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Abstract

Aim: This study investigated the role of RAP1B in hepatic lipid metabolism and its

implications in obesity and associated metabolic disorders, focusing on the molecular

mechanisms through which RAP1B influences lipid accumulation, inflammation and

oxidative stress in liver tissues and hepatocyte cell lines.

Materials and Methods: Liver-specific RAP1B-knockout (LKO) and overexpression

(OE) mice were generated and fed a high-fat diet for 18 weeks to evaluate systemic

and hepatic metabolic changes. Comprehensive metabolic phenotyping included mea-

surements of body weight, body fat content, activity levels, energy expenditure (EE),

respiratory exchange ratio (RER), glucose tolerance test and insulin tolerance test.

RAP1B-knockdown AML12 hepatocytes were used for in vitro studies. Comprehen-

sive transcriptome and metabolome analyses identified differentially expressed genes

and key metabolic shifts. Biochemical and histological analyses were performed to

assess lipid accumulation, oxidative stress and inflammatory markers.

Results: We found that LKO mice exhibited significant reductions in body weight, fat

pad size and liver mass, along with decreased hepatic lipid accumulation due to

enhanced lipid breakdown. These mice demonstrated improved glucose tolerance

and insulin sensitivity without changes in food intake. Liver histology showed

reduced F4/80-positive macrophage infiltration, indicating decreased inflammatory

cell recruitment. Additionally, markers of oxidative stress were significantly lower,

and molecular analysis revealed downregulation of the MAPK(p38) and NF-κB signal-

ing pathways, further supporting an anti-inflammatory hepatic environment. In con-

trast, OE mice showed increased liver weight, aggravated hepatic lipid accumulation
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driven by enhanced lipogenesis, worsened insulin resistance and elevated

inflammation.

Conclusions: This study highlights RAP1B's pivotal role in hepatic metabolism and

positions it as a potential therapeutic target for obesity and related metabolic

disorders.
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1 | INTRODUCTION

Obesity has escalated into a global epidemic, affecting over 650 million

adults and 340 million children and adolescents worldwide. This issue

is propelled by many factors, including a sedentary lifestyle, poor die-

tary habits and genetic predisposition.1 As a major risk factor for vari-

ous metabolic disorders, obesity is intricately linked to the

development of metabolic dysfunction-associated fatty liver disease

(MAFLD), previously known as non-alcoholic fatty liver disease

(NAFLD).2 In individuals with obesity, excess adiposity disrupts lipid

metabolism, leading to lipid accumulation in the liver (hepatic steato-

sis). This accumulation impairs normal liver function; is a potent cata-

lyst for insulin resistance, type 2 diabetes and cardiovascular diseases;

and is a pivotal determinant of liver-related metabolic disorders.3

Liver lipid accumulation is associated with inflammation and oxi-

dative stress.4 As lipids accumulate in hepatocytes, they cause an

increase in oxidative stress owing to the elevated production of reac-

tive oxygen species (ROS). These ROS induce lipid peroxidation, dam-

aging cellular components and inciting further inflammation.5,6

Chronic inflammation then perpetuates oxidative stress, forging a del-

eterious cycle that propels disease progression from simple steatosis

to more severe liver diseases such as steatohepatitis and fibrosis.7

This escalation is often exacerbated by the upregulation of pro-

inflammatory cytokines and the recruitment of immune cells such as

macrophages, which intensify the inflammatory milieu.8 Conditions

such as obesity, type 2 diabetes and metabolic syndrome are also

characterized by inflammation.9–11 As noted in recent studies, hepatic

steatosis is commonly observed in these conditions, and the associ-

ated inflammation exacerbates disease progression.12 The intricate

interplay between lipid metabolism, oxidative stress and inflammation

underpins the pathogenesis of liver diseases associated with obesity

and metabolic disorders.

RAP1B, a member of the small GTPase family, is integral to cel-

lular processes including adhesion, growth and differentiation.13–15

RAP1B plays a crucial role in regulating neutrophil inflammation by

preventing excessive acidity.16 Emerging research suggests alter-

ations in RAP1B expression in tissues from obese individuals, and

RAP1B has been shown to influence mitochondrial integrity and

apoptosis in renal tubular cells under high glucose conditions, sug-

gesting its involvement in metabolic disturbances that are typical of

obesity.17,18 However, the precise mechanisms through which

RAP1B modulates hepatic lipid metabolism, inflammatory responses

and oxidative stress are poorly understood. Therefore, this study

aimed to delineate the role of RAP1B in these processes, with a

focus on its impact on energy expenditure (EE), lipid accumulation,

inflammation and oxidative stress. By investigating these dynamics,

we sought to elucidate the regulatory functions of RAP1B in liver

metabolism and its potential as a therapeutic target for treating met-

abolic liver diseases.

2 | MATERIALS AND METHODS

2.1 | Animals and ethics statement

C57BL/6 mice harbouring Rap1b flox/� mice (C57BL/6JCya-Rap1bem1-

flox/Cya) and Albumin-Cre mice were obtained from Cyagen Biosci-

ences Inc. (Suzhou, Jiangsu, China). The liver-specific Rap1b-deficient

(Rap1b flox/flox Alb cre, LKO) and control (Rap1b flox/flox, fl/fl) mice used

in the experiment were produced by crossbreeding Rap1b flox/� mice

with Albumin-Cre mice. In the resulting LKO mice, exon 5 and exon

6 of the Rap1b gene were specifically excised in the liver, ensuring tar-

geted and tissue-specific deletion. To achieve liver-specific RAP1B

OE, mice were intraperitoneally injected at 6 weeks of age with

adeno-associated virus 8 (AAV8) carrying full-length RAP1B cDNA

(ViGene Biosciences, Shandong, China), while control mice received

AAV8 with an empty vector. Male mice aged 6–8 weeks were fed a

high-fat diet (HFD; Research Diets D12492) for a minimum of

18 weeks. Four-week-old male DB/DB (C57BLKS/J-leprdb/leprdb) mice

and their non-diabetic DB/m littermates were obtained from the Lab-

oratory Animal Center of Hangzhou Medical College (Hangzhou,

China). All animals were maintained in SPF-grade barriers with unrest-

ricted access to food and water, adhering to a 12-h light/dark cycle at

a temperature of 22 ± 2�C. The mice were housed in groups of 4–5

per cage from 4 weeks of age, with weekly monitoring of body

weight. Tail snips were collected and genotyped. Euthanasia was per-

formed using 1.25% tribromoethanol (0.02 mL/g body weight, intra-

peritoneally), after which tissues and blood were collected. Ethical

approval (approval number: ZJCLA-IACUC-20020083) was granted by

the Ethics Committee of Laboratory Animal Care and Welfare, Hang-

zhou Medical College, and all procedures complied with established

principles of animal welfare and ethics.
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2.2 | Cell culture

The immortalized mouse hepatocyte cell line AML12 was acquired

from the Cell Bank of the Chinese Academy of Sciences, Shanghai,

China and cultured at 37�C in a 5% CO2 atmosphere. The culture

medium consisted of Dulbecco's Modified Eagle's Medium/Ham's

F-12 (Corning, Shanghai, China) supplemented with 12% bovine calf

serum (D6429, Sigma-Aldrich, St. Louis, MO, USA), 5.5 μg/mL trans-

ferrin (T8158, Sigma-Aldrich), 10 μg/mL insulin (abs42019847, Absin,

Shanghai, China), 40 ng/mL dexamethasone (A601187-0005, Sangon,

Shanghai, China), 5 ng/mL sodium selenite (S5261, Sigma-Aldrich) and

1% penicillin–streptomycin–gentamicin solution (abs9245, Absin,

Shanghai, China). The cells were serum-starved for 6 h before expo-

sure to 200-μM Palmitic acid or BSA as a vehicle for at least 16 h. For

the knockdown of RAP1B, pLKO-1 plasmids targeting Rap1b (shRNA1

for CDS: CTACGATAGAAGATTCTTAT; shRNA2 for UTR:

GCTTTGATTAACACAGCTAT) were constructed by Tsingke

(Hangzhou, China) and were used to produce lentiviral particles in

293-FT cells. Following the infection, AML12 cells were selected for

puromycin resistance.

2.3 | RNA extraction and real-time quantitative
PCR (qRT-PCR)

Total RNA was extracted from liver tissues and AML12 cells using

TRIzol reagent (#15596018, Invitrogen). cDNA was synthesized

using the HiScript II Q RT SuperMix kit (R222, Vazyme), and gene

expression was quantified by real-time PCR using the ChamQ Univer-

sal SYBR Mix kit (Q311, Vazyme). β-Actin served as the internal con-

trol. The primers used are listed in Table S1.

2.4 | Western blotting (WB) and antibodies

Tissues and cells were lysed using RIPA buffer (MA0151, Meilune)

containing protease (ST507, Beyotime) and phosphatase inhibitors

(5870S, Cell Signalling Technology). The lysates were centrifuged, and

the supernatant's protein concentration was determined using the

Pierce™ BCA Protein Assay Kit (23225, Thermo Fisher Scientific). Pro-

teins were separated by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis and transferred to PVDF membranes, which were

then blocked and incubated with primary and secondary antibodies.

Visualization was performed using a chemiluminescent substrate. The

antibodies used are listed in Table S2.

2.5 | Metabolic caging analysis

The mice were individually housed in metabolic cages (PhenoMaster,

TSE-System, Germany) for 7 days to monitor oxygen consumption

and carbon dioxide production. Data from days 3 to 5 were used to

calculate the respiratory exchange rate (RER) and EE. Food intake was

continuously monitored using an integrated weighing sensor. Mouse

activity was assessed in an open-field test using a SMART 3.0 Video

Tracking System. Body composition was determined using EchoMRI

(Houston, TX, USA), according to the manufacturer's instructions. Indi-

rect calorimetry was performed following a regression-based analysis

with lean mass as a covariate for normalization.19,20

2.6 | Glucose tolerance test (GTT) and insulin
tolerance test (ITT)

Metabolic assessments including GTT and ITT were performed in the

male mice. For the GTT, the mice were fasted overnight and received

an intraperitoneal injection of 1 g/kg D-(+)-glucose (V900392, Sigma).

Blood glucose levels were measured at specified intervals post-

injection using a blood glucose meter (580; Yuwell). Blood sampling

for glucose measurements was performed using sterile scissors to

carefully remove approximately 1 mm from the tip of the tail, discard-

ing the first drop and collecting the second drop of blood, approxi-

mately 10 μL. For the ITT, after a 4-h fast, the mice were

administered insulin (4089, Pythonbio) at 1 U/kg, and blood glucose

was similarly monitored.

2.7 | Biochemical assays

Tissue samples were homogenized at a 9:1 (volume:weight) ratio of

homogenization medium to tissue. The tissue was homogenized using

a mechanical homogenizer (KZ-II-F, Servicebio), following the manu-

facturer's instructions. The homogenate was centrifuged, and the

supernatant was collected for biochemical assays. Cell disruption was

performed using ultrasonic methods (300 W, 3–5 s per pulse, 30-s

intervals, repeated 3–5 times). Serum was prepared by centrifuging

blood samples at 4�C for 10 min at 1200 � g. The assay kits used

were triglyceride (TG, A110-1-1), non-esterified free fatty acids

(NEFA, A042-2-1), glycerol (F005-1-1) and Insulin (H203-1-2) from

Nanjing Jiancheng Bioengineering Institute.

2.8 | Histology and Immunohistochemistry

The tissue samples were fixed in paraformaldehyde, dehydrated in an

ethanol series, cleared in xylene and embedded in paraffin. Sections of

4–5 μm were prepared using a microtome (Leica), stained with an H&E

staining kit (C0105S, Beyotime), mounted with coverslips using neutral

resin (10004160, Sinopharm) and analysed microscopically. For the

immunohistochemistry analysis, the sections were incubated with an

F4/80 primary antibody (GB113373, Servicebio), followed by a biotiny-

lated secondary antibody, and developed using a DAB detection kit. To

prepare snap-frozen tissue blocks, tissues were dehydrated with 30%

(w/v) sucrose (V900116, Sigma) for 48 h and subsequently frozen in

Tissue-Tek O.C.T Compound (4583–1, SAKURA) using a Cryostat

Microm HM 525 (Thermo Fisher Scientific).

3038 FU ET AL.
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2.9 | Oil Red O staining

To show lipid deposition in vitro and in vivo, the snap-frozen liver tis-

sue blocks were sectioned into 10-μm-thick slices and subjected to

0.5% Oil Red O staining to detect lipid accumulation. In parallel, the

cells in a 6-well plate were accordingly fixed with 4% (w/v) parafor-

maldehyde and were also stained with 0.5% Oil Red O to assess lipid

droplet formation. Both the liver tissue and cultured cells were coun-

terstained with haematoxylin. Red lipid droplets were observed under

a microscope at 100/400� magnification.

2.10 | Antioxidant assay

The catalase (CAT) levels in the AML12 cells were measured using

assay kits (S0051) from the Beyotime Institute of Biotechnology

(Shanghai, China). Malondialdehyde (MDA) levels in the AML12 cells

were also measured using assay kits (A003-4-1; Nanjing Jiancheng

Bioengineering Institute). The cells were cultured and harvested fol-

lowing standard protocols for sample preparation and absorbance

measurements.

2.11 | Transcriptome sequencing of AML12 cells

Total RNA was extracted from AML12 cells using the TRIzol reagent

and sent to Novogene (Beijing, China). RNA integrity was assessed

using the RNA Nano 6000 Assay Kit on a Bioanalyzer 2100 system

(Agilent Technologies). mRNA was purified from total RNA using

poly-T oligo-attached magnetic beads, fragmented and then used for

first strand cDNA synthesis with random hexamer primers and

M-MuLV Reverse Transcriptase. This was followed by RNA degrada-

tion with RNase H. Second-strand cDNA synthesis was performed

using DNA Polymerase I and dNTPs to convert the overhangs into

blunt ends, followed by adenylation and adaptor ligation. Selected

cDNA fragments of 370–420 bp were purified using AMPure XP

beads, amplified by PCR and purified again. Libraries were quantified

using a Qubit 2.0 Fluorometer and quality-checked with an Agilent

2100 bioanalyzer before sequencing on the Illumina NovaSeq 6000

platform to generate 150 bp paired-end reads. Clean reads were

mapped to the reference genome using the HISAT2 software. Gene

ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis of the differentially expressed genes

(DEGs) was performed using the ClusterProfiler R package (3.8.1). The

GSEA software (v4.3.2) was employed to identify gene expression

patterns that are linked to particular biological functions or pathways.

2.12 | Non-targeted metabolomics analysis

A non-targeted metabolomic analysis was conducted using LC–MS/

MS by Novogene Co., Ltd., Beijing, employing a Vanquish UHPLC sys-

tem coupled with a Q Exactive HF mass spectrometer (Thermo Fisher,

Germany). AML12 cells were cultured to 80% confluence, harvested,

washed with PBS and resuspended in prechilled 80% methanol.

Metabolites were extracted through liquid nitrogen freezing, thawing,

vortexing, sonication and centrifugation at 15 000 g for 20 min at

4�C. The supernatant was lyophilized and dissolved in 10% methanol

before injection into the LC–MS system. The analysis utilized a Hyper-

sil Gold C18 column (100 � 2.1 mm, 1.9 μm) with a 12-min solvent

gradient in both positive and negative ion modes. Raw data were pro-

cessed using Compound Discoverer 3.1, including peak alignment,

deconvolution and normalization to total spectral intensity, with com-

pounds showing a coefficient of variation (CV) > 30% in quality con-

trol samples excluded. Metabolites were annotated using mzCloud,

mzVault and MassList databases, and differential metabolites were

identified based on thresholds of VIP >1, p-value <0.05 and fold

change ≥2 or ≤0.5. Heatmaps were generated with the pheatmap

package in R software.

2.13 | Statistical analyses

All experiments were conducted in triplicate to ensure reliability. Sta-

tistical analyses were performed using the SPSS software (version

21.0; IBM, Armonk, NY, USA). Data are expressed as the mean ±

SEM. An independent t test was used to compare two samples. Statis-

tical significance was defined as p < 0.05.

3 | RESULTS

3.1 | Rap1b expression is negatively associated
with obesity in humans and mice

To investigate the association between Rap1b expression levels and

obesity and related diseases, we analysed Rap1b mRNA expression in

human liver samples obtained from morbidly obese patients and nor-

mal controls sourced from the published GEO database

(GSE61260).21 Rap1b mRNA expression was significantly lower in

patients with obesity than in healthy controls (Figure 1A). Additionally,

we examined another dataset (GSE126848), which included liver

biopsy samples from normal-weight individuals (normal, n = 14),

obese individuals (n = 12), patients with simple steatosis (NAFL,

n = 15) and patients with nonalcoholic steatohepatitis (NASH,

n = 16).22 In this dataset, Rap1b mRNA expression was significantly

lower in both NAFL and NASH (Figure 1B). Regardless of the pres-

ence of type 2 diabetes mellitus, Rap1b expression was significantly

reduced in obese individuals from the GSE15653 dataset

(Figure 1C).23 Subsequently, we analysed liver tissues from male mice

fed either a standard diet (SD) or HFD. qRT-PCR (Figure 1D) and WB

(Figure 1E) analyses showed a significant decrease in RAP1B expres-

sion in HFD-induced obese mice. Lower expression of Rap1b mRNA

(Figure 1F) and RAP1B protein (Figure 1G) was observed in DB/DB

mice than in the controls. To mimic these conditions in vitro, we trea-

ted AML12 hepatocyte cells with 200-μM palmitic acid (PA), which

FU ET AL. 3039
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led to decreased Rap1b mRNA (Figure 1H) and RAP1B protein levels

(Figure 1I). Overall, our comprehensive analysis suggests a significant

reduction in RAP1B expression in the liver tissues and cells of obese

mice compared with that in their normal-weight counterparts, indicat-

ing a potential mechanistic role of Rap1b in the pathophysiology of

obesity and related metabolic disorders.

3.2 | Liver-specific Rap1b knockout (LKO)
alleviates HFD-induced obesity in mice

Owing to the close link between liver and whole-body metabolism,

we established a liver-specific Rap1b-knockout mouse model using

the C57BL/6 strain (Figure 2A). Liver tissues from the LKO mice

showed a significant decrease in Rap1b mRNA and RAP1B protein

levels, as evidenced by qRT-PCR (Figure 2B) and WB (Figure 2C). In

contrast, RAP1B protein levels remained unchanged in non-liver tis-

sues, including the heart, brain, lungs, kidneys and adipose tissues

(Figure 2D), confirming the specificity of the knockout. To explore the

link between Rap1b and obesity-related metabolic disorders, we fed

male mice aged 6–8 weeks a HFD for at least 18 weeks. After the

seventh week, the LKO mice consistently displayed lower body

weights (Figure 2E) and smaller sizes (Figure 2F) than the fl/fl mice.

Remarkably, the LKO mice also showed significantly lower liver

weights (Figure 2G) and reduced fat pad sizes (Figure 2H) than the

fl/fl controls. An analysis using an echoMRI body composition analy-

ser revealed a significant reduction in fat mass in the LKO mice,

whereas there was no significant change in lean mass (Figure 2I). To

explore the mechanism by which hepatic RAP1B deletion protects

mice from HFD-induced obesity, we observed that the LKO mice

showed no significant differences in daily food intake (Figure 2J) or

activity levels (Figure 2K) compared with the fl/fl mice. However,

under HFD conditions, the LKO mice demonstrated unchanged EE

(Figure 2L) and elevated respiratory exchange ratios (RERs)

(Figure 2M). These findings confirm that hepatic RAP1B deletion sig-

nificantly reduced body and liver weights, as well as fat mass, in HFD-

fed mice relative to the controls, suggesting that RAP1B is a promising

therapeutic target for managing obesity and related metabolic

disorders.

3.3 | Hepatic deficiency of Rap1b ameliorates
HFD-induced insulin resistance

To elucidate the metabolic profiles of the LKO mice, which showed

lower body weights and higher EE, we performed a GTT and ITT. The

GTT revealed enhanced glucose tolerance in the LKO mice, which

was characterized by lower postprandial glucose levels (Figure 3A).

The ITT results showed improved insulin sensitivity, as demonstrated

by a more significant reduction in blood glucose after insulin

F IGURE 1 Rap1b expression is negatively associated with obesity in humans and mice. (A) Comparative analysis of Rap1b mRNA levels in
liver samples from morbidly obese patients and normal controls, based on data from the GEO database (GSE61260). (B) Rap1b mRNA levels in
liver biopsies from normal-weight individuals (Normal, n = 14), obese individuals (n = 12), patients with simple steatosis (NAFL, n = 15) and

nonalcoholic steatohepatitis patients (NASH, n = 16), sourced from GSE126848. (C) Comparison of Rap1b mRNA levels in liver samples from lean
controls undergoing elective cholecystectomy (n = 5) and obese patients undergoing gastric bypass surgery, both non-T2DM and T2DM (n = 13),
sourced from GSE15653. (D, E) Rap1b mRNA (D) and protein (E) levels in liver tissues from C57BL/6 mice fed a standard diet (SD) or high-fat diet
(HFD). (F, G) Analysis of Rap1b mRNA (F) and protein (G) levels in liver tissues from DB/m and DB/DB male mice. (H, I) Quantification of Rap1b
mRNA (H) and RAP1B protein (I) levels in AML12 cells treated with palmitic acid (PA) compared with untreated controls. Data are presented as
the mean ± SEM, derived from at least three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns, not significant.

3040 FU ET AL.
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administration than in the fl/fl mice (Figure 3B). A serum insulin analy-

sis showed no notable changes (Figure 3C), indicating that hepatic

RAP1B did not influence insulin secretion. The LKO mice exhibited

unchanged levels of serum TG and NEFA levels (Figure 3D,E). Stable

TG and NEFA levels may result from compensatory metabolic pro-

cesses in adipose tissue or other peripheral tissues that maintain the

overall lipid balance.24 Our findings indicate that hepatic RAP1B defi-

ciency enhances insulin sensitivity .

3.4 | Hepatic RAP1B deficiency reduces liver lipid
accumulation

To assess the impact of RAP1B knockout on the liver, we performed

H&E staining to examine liver morphology and identify any

histological changes. The results of H&E staining revealed a reduction

in lipid vacuoles within the liver tissues of the LKO mice (Figure 4A),

and Oil Red O staining confirmed the presence of fewer lipid droplets

(Figure 4B). Notably, the levels of TG (Figure 4C) and glycerol

(Figure 4D) were significantly lowered in the livers of LKO mice, hint-

ing at perturbations in hepatic lipid metabolism. Further gene expres-

sion analyses related to lipogenesis and lipolysis revealed an increased

expression of key lipolysis-related genes, including Lpl, Cpt1a, Cpt2

and Atgl in the LKO mice (Figure 4E). Notably, CPT1A and ATGL,

which are crucial for fatty acid oxidation and TG catabolism, were sig-

nificantly upregulated, indicating enhanced lipolysis. Conversely, the

expression of the lipogenesis-associated protein FASN was markedly

suppressed (Figure 4F). Subsequently, we established a RAP1B KD

cell model, in which WB (Figure 4G) and qRT-PCR (Figure 4H) ana-

lyses confirmed significant reductions in Rap1b mRNA and RAP1B

F IGURE 2 Liver-specific Rap1b knockout alleviates HFD-induced obesity in mice. (A) Strategy used to generate liver-specific Rap1b knockout
mice. (B) mRNA levels of Rap1b in liver samples from fl/fl and LKO mice, n = 7–8 per group. (C) Western blot analysis demonstrating RAP1B
protein expression in liver tissues from the studied mice, n = 5. (D) Western blot analysis demonstrating RAP1B protein expression in non-liver
tissues from the studied mice. (E) Weekly tracking of body weight in fl/fl and LKO male mice fed a HFD at 6 weeks of age, n = 7–8 per group.
(F) Comparative gross morphology of fl/fl and LKO mice body size and liver. (G) Liver weight of HFD-fed fl/fl and LKO male mice, n = 7–8 per
group. (H) Weights of GWAT, SWAT and RWAT in fl/fl and LKO male mice, n = 7–8 per group. (I) Body composition analysis of fl/fl and LKO
male mice, n = 7–8 per group. (J) Daily food intake of fl/fl and LKO male mice during light and dark cycles, n = 7–8 per group. (K) Locomotor
activity assessment in fl/fl and LKO male mice, n = 7–8 per group. (L) Energy expenditure curves and average energy expenditure during light and
dark in fl/fl and LKO male mice with lean mass as a covariate for normalization, n = 7–8 per group. (M) RER curves and average RER during light
and dark phases were calculated by dividing carbon dioxide output (VCO2) by oxygen uptake (VO2), n = 7–8 per group. Data are presented as the

mean ± SEM, derived from at least three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns, not significant.

FU ET AL. 3041

 14631326, 2025, 6, D
ow

nloaded from
 https://dom

-pubs.onlinelibrary.w
iley.com

/doi/10.1111/dom
.16309 by B

elarus R
egional Provision, W

iley O
nline L

ibrary on [22/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



protein levels. Consistently, Oil Red O staining (Figure 4I) and TG

measurements (Figure 4J) indicated reduced lipid accumulation in

RAP1B KD cells compared with Ctrl cells. Furthermore, non-targeted

metabolomics analysis unveiled a notable decrease in fatty acid diver-

sity within KD cells (Figure 4K). Gene Ontology Biological Process

(GO_BP) pathway analyses of the transcriptomic data from AML12

Ctrl and KD cells revealed substantial alterations in pathways govern-

ing fatty acid and lipid metabolism (Figure 4L). Taken together, the

observed decline in lipid accumulation in both the liver tissues of LKO

mice and RAP1B KD cells underscores the pivotal role of RAP1B in

maintaining lipid homeostasis and highlights the intensified lipolysis

that occurs in its absence.

3.5 | Hepatic inflammation and oxidative stress
diminish and correlate with hepatic RAP1B deficiency

To investigate the underlying mechanisms through which RAP1B

impacts lipid metabolism, we conducted an in-depth GSEA analysis on

RAP1B KD cells, identifying significant changes in inflammation-

related pathways, including TNF, IL-17, MAPK and NF-κB signalling

pathways (Figure 5A). Inflammation often triggers the production of

reactive oxygen species (ROS), which in turn induces oxidative stress

and lipid peroxidation. To assess these processes, we measured cellu-

lar MDA (Figure 5B) and catalase activity (Figure 5C), both of which

showed significant reductions in KD cells compared with Ctrl cells,

suggesting a decrease in oxidative stress levels and lipid peroxidation,

likely as a consequence of reduced inflammatory signalling. Further-

more, when compared with fl/fl mice, the transcriptional levels of pro-

inflammatory factors such as Tnf-α and Ccl2, as well as the protein

levels of CCL2, IL-6 and IL-1β, were markedly decreased in the liver

tissues of LKO mice (Figure 5D,E). Immunohistochemical analysis of

F4/80, a macrophage marker, showed reduced expression in the liver

of LKO mice (Figure 5F,G), indicating diminished inflammation. Addi-

tionally, both KD cell models (Figure 5H) and LKO mouse livers

(Figure 5I) exhibited significant reductions in phosphorylated NF-κB

(p-NF-κB) and phosphorylated MAPK (p-MAPK), critical mediators of

inflammatory signalling. Collectively, these findings suggest that

RAP1B deficiency leads to decreased NF-κB and MAPK activation,

which in turn results in diminished inflammatory signalling and oxida-

tive stress, thereby mitigating metabolic disturbances.

3.6 | Hepatic RAP1B OE increases body weight
and aggravates glucose metabolism dysfunction

Building on the findings from the LKO mice, which demonstrated the

protective effects of hepatic RAP1B deletion against obesity and met-

abolic dysfunction, we further investigated the impact of hepatic

RAP1B OE (Figure 6A). We confirmed the successful OE of RAP1B in

the liver through qRT-PCR (Figure 6B) and WB analysis (Figure 6C,D),

with no detectable RAP1B expression increase in other tissues.

F IGURE 3 Hepatic deficiency of Rap1b ameliorates HFD-induced insulin resistance. (A) GTT was performed at week 19 in fl/fl and LKO mice
with a subsequent area under the curve (AUC) analysis, n = 7–8 per group. (B) ITT was performed at week 20 in fl/fl and LKO mice with an AUC
quantification to evaluate insulin sensitivity. (C) Serum insulin concentrations in HFD-fed fl/fl and LKO male mice, n = 7–8 per group. (D, E) TG
(G) and NEFA (E) levels in serum of fl/fl and LKO mice fed HFD, n = 7–8 per group. Data are presented as the mean ± SEM, derived from at least
three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Although there was no significant difference in body weight

(Figure 6E), the liver size and weight of OE mice showed a significant

increase compared with those of the Vector mice (Figure 6F,G). The

body composition analyser revealed a significant increase in fat and

lean mass in the OE mice (Figure 6H). However, there were no signifi-

cant differences in food intake (Figure 6I), EE (Figure 6J) or RER

(Figure 6K). Metabolic assessments further revealed impaired glucose

tolerance and reduced insulin sensitivity in OE mice, as indicated by

GTT and ITT results, which showed an upgliding trend in blood glu-

cose levels and diminished responsiveness to insulin (Figure 6L,M).

Serum lipid analyses in OE mice revealed unchanged levels of TG

(Figure 6N) and NEFA (Figure 6O). These findings indicate that

hepatic RAP1B OE leads to increased body weight and impaired glu-

cose metabolism, promoting localized liver enlargement without

affecting overall energy balance or dietary intake, highlighting a dis-

tinct metabolic impact compared with hepatic RAP1B deletion.

F IGURE 4 Hepatic RAP1B deficiency reduces liver lipid accumulation. (A, B) H&E (A) and Oil Red O (B) staining of liver sections from fl/fl and
LKO mice fed a HFD, displaying lipid distribution. (C, D) Quantification of TG (C) and glycerol (D) in liver tissues of fl/fl and LKO mice (n = 6).
(E) mRNA levels of genes related to lipogenesis and lipolysis in liver tissues of fl/fl and LKO mice, n = 6. (F) Western blot analysis of proteins

involved in lipogenesis and lipolysis in liver tissues from HFD-fed fl/fl and LKO mice, n = 5. (G) Western blot analysis of RAP1B proteins in
AML12 Ctrl and KD cells. (H) Quantification of Rap1b mRNA expression levels in AML12 Ctrl and KD cells. (I) Oil Red O staining in AML12 Ctrl
and KD cells treated with 200-μM PA, illustrating lipid droplets at 100x and 400x magnification. (J) TG levels in AML12 Ctrl and KD cells post PA
treatment. (K) Heatmap of lipid-related species identified by untargeted metabolomics in AML12 Ctrl and KD cells, n = 6. (L) Gene Ontology
Biological Process (GO_BP) analysis for differentially expressed genes in AML12 Ctrl and KD cells. Data are presented as the mean ± SEM,
derived from at least three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001; ns, not
significant.
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3.7 | Hepatic RAP1B increases liver lipid
accumulation and enhances hepatic inflammation

Furthermore, hepatic lipid accumulation was significantly increased in

OE mice, with more pronounced lipid vacuoles and droplets evident

in H&E and Oil Red O staining (Figure 7A,B), accompanied by elevated

hepatic TG, NEFA and glycerol (Figure 7C–E). At the molecular level,

although the mRNA levels of both lipolysis and lipogenesis-related

genes were increased in OE mice (Figure 7F), the WB analysis

revealed reduced expression of lipolysis-related proteins, including

CPT1A and ATGL, alongside increased expression of the lipogenesis-

associated protein FASN and ACLY (Figure 7G), in stark contrast to

the enhanced lipolysis observed in LKO mice. Conversely, when com-

pared with Vector mice, in the liver tissues of OE mice, a significant

upregulation of Tnf-α, Ccl2 and Ifn-γ was detected at the transcrip-

tional level (Figure 7H), accompanied by an increase in the protein

expression of CCL2, IL-6 and IL-1β, which together strongly suggest a

shift toward a pro-inflammatory environment (Figure 7I). Additionally,

immunohistochemical staining of F4/80 further confirmed heightened

expression in the livers of OE mice compared with that of Vector mice

(Figure 7J,K), indicating amplified inflammation within the OE mice's

livers. In the OE mouse liver models, we observed a notable increase

in p-NF-κB and p-MAPK levels (Figure 7L), indicating the activation of

these critical inflammatory signalling pathways. Collectively, these

findings demonstrate that hepatic RAP1B OE exacerbates lipid accu-

mulation and hepatic inflammation, underscoring its role in driving

metabolic disorders in contrast to the protective effects of hepatic

RAP1B deletion.

4 | DISCUSSION

Obesity significantly increases the risk of various metabolic diseases,

such as diabetes and cardiovascular disorders, which are primarily

driven by an imbalance between energy intake and expenditure.25

The liver plays a central role in maintaining systemic energy homeo-

stasis, making it a key organ for regulating metabolic health.26 While

existing literature predominantly examined RAP1B's involvement in

tumour development, cell adhesion and proliferation,27 emerging

studies indicate its regulatory function in glucose and lipid

F IGURE 5 Hepatic inflammation and oxidative stress diminish and correlate with hepatic RAP1B deficiency. (A) Gene Set Enrichment

Analysis (GSEA) identifying significantly enriched pathways in AML12 Ctrl and KD cells. (B) Malondialdehyde (MDA) content in AML12 Ctrl and
KD cells. (C) Catalase activity measurements in AML12 Ctrl and KD cells. (D) Quantification of mRNA expression levels of pro-inflammatory
factors in liver tissues from fl/fl and LKO mice, n = 3 per group. (E) Western blot analysis of proteins involved in inflammatory factors in liver
tissues from HFD-fed fl/fl and LKO mice, n = 5. (F, G) Immunohistochemical staining for F4/80 in liver tissues from HFD-fed fl/fl and LKO mice
(F), with quantitative analysis of macrophage infiltration (G), n = 3. (H, I) Western blot analysis of phosphorylated and total NF-κB (p65) and
MAPK (p38) proteins in AML12 cells (H) and liver tissues of mice (I). (J) Graphical abstract illustrating the regulation of high-fat diet-induced
obesity and liver inflammation by RAP1B in mice, created with BioRender.com. Data are presented as the mean ± SEM, derived from at least
three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01; ns, not significant.
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metabolism.28,29 Notably, upregulation of Rap1b mRNA in renal tubu-

lar cells of diabetic nephropathy mice correlates with elevated blood

glucose levels, suggesting a role in glucose metabolism.18 However,

the specific functions of RAP1B in liver tissue and its impact on lipid

metabolism have remained unclear, creating a critical gap in our

understanding of its broader metabolic functions.

Our study aimed to address the gap in knowledge regarding the

role of RAP1B in liver lipid metabolism, with a particular focus on its

involvement in metabolic disorders induced by obesity. Preliminary

data from human and murine studies show that RAP1B expression is

downregulated in the liver under conditions of obesity and metabolic

disturbances.21–23 Consistent with these observations, we found

reduced RAP1B expression in diet-induced obese mice, DB/DB mice

and AML12 cells treated with palmitic acid, reinforcing the hypothesis

that RAP1B plays a critical role in regulating hepatic metabolism under

metabolic stress.

In our study, we used LKO mice to investigate the consequences

of RAP1B deficiency on hepatic lipid metabolism. The choice of a

tissue-specific knockout model was crucial, as whole-body knockout

of RAP1B has been shown to result in potential 40% embryonic

lethality,30 thus limiting the ability to study its effects in mature organ-

isms. This is consistent with other recent studies that have utilized

F IGURE 6 Hepatic RAP1B overexpression (OE) increases body weight and aggravates glucose metabolism dysfunction. (A) The strategy used
to obtain liver-specific RAP1B OE mice. Created with BioRender.com. (B) mRNA levels of Rap1b in liver samples from Vector and OE mice.
(C) Western blot analysis demonstrating RAP1B protein expression in liver tissues from the studied mice, n = 5. (D) Western blot analysis
demonstrating RAP1B protein expression in non-liver tissues from the studied mice. (E) Weekly tracking of body weight in Vector and OE male
mice fed. (F) Comparative gross morphology of liver in Vector and OE mice. (G) Liver weight of HFD-fed Vector and OE male mice. (H) Body
composition analysis of Vector and OE male mice. (I) Daily food intake of Vector and OE male mice during light and dark cycles. (J) Energy
expenditure curves and average energy expenditure during light and dark in Vector and OE male mice with lean mass as a covariate for
normalization. (K) RER curves and average RER during light and dark phases were calculated by dividing carbon dioxide output (VCO2) by oxygen
uptake (VO2). (L) GTT was performed at week 20 in Vector and OE mice with a subsequent area under the curve (AUC) analysis. (M) ITT was
performed at week 21 in Vector and OE mice with an AUC quantification to evaluate insulin sensitivity. n = 6–8 per group. (N, O) TG (N), NEFA
(O) levels in serum of Vector and OE mice fed HFD, n = 5 per group. Data are presented as the mean ± SEM, derived from at least three
independent experiments. Significant differences are indicated as **p < 0.01, ***p < 0.001; ns, not significant.

FU ET AL. 3045

 14631326, 2025, 6, D
ow

nloaded from
 https://dom

-pubs.onlinelibrary.w
iley.com

/doi/10.1111/dom
.16309 by B

elarus R
egional Provision, W

iley O
nline L

ibrary on [22/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://biorender.com


tissue-specific knockouts to explore the metabolic roles of genes in a

more controlled manner.31,32 By avoiding the lethal effects of full-

body RAP1B knockout, we were able to assess the in vivo effects of

RAP1B deficiency specifically in the liver. Notably, LKO mice exhib-

ited significantly reduced body weight, smaller fat pads and lower liver

weights compared with the control group, indicating a protective role

against diet-induced obesity. These results support the idea that

hepatic RAP1B signalling contributes significantly to the regulation of

energy homeostasis, a concept that aligns with recent findings

highlighting the liver's central role in obesity-related metabolic disor-

ders.33 In contrast to the protective effects observed in the LKO mice,

the RAP1B OE mice exhibited increased liver weight and lipid accu-

mulation, along with worsened insulin resistance, highlighting the

opposing effects of RAP1B on lipid metabolism. These results are not

consistent with studies that RAP1B has been shown RAP1B to inhibit

autophagy and apoptosis under high glucose conditions by stabilizing

the Bcl-2/Bax complex, indicating a protective role of RAP1B in the

kidneys.17,18 However, RAP1B appears to have a different function in

the central nervous system, potentially contributing to the reduction

of obesity.29 These findings underscore the necessity for further

investigation into the distinct mechanisms and pathways through

which RAP1B may exert its effects across different organs.

Lipid accumulation in the liver is a critical feature of obesity and

associated metabolic disorders, including hepatic steatosis and insulin

resistance.34,35 In our LKO mice, we observed significantly reduced

hepatic TG and glycerol levels. This reduction in hepatic lipid accumu-

lation was not solely attributed to decreased levels of the lipogenic

enzyme FASN, but rather to an increase in lipid catabolism, as shown

by the upregulation of genes involved in fatty acid oxidation (Cpt1a,

Cpt2, Lpl, and Atgl). These results were supported by RAP1B knock-

down (KD) cells, where Oil Red O staining and TG quantification con-

firmed a similar reduction in lipid accumulation. This shift toward

more active lipolysis and fatty acid catabolism played a significant role

in reducing hepatic lipid content. The increased hepatic TG, NEFA and

F IGURE 7 Hepatic RAP1B increases liver lipid accumulation and enhances hepatic inflammation. (A, B) H&E (A) and Oil Red O (B) staining of
liver sections from Vector and overexpression (OE) mice fed HFD. (C–E) Relative levels of TG (C), NEFA (D) and glycerol (E) in liver tissues of
Vector and OE mice (n = 6). (F) mRNA levels of genes related to lipogenesis and lipolysis in liver tissues of Vector and OE mice, n = 6.
(G) Western blot analysis of proteins involved in lipogenesis and lipolysis in liver tissues from HFD-fed Vector and OE mice, n = 5.
(H) Quantification of mRNA expression levels of pro-inflammatory factors in liver tissues from Vector and OE mice, n = 6 per group. (I) Western
blot analysis of proteins involved in inflammatory factors in liver tissues from HFD-fed Vector and OE mice, n = 5. (J, K) Immunohistochemical
staining for F4/80 in liver tissues from HFD-fed Vector and OE mice (J), with quantitative analysis of macrophage infiltration (K), n = 3.
(L) Western blot analysis of phosphorylated and total NF-κB (p65) and MAPK (p38) proteins in and liver tissues of mice. Data are presented as the
mean ± SEM, derived from at least three independent experiments. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001; ns,
not significant.
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glycerol levels were observed in OE mice, along with the heightened

lipid accumulation evident in Oil Red O and H&E staining. This is con-

sistent with studies demonstrating that the upregulation of fatty acid

oxidation genes can reduce lipid accumulation and protect against

obesity-related liver dysfunction, such as XBP1, which played a key

role in promoting fatty acid oxidation and reducing hepatic lipid

accumulation.36,37

Additionally, chronic inflammation and oxidative stress play piv-

otal roles in the pathogenesis of obesity-related metabolic disorders,

particularly in the liver.38,39 Our transcriptomic analysis of RAP1B KD

cells further identified differentially expressed genes (DEGs) associ-

ated with inflammation, particularly involving the NF-κB and MAPK

pathway, which are well-known mediators of inflammation in meta-

bolic diseases.40–43 In contrast, like the anti-inflammatory effects

observed in FGL2 studies,44 RAP1B deficiency in the liver resulted in

reduced inflammation and oxidative stress, as evidenced by lower

levels of pro-inflammatory cytokines (Tnf-α and Ccl2) and decreased

macrophage infiltration. OE mice were likely to exhibit a pro-

inflammatory hepatic environment, as inferred from the contrasting

phenotypes. These findings align with studies suggesting that inflam-

mation and oxidative stress contribute to hepatic lipid accumulation

and insulin resistance.45–48 Previous research has also explored the

role of RAP1B as an upstream regulator of NF-κB in bone

marrow-derived macrophages.49 This discrepancy suggests the need

for further investigation into the interactions between hepatocytes

and macrophages within the liver microenvironment. Based on the

WB results and the role of MAPK(p38) and NF-κB in cellular inflam-

mation and metabolic regulation,50,51 we can hypothesize that RAP1B

may modulate the MAPK(p38) pathway, potentially influencing its

activation. This modulation could affect the downstream activation of

NF-κB, impacting the expression of inflammatory cytokines and adi-

pokines, which are critical in metabolic regulation. Currently, no spe-

cific pharmacological agents targeting RAP1B are available, and

further research is needed to develop selective agents and assess

their safety profiles. In our study, we utilized an AAV-mediated OE

approach to modulate RAP1B in the liver, which revealed significant

effects on obesity-related metabolic parameters, although the OE

model led to increased obesity. This highlights RAP1B as a potential

therapeutic target and supports the use of AAV-based gene therapy

in preclinical models. Additionally, gene silencing techniques, such as

AAV-mediated shRNA, could be valuable for evaluating RAP1B inhibi-

tion in obesity and metabolic disorders. However, the efficacy and

safety of these strategies must be thoroughly evaluated before clinical

application. Importantly, our results further demonstrate that RAP1B

may modulate inflammation and oxidative stress, which could offer

insights into new therapeutic strategies for treating obesity and meta-

bolic syndrome.

Despite the observed decrease in RAP1B expression in the

liver tissues of obese individuals, our LKO mice exhibited an

enhanced overall metabolic profile. This paradoxical observation

could be attributed to compensatory mechanisms that are acti-

vated in the absence of RAP1B, leading to improved metabolic

functions.52 While our findings highlight the role of RAP1B in liver

metabolism, further investigations are needed to explore potential

crosstalk between the liver and adipose tissue in regulating lipid

metabolism.53 Given that adipose tissue also plays a critical role in

lipid homeostasis, understanding the interaction between the liver

and adipose tissue may provide a more comprehensive view of

the metabolic effects of RAP1B.32,54 Moreover, although our

study suggests that hepatic RAP1B deficiency reduces inflamma-

tion and oxidative stress, the specific molecular mechanisms by

which RAP1B modulates these processes require further

investigation.

In conclusion, this study reveals the critical role of RAP1B in

hepatic lipid metabolism and its impact on metabolic health. Our

results suggest that hepatic RAP1B deficiency enhances lipolysis,

reduces hepatic lipid accumulation and improves the metabolic profile,

whereas RAP1B OE exacerbates metabolic dysregulation. These find-

ings underscore the potential of RAP1B as a therapeutic target for

obesity, hepatic steatosis and related metabolic disorders.
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