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1. Introduction

Globally, nonalcoholic fatty liver disease (MASLD) and 
nonalcoholic steatohepatitis (MASH), both diet-related, 
are among the most prevalent causes of chronic liver 
disease (1). It is estimated that 20% of MASLD patients 
develop MASH, and 15% MASH patients progress to 
cirrhosis (2). Despite the fact that most MASLD/MASH 
patients remain asymptomatic, they face an elevated risk 
of developing hepatocellular carcinoma (3). This poses a 
considerable hindrance to the development of therapeutic 
strategies and biomarkers for advanced MASH.
 The possible involvement of impaired intestinal 
epithelial permeability in the pathogenesis of MASH 
has been emphasized by several recent studies (4-
7). The intestinal barrier severs as a protective shield 
against potentially harmful metabolites, bacteria, and 
their antigens. Consequently, immunologic regulation of 
the commensal microbiota and the intestinal barrier is 

crucial and has been preserved throughout evolution (8). 
Elevated intestinal epithelial permeability is associated 
with increased serum endotoxin levels, a powerful 
inducer of hepatic inflammation, in both human and 
animal models (9). In recent years, diet, particularly a 
high-fat diet (HFD), has emerged as one of the most 
significant factors affecting the function of the intestinal 
epithelial barrier and leading to endotoxemia in healthy 
individuals (10). Moreover, human MASH and MASH-
related cirrhosis often exhibit increased intestinal 
epithelial permeability and small intestinal bacterial 
overgrowth (7). However, it remains unclear whether the 
persistent systemic inflammation observed in MASH 
patients is a consequence or a contributing factor to 
intestinal epithelial barrier dysfunction.
 The tight junctions (TJs) of intestinal epithelium 
cells form a crucial component of the intestinal barrier 
(11). The physiological functions of the TJ proteins are 
sustained by three essential proteins: zonula occludens-1 
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STK39 is reportedly a critical negative regulator of intestinal barrier. Pharmacological targeting 
of STK39 is expected to protect the intestinal barrier and thereby weaken metabolic dysfunction-
associated steatohepatitis (MASH); Proximal colon biopsy tissues from patients with metabolic 
dysfunction-associated steatotic liver disease (MASLD) and those without MASLD were analyzed 
for STK39 expression. Wildtype (WT) mice and systemic STK39 gene knockout (STK39-/-) male 
mice were fed a normal diet or a high-fat methionine-choline deficient diet (HFMCD) for 8 weeks. 
The MASH mice were grouped and treated with ZT-1a (a STK39 inhibitor) or vehicle intraperitoneal 
injection during the procedure of HFMCD induction. Liver and intestinal tissues were collected for 
further examination; Colon tissues from patients with MASLD exhibited higher levels of STK39 
than those from subjects without MASLD. Knockout of STK39 diminished CD68+ Kupffer cells and 
α-SMA+ hepatic stellate cells infiltration in mouse MASH model. Treatment with ZT-1a also prevented 
severe steatohepatitis in a mouse MASH model, including milder histological and pathological 
manifestations (lobular inflammation and fibrosis) in the liver. Interestingly, Inhibition of STK39 had 
minimal effects on hepatic lipid metabolism. The reduced liver injury observed in mice with STK39 
inhibition was linked to significant decreases in mucosal inflammation, tight junction disruption and 
intestinal epithelial permeability to bacterial endotoxins; Collectively, we have revealed that inhibiting 
STK39 prevents the progression of MASH by protecting the intestinal epithelial barrier.
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(ZO-1), Occludin, and claudins (12). Damage to the TJs 
barrier due to high-fat diet contributes to the progression 
of MASLD/MASH. A human study revealed that 
patients with MASLD exhibit increased gut epithelial 
permeability, decreased levels of tight junction proteins 
(such as ZO-1, claudin 1, and Occludin), and elevated 
inflammation levels; these alterations are closely linked 
to the occurrence and progression of MASLD (13). 
A meta-analysis indicated that, compared to healthy 
volunteers, patients with MASLD and MASH are more 
prone to having enhanced intestinal permeability (14). 
The increased gut permeability heightens the liver's 
exposure to intestine-derived bacterial products (such as 
LPS, short-chain fatty acids, bile acids, cytokines, and 
ethanol), which exacerbate hepatic inflammation and 
fibrosis by activating toll-like receptor (TLR) signaling 
and the inflammasome (15,16). Therefore, it is necessary 
and particularly crucial to prevent MASLD/MASH by 
maintaining TJs function. TJ proteins, the most important 
intercellular junctions of intestinal epithelial cells (IECs), 
seal the paracellular space between adjacent IECs (17). 
TJ proteins regulate the transport of water, ions, and 
solutes through the paracellular pathway and prevent the 
passage of immunogenic macromolecules, particularly 
gut bacterial metabolites (18). Previous research has 
shown that upregulation of ZO-1 and Occludin can 
inhibit the increase in intestinal permeability and 
attenuate MASLD (19). Therefore, drugs that prevent 
TJ protein disruption are widely considered an effective 
approach for MASLD/MASH therapies.
 Serine/threonine kinase 39 (STK39), a member 
of MAP4K family, comprises an N-terminal series 
of proline/alanine repeats (PAPA box), followed by a 
catalytic domain, a nuclear localization signal, a potential 
caspase cleavage motif, and a C-terminal regulatory 
region. STK39 is present in both the nucleus and the 
cytoplasm (20). Recent studies have demonstrated that 
STK39 knockout mice exhibit a significant increase in 
intestinal transepithelial resistance, a marked decrease in 
paracellular permeability to fluorescent isothiocyanate 
dextran, and altered sodium ion selectivity at apical 
tight junctions (21). Furthermore, overexpression of 
STK39 impairs the intestinal barrier and enhances 
the permeability of the intestinal epithelium (22). 
Therefore, it is highly likely that STK39 is involved in 
the progression of MASH through the intestinal barrier. 
5-chloro-N-(5-chloro-4-((4-chlorophenyl)(cyano)
methyl)-2-methylphenyl)-2-hydroxybenzamide (ZT-1a) 
is a potent, non-ATP-competitive, and selective STK39 
inhibitor (23). ZT-1a has previously been shown to be 
neuroprotective in murine ischemic stroke models (24). 
However, whether ZT-1a could be used to protect the 
intestinal barrier and thereby mitigate MASH remains 
unknown.
 In this study, we systematically investigated the 
impact of STK39 inhibitors on the pathogenesis of 
MASH. STK39 was overexpressed in colon tissues 

from MASH patients and mice. In the HFMCD-induced 
MASH mouse model, ZT-1a exhibited attenuated liver 
inflammation and liver cirrhosis, without changes in liver 
lipid accumulation. This may be partly due to reduced 
intestinal permeability and decreased LPS production. 
Furthermore, inhibiting STK39 reduced dextran sulfate 
sodium (DSS)-induced intestinal barrier damage and 
prevented LPS-induced hepatic inflammation or fibrosis. 
Here, our data support the idea that targeting STK39 may 
be a potent strategy to improve MASH.

2. Materials and Methods

2.1. Mice

STK39-/- mice were purchased from VIEWSOLID 
Ltd. All mice were housed at up to 5 mice per cage in 
specific-pathogen-free conditions under a 12 h light/
dark cycle at constant temperature (22°C). The animals 
had free access to water and standard laboratory 
chow. Animal care and experimental procedures were 
conducted in accordance with national and international 
laws and policies and were approved by the Animal 
Care and Use Committee of Sichuan University (No. 
2020455A). The animal study protocol was approved 
by the Ethics Committee of West China Hospital of 
20230530005 and date of 2023.05.31.

2.2. Informed consent Statement

Informed consent was obtained from all subjects 
involved in the study. Written informed consent has been 
obtained from the patient(s) to publish this paper.

2.3. MASH diet

To establish MASH model, mice were subjected to 
HFMCD diet or HFD diet with 1% sulfate sodium 
(DSS). For HFMCD model, 6-8 weeks-old male WT 
mice and STK39-/- mice were fed a high fat (60 Kcal%), 
methionine (1%) without choline (HFMCD, A06071302, 
ReadyDietech) for 8 weeks. The normal diet was 
standard mouse chow containing 16% protein, 61% 
carbohydrate, and 7.2% fat. For HFD + 1% DSS model, 
mice were fed a high fat, high cholesterol (HFD), and 1% 
DSS for 4 weeks. The diet consisted of 0.2% cholesterol, 
20% protein, 43% CHO2I, and 23% fat (6.6% trans-
fat) (D09100310, ReadyDietech). Additionally, 1% DSS 
was provided in the drinking water. A normal diet was 
mentioned as above.

2.4. ZT-1a treatment

ZT-1a (HY-136532, MedChemExpress), a non-ATP-
competitive, selective SPAK inhibitor that inhibits 
SPAK activity (23), was concomitantly administered 
weekly via intraperitoneal injection (100 mg/kg) to 
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compound (Sakura Finetek, America), frozen on dry 
ice, and sectioned at -20°C. The frozen tissues were 
sectioned at a thickness of 4 μm on a cryostat (Leica). 
When applicable, sections were incubated in blocking 
buffer (5% milk powder in PBS-T) for 30 min at 25°C, 
and stained with primary antibodies directed against the 
following proteins: Occludin (1:200; R1510-33 Huabio) 
and ZO1 (1:200; ER41204, HuaBio), in blocking buffer 
overnight at 4°C. After washing in PBS-T, the slides 
were incubated for 2 h with the following secondary 
antibodies: goat anti-rabbit IgG (H+L) secondary 
antibody, and DAPI (Sigma-Aldrich) for 30 min at 
25°C and washed in PBS-T. Tissues were mounted in 
VECTASHIELD HardSet Antifade Mounting Medium 
(Vector Labs) prior to sample acquisition on a Leica 
Dive confocal/multiphoton microscope or a Nikon A1R 
HD25 confocal microscope. Images were processed with 
ImageJ (National Institutes of Health; Bethesda, MD, 
USA).

2.8. Quantitative Reverse Transcription PCR

Total RNA was isolated from liver tissue using the 
RNeasy Mini Kit (Qiagen, Valencia, CA) according 
to the manufacturer's instructions. RNA (1 mg) was 
reverse-transcribed to complementary DNA using the 
Bio-Rad iScript complementary DNA synthesis kit (Bio-
Rad, Hercules, CA). Quantitative reverse-transcription 
PCR was performed using gene-specific primer sets 
(Supplementary Table S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=205) 
and IQ SYBR Green Supermix (Bio-Rad) on a 
Mastercycler ep realplex PCR instrument (Eppendorf, 
Hamburg, Germany). The reaction conditions were 
95℃ for15 seconds, followed by 40 cycles of 95°C 
for 3 seconds,55°C for 15 seconds, and 72°C for 20 
seconds. Relative expression was calculated using the 
DDCt method with GAPDH serving as the reference 
housekeeping gene. Expression of the respective genes 
was normalized to that of GAPDH rRNA, and the 
normalized data are presented as the fold change in gene 
expression compared with that of control mice fed a 
normal diet.

2.9. Western blot

Cellular proteins were extracted from c-Kit+ cells 
after various treatments, and a BCA Protein Assay Kit 
(Beyotime Technology; Shanghai, China) was used to 
quantify total protein. Homogenates containing 50 μg of 
protein per sample were mixed with 5× loading buffer 
and denatured at 95°C for 5 min. Proteins were separated 
via SDS-PAGE (Baihe; Chengdu, China) and transferred 
onto 0.45 μm PVDF membranes (Millipore). The 
membranes were blocked with 5% non-fat dried milk, 
which was diluted in TBST, at room temperature for 2 h 
and incubated overnight at 4°C with primary antibodies 

mice during induction of MASH.

2.5. Lentivirus transduction

HepG2 and SW480 cell lines were seeded in a 6-well 
plate and cultured for 12-24 h to 20-30% confluence 
in complete medium before transfection. The culture 
medium was replaced with serum-free medium 
containing lentivirus (Weizhen; Shandong, China) and 
5 μg/ml polybrene (Weizhen). As a negative control, 
cells were transduced with an empty vector. After 
incubating for 8-12 h, the serum-free medium was 
changed to complete medium. Transfection efficiency 
was observed under a fluorescence microscope at 48-72 
h after infection. Then, cells were treated with 5 μg/ml 
puromycin (MCE) for 2 days to select stably transfected 
cells.

2.6. Histology

Excised liver tissues were fixed in 10% neutral buffer 
formalin and embedded in paraffin. Formalin-fixed liver 
tissue sections were stained with H&E or Sirius Red. 
A blinded pathologist performed histologic grading 
of the liver tissue sections using the MASH-CRN 
scoring system. Colons were embedded in Tissue-Tek 
OCT compound (Sakura Finetek USA, Inc, Torrance, 
CA) and flash-frozen in liquid nitrogen. Colonic 
cryosections were stained with H&E. Histology images 
were obtained using a Zeiss Light Microscope (Leica, 
Jena, Germany).

2.7. Immunohistochemistry and Immunofluorescence

Liver cryosections were fixed with 4% paraformaldehyde 
in phosphate-buffered saline, and blocked with 3% 
bovine serum albumin in phosphate-buffered saline. 
Colonic cryosections were fixed with acetone for 5 
minutes at -20°C and blocked with 5% bovine serum 
albumin in phosphate-buffered saline. The following 
primary antibodies (dilutions 1:100) were used: F4/80 
(70076, Cell Signaling Technology), CD68 (ER1901-
32, Huabio), and STK39 (ab128894, Abcam) Both liver 
and colonic cryosections were incubated with primary 
antibodies overnight at 4°C. Slides were washed twice 
with PBS-T and incubated with Rabbit EnVision+ 
System-HRP (Dako) or Mouse EnVision+ System-HRP 
(Dako) at RT for 30 min. Sections were counterstained 
with Mayer's hematoxylin and dehydration was 
performed by incubation in 70% and 100% ethanol 
followed by xylene, before slides were mounted using 
Pertex (Histolab).
 For immunofluorescence analysis, tissue samples 
were dissected, washed with ice-cold PBS, and then 
fixed with 4% PFA in PBS for 12 h at 4°C. The tissues 
were incubated in 30% sucrose (Sigma-Aldrich) 
overnight, embedded in optimal cutting temperature 
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diluted in the same blocking buffer. The following 
primary antibodies (dilutions 1:1000) were used: TGFβ1 
(ER31210, Huabio), α-SMA (ET1607-53, Huabio), IL-
6(ab233706, Abcam), IL-17(RT1326, Huabio), NF-κB 
(ET1603-12, Huabio) and GAPDH (ET1601-4, Huabio). 
After washing 3 times with TBST, membranes were 
incubated with HRP-conjugated secondary antibody for 
1 h at RT. The membranes were visualized using the Gel 
Doc™ XR System (Bio-Rad).

2.10. Serum chemistry

ALT and AST levels in the serum were measured using 
aspartate aminotransferase and alanine transaminase 
activity assay kits (Sigma-Aldrich). Total serum 
cholesterol and triglyceride levels were measured on 
the CX7 chemistry autoanalyzer (Beckman Coulter 
Diagnostics, Miami, FL).

2.11. Cytokine analysis

The concentration of key inflammatory cytokines in 
the serum were quantified using the Milliplex Map 
Kit (EMD Millipore Corporation, Billerica, MA) on 
a Bio-Plex 200 System (Bio-Rad). For liver cytokine 
analysis, frozen liver tissue samples were homogenized 
in cell extraction buffer supplemented with 1 mmol/
L phenylmethylsulfonyl fluoride and protease inhibitor 
cocktail (Life Technologies), and the supernatants were 
analyzed by multiplex enzyme-linked immunosorbent 
assay.

2.12. In vivo permeability assay

Intestinal permeability was assessed by in vivo FITC-
dextran (FD4; Sigma-Aldrich) permeability assay 
as described previously17. Mice fasted for 4 h were 
gavaged with 0.6 mg/g body weight FITC-dextran (4 
KDa) solution and blood was collected by submandibular 
bleeding after 3 h. Fluorescence intensity in the serum 
was measured using Fluorescence Spectrophotometer. 
FITC-dextran concentrations were determined from a 
standard curve generated by serial dilutions of FITC 
dextran.

2.13. Statistical analysis

Statistical differences were analyzed by unpaired 
Student's t-test analysis for multiple group comparison. 
A p value < 0.05 was considered statistically significant. 
Except for the human data, all animal experiments were 
repeated at least two times on two separate occasions.

3. Results

3.1. MASLD patients and MASH mice have enhanced 
STK39 expression in the colonic mucosa.

We initially explored the role of STK39 in colon tissues 
from MASLD. Biopsies taken from the proximal colon 
of six patients with MASLD and five subjects without 
MASLD (controls), who underwent surveillance 
colonoscopy, were examined for STK39 protein 
expression using immunochemistry. Individuals with 
elevated serum aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) levels, increased serum 
cholesterol and triglycerides, and hepatic steatosis 
confirmed by a right upper quadrant ultrasound (RUQ 
US) were diagnosed with MASLD (Figure1A-C). Due to 
the absence of liver biopsy specimens, we were unable 
to specifically identify patients with MASH. Therefore, 
we collectively referred to the study cohort as having 
MASLD. Subjects with a body mass index of less than 
25 kg/m2, normal serum AST levels (≤ 40 U/L), and a 
negative liver ultrasonography were defined as controls 
(Figure 1D). The intestinal mucosa tissue of MASLD 
patients exhibited noticeably increased STK39 protein 
levels, as shown in Figure 1E. Remarkably, higher 
intestinal mucosal STK39 expression was associated 
with more severe mucosal inflammation in MASLD 
patients, as evidenced by a greater infiltration of immune 
cells in the mucosa (Figure 1F). Interestingly, we 
discovered the Occuldin was also suppressed in colon 
tissues from MASLD patients (Figure 1G). Additionally, 
we examined STK39 expression in colon tissues from 
MASH model mice. Consistent with human observations, 
STK39 was upregulated in colon tissues from MASH 
mice (Figure 1H). We examined the hepatic stellate 
cell (HSCs) and Kupper cells infiltration in liver from 
mouse MASH model and control. we found the protein 
expression of α-SMA, a key marker of hepatic stellate 
cell (HSC) activation, was significantly upregulated in 
MASH mice (Figure 1I). And CD68 staining revealed 
increased infiltration of hepatic macrophages in MASH 
mice (Figure 1J). These results indicated more α-SMA+ 
HSCs infiltration and CD68+ Kupffer cells in mouse 
MASH model.

3.2. STK39 deletion attenuates HFMCD induced liver 
injury.

To investigate the role of STK39 in MASH, systemic 
STK39-deficient (STK39−/−) mice were established 
(Figure 2A). These mice were born and developed 
normally, exhibiting no apparent functional defects 
(Figure 2B and Figure S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=205). 
Subsequently, STK39−/− mice and their control 
littermates were administered HFMCD diet for 8 
weeks. STK39−/− and control mice fed a normal diet 
served as controls. When fed either a normal diet (ND) 
or an HFMCD diet, there was a negligible difference 
in liver morphology and liver-to-body weight ratio 
between STK39−/− and control mice (Figure 2C and 
D). Intriguingly, histological examination revealed 
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that STK39−/− mice developed less severe phenotypes 
of MASH, as indicated by reduced inflammatory cell 
infiltration, and decreased incidence of periportal and 
sinusoidal fibrosis (Figure 2E). Additionally, liver 
fibrosis marker genes and proteins were also evaluated. 
As shown in Figure 2F, the expression of α-SMA 
and TGF-β1 (another profibrogenic protein), was 
markedly lower in STK39−/− mouse livers. Similarly, 
the transcript levels of key molecules associated with 
hepatic fibrogenesis, including tissue inhibitor of 
metalloproteinase 1 (TIMP-1), and collagen 1 (α1 and 
α2), were also significantly decreased (Figure 2G). The 
MASH-CRN scores exhibited a significant decrease 

of 1.53-fold in STK39−/− mice fed an HFMCD diet 
compared to control mice fed the same diet (Figure 
2H). Furthermore, the serum concentrations of AST and 
ALT were significantly lower in STK39−/− mice fed an 
HFMCD diet compared to control mice, with reductions 
of 2.73-fold and 5.07-fold, respectively (Figure 2I and J).
 To unravel the underlying molecular mechanism 
involved in HFMCD-induced MASH in STK39−/− mice, 
we employed immunohistochemistry (IHC) to evaluate 
additional markers of hepatic inflammation. F4/80 and 
CD68 staining revealed decreased infiltration of hepatic 
macrophages or Kupffer cells in HFMCD-fed STK39−/− 
mice (Figure 2K). The results of this study demonstrated 

Figure 1. Colonic STK39 expression increased in MASLD patients. (A) Ultrasound imaging of healthy and MASLD patients. (B) Serum ALT 
and AST levels in healthy and MASLD patients. (C) Serum CHO2I and TRIGL levels in healthy and MASLD patients. (D) The weight, height, 
and BMI of healthy and MASLD. (E) Immunohistochemistry analyses of STK39 in colon tissue sections from healthy and MASLD patients. (F) 
Photomicrographs of H&E-, CD3 and CD68 stained colon tissue sections from healthy and MASLD patients. (G) Immunofluorescence analyses 
of Occuldin in colon tissue sections from healthy and MASLD patients. (H) Immunohistochemistry analyses of STK39 in colon tissue sections of 
ND and 8-week-HFMCD-induced mice. (I) Immunofluorescence analyses of α-SMA in liver tissues of ND and 8-week-HFMCD-induced mice. (J) 
Immunohistochemistry analyses of CD68 in liver tissue sections of ND and 8-week-HFMCD-induced mice. Scale bars: 100 μm in (E), (F), (G), (H), (I) 
and (J). *indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001.
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a strong association between decreased levels of 
monocyte chemoattractant protein 1 (MCP-1, 1.87-
fold) in the livers of STK39−/− mice fed an HFMCD diet 
(Figure 2L). Further investigation revealed that the livers 
of HFMCD-fed STK39−/− mice exhibited significantly 
reduced expression levels of Toll-like receptors (TLRs)-

2 (1.84-fold), TLR-4 (3.02-fold), TLR-5 (1.79-fold), 
and TLR-9 (2.21-fold), which are the primary TLRs 
involved in the recognition of bacterial pathogen-
associated molecular patterns (Figure 2M). Consistent 
with these findings, the hepatic protein levels of key 
proinflammatory cytokines associated with MASH, IL-

Figure 2. STK39-/- mice fed a HFMCD developed modest histologic features of MASH. (A) Schematic of STK39-knockout in exons 9 and 10 
using CRISPR/Cas9. (B) Representative images of control (wild-type [WT]) and STK39-/- mice for 1, 7, 14, 30, and 56 days. (C) Representative 
gross images of livers from WT and STK39-/- mice fed a ND or HFMCD for 8 weeks. (D) Liver weight/ Body weight analysis of WT and STK39-

/- mice fed a ND or HFMCD for 8 weeks. (E) Photomicro-graphs of H&E, Sirus Red, and Masson-stained liver tissue sections of WT and STK39-/- 
mice fed a HFMCD for 8 weeks (n = 6). (F) Western blots demonstrating levels of TGF-β and α-SMA in liver tissues of WT and STK39-/- mice fed 
a HFMCD for 8 weeks (n = 3). (G) Heatmap showing TIMP1, Colla1, and Colla2 mRNA expression in liver tissues of WT and STK39-/- mice fed 
a ND or HFMCD for 8 weeks (n = 3). (H) MASH-CRN score in WT and STK39-/- mice fed a ND or HFMCD for 8 weeks (n = 3). (I) Serum AST 
levels in WT and STK39-/- mice fed a ND or HFMCD for 8 weeks (n = 6). (J) Serum ALT levels in the control (wild-type [WT]) and STK39-/- mice 
fed a ND or HFMCD for 8 weeks (n = 6). (K) Immunohistochemical analyses of F4/80 and CD68 in liver tissue sections of WT and STK39-/- mice 
fed a HFMCD for 8 weeks. (L) Quantification of the hepatic monocyte chemoattractant protein 1 (MCP-1) expression in WT and STK39-/- mice fed 
a normal diet (ND) or a HFMCD for 8 weeks (n = 5). (M) QT-PCR showing TLR2, TLR4, TLR5, and TLR9 mRNA expression in liver tissues of 
WT and STK39-/- mice fed a ND or HFMCD for 8 weeks (n = 3). (N) Western blots demonstrating levels of IL-6 and IL-17 in liver tissues of WT and 
STK39-/- mice fed a HFMCD for 8 weeks (n = 3). (O) Serum IL-1β, IL-6, IL-17, and TNFα levels (n = 5). (P) Western blots demonstrating the levels 
of IL-6, IL-17 and NF-κB in PA treated HepG2 cell lines with or without STK39 knockdown. (Q) Immunohistochemical analyses of F4/80 and CD68 
in liver tissue sections of WT and STK39-/- mice fed a ND. Scale bars: 50 μm in (K) and 100 μm in (E) and (Q). *indicates p < 0.05; **indicates p < 0.01; 
***indicates p < 0.001.
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6, and IL-17, exhibited a notable decrease in HFMCD-
fed STK39−/− mice compared to control mice (Figure 
2N). Furthermore, HFMCD-fed STK39−/− mice had 
significantly lower circulating levels of IL-1β (1.53-fold), 
IL-6 (1.21-fold), IL-17 (1.26-fold), and tumor necrosis 
factor-α (TNFα, 1.21-fold) (Figure 2O).
 Conversely, in palmitic acid (PA)-treated HepG2 
cells, there was no discernible difference in the levels 
of proinflammatory cytokines (IL-6 and IL-17) and 
transcription factor (NF-κB) between cells with or 
without STK39 expression (Figure 2P). Taken together, 
these findings suggest that TLR-mediated activation 
and recruitment of innate immune system cells are the 
causes of decreased hepatic inflammation in HFMCD-
fed STK39−/− mice. However, no differences in hepatic 
inflammatory parameters or immune cell infiltration 
were observed between control and STK39−/− mice fed a 
normal diet (Figure 2Q).
 Interestingly, for both the ND and HFMCD diet-
fed mice, no difference was found in lipid droplet 
accumulation in the liver of both genotypes of mice 
(Figure 3A). Liver histopathology (Figure 3B), serum 
biochemical parameters of MASH, and molecular 
markers of fibrosis did not significantly differ between 
normal diet-fed control and STK39−/− mice (Figure 2G-
J). No significant differences were observed with respect 
to metabolic parameters, including cholesterol (CHO2I) 
or triglyceride (TRIGL) levels (Figure 3C and D). In 

addition, the expression of genes involved in de novo 
lipogenesis (Fas and Pparα), lipid transport (Cpt1a), and 
β-oxidation (Acox1) were also not significantly lower 
in STK39−/− mice than in HFMCD-fed controls (Figure 
3E). Furthermore, we evaluated the impact of STK39 
knockdown on lipid metabolism in vitro. In a palmitic 
acid (PA)-induced MASH model, STK39 knockdown 
via short-hairpin RNA (shRNA) had little impact on lipid 
accumulation in HepG2 cells (Figure 3F).
 In summary, STK39 Knockout mice reduced 
HFMCD-induced liver inflammation but had minimal 
effects on hepatic lipid metabolism.

3.3. STK39 ablation improves intestinal epithelial 
permeability in HFMCD mouse model.

HFMCD consumption causes damage to the intestinal 
epithelial barrier, leading to increased translocation 
of gut-associated microbial products and consequent 
excessive hepatic inflammation. The attenuated 
hepatic inflammation in STK39−/− mice prompted us 
to determine whether STK39 impairs the intestinal 
epithelial barrier. We measured intestinal epithelial 
permeability using an in vivo FITC-dextran permeability 
assay, and the serum lipopolysaccharide (LPS) 
concentration was used as an indicator of increased 
microbial product translocation. Compared with that in 
normal diet-fed WT mice, the dextran flux in HFMCD-

Figure 3. STK39-/- mice exhibited no significant differences in lipid metabolism. (A) Photomicrographs of Oil Red-stained liver tissue sections of 
WT and STK39-/- mice fed a ND or HFMCD for 8 weeks. (B) Photomicrographs of H&E-stained liver tissue sections of WT and STK39-/- mice fed a 
ND. (C) Serum CHO2I levels of WT and STK39-/- mice fed a ND or HFMCD for 8 weeks. (D) Serum TRIGL levels of WT and STK39-/- mice fed a 
ND or HFMCD for 8 weeks. (E) Quantification of the Fas, Pparα, Acox1, and Cpt1a expression in WT and STK39-/- mice fed a normal diet (ND) or 
a HFMCD for 8 weeks. (F) Photomicrographs of Oil Red-stained HepG2 cell lines of PA treated with or without STK39 knockout. Scale bars: 50 μm 
in (F) and 100 μm in (A) and (B). *indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001.
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fed WT mice was 3-fold greater, but the dextran flux 
in HFMCD-fed STK39−/− mice was much lower (1-
fold) (Figure 4A). This indicated that consumption 
of HFMCD led to impairment of intestinal epithelial 
barrier function, and knockout of STK39 alleviated 
this injury, thereby delaying MASH development in 
STK39−/− mice. Similarly, we also observed a 1.63-fold 
reduction in the serum LPS concentration in HFMCD-
fed STK39−/− mice compared to that in HFMCD-fed 
control mice (Figure 4B).
 Additionally, the expression and distribution of 
the tight junction proteins (Occludin and ZO-1) were 
determined via immunofluorescence. As shown in Figure 
4C, Occludin and ZO-1 expression was more intact in 
HFMCD-fed STK39−/− mice, compared with HFMCD-
fed control mice. However, no significant difference 
in Occludin expression was observed between the two 
genotypic mouse strains fed a normal diet (Figure 4D). 
To further explore the role of STK39 in regulating tight 
junctions (TJs), STK39 was silenced in SW480 cells, a 
colorectal cancer cell line. Consistent with the findings 
in vivo, STK39 knockdown led to maintained Occludin 
and ZO-1 expression in PA-treated model (Figure 
4E). In addition to protecting TJs, knockout of STK39 
in mice also suppressed HFMCD-induced intestinal 

inflammation (Figure 4F).
 Taken together, these findings suggest that STK39 
plays a negative role in intestinal barrier integrity.

3.4. STK39 knockout delays MASH formation in the 
HFD+DSS-induced model.

As shown above, HFMCD can impair the intestinal 
barrier, which promotes MASH development. Colitis is 
primarily characterized by damage to the intestinal barrier 
and is caused by the administration of dextran sulfate 
sodium (DSS) in mice (23). A high-fat diet (HFD) is 
commonly used to induce MASLD without liver fibrosis 
and less inflammatory cell infiltration compared with 
HFMCD. To further investigate the association between 
intestinal barrier integrity and MASH, STK39−/− and 
control mice were fed a HFD or HFD + DSS (1%) for 
4 weeks (Figure 5A). Compared with those in the HFD 
group, the mice in the HFD + DSS group developed more 
severe histological features of MASH, including liver 
fibrosis and inflammatory cell infiltration, suggesting that 
the combination of HFD and DSS could trigger MASH 
(Figure 5B-D). Notably, ablation of STK39 significantly 
reduced MASH incidence, as indicated by fibrosis and 
inflammatory cell infiltration (Figure 5E and F), even 

Figure 4. STK39-ablation attenuated HFMCD-induced intestinal epithelial permeability and bacterial translocation. (A) Intestinal 
permeability to FITC-dextran in WT and STK39-/- mice fed a normal diet (ND) or a HFCD for 8 weeks (n = 4). (B) Serum LPS levels after 8 
weeks of ND and HFMCD feeding (n = 6). (C) Immunofluorescence analyses of Occludin and ZO1 in colon tissue sections of WT and STK39-/- 
mice fed a HFMCD for 8 weeks. (D) Immunofluorescence analyses of Occludin in colon tissue sections of WT and STK39-/- mice fed a ND for 
8 weeks. (E) Immunofluo-rescence analyses of Occludin and ZO1 in SW480 cell lines of control and STK39 knockdown treated with PA. (F) 
Immunohistochemistry analyses of CD3 and CD4 in colon tissue sections of WT and STK39-/- mice fed a HFMCD for 8 weeks. Scale bars: 50 μm 
in (C), (D), (E), and (F). *indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001.
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though the accumulation of lipids was unaffected (Figure 
5G). Consistent with the findings in HFMCD-induced 
MASH, the α-SMA protein expression showed that 
ablation of STK39 significantly reduced fibrosis (Figure 
5H). Furthermore, the serum AST and ALT concentrations 
were also significantly lower in STK39−/− mice than in 
WT mice (Figure 5I and J).
 Moreover, colonoscopy and histological analysis 
revealed milder colonic damage in STK39−/− mice (Figure 
5K and L). The dextran flux and serum LPS levels were 
lower in STK39−/− mice than in control mice, regardless 
of DSS administration (Figure 5M and N). Additionally, 
the expression of Occludin was much greater in STK39−/− 

mice in both the HFD and HFD + DSS (1%) groups 
(Figure 5O). Taken together, these data provide evidence 
that STK39 ablation can alleviate MASH induced by 
HFD and DSS by reducing intestinal barrier disruption 
caused by DSS.

3.5. ZT-1a attenuates HFMCD induced liver injury by 
improving intestinal epithelia permeability.

The above results prompted us to investigate whether 
inhibiting STK39 activity prevents the progression 
of MASH. Mice were treated with 100 mg/kg ZT-1a, 
a specific STK39 inhibitor, through intraperitoneal 

297

Figure 5. STK39 knockout delayed MASH in the HFD+DSS-induced model. (A) Schematic of the WT and STK39-/- mice and experiment 
protocol; DSS: 1%. (B) Photomicrographs of H&E-stained liver tissue sections of WT and STK39-/- mice fed a HFD and HFD+DSS for 
4 weeks (n = 6). (C) Photomicrographs of Sirus Red-stained liver tissue sections of WT and STK39-/- mice fed a HFD and HFD+DSS for 
4 weeks. (D) Photomicrographs of Masson-stained liver tissue sections of WT and STK39-/- mice fed a HFD and HFD+DSS for 4 weeks. 
(E) Immunohistochemistry analyses of F4/80 in liver tissue sections of WT and STK39-/- mice fed a HFD and HFD+DSS for 4 weeks. (F) 
Immunohistochemistry analyses of CD68 in liver tissue sections of WT and STK39-/- mice fed a HFD and HFD+DSS for 4 weeks. (G) 
Photomicrographs of Oil Red-stained liver tissue sections of WT and STK39-/- mice fed a HFD or HFD+DSS for 4 weeks. (H) Western blots 
demonstrating lev-els of α-SMA in liver tissues of WT and STK39-/- mice fed a HFD and HFD+DSS for 4 weeks. (I, J) Serum ALT AND AST 
levels in the WT and STK39-/- mice fed a HFD and HFD+DSS for 4 weeks (n = 6). (K) Representative morphology images of colonoscopy from 
WT and STK39-/- mice fed a HFD or HFD+DSS for 4 weeks. (L) Photomicrographs of H&E-stained colon tissue sections of WT and STK39-/- mice 
fed a HFD or HFD+DSS for 4 weeks. (M) Intestinal permeability to FITC-dextran in WT and STK39-/- mice fed a HFD or HFD+DSS for 4 weeks. 
(N) Serum LPS levels in WT and STK39-/- mice fed a HFD or HFD+DSS for 4 weeks. (O) Immunofluorescence analyses of Occludin in WT and 
STK39-/- mice fed a HFD or HFD+DSS for 4 weeks. Scale bars: 50 μm in (E), (F), (G), (L), and (O); 100 μm in (B), (C), and (D). *indicates p < 0.05; 
**indicates p < 0.01; ***indi-cates p < 0.001.
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injection after 1 week of HFMCD treatment (24) 
(Figure 6A). Although no significant differences were 
observed in steatosis between the control group and 
the ZT-1a treatment group (Figure 6B), liver fibrosis 
and inflammation were significantly reduced after ZT-
1a treatment, as assessed by H&E, Masson, Sirius 
Red, F4/80, and CD68 staining (Figure 6C and D). 

Consistent with these results, the serum ALT and AST 
levels were also lower in ZT-1a-treated mice than in 
control mice (Figure 6E and F). As expected, ZT-1a 
protected TJs against HFMCD-induced impairment, 
as measured by Occludin immunofluorescence 
staining (Figure 6G). We further examined the TJs by 
transmission electron microscopy. Consistently, we 
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Figure 6. STK39 inhibition by ZT-1a attenuated HFMCD-induced MASH. (A) Structural formula of ZT-1a and schematic of the experiment 
protocol. (B) Oil Red O staining of steatosis in liv-er tissues of control and ZT-1a treated mice fed a HFMCD for 8 weeks. (C) Photomicrographs 
of H&E, Sirus Red O and Masson-stained liver tissue sections of control and ZT-1a treated mice fed a HFMCD for 8 weeks. (n = 6). (D) 
Immunohistochemistry analyses of F4/80 and CD68 in liver tissue sections of control and ZT-1a treated mice fed a HFMCD for 8 weeks. (E, F) 
Serum ALT and AST levels in the control and ZT-1a treated mice fed a HFMCD for 8 weeks (n = 6). Scheme of the Con-trol and STK39-/- mice 
and experiment protocol; DSS:1%. (G) Immunofluorescence analyses of Occludin in liver tissue sections of control and ZT-1a treated mice fed a 
HFMCD for 8 weeks. (H) Transmission electron microscopy analyses of TJs in colon tissue sections of control and ZT-1a treated mice fed a HFMCD 
for 8 weeks. (I) Intestinal permeability to FITC-dextran in the control and ZT-1a treated mice fed a HFMCD for 8 weeks (n = 4). (J) Serum LPS 
levels in the control and ZT-1a treated mice fed a HFMCD for 8 weeks (n = 6). (K) Quantification of the Fas, Pparα, Acox1, and Cpt1a expression in 
Control and ZT-1a treated mice fed a HFMCD for 8 weeks. Scale bars: 50 μm in (B), (D) and (G); 100 μm in (C); 2 μm (left) and 500 nm (right) in (H). 
Statistics: Unpaired two-tailed Student's t test in (E), (F), (H), and (I). *indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001.
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found ZT-1a protected the TJs (Figure 6H). Similarly, 
the serum dextran flux and LPS concentration in the 
ZT-1A-treated mice were 1.74-fold and 1.51-fold lower, 
respectively, than those in the control group (Figure 6I 
and J). Interestingly, ZT-1a also had minimal impact in 
the lipid metabolism pathway (Figure 6K).

4. Discussion

In the present study, we present experimental evidence 
indicating that intestinal epithelial barrier function 
plays a pivotal role in the progression of MASLD. 
STK39 was overexpressed in colon tissues from MASH 
patients and mice. Knockout of STK39 and inhibition 
of STK39 activity using ZT-1a significantly alleviated 
HFMCD-induced MASH in mice by reducing 
hepatic inflammation and fibrosis. Mechanistically, 
the knockout of STK39 ameliorated MASH through 
the attenuation of gut inflammation, enhancement of 
intestinal barrier functions and decreased intestinal 
bacterial translocation (Figure 7).
 The incidence of MASH, which increases the risk 
of diabetes, cardiovascular diseases, and cancer, is 
rising worldwide (25). Consequently, it is imperative to 
explore therapeutic targets aimed at preventing adverse 
outcomes. STK39 is a serine/threonine kinase believed 
to function within the cellular stress response pathway. 
The kinase becomes activated in response to hypotonic 
stress, triggering the phosphorylation of several cation-
chloride-coupled cotransporters. The catalytically 
active form of STK39 specifically activates the p38 
MAP kinase pathway, and its interaction with p38 
diminishes during cellular stress, indicating that this 
kinase may serve as a mediator in the cellular stress 
response (26,27). In our research, when STK39 was 
systemically knocked out, the progression of hepatic 
fibrosis and inflammation caused by the HFMCD 

diet was markedly inhibited. This inhibition was 
similar to the phenotype observed following intestinal 
knockout of STK39. MASH is generally considered to 
be the outcome of excessive accumulation of hepatic 
lipids, leading to hepatocyte rupture and death, as 
well as the recruitment of inflammatory factors that 
exacerbate the development of hepatic inflammation 
and fibrosis (28). However, we discovered that hepatic 
genes pertaining to lipid metabolism, encompassing 
those involved in de novo lipogenesis, transport, 
and β-oxidation, were not significantly altered when 
STK39 was knocked out either in vivo or in vitro. 
This suggested that STK39 does not affect lipid 
metabolism in the liver. We subsequently delved deeper 
into the changes in the expression of STK39 in the 
liver during the development of MASH. Our findings 
revealed that STK39 expression was not significantly 
upregulated when hepatic inflammation was not 
evident. Nevertheless, the protein level of STK39 was 
significantly elevated in the presence of increased 
macrophage infiltration (Figure S2, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=205). This may be attributed to the fact 
that when hepatic inflammation becomes apparent, 
proinflammatory factors such as NF-κB upregulate the 
expression of STK39, which subsequently exacerbates 
the progression of hepatic inflammation and fibrosis, 
which aligns with previous reports by Tsai-Jung Lin 
(29). Collectively, our findings confirm that STK39 
is not involved in the progression of MASH through 
its influence on lipid metabolism. Consequently, these 
findings prompted us to explore novel mechanisms 
underlying how STK39 contributes to the progression 
of MASH.
 Bidirectional crosstalk along the gut-liver axis 
controls gastrointestinal health and disease, exploiting 
environmental and host mediators (7). Nutrients, 
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Figure 7. Modulation of intestinal epithelial permeability by STK39 promotes MAFLD /MASH progression.
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microbial antigens, metabolites, and bile acids 
modulate metabolism and immune responses in both 
the gut and liver, which in turn mutually influence the 
structure and function of the microbial community. 
Perturbation in these host-microbe interactions are 
observed in various experimental liver diseases and are 
exacerbated by an impaired intestinal barrier, which 
fuels hepatic inflammation and disease progression 
(30).  Clinical evidence demonstrates perturbation 
of the gut-liver crosstalk in MASLD, alcoholic liver 
disease, and primary sclerosing cholangitis (31). In 
liver cirrhosis, a common sequela of these diseases, the 
intestinal microbiota and microbial pathogen-associated 
molecular patterns contribute to liver inflammation and 
clinical complications (32). Recent studies have shown 
that STK39 expression is enhanced in colon tissues from 
patients with Crohn's disease (CD) and ulcerative colitis 
(UC) (21). Notably, the intestinal barrier is significantly 
impaired in CD and UC patients. Numerous studies 
have reported that intestinal barrier damage is linked to 
liver disease, including MASLD/MASH, liver cirrhosis, 
and hepatocellular carcinoma (33-35). We discovered 
that suppressing STK39 protected the intestinal barrier 
and reduced inflammatory cell infiltration in colonic 
tissues. Thess findings suggest that STK39 may 
be involved in the development of MASH through 
intestinal barrier damage. Moreover, STK39 knockout 
protected tight junction proteins (Occludin and ZO1) 
from HFD-induced damage. These findings indicate 
that STK39 may negatively regulate the intestinal 
barrier integrity. The HFD+DSS model further supports 
our hypothesis. A HFD reduces tight junction proteins 
in the gut, but only causes mild inflammation and 
fibrosis in the liver. We found that the combination 
of HFD+DSS led to significant MASH symptoms, 
including severe inflammation and fibrosis. Moreover, 
the clearance of STK39 significantly inhibited the 
damage to intestinal tight junction proteins caused 
by HFD+DSS. The serum LPS concentration was 
reduced, and intestinal bacterial translocation was also 
significantly reduced. Eventually, the degree of liver 
fibrosis and inflammation are significantly attenuated, 
strongly delaying the progression of MASH. Although 
we have demonstrated that STK39 is associated with 
tight junction proteins, the exact mechanism by which 
STK39 regulates the expression of these proteins needs 
to be further explored. Given the crucial role of STK39 
in the gut-liver axis, it may represent a novel target for 
the treatment of MASH.
 There is  also growing evidence that  drugs 
developed to target the intestinal barrier, such as those 
for MASLD/MASH, can be effective in treating liver 
disease (36). Here, we chose the pharmacological 
inhibitor, ZT-1a, a potent non-ATP-competitive and 
selective SPAK inhibitor that inhibits STK39 activity, 
which has been shown to effectively and efficiently 
improve neurological function after ischemic stroke 

(24). In the present study, we found that after ZT-1a 
treatment, the level of tight junction proteins in the 
intestinal epithelium was maintained, and the intestinal 
barrier was protected, thereby reducing hepatic fibrosis 
and inflammatory cell infiltration and effectively 
slowing the progression of MASH. These findings not 
only strongly demonstrate the important role of STK39 
in MASH, but also provide a new therapeutic strategy 
for treating MASH.
 Taken together, our work demonstrates a crucial 
role for intestinal epithelial permeability in MASH 
progression and underscores the intricate role of 
diet in regulating gut homeostasis, inflammation, 
and liver health. Given our data showing increased 
STK39 expression in colonic biopsy specimens from 
MASLD patients, it suggests that genetic or epigenetic 
vulnerabilities of proteins regulating intestinal 
epithelial barrier integrity may predispose human to 
MASLD progression. In conclusion, our data have 
revealed that defective intestinal epithelial barrier, 
dysbiosis, and associated activation of the innate 
immune system caused by increased translocation of 
gut microbial products are risk factors associated with 
MASLD progression. Mice fed HFMCD diet exhibited 
a superimposed hit, driving a proinflammatory 
gut microbial composition that exacerbated gut 
permeability. In turn, enhanced gut leakiness results 
in microbial product translocation, which induces 
hepatic inflammation and injury, ultimately leading 
to the progression of MASLD to MASH. STK39 
inhibition prevented this process. The present findings 
strongly justify the consideration of therapies targeting 
the intestinal epithelial barrier, dysbiosis, innate 
immune function, or a combination of these factor to 
significantly slow or halt MASH progression.
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