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Abstract

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is characterized by dysregulated glucose and lipid
metabolism and is closely linked to insulin resistance (IR). Sodium butyrate (NaB) is a short-chain fatty acid with reported metabolic
benefits, but its effects on MASLD-related IR remain unclear. This study investigated the therapeutic efficacy of NaB in both palmitate
(PA)-induced insulin-resistant hepatocytes and high-fat diet (HFD)-inducedMASLD in mice and to elucidate the underlying mechanisms
responsible for its effects. Methods: We evaluated the effects of NaB in PA-treated HepG2 cells and in C57BL/6 mice fed an HFD for
16 weeks followed by 8 weeks of oral NaB administration. Lipid accumulation, glucose metabolism, glycogen storage, transcriptomic
changes, and adenosine monophosphate-activated protein kinase (AMPK) and phosphoinositide 3-kinase/protein kinase B (PI3K/AKT)
signaling were assessed using biochemical assays, staining, reverse transcription-quantitative polymerase chain reaction (RT-qPCR),
western blotting, RNA sequencing, and detection of inflammatory activity. Results: In PA-treated HepG2 cells, NaB reduced lipid ac-
cumulation, improved glucose uptake and glycogen storage, and reduced the secretion of the pro-inflammatory mediators tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1) in a dose-dependent
manner. These effects were accompanied by the restoration of G protein-coupled receptor 43 (GPR43)/calcium/calmodulin-dependent
protein kinase kinase 2 (CaMKK2)/AMPKα/sirtuin 1 (SIRT1) signaling and the activation of PI3K/AKT signaling, with decreased lipo-
genesis, enhanced fatty acid oxidation, reduced gluconeogenic gene expression, and alleviation of the cellular inflammatory response.
In HFD-fed mice, NaB reduced body weight gain, improved serum and hepatic lipid profiles, attenuated hepatic steatosis, improved
glucose tolerance and insulin sensitivity, and increased hepatic glycogen storage, while markedly lowering circulating and intrahepatic
pro-inflammatory cytokine levels and downregulating hepatic expression of the macrophage marker F4/80 to mitigate inflammatory in-
filtration of the liver. Conclusion: These results demonstrate that NaB administration alleviated hepatic steatosis and IR in MASLD
models, with these effects coinciding with the coordinated regulation of AMPK and PI3K/AKT signaling. While NaB may serve as a
metabolic modulator, further mechanistic validation of dual-pathway crosstalk, characterization of inflammatory responses, and transla-
tional research are still needed.

Keywords: butyric acid; insulin resistance; nonalcoholic fatty liver disease; AMP-activated protein kinases; phosphatidylinositol 3-
kinase/akt signaling pathway

1. Introduction
Metabolic dysfunction-associated steatotic liver dis-

ease (MASLD; previously referred to as non-alcoholic fatty
liver disease or NAFLD) has become the most common
chronic liver disease worldwide, affecting an estimated
25% to 30% of the general population and over 50% of in-
dividuals diagnosed with type 2 diabetes mellitus or obe-
sity [1]. A key pathological hallmark of MASLD is in-
sulin resistance (IR), particularly at the hepatic level [2].
Hepatic IR interferes with the homeostatic balance between
lipid uptake, de novo lipogenesis, fatty acid β-oxidation,
and lipid export, leading to excessive triglyceride accumu-
lation within hepatocytes [2,3]. In individuals affected by
hepatic IR, insulin fails to properly suppress gluconeogenic

output, and fasting glucose therefore tends to rise [4]. This
hepatic IR state may also intensify metabolic dysfunction
in peripheral tissues, thereby exacerbating hepatic fat accu-
mulation and systemic metabolic disorders [4,5]. Despite
a growing understanding of the epidemiology and clinical
presentation of MASLD, treatment options remain limited
[6,7].

Disrupted intracellular signaling is an important con-
tributor to the metabolic phenotype that defines MASLD
[8,9]. Among these signaling pathways, the phosphoinosi-
tide 3-kinase/protein kinase B (PI3K/AKT) axis plays an
important role in relaying insulin signaling within hepato-
cytes [10]. In these cells, insulin binding to its cognate
receptors triggers the receptor-dependent phosphorylation
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of insulin receptor substrate 1/2 (IRS1/2), which then acti-
vates PI3K and promotes downstream AKT-mediated sig-
naling [8]. Once activated, AKT inhibits gluconeogenic
regulators such as forkhead box O1 (FOXO1) and regulates
glycogen synthase kinase 3β (GSK3β). Insulin-dependent
glucose uptake in peripheral muscle and adipose tissues
relies on GLUT4 translocation, whereas hepatocytes ex-
press GLUT2 to mediate bidirectional glucose flux un-
der the control of hepatic insulin signaling, supporting in-
trahepatic glycogen synthesis and gluconeogenesis. Of
note, direct literature evidence documenting insulin-AKT-
dependent regulation of hepatic GLUT2 is unavailable, and
this regulatory relationship is partially supported by our
present experimental observations. In parallel with these
processes, adenosine monophosphate-activated protein ki-
nase (AMPK) functions as a key sensor of cellular energy
status, contributing to both the suppression of lipogenesis
and the enhancement of mitochondrial fatty acid oxidation
[9]. InMASLD, reduced AMPK activity is often associated
with increased lipid production, impaired β-oxidation, and
decreased responsiveness to insulin [9,11]. Importantly, the
activity of the PI3K/AKT and AMPK pathways is not inde-
pendent, as the two are functionally intertwined. AMPK
activation may relieve lipotoxic stress and enhance insulin
sensitivity, whereas the preservation of PI3K/AKT signal-
ing is necessary for effective hepatic glucose uptake, uti-
lization, and storage [8,12,13]. However, there remains a
lack of therapeutic strategies capable of simultaneously tar-
geting both of these signaling pathways.

Of the many metabolites produced by the gut micro-
biota, sodium butyrate (NaB) has attracted increasing at-
tention owing to its broad metabolic effects [14,15]. As a
major short-chain fatty acid (SCFA), NaB can act through
G protein-coupled receptors 43 and 41 (GPR43/GPR41)
and can also regulate transcriptional activity by inhibiting
histone deacetylases (HDACs) [16,17]. Previous studies
have suggested that NaB may activate the GPR43/AMPK
axis, suppress lipogenesis, and enhance fatty acid oxida-
tion [16,18]. Other studies indicate that NaB may also im-
prove insulin-related signaling, including IRS1 and AKT
phosphorylation, thereby benefiting glucose metabolism
[19,20]. However, current research on this topic remains
limited. In particular, relatively little is known as to
whether, in the context of MASLD-related IR, NaB can
simultaneously alleviate lipid and glucose metabolic dys-
function while also modulating AMPK and PI3K/AKT sig-
naling activity. Prior studies have separately character-
ized NaB-mediated AMPK activation or the improvement
of insulin-related PI3K/AKT signaling, but descriptions of
any coordinated dual-pathway regulatory activity associ-
ated with MASLD-related IR remain lacking, and there
have not been any instances of the functional validation of
this coordinated regulatory effect.

In the present study, we established palmitate (PA)-
treated HepG2 cells and high-fat diet (HFD)-fed mice to

evaluate whether NaB can alleviate glycolipid metabolic
disturbances associated with MASLD-related IR. We fur-
ther examined whether changes in lipid accumulation, glu-
cose uptake, glycogen storage, and metabolic gene and
protein expression coincide with alterations in AMPK and
PI3K/AKT signaling. By integrating phenotypic, biochem-
ical, transcriptomic, and molecular analyses, the overall
aim of this study was to characterize the metabolic response
pattern associated with NaB treatment and to provide a
more coherent experimental basis for understanding its role
in MASLD.

2. Materials and Methods
2.1 Reagents, Antibodies, and Cell Culture

NaB (R21524) was obtained from Shanghai Yuanye
Biotechnology Co., Ltd. PA and its solvent (vehicle) were
purchased from Kunchuang Technology (Xi’an, Shaanxi,
China). All working solutions were freshly prepared be-
fore each experiment. Human HepG2 hepatoma cells
(Wuhan Pricella Biotechnology Co., Ltd.) were cultivated
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
USA) containing 10% fetal bovine serum (Gibco) and 1%
penicillin–streptomycin (Pricella). Cells were cultured at
37 °C in a humidified incubator under 5% CO2. For rou-
tine experiments, cells were seeded and allowed to adhere
overnight before drug treatment.

All commercial biochemical assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute
Co., Ltd., including a glucose detection kit (A154-1-1),
triglyceride (TG) kit (A110-1-1), total cholesterol (TC) kit
(A111-1-1), non-esterified fatty acid (NEFA) kit (A042-
2-1), and bicinchoninic acid (BCA) total protein quan-
tification kit (A045-4). A Human Glycogen ELISA kit
(YOBIBIO, U96-1904E) was used to quantify glycogen
levels. Oil Red O and the periodic acid–Schiff (PAS) glyco-
gen staining kits were sourced from Solarbio (G1262 and
G1360, respectively), while the mounting media consisted
of glycerol-gelatin (Servicebio). Unless indicated other-
wise, all other reagents were of analytical grade. Pri-
mary antibodies used for immunoblotting were specific
for GPR43, CaMKK2 and phospho-CaMKK2, AMPKα,
phospho-AMPKα, SIRT1, INSR, phospho-INSR, IRS1,
phospho-IRS1, AKT, phospho-AKT, PI3K, phospho-PI3K,
GLUT2, and β-actin. Secondary HRP-conjugated antibod-
ies appropriate for each species were used. The dilutions
and catalog numbers of these antibodies are listed in Sup-
plementary Table 1.

2.2 In Vitro Modeling and Cellular Assays
All cells were authenticated via STR profiling before

experiments, and mycoplasma contamination tests consis-
tently yielded negative results during cell culture. IR was
modeled by exposing HepG2 cells to PA (0–400 μM) for
24 h. Based on preliminary Cell Counting Kit-8 (CCK-8)
and 2-NBDG assays, 200 μM PA for 24 h was selected as
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the standard IR-inducing condition, as this concentration
yielded acceptable cell viability while producing a clear
reduction in glucose uptake. NaB was then used to treat
cells for 24 h at concentrations ranging from 0 to 3.0 mM.
Based on the CCK-8 results, NaB treatment at 0.5, 1.0,
and 1.5 mM showed minimal cytotoxic effects. Mean-
while, the 2-NBDG assay indicated that these concentra-
tions produced a dose-dependent improvement in glucose
uptake in PA-challenged cells. Therefore, low (0.5 mM),
medium (1.0 mM), and high (1.5 mM) NaB concentra-
tions were used in experiments. Cells in the control group
were treated with the corresponding vehicle. Experimental
groups were as follows: control (no treatment), IR (PA 200
μM→wash→regular medium), IR + LNaB (PA→low con-
centration NaB), IR + MNaB (PA→medium concentration
NaB), and IR + HNaB (PA→high concentration NaB).

Cell viability was assessed using a CCK-8 assay ap-
proach. Briefly, cells grown to ~80% confluence were col-
lected, resuspended, and adjusted to 8 × 103 cells/100 μL.
A 96-well plate was seeded with 100 μL of media per well
(filling edge wells with PBS) and incubated overnight. Fol-
lowing exposure to PA or NaB for 24 h, 100 μL of CCK-8
working solution (diluted 1:9 with complete medium) was
added, and cells were incubated at 37 °C for 1 h. Ab-
sorbance at 450 nm (OD450) was then measured to quan-
tify cell viability. PA doses for this experiment were: 0, 50,
100, 200, 300, and 400 μM; NaB doses were: 0, 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 mM. To assess glucose uptake, after 24
h of PA treatment (0–400 μM), the culture medium was re-
placed with glucose-free DMEM containing 50 nM insulin,
and cells were incubated at 37 °C for 30 minutes. After-
ward, 2-NBDG (10 μM) was added, followed by incubation
at 37 °C for 1 h. Then, fluorescence was measured using a
microplate reader with excitation at 485 nm and emission
at 535 nm. GraphPad Prism version 10.0 (GraphPad Soft-
ware, San Diego, CA, USA) was used to record all data.

2.3 Animals and Study Design

All animal experiments adhered to both institutional
and national guidelines and received approval from the an-
imal ethics committee at the Clinical Medical College of
Qinghai University (P-SL-2025-024). All in vivo animal
experiments were performed in strict accordance with the
ARRIVE 2.0 guidelines. Four-week-old male C57BL/6
mice were purchased from Hangzhou Ziyuan Laboratory
Animal Science and Technology Co., Ltd., and housed in a
standardized controlled environment at 22 °C ± 2 °C with
a 12-h light–dark cycle and unlimited access to food and
water. Twenty-four mice were randomized into the follow-
ing four groups (n = 6 mice/group): standard diet (SD),
HFD, HFD plus low-dose NaB (HFD + LNaB), and HFD
plus high-dose NaB (HFD + HNaB). For modeling, SD
mice were given an SD diet for 24 weeks, while HFD mice
were provided with an HFD (Research Diets, D12492, New
Brunswick, NJ, USA). From weeks 16 to 24, the HFD +

LNaB and HFD + HNaB groups received daily doses of
NaB (Shanghai Yuanye Biotechnology Co., Ltd., S30223)
at 200 and 400 mg/kg, respectively, while they continued
receiving HFD.

At the end of the 24-week intervention, mice were
induced with 3–4% isoflurane inhalation anesthesia and
maintained with 1–2% isoflurane. Complete euthanasia
was conducted via cervical dislocation after confirming loss
of the pedal withdrawal reflex. Liver tissues were immedi-
ately dissected and collected after euthanasia. A portion of
each sample was fixed in 4% paraformaldehyde for histo-
logical staining, and the remainder was frozen and kept at
−80 °C to await further molecular assays.

2.4 In Vivo Metabolic Characterization
The HFD (D12492, Research Diets, USA) used for

this study contained 60% kcal fat, 20% kcal carbohydrates,
and 20% kcal protein. Mice were continuously fed a HFD
for 24 weeks, with daily intragastric NaB administration
(200 or 400 mg/kg) from week 16 to week 24.

Mouse body weight was monitored throughout the
study period. At week 16, metabolic dysfunction in the
HFD group was evaluated via oral glucose tolerance testing
(OGTT), intraperitoneal insulin tolerance testing (IPITT),
and serum TG measurement. Glucose or insulin were ad-
ministered at body weight-adjusted doses following stan-
dardized OGTT/IPITT protocols approved by the institu-
tional animal ethics committee (Approval No. P-SL-2025-
024). Blood glucose was recorded at baseline and then at
predefined time points within 120 min after dosing. The
area under the curve (AUC) was computed using the trape-
zoidal rule. Fasting blood glucose (FBG) and 2-h post-
prandial blood glucose (PBG) were measured with routine
glucose testing, while glycated hemoglobin (HbA1c) and
fasting serum insulin levels were quantified using commer-
cial kits. IR/sensitivity indices were calculated as follows:
QUICKI = 1/(log10 [fasting insulin, μU/mL] + log10 [fasting
glucose, mg/dL]); HOMA-IR = (FBG [mmol/L] × fasting
insulin [μU/mL])/22.5.

2.5 Histological and Cellular Staining
Lipid and glycogen alterations in HepG2 cells and

murine liver tissue were examined by histological stain-
ing. After fixation, cells grown on coverslips were incu-
bated with freshly prepared Oil Red O reagent (Solarbio)
to label neutral lipid droplets, or with PAS solution (Solar-
bio) to detect glycogen-rich areas. Lipid droplets exhibited
orange-red staining, while glycogen-positive regions ap-
peared magenta. Nuclei were counterstained with Mayer’s
hematoxylin. For liver samples, paraffin-embedded sec-
tions were processed for hematoxylin and eosin (H&E)
staining to assess tissue morphology and hepatic steatosis.
Frozen sections were used for Oil Red O staining, whereas
paraffin-embedded sections were used for PAS staining.
Representative micrographs were captured using a Nikon

3

https://www.imrpress.com


ECLIPSE CI microscope paired with a DS-U3 digital cam-
era, with identical illumination, exposure, and magnifica-
tion measurements applied across all experimental groups.
For quantitative histomorphometric analysis, 5 randomly
selected non-overlapping visual fields were captured per bi-
ological sample. All image quantification was performed
by a single blinded investigator unaware of group alloca-
tion. Image segmentation and area fraction analysis for Oil
Red O-positive lipid droplets and PAS-positive glycogen
regions were conducted using ImageJ version 1.53e (Na-
tional Institutes of Health, Bethesda, MD, USA), maintain-
ing uniform thresholding measurements for all samples.

2.6 Biochemical Analyses

After treatment, HepG2 cells were collected, pelleted,
and homogenized in 300-μL of physiological saline (five 5-
s bursts at 300 W, 30-s intervals; SWE-3D homogenizer).
In accordance with kit instructions, supernatants were then
utilized to measure levels of glucose, TC, TG, NEFA. To
ensure normalization, protein concentrations in these sam-
ples were measured via BCA assay as appropriate. A KD-
810C microplate reader was used to measure absorbance.
Wash steps were performed using a KD-680X washer. For
intracellular glycogen quantification, cell lysates were an-
alyzed using a Human Glycogen ELISA kit (U96-1904E;
YOBIBIO, Shanghai, China) as per the manufacturer’s pro-
tocol.

Serum levels of TC, TG, high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein choles-
terol (LDL-C) in mice were measured using commercial
assay kits (Shanghai Juchuang Pharmaceutical Technology
Co., Ltd., Shanghai, China; Cat. Nos. A-1010, A-1011,
A-1008, and A-1009, respectively) according to the manu-
facturer’s instructions. Hepatic TC and TG levels were de-
termined using commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China; Cat. Nos. A111-
1-1 and A110-1-1, respectively). Briefly, liver tissues were
homogenized in physiological saline, and hepatic lipid lev-
els were normalized to the total protein content of the cor-
responding tissue homogenates, as determined using the
BCA method (Nanjing Jiancheng Bioengineering Institute;
A045-4). Measurements of serum insulin andHbA1c levels
were conductedwith aMouse Insulin/INSELISAKit (U96-
3268E; YOBIBIO, Shanghai, China) and a Mouse HbA1c
ELISA Kit (YOBIBIO, U48-8877E), respectively.

2.7 RNA-Sequencing and Pathway Analysis

RNA sequencing (RNA-seq) was performed on bio-
logical triplicate samples from the IR and IR + HNaB (1.5
mM) groups. A professional commercial mRNA sequenc-
ing service provider with a standardized quality control
pipeline prepared and sequenced libraries according to stan-
dard mRNA-seq workflows. Reads underwent quality con-
trol, mapping to the human reference genome, and quan-
tification at the gene level. Differential expression analysis

was used to compare the IR and IR + HNaB groups; sig-
nificance thresholds were established based on vendor/field
standards (false discovery rate-adjusted p < 0.05). To iden-
tify pathways altered in response to NaB, KEGG pathway
enrichment was performed on identified differentially ex-
pressed genes (DEGs), presenting the results using bub-
ble/dot plots. The datasets generated during the current
study are available in the [GEO] repository, [GSE325422].

2.8 RNA Isolation, Reverse Transcription, and RT-qPCR
Total RNA was extracted from cells or tissue samples

using TRIzol. For cells, the culture medium was imme-
diately removed, and cell monolayers were washed with
pre-chilled PBS before lysis (1 mL of TRIzol per ~1 × 107
cells). For tissues, 1 mL of TRIzol per 100 mg of fresh tis-
sue was used, followed by homogenization on ice. Phase
separation was performed with chloroform (200 μL per 1
mL of TRIzol), followed by centrifugation at 4 °C (13,000
×g, 15 min), precipitation with isopropanol, and washing
with 75% ethanol. Pellets were air-dried and dissolved in
DEPC-treated water. RNA quantity and purity were deter-
mined using a NanoDrop instrument.

Genomic DNA was removed using MonScript™ dsD-
Nase (MRO5201; 37 °C, 2 min; 55 °C, 5 min for inactiva-
tion). For first-strand cDNA synthesis, MonScript™ RTIII
Super Mix with Super NRC Mix was used (total reaction,
20 μL; 50 °C, 15 min; 85 °C, 5 min). NRC (no-RT) controls
were included to exclude gDNA contamination.

RT-qPCR was performed with 2× SYBR Green qPCR
Master Mix (B21202; Selleck Chemicals, Houston, TX,
USA) in 20-μL reactions (cDNA, 2 μL; each primer, 0.4
μL). The primer sequences for the target genes (SREBP1c,
FASN, PGC-1α, PPARα, CPT1A, FOXO1, GSK3β, GS,
PCK1, and G6PC1) and the reference gene (GAPDH) are
listed in Supplementary Table 2. The 2–ΔΔCt method was
used to calculate relative expression, using GAPDH as the
internal control, and all reactions were conducted in tripli-
cate.

2.9 Western Blotting
Cells were lysed in RIPA buffer containing PMSF.

Lysates were clarified by centrifugation, and supernatant
protein levels were quantified using the BCA assay. Equal
amounts of protein were resolved via 10% SDS–PAGE sep-
aration followed by transfer onto PVDF or nitrocellulose
membranes. Membraneswere blockedwith 5%nonfatmilk
or BSA and then incubated overnight at 4 °C with appro-
priate primary antibodies. After washing with tris-buffered
saline with Tween 20 (TBST) or phosphate-buffered saline
with Tween 20 (PBS-T), HRP-conjugated secondary anti-
bodies were applied for 1 h at room temperature. Protein
bands were detected with an ECL reagent and a chemilu-
minescence system. Densitometric analysis was performed
using routine image quantification software. Phosphory-
lated target protein levels were quantified relative to their
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matched total protein levels, with β-actin included as a load-
ing control.

2.10 Analysis of Inflammatory Activity
After NaB treatment, HepG2 cell lysates were col-

lected and homogenized. Intracellular TNF-α, IL-6, IL-1β,
and MCP-1 concentrations were determined using corre-
sponding commercial ELISA kits in accordance withmanu-
facturer’s instructions. All cytokine levels were normalized
to total cellular protein levels as detected by BCA assay,
presenting results as pg/mg total protein. At the end of a 24-
week intervention period, murine peripheral blood was col-
lected to separate serum. Liver tissues were homogenized
in pre-cooled lysis buffer to measure hepatic cytokine lev-
els. Serum TNF-α, IL-6, IL-1β, MCP-1 (units: pg/mL) and
hepatic TNF-α, IL-6 (units: pg/mg total protein) were quan-
tified with appropriate ELISA kits. Total RNA extracted
from liver tissue was reverse-transcribed into cDNA. Rel-
ative mRNA expression of the macrophage marker F4/80
was detected by RT-qPCR, quantifying relative expression
using the 2–ΔΔCt method with GAPDH as internal reference
for normalization. All ELISA and RT-qPCR experiments
were performed with three technical replicates for each bi-
ological sample.

2.11 Statistical Analyses
Results are presented as mean ± standard deviation.

Normality of data distribution and homogeneity of vari-
ance were assessed using the Shapiro–Wilk test and Lev-
ene’s test prior to statistical comparison. All in vitro exper-
iments were replicated at least three times independently,
with three technical replicates for each experiment. In vivo
experiments utilized six mice per experimental group, with
no a priori power calculation performed to define sample
size. Unpaired two-tailed Student’s t-tests were applied for
two-group comparisons when data met the assumptions of
normality and equal variance. For multi-group compar-
isons, one-way analyses of variance (ANOVAs) were im-
plemented, followed by Tukey’s honest significant differ-
ence (HSD) post-hoc testing with correction for multiple
pairwise comparisons to control type I error. All statisti-
cal tests were two-sided, with p < 0.05 as the significance
threshold. Full details of replicate numbers (n), statistical
testing approaches, and exact p-values are reported in figure
legends and the main text where applicable.

3. Results
3.1 NaB Reduces PA-Induced Lipid Accumulation

To generate an in vitromodel of IR, HepG2 cells were
treated with different concentrations of PA. Exposure to 200
μM PA for 24 h markedly impaired glucose uptake without
causing excessive loss of cell viability, such that this con-
centration was selected for subsequent experiments (Fig.
1A,B). Analysis of NaB-associated cytotoxicity revealed
that cell viability remained largely unchanged after treat-

ment with 0.5–1.5 mMNaB, and these concentrations were
therefore selected for further evaluation in intervention ex-
periments (Fig. 1C).

After establishing the PA-induced IR model and NaB
treatment conditions, lipid metabolic changes were next as-
sessed. In PA-exposed HepG2 cells, NaB visibly reduced
Oil Red O-positive lipid droplet accumulation (Fig. 1D),
with quantification confirming that the magnitude of this
response was stronger at an NaB concentration of 1.0 and
1.5 mM relative to 0.5 mM (Fig. 1E).

Consistently, biochemical assays revealed that NaB
decreased intracellular TG, TC, and NEFA levels. To-
gether, these findings indicate that NaB alleviates PA-
induced lipid metabolic abnormalities in HepG2 cells under
conditions of IR model establishment without inducing any
overt cytotoxicity (Fig. 1F–H).

3.2 NaB Remediates Cellular Glucose Processing and
Glycogen Storage

PAS staining first revealed that glycogen deposition
was markedly reduced in PA-treated HepG2 cells compared
with control cells, indicating the impairment of glucose uti-
lization and storage under IR conditions (Fig. 2A). Image-
based quantification yielded similar results and demon-
strated that NaB gradually restored PAS staining intensity
in a dose-dependent manner (Fig. 2B).

We further evaluated cellular glucose uptake using 2-
NBDG staining. PA-treated HepG2 cells showed a clear
reduction in 2-NBDG fluorescence, whereas NaB restored
this fluorescent signal, particularly at higher concentra-
tions (Fig. 2C). Measurement of intracellular free glucose
showed the opposite pattern, with free glucose accumula-
tion in PA-treated cells that declined following NaB inter-
vention (Fig. 2D). This result indicates that PA exposure
disrupts both glucose uptake and downstream intracellular
glucose utilization.

In line with these staining results, glycogen ELISAs
showed increases in glycogen content after NaB treatment,
particularly following exposure to higher doses (Fig. 2E).
Overall, NaB stimulation shifted glucose metabolism in
insulin-resistant HepG2 cells toward greater glucose up-
take, lower levels of intracellular glucose retention, and en-
hanced glycogen storage.

3.3 Transcriptomic Profiling Reveals the Coordinated
NaB-Induced Reprogramming of Hepatic Glycolipid
Metabolism

To systematically characterize transcriptional changes
in response to NaB under conditions of PA-induced hep-
atic IR, we performed mRNA sequencing across five ex-
perimental groups (Control, IR model, IR + 0.5 mM NaB,
IR + 1.0 mM NaB, IR + 1.5 mM NaB), with three biolog-
ical replicates per cohort. All multi-dimensional transcrip-
tomic datasets were integrated into a single composite Sup-
plementary Figure (Supplementary Fig. 1).
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Fig. 1. Sodium butyrate (NaB) alleviates intracellular lipid accumulation in palmitate (PA)-induced insulin-resistant HepG2
hepatocytes. To model insulin resistance (IR) in vitro, HepG2 cells were treated with 200 μM PA for 24 h; intervention groups received
0.5 mM low NaB (IR + LNaB), 1.0 mM medium NaB (IR + MNaB), or 1.5 mM high NaB (IR + HNaB) for an additional 24 h after
PA stimulation. (A) CCK-8 analysis of the viability of HepG2 cells incubated with a range of PA concentrations (0, 50, 100, 200, 300,
400 μM) for 24 h, n = 3 independent biological replicates. (B) Quantitative analysis of 2-NBDG fluorescence as a measure of relative
glucose uptake capacity after exposure to a range of PA concentrations (0–400 μM), n = 3. (C) CCK-8 analysis of the viability of HepG2
cells treated with a range of NaB concentrations (0–3.0 mM) in the absence of PA pretreatment, n = 3. (D) Representative microscopic
images of Oil Red O staining for intracellular neutral lipid droplets in the Control, IR, IR + LNaB, IR + MNaB, and IR + HNaB groups
under identical magnification. Lipid droplets are stained orange-red. Scale bar: 200 μm (100×). (E) Quantitative analysis of Oil Red
O-positive lipid area percentages for the images in panel D, n = 3. (F) Biochemical analysis of intracellular total cholesterol (TC) levels
normalized to total cellular protein across all experimental groups, n = 3. (G) Biochemical analysis of intracellular triglyceride (TG)
levels normalized to total cellular protein across all experimental groups, n = 3. (H) Biochemical analysis of intracellular non-esterified
fatty acids (NEFA) levels normalized to total cellular protein across all experimental groups, n = 3. All data are presented as mean ±
standard deviation. *p < 0.05 vs. Control group; #p < 0.05 vs. IR group; △p < 0.05 vs. IR + LNaB group; ○p < 0.05 vs. IR + MNaB
group. Abbreviations: IR, insulin resistance; L/M/HNaB, low/medium/high sodium butyrate.
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Fig. 2. NaB promotes glucose uptake and glycogen accumulation in PA-induced insulin-resistant HepG2 cells. (A) Representative
periodic acid–Schiff (PAS) staining micrographs showing intracellular glycogen deposition in each group; glycogen-rich regions appear
in magenta, while cell nuclei are counterstained with hematoxylin. All images are shown under identical magnification. Scale bar:
200 μm (100×). (B) Quantitative analysis of the PAS-positive glycogen area percentage corresponding to images shown in (A), n = 3
biological replicates. (C) Relative cellular glucose uptake as quantified using the 2-NBDG fluorescent probe, n = 6 replicates per group.
(D) Biochemical detection of free intracellular glucose levels normalized to total cellular protein, n = 3. (E) Intracellular glycogen
concentration measured by ELISA using approximately 1.5 × 106 cells per sample, expressed as μg/mL, n = 3. Data are expressed as
mean ± standard deviation. *p < 0.05 vs. Control; #p < 0.05 vs. IR; △p < 0.05 vs. IR + LNaB; ○p < 0.05 vs. IR + MNaB.

Principal component analysis (PCA) was first im-
plemented based on normalized FPKM gene expression
values to evaluate sample reproducibility and intergroup
transcriptional divergence (Supplementary Fig. 1A, 2D-
PCA; Supplementary Fig. 1B, 3D-PCA). PC1 captured
80.35% of total transcriptional variance, while PC2 and
PC3 accounted for 10.48% and 3.25% of variance, respec-
tively. Biological replicates within each group exhibited
tight clustering, demonstrating reliable experimental con-
sistency. The IR group was fully separated from untreated
Control samples, confirming that PA exposure triggered
profound transcriptional changes in hepatocytes. Notably,
NaB-treated samples shifted progressively toward the Con-
trol cluster along the PC1 axis in a dose-dependent man-
ner, confirming the ability of NaB to reverse PA-induced

transcriptomic dysregulation in a concentration-responsive
manner.

Differentially expressed genes (DEGs) were screened
with uniform cutoffs of padj < 0.05 and |log2FC| >1. A to-
tal of 8732 DEGs were identified when comparing the IR
+ HNaB and IR groups, including 6075 significantly up-
regulated transcripts and 2657 significantly downregulated
transcripts. The differential expression patterns of these
DEGswere visualized with a volcano plot (Supplementary
Fig. 1C). Further analysis revealed that canonical li-
pogenic genes (SREBF1c, FASN) and gluconeogenic me-
diators (FOXO1, PCK1) were downregulated following
high-dose NaB treatment, whereas genes involved in fatty
acid oxidation (PPARA, CPT1A) and insulin signal trans-
duction (IRS1, GYS1) were upregulated. A hierarchical

7

https://www.imrpress.com


clustering heatmap analysis of all DEGs further delineated
distinct transcriptional signatures across all five groups
(Supplementary Fig. 1D). Notably, the IR group ex-
hibited a distinct expression profile characterized by en-
hanced lipogenic/gluconeogenic programs and downregu-
lation of insulin-sensitizing metabolic transcripts, whereas
dose-dependent NaB treatment gradually restored a tran-
scriptional pattern resembling that of the control group.
A full list of representative glycolipid metabolism-related
DEGs with corresponding log2FC and padj values is pre-
sented in Supplementary Table 3 to provide further quan-
titative support of the differential expression of these core
functional genes.

Pathway-level functional enrichment analysis
was next conducted using KEGG pathway enrichment
(Supplementary Fig. 1E) and alternative splicing (AS)
enrichment analysis (Supplementary Fig. 1F). KEGG
enrichment analysis identified multiple significantly en-
riched pathways, with the PPAR signaling pathway among
the prominent metabolism-related pathways associated
with NaB treatment. This finding was consistent with the
observed transcriptional changes in genes involved in lipid
metabolism. In parallel, AS enrichment analysis further
identified additional enriched metabolic and signaling
pathways, complementing the KEGG-based pathway
analysis.

To systematically explore upstream transcriptional
regulatory mechanisms not captured by the initial KEGG
analysis, we performed transcription factor (TF) clas-
sification and TF-target regulatory network analysis
(Supplementary Fig. 1G). All differentially active TF
families were presented in a pie chart, and a Sankey
diagram was used to visualize hierarchical regulatory
cascades linking TF families, core metabolic TFs, and
downstream lipid/glucose-related target genes. The li-
pogenic and gluconeogenic master upstream regulators
SREBF1c and FOXO1 were significantly downregulated
upon NaB treatment, whereas TFs that promote oxidative
metabolism, such as PPARA, SIRT1, and CREB3L, were
notably upregulated, consistent with the quantification of
TF gene expression summarized in Supplementary Table
3. We further constructed a protein-protein interaction
(PPI) network using the top 300 most variable DEGs
(Supplementary Fig. 1H), leading to the identification
of PPARA, SIRT1, AMPKα, and FOXO1 as central hub
regulators bridging the AMPK and PI3K/AKT signaling
axes. Collectively, this multi-layered transcriptomic
analysis offers a systematic overview of this regulatory
axis, demonstrating that NaB remodels hepatic lipid and
glucose transcriptional networks through the bidirectional
modulation of core metabolic TFs to alleviate PA-induced
hepatic IR.

3.4 NaB Activates AMPK Signaling and Rebalances Lipid
Metabolism-Related Gene Expression

The next series of experiments was designed
to explore the NaB-mediated activation of the
GPR43/CaMKK2/AMPK/SIRT1 axis and the rebalancing
of lipid metabolism-related programs in insulin-resistant
HepG2 cells. Western blotting revealed that IR conditions
suppressed GPR43 and p-AMPKαThr172 levels, in addition
to reducing SIRT1 expression and abnormally increasing
p-CaMKK2Ser495 levels. NaB reversed these changes in
a dose-dependent manner, increasing GPR43 levels and
restoring p-AMPKαThr172 and SIRT1 levels toward those
observed in the control group, while also normalizing
p-CaMKK2Ser495 levels (Fig. 3A–D). These findings
suggest that NaB may alleviate the inhibition of AMPK
signaling by reducing the inhibitory phosphorylation of
CaMKK2 at Ser495, thereby promoting activation of
the AMPK signaling axis. In line with these results,
RT-qPCR analysis revealed the ability of IR conditions
to upregulate the lipogenic drivers SREBP1c and FASN,
while NaB reversed these changes in a dose-dependent
fashion (Supplementary Fig. 2A,B). In contrast, tran-
scripts supporting fatty acid oxidation and mitochondrial
biogenesis (PGC-1α, PPARα, and CPT1A) were repressed
by IR and robustly rescued by NaB, with the high dose
frequently outperforming the control (Supplementary Fig.
2C–E). These findings link AMPK pathway restoration to
a coordinated shift away from lipid synthesis and toward
oxidative lipid metabolism.

3.5 NaB Strengthens Insulin Signaling via the PI3K/AKT
Pathway and Preserves Receptor Fidelity

The next experiments explore the ability of NaB
to restore downstream insulin signaling through the
PI3K/AKT pathway and to improve the regulation of glu-
cose metabolism. IR was found to be associated with
the impairment of multiple nodes of the insulin cascade,
as levels of p-INSRTyr1150, p-IRS1Tyr895, p-PI3KTyr458, and
p-AKTSer473 were all reduced under IR conditions, and
GLUT2 expression levels were decreased. NaB did not
detectably restore INSR phosphorylation (Fig. 3E); how-
ever, it significantly increased p-IRS1Tyr895 levels (which
returned to control levels in response to 1.0–1.5 mM NaB),
dose-dependently increased p-PI3KTyr458 and p-AKTSer473
levels, and elevated GLUT2 protein expression (Fig. 3F–
I). Even in the absence of measurable changes in recep-
tor phosphorylation, NaB thus enhanced downstream signal
transduction and glucose transporter availability, with these
effects being associated with improved insulin sensitivity.

Consistent with the protein signaling data, IR was
associated with the upregulation of gluconeogenic and
catabolic driver genes (FOXO1, PCK1, and G6PC1) and
the glycogen-antagonizing kinase GSK3β, while suppress-
ing GS. NaB dose-dependently reduced FOXO1, PCK1,
G6PC1, and GSK3β mRNA levels while promoting GS
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Fig. 3. Sodium butyrate (NaB) activates both the AMPK and PI3K/AKT signaling pathways in insulin-resistant HepG2 cells. (A)
Immunoblot bands and corresponding densitometric quantification of GPR43 protein expression in each experimental group. (B) Im-
munoblot bands and corresponding densitometric quantification of total CaMKK2 and phosphorylated CaMKK2 (Ser495, p-CaMKK2);
p-CaMKK2 signal was normalized to total CaMKK2. (C) Immunoblot bands and corresponding densitometric quantification of total
AMPKα and phosphorylated AMPKα (Thr172, p-AMPKα); p-AMPKα signal was normalized to total AMPKα. (D) Immunoblot bands
and corresponding densitometric quantification of SIRT1 protein expression. (E) Immunoblot bands and corresponding densitometric
quantification of total insulin receptor (INSR) and phosphorylated INSR (Tyr1150, p-INSR); p-INSR signal was normalized to total
INSR. (F) Immunoblot bands and corresponding densitometric quantification of total insulin receptor substrate 1 (IRS1) and phospho-
rylated IRS1 (Tyr895, p-IRS1); p-IRS1 signal was normalized to total IRS1. (G) Immunoblot bands and corresponding densitometric
quantification of total PI3K and phosphorylated PI3K (Tyr458, p-PI3K); p-PI3K was normalized to total PI3K. (H) Immunoblot bands
and corresponding densitometric quantification of total AKT and phosphorylated AKT (Ser473, p-AKT); p-AKT was normalized to total
AKT. (I) Immunoblot bands and corresponding densitometric quantification of glucose transporter 2 (GLUT2) protein expression. All
quantitative data are shown as mean ± standard deviation. *p < 0.05 vs. Control group; #p < 0.05 vs. IR group; △p < 0.05 vs. IR +
LNaB group; ○p < 0.05 vs. IR + MNaB group. Abbreviations: p-, phosphorylated protein.

upregulation (Supplementary Fig. 2F–J), establishing a
mechanistic link between the restoration of AKT signaling
and the observed improvements in glycogen content and
glucose tolerance. Thus, NaB improved glucose metabolic

control at both the signaling and effector levels, providing
a mechanistic basis for the observed increases in glucose
uptake and glycogen storage in treated cells.
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3.6 HFD Conditions Induce a MASLD/IR-Like Phenotype
In Vivo

After 16 weeks of HFD feeding, mice developed a
robust metabolic phenotype consistent with MASLD and
systemic IR. Compared with SD controls, HFD-fed mice
showed increased body weight and elevated serum TG
levels, indicating the successful induction of diet-related
metabolic disturbance (Fig. 4A,B; p < 0.05). HFD feeding
was also associated with impaired glycemic control, as re-
flected by increased fasting and 2-h postprandial blood glu-
cose levels (Fig. 4C,D; p < 0.05). Dynamic metabolic test-
ing further confirmed systemic glucose intolerance and IR,
with HFD mice exhibiting higher OGTT and IPITT AUC
values relative to controls (Fig. 4E–H; p < 0.05). HFD-
fedmice developed both hepatic lipid accumulation and im-
paired glucose metabolism, making this model appropriate
for testing the effects of NaB on steatosis and IR-related
changes.

3.7 NaB Attenuates Hepatic Steatosis and Dyslipidemia in
MASLD Mice

NaB alleviated hepatic steatosis in HFD-fed mice as
evidenced by consistent improvements across morphologi-
cal and biochemical endpoints. NaB treatment from week
16 to week 24 limited HFD-related body weight gain, espe-
cially at 400 mg/kg (Fig. 5A). In the liver, both TG and TC
levels were reduced after NaB administration (Fig. 5B,C).
H&E-stained sections showed fewer lipid vacuoles, and Oil
Red O staining revealed weaker neutral lipid deposition in
the NaB-treated groups. Image-based quantification further
indicated that these histological changes were more pro-
nounced with the higher NaB dose (Fig. 5D–F). Systemi-
cally, NaB reduced serum TC, TG, and LDL-C levels while
increasing HDL-C levels (Fig. 5G–J). These results indi-
cate that NaB alleviated both hepatic steatosis and systemic
dyslipidemia in HFD-fed mice, which is consistent with the
in vitro finding that NaB suppressed lipogenic signaling and
promoted lipid oxidation-related programs.

3.8 NaB Improves Whole-Body Insulin Sensitivity and
Restores Hepatic Glycogen In Vivo

We next examined the ability of NaB to remediate glu-
cose metabolic dysfunction and IR in vivo, ultimately re-
vealing that NaB administration improved whole-body glu-
cose homeostasis and restored hepatic glycogen storage in
HFD-fed mice. Specifically, NaB reduced FBG and PBG
levels and improved glucose tolerance (reduced OGTT
AUC) while improving insulin sensitivity (lower IPITT
AUC), with the 400 mg/kg dose generally performing bet-
ter than 200 mg/kg (Fig. 6A–F). PAS staining revealed
the recovery of hepatic glycogen concentrations, which re-
turned to levels similar to those of the control group at the
higher dose level, as confirmed through quantitative image
analysis (Fig. 6G,H). Biochemical indices were consistent
with these functional improvements, as NaB treatment de-

creased HbA1c levels, lowered fasting insulin levels, re-
duced HOMA-IR values, and increased QUICKI (Fig. 6I–
L). Together, these findings indicate that NaB improved
both hepatic glucose storage and whole-body insulin sensi-
tivity in HFD-fed mice, which is in line with the in vitro ob-
servation that NaB enhanced PI3K/AKT-related insulin sig-
naling and promoted glycogen synthesis-associated molec-
ular changes.

In both in vitro and in vivo experiments, NaB al-
leviated a range of metabolic disturbances, including ex-
cessive lipid accumulation, impaired glucose uptake, re-
duced glycogen deposition, abnormal serum metabolic
indices, and decreased insulin sensitivity. Mecha-
nistically, NaB treatment was linked to activation of
the GPR43/CaMKK2/AMPK/SIRT1 pathway, weaker li-
pogenic activity, increased fatty acid oxidation, recovery
of IRS1/PI3K/AKT/GLUT2 signaling, and reduced gluco-
neogenic marker expression. Rather than pointing to a sin-
gle downstream event, these results describe a broader regu-
latory pattern involving both lipid and glucose metabolism.
This integrated mechanism is summarized in Fig. 7.

3.9 NaB Inhibits Systemic and Hepatic Inflammatory
Activity

Excessive lipid accumulation triggers inflammatory
cascade activity in hepatocytes. We therefore measured in-
tracellular pro-inflammatory cytokine levels to evaluate the
anti-inflammatory capacity of NaB (Supplementary Ta-
ble 4). Compared with the Control group, PA treatment
dramatically elevated intracellular TNF-α, IL-6, IL-1β and
MCP-1 levels. After NaB administration, the concentra-
tions of four pro-inflammatory mediators decreased in a
dose-dependent manner such that the IR + LNaB group
exhibited significantly lower cytokine levels than the IR
group, while the IR + HNaB group showed further reduc-
tions compared with the IR + LNaB group. High-dose 1.5
mM NaB treatment led to the restoration of inflammatory
factor levels to near the baseline levels observed in nor-
mal hepatocytes, demonstrating that NaB effectively sup-
presses lipotoxicity-induced hepatocyte inflammation in a
concentration-dependent manner.

We further detected circulating and hepatic inflam-
matory factors, as well as the mRNA expression of the
macrophage marker F4/80 in animal models (Table 1). Af-
ter 24 weeks of HFD feeding, serum and hepatic TNF-α,
IL-6, IL-1β, and MCP-1 levels were markedly increased
relative to the SD group (all *p < 0.05). Relative hepatic
F4/80 expression was upregulated 3.72-fold compared to
normal control mice, consistent with extensive macrophage
recruitment and severe hepatic inflammatory infiltration in
MASLD mice. Treatment with NaB for 8 weeks signifi-
cantly reversed this excessive inflammation. Both low-dose
(200 mg/kg) and high-dose (400 mg/kg) NaB clearly de-
creased serum and hepatic pro-inflammatory cytokine lev-
els compared with the HFD group (#p < 0.05). More-
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Fig. 4. Establishment of a diet-induced MASLD mouse model. (A) Dynamic body weight curve recorded every 2 weeks from week
0 to week 16 in the SD and HFD cohorts. (B) Serum triglyceride (TG) concentration as detected using a commercial kit at week 16,
n = 6 per group. (C) Longitudinal fasting blood glucose (FBG) levels measured biweekly throughout the 16-week feeding period. (D)
Longitudinal 2-hour postprandial blood glucose (PBG) levels measured biweekly throughout the 16-week feeding period. (E) Dynamic
blood glucose curve for the oral glucose tolerance test (OGTT) within 0–120 min after glucose gavage at week 16. (F) Calculated area
under the curve (AUC) for the OGTT glucose curve in (E). (G) Dynamic blood glucose curve for intraperitoneal insulin tolerance test
(IPITT) within 0–120 min after insulin injection at week 16. (H) Calculated AUC for the IPITT glucose curve in (G). Data represent
mean ± standard deviation. *p < 0.05 vs. SD group.

over, the HFD + HNaB group exhibited superior anti-
inflammatory and anti-macrophage infiltration effects as
compared to the HFD + LNaB group (△p < 0.05). The
F4/80 mRNA level was notably downregulated in response
to high-doseNaB, suggesting that NaB inhibits macrophage
accumulation in the liver, thereby alleviating hepatic in-
flammatory injury in MASLD.

4. Discussion
There are several major findings from this study to

highlight. First, NaB reduced changes consistent with hep-

atic steatosis in both PA-treated HepG2 cells and HFD-
fed mice, as reflected by reduced lipid accumulation and
improved lipid-related biochemical indices. Second, NaB
was associated with improvements in IR-related pheno-
types, including glucose uptake, glycogen storage, glucose
tolerance, and insulin sensitivity. Third, these metabolic
changes were accompanied by the recovery of AMPK and
PI3K/AKT signaling, together with transcriptional changes
consistent with reduced lipogenesis, enhanced fatty acid ox-
idation, lower gluconeogenic drive, and increased glyco-
gen synthesis. In addition to these effects on glycolipid
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Fig. 5. Sodium butyrate (NaB) attenuates hepatic steatosis in MASLD mice. (A) Body weight tracking curve from week 16 to week
24 during the NaB treatment intervention period. (B) Biochemical quantification of hepatic triglyceride (TG) content normalized to total
liver protein at the end of intervention. (C) Biochemical quantification of hepatic total cholesterol (TC) content normalized to total liver
protein at the end of intervention. (D) Representative liver tissue histology slides; Upper row: hematoxylin and eosin (H&E) staining
showing hepatic lipid vacuoles; Lower row: frozen section Oil RedO staining showing neutral lipid deposition. All slides are shown at the
same level of magnification. Main image scale bar = 200 μm; inset (upper right, magnified) scale bar = 50 μm. (E) Quantitative analysis
of hepatic lipid vacuole area percentages fromH&E-stained liver sections in (D), n = 3 tissue samples per group. (F) Quantitative analysis
of Oil Red O-positive lipid area percentages from frozen liver sections in (D), n = 3 tissue samples per group. (G) Serum triglyceride
(TG) concentration as measured after the 8-week intervention period, n = 6. (H) Serum total cholesterol (TC) concentration as measured
after the 8-week intervention period, n = 6. (I) Serum low-density lipoprotein cholesterol (LDL-C) concentration as measured after the
8-week intervention period, n = 6. (J) Serum high-density lipoprotein cholesterol (HDL-C) concentration as measured after the 8-week
intervention period, n = 6. All data are mean ± standard deviation. *p < 0.05 vs. SD; #p < 0.05 vs. HFD; △p < 0.05 vs. HFD + LNaB.

homeostasis, quantitative analysis of inflammatory factors
(Supplementary Table 4, Table 1) confirmed that NaB
alleviated MASLD-related low-grade inflammation by re-
ducing TNF-α, IL-6, IL-1β, and MCP-1 secretion while

also reducing hepatic macrophage infiltration, highlighting
a link between AMPK/PI3K/AKT pathway activation and
the improvement of immuno-metabolic status. Together,
these correlative findings indicate that NaB treatment co-
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Fig. 6. Sodium butyrate (NaB) improves systemic insulin resistance and hepatic glycogen accumulation in MASLD mice. (A)
Biweekly fasting blood glucose (FBG) levels recorded from week 16 to week 24 during the intervention period. (B) Biweekly 2-h
postprandial blood glucose (PBG) levels recorded from week 16 to week 24 during the intervention period. (C) Dynamic OGTT blood
glucose curve at week 24 when the intervention period was complete. (D) Calculated AUC for the OGTT glucose curve shown in (C). (E)
Dynamic IPITT blood glucose curve at week 24 when the intervention period was complete. (F) Calculated AUC for the IPITT glucose
curve shown in (E). (G) Glycogen detection in representative PAS staining images for paraffin-embedded liver tissues; magenta signal
indicates glycogen enrichment. All images are shown under identical magnification. Main image scale bar = 200 μm; inset (upper right,
magnified) scale bar = 50 μm. (H) Quantification of PAS-positive glycogen area percentage from liver sections in (G), n = 6 liver samples
per group. (I) Serum glycated hemoglobin (HbA1c) concentration as measured by ELISA, n = 6. (J) Fasting serum insulin concentration
as measured by ELISA, n = 6. (K) Homeostasis model assessment of insulin resistance (HOMA-IR) values calculated using FBG and
fasting insulin values. (L) Quantitative insulin sensitivity check index (QUICKI) values calculated using FBG and fasting insulin values.
All quantitative data are presented as mean ± standard deviation. *p < 0.05 vs. SD; #p < 0.05 vs. HFD; △p < 0.05 vs. HFD + LNaB.
The HOMA-IR and QUICKI formulas are defined in the Materials and Methods.
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Fig. 7. Schematic working model illustrating the proposed sodium butyrate (NaB)-coordinated regulation of hepatic AMPK and
PI3K/AKT signaling to alleviate MASLD-associated hepatic steatosis and insulin resistance. Gut microbiota ferment dietary fiber
to generate NaB, which enters portal circulation and acts on the hepatocyte membrane GPR43 receptor. NaB acts via GPR43 to reduce
the inhibitory Ser495 phosphorylation of CaMKK2 and restore its intrinsic kinase activity, thereby triggering the downstream CaMKK2-
AMPKα-SIRT1 signaling cascade. This cascade suppresses the lipogenic transcription factor SREBP1c and downstream FASN to inhibit
de novo lipogenesis, while also upregulating PGC-1α, PPARα, and CPT1A to promote mitochondrial fatty acid oxidation. In parallel
with these effects, NaB simultaneously enhances insulin-mediated IRS1-PI3K-AKT signal transduction in hepatocytes. Activated AKT
inhibits FOXO1, PCK1, and G6PC1 to limit hepatic gluconeogenesis, suppresses GSK3β and concurrently activates glycogen synthase
(GS) to accelerate glycogen synthesis; the putative positive regulatory link between AKT and membrane GLUT2 expression (dotted
line in schematic) may boost hepatic glucose uptake. This collective dual-pathway NaB-mediated regulation reduces intrahepatic lipid
overload, restores glucose homeostasis, and relieves hepatic insulin resistance in MASLD models. Created by BioRender (Agreement
number: TR2A2VB6GT).

Table 1. Serum and hepatic inflammatory factor parameters in HFD-induced MASLD model mice (Mean ± standard deviation,
n = 6).

Index SD HFD HFD + LNaB (200 mg/kg) HFD + HNaB (400 mg/kg)

Serum TNF-α (pg/mL) 62.15 ± 4.38 216.74 ± 12.56* 168.32 ± 9.41# 91.47 ± 6.82#△

Serum IL-6 (pg/mL) 39.27 ± 3.46 206.42 ± 11.85* 138.74 ± 9.16# 59.83 ± 4.75#△

Serum IL-1β (pg/mL) 30.14 ± 2.53 157.36 ± 9.41* 109.28 ± 7.33# 41.52 ± 3.28#△

Serum MCP-1 (pg/mL) 26.35 ± 2.07 141.73 ± 8.69* 97.61 ± 6.94# 33.75 ± 2.61#△

Hepatic TNF-α (pg/mg protein) 54.29 ± 4.05 228.64 ± 13.15* 163.95 ± 9.72# 87.26 ± 5.43#△

Hepatic IL-6 (pg/mg protein) 37.52 ± 3.11 194.37 ± 10.92* 129.46 ± 8.47# 54.68 ± 4.17#△

Hepatic F4/80 mRNA relative expression 1.00 ± 0.08 3.72 ± 0.31* 2.64 ± 0.22# 1.41 ± 0.13#△

Note: All data are presented as mean ± standard deviation, n = 6 mice per group. *p < 0.05 vs. SD group; #p < 0.05 vs. HFD group;
△p < 0.05 vs. HFD + LNaB group. F4/80 expression was normalized to GAPDH. Abbreviations: SD, standard diet; HFD, high-fat diet;
LNaB, low-dose sodium butyrate (200 mg/kg); HNaB, high-dose sodium butyrate (400 mg/kg).
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incides with parallel improvements in glycolipid metabolic
disturbances in MASLD models.

One strength of the present work is the consistency
observed between the in vitro and in vivo findings. In PA-
treated HepG2 cells, NaB reduced lipid droplet accumula-
tion and lowered TG, TC, and NEFA levels. In HFD-fed
mice, similar changes were observed at the systemic and tis-
sue levels, including lower hepatic TG and TC content, re-
duced histological evidence of steatosis, and improvements
in serum lipid profiles. NaB altered several lipid-related
measures rather than solely affecting a single biochemi-
cal metric, demonstrating an overall shift toward improved
hepatic lipid balance. In MASLD, steatosis is usually the
result of combined disturbances in fatty acid entry, lipid
synthesis, fatty acid oxidation, and lipid export [21,22].

The IR models used in this study exhibited diminished
GPR43 expression, suppressed AMPKα phosphorylation,
reduced SIRT1 abundance, and abnormally elevated p-
CaMKK2Ser495 levels that disrupt CaMKK2-linked signal-
ing. NaB treatment normalized excessive p-CaMKK2Ser495
abundance and restored downstream AMPKα phosphory-
lation. PA lipotoxicity induces excessive phosphorylation
of CaMKK2 Ser495 site, which inhibits the activity of
CaMKK2 kinase and weakens its phosphorylation activa-
tion of AMPKα; NaB intervention can downregulate the in-
hibitory p-CaMKK2Ser495, restore the basic kinase function
of CaMKK2, and ultimately increase the activation level
of AMPKαThr172. In addition, NaB lowered the expression
of lipogenic genes including those encoding SREBP1c and
FASN, while increasing the expression of genes involved
in fatty acid oxidation and mitochondrial function, includ-
ing those encoding PGC-1α, PPARα, and CPT1A [16,23].
These molecular changes are consistent with a shift away
from lipid synthesis and toward lipid utilization. They also
fit with the established role of AMPK as a central energy
sensor that restrains lipogenesis and supports fatty acid ox-
idation in the liver [24,25]. Furthermore, the enrichment
of metabolism-related pathways in the NaB-treated group
suggests that NaB may help reprogram lipid metabolism to
reduce steatosis.

The glucose-related findings in this study were sim-
ilarly consistent. In the cell model system, PA exposure
reduced 2-NBDG uptake, increased intracellular free glu-
cose, and reduced glycogen deposition. Following treat-
ment with NaB, an increase in glucose uptake was noted,
together with a decrease in the intracellular free glucose
pool and the restoration of glycogen storage. Taken to-
gether, these findings suggest a shift from impaired glu-
cose uptake and ineffective intracellular handling toward
increased uptake and glycogen storage. The effects of NaB
treatment were thus associated with both improved glucose
entry into the cell, as well as the more effective downstream
utilization of that glucose. A similar pattern was observed
in mouse model experiments. NaB treatment improved
whole-body glucose homeostasis in HFD-fed mice, with re-

ductions in fasting glucose, 2-h postprandial glucose, fast-
ing insulin, and HOMA-IR, along with better OGTT/IPITT
performance, increasedQUICKI, and greater hepatic glyco-
gen deposition. The glucose-related effects of NaB noted
in HepG2 cells were thus effectively recapitulated in this
HFD-induced mouse model.

In peripheral insulin-resistant tissues, impaired
GLUT4 membrane translocation is the primary driver of
systemic hyperglycemia. However, hepatocytes consti-
tutively express GLUT2 rather than GLUT4. We found
that PA-induced lipotoxicity significantly reduced hepatic
GLUT2 protein levels, while NaB restored GLUT2 expres-
sion and enhanced IRS1/PI3K/AKT phosphorylation. This
tissue-specific insulin-dependent regulation of GLUT2 in
hepatocytes might be a unique liver metabolic phenotype
that distinguishes hepatic insulin resistance from peripheral
insulin resistance.

In addition to the observed regulation of hepatic gly-
colipid homeostasis, our analyses further confirmed the
prominent anti-inflammatory effect of NaB both in hep-
atocytes suffering from lipotoxicity and in HFD-induced
MASLD model mice. MASLD is recognized as a typical
immunometabolic disease. In this pathological context, ex-
cessive intracellular lipid overload activates NF-κB signal-
ing, triggering extensive TNF-α, IL-6, IL-1β, and MCP-1
release, which further exacerbates lipotoxicity and IR via
a reciprocal positive feedback loop. In vivo animal re-
sults provided systemic evidence in support of these effects.
Specifically, HFD feeding induced overt increases in levels
of peripheral and intrahepatic pro-inflammatory mediators,
alongside the upregulation of hepatic F4/80 mRNA indica-
tive of the presence of resident and recruited macrophages.
Oral NaB administration downregulated all of the analyzed
inflammatory cytokines and reduced F4/80 expression in a
dose-dependent manner. This highlights the ability of NaB
to alleviate hepatic inflammatory infiltration by restraining
macrophage recruitment into the liver parenchyma. These
dual regulatory effects of NaB on metabolic and inflam-
matory activity are interconnected. The alleviation of ec-
topic lipid deposition eliminates lipid-induced inflamma-
tory stimulation; conversely, the suppression of inflamma-
tory signaling relieves inflammation-mediated impairment
of IRS1/PI3K/AKT and AMPK activity, jointly ameliorat-
ing hepatic steatosis and IR. The GPR43 receptor may serve
as a critical upstream mediator of the anti-inflammatory ef-
fects of NaB observed in this study, although targeted inhi-
bition experiments will be necessary to validate this causal
association.

NaB treatment resulted in the enhancement of
PI3K/AKT signaling, as evidenced by the increased phos-
phorylation of IRS1, PI3K, and AKT together with ele-
vated GLUT2 expression. The restoration of insulin sig-
naling cascade activity was accompanied by lower FOXO1,
PCK1, and G6PC1 expression, consistent with reports that
PI3K/AKT activation reduces hepatic glucose production
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[26,27,28]. Previous studies have evaluated the effects of
NaB mainly in relation to either AMPK or PI3K/AKT sig-
naling [29]. In our experiments, both of these pathways
were altered under the established cellular and animal IR
models and in response to NaB, suggesting that it may ex-
ert its effects through the parallel regulation of AMPK and
PI3K/AKT signaling rather than either of these pathways in
isolation.

Although NaB did not clearly remediate insulin re-
ceptor phosphorylation in insulin-resistant HepG2 cells,
it nonetheless enhanced downstream IRS1/PI3K/AKT ac-
tivation and increased GLUT2 expression. In parallel
with these effects, NaB reduced the expression of FOXO1,
PCK1,G6PC1, andGSK3β, while increasing glycogen syn-
thase expression. This pattern is consistent with reduced
gluconeogenic drive and enhanced glycogen synthesis, and
provides a plausible explanation for why intracellular free
glucose levels declined while glycogen content increased
following NaB treatment. However, caution is warranted
when interpreting these findings as they suggest involve-
ment of the PI3K/AKT pathway, but do not establish direct
pathway dependence.

Interplay between the AMPK and PI3K/AKT signal-
ing axes has been described in recent reports [30]. By
reducing ectopic lipid accumulation and alleviating lipo-
toxic stress, AMPK activation can enhance insulin sensi-
tivity, thereby increasing IRS1 phosphorylation and down-
stream AKT activity. Conversely, AKT activation may in-
directly promote mitochondrial biogenesis and fatty acid
oxidation via mTORC2–PGC-1α signaling. Our findings
suggest that NaB can simultaneously activate the GPR43–
CaMKK2–AMPKα-SIRT1 axis and modulate insulin re-
ceptor substrate signaling, which may lead to more pro-
nounced metabolic improvements than those associated
with influencing either of these pathways individually. Re-
cent multi-omics analyses support this hypothesis, indi-
cating that the simultaneous activation of the AMPK and
PI3K/AKT pathways synergistically improves MASLD
phenotypes [31,32]. However, this model should be inter-
preted as a plausible framework rather than a firmly es-
tablished mechanistic sequence, as no inhibitor or gene-
silencing experiments were included in the present study.

These regulatory effects help distinguish the present
work from many earlier reports. Previous studies have
often focused on a single aspect of the response, em-
phasizing either AMPK-related lipid regulation or insulin
signaling-related glucose control [25,29]. By contrast, our
study examined lipid deposition, glucose uptake, intracel-
lular glucose disposition, glycogen storage, and pathway-
related signaling within the same MASLD-related insulin
resistance setting. Our data suggest that the observed
metabolic improvements occurred in parallel with coordi-
nated changes in both of these signaling pathways, improv-
ing the overall internal coherence of these results.

NaB is an essential SCFA produced by the microbial
fermentation of dietary fiber in the gut [33]. It functions
as an energy substrate for colonocytes and modulates host
metabolism via GPR43/41 and HDAC inhibition [34,35].
Recent studies have revealed that elevated SCFA levels re-
store intestinal barrier integrity, reduce endotoxemia, and
improve metabolic inflammation in MASLD [36]. Al-
though the present study did not directlymeasure gut micro-
biota composition or circulating SCFA levels, the observed
GPR43–AMPK activation is consistent with microbiota-
mediated NaB effects previously reported in vivo. Future
studies incorporating microbiome-focused analyses will be
crucial to clarify the contributions of the gut–liver axis to
the therapeutic effects of NaB.

It is also important to interpret the effects of NaB
in the context of other metabolic interventions that have
been reported to influence these same pathways. Agents
such as metformin and glucagon-like peptide-1 receptor ag-
onists have been linked to AMPK-related and PI3K/AKT-
related improvements in fatty liver or insulin-resistant states
[37,38]. However, lipid metabolism and glucose han-
dling are often discussed separately for these interventions
[39,40]. We do not assert the superiority of NaB rela-
tive to these other interventions, but rather seek to pro-
vide a more integrated view of how NaB may be associated
with metabolic improvement at the phenotypic, biochemi-
cal, transcriptional, and signaling levels.

The GPR43/CaMKK2/AMPKα/SIRT1 cascade pro-
posed in our graphical abstract remains a hypothetical up-
stream signaling axis. We only detected the upregulation of
GPR43, CaMKK2, and p-AMPKα protein levels after NaB
treatment. No functional experiments such as GPR43 si-
lencing or the use of specific GPR43 antagonists were con-
ducted to clarify whether this receptor is necessary to me-
diate the hepatic metabolic benefits of NaB administration.

Taken together, our results show that NaB attenuates
hepatic steatosis and IR in experimental MASLD mod-
els. The observed improvements appear to involve AMPK
and PI3K/AKT metabolic signaling, contributing to down-
stream changes in lipid synthesis, fatty acid oxidation, glu-
coneogenesis, and glycogen storage. These findings sup-
port a potential role for NaB in correcting disordered hep-
atic glycolipid metabolism, although the underlying regu-
latory mechanisms and clinical value will require further
investigation.

5. Limitations
This study has several limitations that should be con-

sidered when interpreting our results:
1. The in vitro IR model was constructed using trans-

formed HepG2 hepatoblastoma cells rather than primary
murine or human hepatocytes. HepG2 cells carry features
of tumor-specific metabolic reprogramming, leading to ab-
normal glucose and lipid handling compared with normal
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primary hepatocytes, which limits the physiological extrap-
olation of our in vitro experimental results.

2. While we observed concurrent changes in AMPK
and PI3K/AKT signaling after NaB treatment, we did not
conduct any corresponding loss-of-function interventions
using pathway inhibitors, gene silencing, or knockout mod-
els. Thus, we cannot confirm causal or coordinated regula-
tory crosstalk between the two pathways.

3. The proposed upstream GPR43/CaMKK2 axis re-
mains hypothetical. NoGPR43 blockade or knockdown ex-
periments were performed to verify the indispensable role
of this pathway as a mediator of the hepatic effects of NaB
administration.

4. Animal experiments used a total of 6 mice per
group; formal statistical power calculations were not con-
ducted before animals were randomly assigned to groups,
potentially reducing statistical sensitivity to detect mild
metabolic differences between intervention groups.

5. Gut microbiota and circulating SCFA concentra-
tions were not measured, meaning that there remains a lack
of direct evidence for gut-liver axis crosstalk triggered by
NaB in vivo.

6. Only male C57BL/6 mice were used for animal
experiments, precluding any examination of sex-dependent
metabolic differences under conditions of HFD stimulation.

7. No clinical human liver samples were included to
validate the translational value of our preclinical findings.
This should be taken into consideration when generalizing
the metabolic regulatory mechanism of NaB in MASLD to
the patient setting.

8. Although key pro-inflammatory cytokines (TNF-
α, IL-6, IL-1β, MCP-1) and the macrophage marker F4/80
were quantified in our experimental models, we did not
perform immunohistochemical staining for F4/80/CD68 to
visualize intrahepatic macrophage infiltration, nor did we
detect downstream NF-κB inflammatory signaling-related
protein expression, limiting any deeper mechanistic in-
terpretation of the anti-inflammatory pathways associated
with NaB administration.

6. Conclusion
Overall, these results suggest that NaB is associated

with reduced lipid accumulation, improved glucose up-
take and glycogen storage, and the alleviation of IR in
experimental MASLD. These changes were accompanied
by molecular changes consistent with improved AMPK-
related lipidmetabolic regulation and PI3K/AKT-related in-
sulin signaling. Overall, the findings suggest that NaB may
act as a metabolic modulator in MASLD by coordinately
improving hepatic lipid and glucose metabolism, provid-
ing an experimental basis for further mechanistic and trans-
lational studies. NaB also exerted dose-dependent anti-
inflammatory effects, as evidenced by reductions in hep-
atic and circulating pro-inflammatory cytokine levels and
macrophage marker expression, highlighting its compre-

hensive regulatory role in both metabolic and inflammatory
lesions associated with MASLD. Further translational re-
search is warranted to validate these multi-target protective
effects in human liver samples. It is also important to note
that, without pharmacological inhibition or gene knockout
assays targeting the AMPK and PI3K/AKT cascades, we
cannot confirm the coordinated regulation of these two sig-
naling pathways by NaB, such that the present results are
only observational analyses of relevant changes in pathway
activity.
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