR-y and SREBP-1 pathways, as well as
inflammasome complex formation, we downregulated
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HTR4 using siRNA in Hep3B cells and then treated them
with palmitate to mimic an HFD. Palmitate treatment
(200 uM) increased the expression of the mature form of
SREBP-1 and its targets (FAS and SCD-1) (Fig. 6A). Addi-
tionally, palmitate treatment upregulated the expression
of PPAR-y, CD36, and proteins associated with inflam-
masome complex formation (NLRP3, ASC, caspase-1,
and IL-1f). This treatment also led to activation of the
ER stress pathway, as evidenced by increased PERK and
elF2a phosphorylation. Notably, HTR4 downregulation
with siHTR4 suppressed the overexpression of genes
involved in lipogenesis (SREBP-1, FAS, SCD-1), fatty
acid uptake (PPAR-y, CD36), the inflammasome complex
(NLRP3, caspase-1, IL-1P), and the ER stress pathway
(PERK, elF2a) (Fig. 6A). Furthermore, HTR4 downregu-
lation attenuated palmitate-induced TNF-a, IL-1p, and
IL-6 formation (Fig. 6B). To further examine the role of
HTR4 in adipocytes, we conducted experiments wherein
HTR4 was downregulated, followed by treatment with
200 pM palmitate to induce inflammation in 3T3-L1
cells. The results indicated that HTR4 downregulation
in 3T3-L1 cells mitigated palmitate-induced ER stress,

inflammasome complex formation, and inflammatory
cytokine production (Fig. 7A and B).

Insulin resistance induced by palmitate treatment was
improved by HTR4 downregulation in Hep3B cells but not
in 3T3-L1 cells

To explore whether downregulation of HTR4 affects
insulin resistance, we applied 200 uM palmitate, followed
by additional treatment with insulin for 2 or 5 min. Pal-
mitate treatment decreased Akt phosphorylation in both
Hep3B and 3T3-L1 cells (Fig. 8A and B), thus it induced
insulin resistance. HTR4 downregulation recovered Akt
phosphorylation in Hep3B cells but not in 3T3-L1 cells
(Fig. 8A and B); therefore, HTR4 plays an important role
in insulin resistance in the liver.

Discussion

In this study, we aimed to investigate the role of
GR113808, a known HTR4 antagonist, during HED feed-
ing to understand its potential implications in NAFLD.
Given the already high prevalence of NAFLD, which
is expected to rise due to the increasing global obesity
rate, there is a pressing need for effective treatments.
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Currently, numerous new drugs are being developed to
address obesity and its associated conditions, includ-
ing NAFLD, with some showing promise in ameliorating
NAFLD in obese individuals [20].

In our study, we introduced a selective HTR4 antago-
nist, GR113808, as a potential drug candidate for NAFLD
treatment. Our findings indicated that this antagonist
suppressed fatty liver formation and prevented obesity
and hyperglycemia in mice subjected to HFD feeding.

5-HT has previously been recognized for its role in regu-
lating energy balance and glucose homeostasis through
both central and peripheral mechanisms [5]. However, to
the best of our knowledge, our study represents the first
report on the effects of an HTR4 antagonist on obesity
and hepatic fat accumulation.

Remarkably, despite HFD feeding leading to decreased
HTR4 expression in hepatic and adipose tissues, our
study found that injection of the HTR4 antagonist
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GR113808 improved insulin resistance and fatty liver
formation in HFD-fed mice. GR113808 administration
resulted in reduced body, liver, and adipose tissue weights
in both the SCD- and HFD-fed groups. The weight-sup-
pressing effects of GR113808 are likely mediated through
peripheral mechanisms, including the suppression of
lipogenesis and fatty acid uptake. Two key transcrip-
tion factors involved in these processes are SREBP-1 and
PPAR-y. SREBP-1 regulates the expression of lipogenesis
genes such as FAS and SCD-1 [15, 21], while PPAR-y
regulates CD36, fat-specific protein 27 (FSP27), Mogatl,
and lipoprotein lipase (LPL) [16], which are all crucial for
lipogenesis and lipid uptake. Both SREBP-1c and PPAR-y
are overexpressed in individuals with obesity and NAFLD
[22], and their dysregulation contributes to the pathogen-
esis of these conditions. PPAR-y heterozygotic (+/—) mice
are protected from HFD-induced obesity and insulin
resistance [9]. Moreover, SREBP-1¢ mRNA and mature
protein levels are elevated in ob/ob mouse livers [21], and
SREBP-1 overexpression leads to fatty liver formation
[23]. Studies in animal models have shown that manip-
ulation of these factors can impact obesity and insulin
resistance.

GR113808 treatment reduced the expression of SREBP-
1c, FAS, SCD-1, PPAR-y, CD36, Mogatl, and FABP], all
of which are involved in lipogenesis and fatty acid uptake.
Moreover, downregulation of HTR4 mimicked the effects
of GR113808 treatment, suggesting that HTR4 plays a
crucial role in these processes. Consequently, downregu-
lation of HTR4 and treatment with GR113808 reduced
fatty liver formation by modulating the SREBP-1c and
PPAR-y pathways and decreasing ER stress, which affects
SREBP-1 and FAS expression [24]. It is unclear how the
HTR4 antagonist GR113808 modulates PPAR-y and
SREBP-1, but this effect could be influenced by various
factors, such as nutritional status, ER stress or adiponec-
tin levels. Insulin can increase the expression of PPAR-y
[25] and high energy states, such as high glucose levels,
also stimulate SREBP-1 transcription via mTOR signal-
ing [26]. mTOR and AMPK are complementary energy
sensors that regulate the expression of SREBP-1 in
response to energy status [26, 27]. ER stress also upregu-
lates SREBP-1 expression and SREBP-1 cleavage [24, 28],
while adiponectin suppresses SREBP-1 expression [29].
Thus, a high energy state and ER stress may increase the
expression of PPAR-y and SREBP-1, leading to increased
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lipogenesis and lipid uptake. GR113808 may inhibit
the expression of PPAR-y and SREBP-1 by reducing ER
stress, lowering energy state, and increased adiponectin
production.

Inflammation can be triggered by various inflamma-
tory stimuli, leading to increased production of inflam-
matory cytokines such as TNF-a, IL-1f, IL-6, and MCP-1
[30, 31]. Fatty acid overflow, a consequence of conditions
such as obesity, contributes to chronic low-grade inflam-
mation [30]. Specifically, overflow of saturated fatty acids
such as palmitate and stearate exacerbates lipotoxic-
ity, which in turn induces hepatotoxicity and pancre-
atic B-cell death in metabolic diseases such as diabetes.
Lipotoxicity manifests through mechanisms including
reactive oxygen species damage, inflammation, cell
death, and mitochondrial dysfunction [30, 32]. Notably,
GR113808 injection led to increased serum adiponectin
levels and adiponectin mRNA expression in adipose tis-
sue. Adiponectin is known for its anti-inflammatory and
anti-atherogenic properties, serving as an insulin-sen-
sitizing adipokine that aids in maintaining whole-body
energy homeostasis [17]. Decreased adiponectin levels
are observed in obesity, with a similar reduction noted
in patients with NAFLD [33, 34]. Adiponectin amelio-
rates insulin resistance [35], and its supplementation
has shown promise in alleviating fatty liver disease and
improving insulin resistance, acting as an anti-inflam-
matory mediator [18, 36]. The elevation of adiponectin
levels following GR113808 injection suggests a poten-
tial mechanism for reducing HFD-induced inflamma-
tion, fatty liver formation, and insulin resistance. Indeed,
GR113808 administration resulted in reduced serum lev-
els of inflammatory cytokines (TNF-a, IL-1f, and IL-6)
and decreased expression of these cytokines, as well as
MCP-1; its administration also reduced inflammasome
complex formation in hepatic and adipose tissues. Addi-
tionally, GR113808 recovered insulin resistance after
HED feeding. HTR4 downregulation mirrored these
effects, suggesting the involvement of HTR4 in inflam-
mation- and insulin-related pathways. Altogether, the
secretion of adiponectin and downregulation of HTR4
contributed to the mitigation of inflammation, inflamma-
some complex formation, and insulin resistance.

Some HTR subtypes are also associated with NAFLD.
In a previous study, HTR2a expression was increased in
HFD-fed mouse livers, and HTR2a liver-specific knock-
out mice were protected from fatty liver formation [12].
Additionally, HTR3 antagonists reduced fatty liver for-
mation, liver inflammation, and liver cell necrosis in ob/
ob mice [37]. Furthermore, modulation of 5-HT in the
gut-liver neural axis decreased fatty liver formation and
liver inflammation [38], and HTR2a antagonists have
shown therapeutic potential for the treatment of NAFLD
induced by diet [39]. In this study, even though HTR4
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expression in the liver was low (Table S2), we showed that
HTR4 antagonists have similar protective effects against
fatty liver formation and obesity. However, we are uncer-
tain whether the findings can be applied to humans in the
same manner. Further investigation into the role of HTR4
in obesity, fatty liver, inflammation, and insulin resistance
in humans is needed.

Because 5-HT is synthesized in neurons and acts as
a neurotransmitter, it can modulate the gut-liver neu-
ral axis, which might occur through HTR2a, HTR3, and
HTR4. Therefore, inhibition of these receptors may be
an effective strategy for treating obesity and fatty liver
formation.

Our study demonstrated that GR113808 improved
NAFLD through inhibitory effects on lipogenesis, fatty
acid uptake, and inflammation. Although GR113808 has
been shown to antagonize HTR4, there is a possibility
of some degree of concurrent action on other HTR sub-
types. However, GR113808 did not affect HTR expres-
sion in Hep3B and 3T3-L1 cells, indicating that it does
not impact HTR expression (Fig. S2). Reproduction of
the results in HTR4 knockout mice is necessary to con-
firm whether the effects of GR113808 are solely mediated
through antagonism of HTR4. The absence of data from
knockout mice is a limitation of our study. Nevertheless,
transfection of siHTR4 into Hep3B and 3T3-L1 cells,
resulting in the suppression of HTR4 at the cellular level,
provides evidence that inhibiting HTR4 can improve
NAFLD-related metabolic processes.

Conclusions

Injection of the HTR4 antagonist GR113808 suppressed
obesity and fatty liver formation and improved inflamma-
tion in the liver and adipose tissue. Additionally, HTR4
downregulation improved hepatic insulin resistance.
Thus, HTR4 may be an attractive target for treatment of
NAFLD associated with obesity and type 2 diabetes.

Abbreviations
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SCD Standard chow diet
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