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Purpose: Non-alcoholic steatohepatitis (NASH) is a prevalent liver disease characterized by steatosis, inflammation, and liver injury.
Despite its increasing incidence, effective treatments are limited. Butein, a flavonoid with anti-cancer, anti-inflammatory, and
antioxidant properties, has not been thoroughly studied for its potential therapeutic effects in NASH. This study aimed to evaluate
the effects of butein in NASH using both in vivo and in vitro experimental models, with emphasis on elucidating the underlying
molecular signaling mechanisms.

Methods: The leptin-deficient (ob/0b) mouse model of NASH, induced by the Gubra amylase NASH (GAN) diet, was employed to
assess the therapeutic effects and mechanistic pathways of butein treatment. In vitro investigations utilized palmitic acid-induced
HepG2 human hepatocellular carcinoma cells and LX-2 hepatic stellate cells to explore butein’s impact on oxidative stress,
inflammatory responses, and fibrotic processes.

Results: Butein treatment resulted in significant amelioration of glucolipid metabolism dysregulation, hepatic inflammation, and liver
fibrosis in the mouse model, potentially mediated through modulation of the PDE4/cAMP/p-CREB signaling pathway. In in vitro
experimental models, butein effectively attenuated lipid-induced oxidative stress in HepG2 cells and reduced inflammatory and fibrotic
responses in LX-2 cells, demonstrating consistent protective effects across both experimental models.

Conclusion: These findings establish the protective effects of butein against NASH progression through PDE4/cAMP/p-CREB
pathway modulation, supporting its potential as a therapeutic candidate for NASH treatment pending further clinical validation.
Keywords: non-alcoholic fatty liver disease, lipid metabolism, inflammation, fibrosis

Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized by lipid accumulation in more than 5% of hepatocytes
without significant alcohol consumption, covering a range from simple steatosis to non-alcoholic steatohepatitis
(NASH)." NASH involves steatosis, hepatocellular ballooning and lobular inflammation, which raises the risk of severe
fibrosis or cirrhosis in around 30% of cases.>* The pathogenesis of NASH progression remains unclear and Resmetirom
is currently the only FDA-approved drug for treating moderate to severe liver fibrosis in NASH, representing a major
advancement in its treatment. However, this approval is limited to a specific patient population, leaving those with earlier
stages of NASH without effective treatments.>® Current treatments, including lifestyle changes and off-label drugs, show
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limited efficacy.” The lack of targeted therapies for specific subgroups (eg, metabolic comorbidities) and the economic
burden of NASH underscore the urgent need for more effective and inclusive therapies.®

Butein (3,4,2',4'-tetrahydroxy chalcone), a constituent of the chalcone subclass within the flavonoid family, has been
isolated from various botanical sources. This compound exhibits a multifaceted pharmacological profile, manifesting
anti-cancer, anti-inflammatory and antioxidant, which underscores its potential as a therapeutic agent.’ '® It has been
reported that butein is active in liver disease, especially in liver fibrosis, by inhibiting hepatic stellate cell proliferation, or
reducing hydroxyproline and malondialdehyde levels in liver fibrosis mouse model induced by CCl,.'”'® While cell-
based models provide important mechanistic insights, they fail to replicate the complex in vivo environment of liver
disease. Conversely, CCly-induced fibrosis models, although useful for rapid fibrosis induction, are limited by their high
toxicity and inability to fully replicate the progressive, multifactorial nature of NASH.'*?° These shortcomings under-
score the relevance of the current study, which employs more clinically relevant models to more effectively assess the
therapeutic potential of butein in NASH.

There are many ways to model NASH or liver fibrosis. Among them, dietary models, chemical models and genetic
models are the most common approach to study the NASH or liver fibrosis.?'** Compared with chemical models, dietary
models are more similar to the physiological, metabolism and histopathology of human NASH or liver fibrosis
development. Studies have shown that butein protects the NAFLD in rats with methionine- and choline-deficient
(MCD), by decreased hepatic lipid accumulation and oxidative stress.”> However, the effort of butein on progressive
form NASH or liver fibrosis need to be further investigate. The MCD diet model is useful for studying early-stage
NASH, especially inflammation and steatosis, but it does not replicate metabolic dysfunctions like insulin resistance and
hyperlipidemia.?* In contrast, the Gubra amylase NASH (GAN)-diet model induces both metabolic dysfunction and
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fibrosis progression, offering a more comprehensive model that better reflects human NASH.?>?® Therefore, the GAN
model is more suitable for evaluating the therapeutic effects of compounds like butein in advanced NASH stages.

The phosphodiesterase 4 (PDE4)/cyclic adenosine monophosphate (cAMP)/phosphorylated cAMP response element-
binding protein (p-CREB) signaling axis represents a critical regulatory network in hepatic pathophysiology.?’
Dysregulation of this pathway has been increasingly recognized as a key pathogenic mechanism in chronic liver diseases,
particularly NASH.?®2° Given the central role of PDE4 in modulating hepatic inflammatory and fibrotic processes,
targeting this pathway represents a promising therapeutic strategy for liver disease intervention. Therefore, this study
aims to investigate whether butein, as a PDE4 inhibitor, can exert its hepatoprotective effects through the PDE4/cAMP/p-
CREB pathway.

To address this question, we employed a comprehensive experimental approach utilizing both in vivo and in vitro
models. The therapeutic efficacy and underlying mechanisms of butein in NASH and liver fibrosis were evaluated using a
GAN diet-induced 0b/ob mouse model, with particular focus on metabolic and biochemical parameters, hepatic
pathology, non-alcoholic fatty liver disease activity score (NAS), and fibrosis staging following 46 days of treatment.
To further elucidate the cellular mechanisms, butein’s effects were investigated using palmitic acid (PA)-induced hepatic
steatosis models in human hepatocellular carcinoma (HepG2) cells and hepatic stellate LX-2 cells.

Materials and Methods

Animals, Diet, and Drug Intervention

Male C57BL/6J and ob/ob mice, aged 24 weeks, were procured from Cavens Animal Inc. All mice were housed in a
controlled environment (12 h light/dark cycle, temperature 22 + 2°C, humidity 50 + 10%). After adaptive feeding for one
week, mice were stratified based on initial body weight (divided into light, medium, and heavy tertiles) and baseline liver
function markers (ALT and AST levels). Within each stratum defined by these parameters, animals were randomly
allocated to three experimental groups (n = 7 per group) using stratified randomization to ensure balanced baseline
characteristics and minimize selection bias. The experimental groups comprised: the normal chow (NC) group consisting
of C57BL/6J mice fed a standard chow diet, the vehicle control group consisting of ob/ob mice consuming a GAN diet
(D09100310, Research Diets) with saline administration, and the butein treatment group consisting of ob/ob mice
consuming a GAN diet with butein administration (200 mg/kg, orally, twice daily for 46 days). Parameters including
food intake, body weight, and blood glucose levels were monitored regularly throughout the experimental period. All
experimental procedures were conducted in accordance with the ethical guidelines approved by the Laboratory Animal
Ethical Committee of Shanxi Medical University.

Oral Glucose Tolerance Test (OGTT)

Following a 12-hour fasting period on day 46, the mice received an oral glucose dose (2 g/kg body weight). Blood
samples were collected from the tail vein at 0, 15, 30, 60, 90 and 120 min post-administration to measure glucose levels
using a glucose meter (Abbott Diabetes Care Ltd.). The glucose area under the curve (AUC) was calculated using Origin
Pro 9.0.

Serum and Hepatic Biomarker Analysis

Fasting blood glucose (FBG) and fasting insulin (FINS) levels were determined in blood samples using a glucose meter
and an ELISA kit, respectively. Serum and hepatic parameters, including triglycerides (TG), total cholesterol (TC),
malondialdehyde (MDA), glutathione (GSH), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
lactic dehydrogenase (LDH) and free fatty acids (FFA), were analyzed using an automatic biochemical analyser (Lcubio
Biomedical Technology Co., Ltd). Levels of cAMP and inflammatory cytokines such as interleukin-6 (IL-6), interleukin-
10 (IL-10), tumor necrosis factor-alpha (TNF-a), and interleukin-18 (IL-1P) were assessed using ELISA kits. All assays
were performed in triplicate, and the researchers conducting the analyses were blinded to the group allocations to
minimize potential bias.
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Histopathological Evaluation

Liver tissue was fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into 10 pum slices. Sections were
stained with hematoxylin-eosin (H&E), Oil Red O, and Sirius Red to assess histological alterations. Stained sections
were imaged using a Nikon Eclipse Ci-L microscope. To quantify lipid accumulation, Oil Red O-stained areas were
analyzed, and the percentage of lipid droplet area was calculated by comparing the stained area to the total tissue area
using Image-Pro Plus 6.0 software. All histopathological analyses, including staining, imaging, and scoring, were
performed by researchers blinded to experimental group allocation to minimize bias.

Cell Culture, Treatments and Oil Red O Staining

HepG2 and LX-2 cells were purchased from Boster Biological Technology Limited. Cells were cultured in DMEM/
HIGH medium (GIBCO) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Solarbio). For
steatosis induction, PA (Solarbio) was prepared by complexing with bovine serum albumin (BSA) at a molar ratio of 2:1
to ensure optimal solubility and cellular uptake. Briefly, 0.25 mmol/L PA was dissolved in serum-free medium containing
BSA, and the resulting PA-BSA complex was sterilized by filtration through a 0.22 um filter. Cells were treated with the
0.25 mmol/L PA-BSA complex in serum-free medium for 24 hours to induce lipid accumulation, while control cells
received equivalent volumes of saline. Post-PA treatment, cells were treated with 5 uM butein for HepG2 cells or 2.5 pM
or 5 uM butein for LX-2 cells or saline for 24 hours. Biochemical parameters in the supernatant, such as ALT, AST, TG,
TC, LDH and superoxide dismutase (SOD) were analyzed using an automatic biochemical analyzer. Oil Red O staining
was performed on HepG2 cells, which were fixed, stained, and imaged under a phase-contrast inverted microscope at
200x% magnification. All experiments were performed with biological replicates (at least three independent samples).

Western Blot Analysis

Liver tissue proteins were extracted using enhanced RIPA buffer, with concentrations determined by BCA kit (Boster).
Proteins were separated by SDS-PAGE (BIO-RAD) and transferred to PVDF membranes (Millipore). Blots were probed
with antibodies against CREB, p-CREB, and GAPDH (1:1000; Abcam), visualized, and quantified using a ChemiDocTM
XRS+ system with Image LabTM software (BIO-RAD). All experiments were performed with biological replicates (at
least three independent samples).

Quantitative Real-Time PCR

Total RNA was extracted from liver and cell samples using an RNA Rapid Extraction Kit (Mei5Sbio) and quantified with a
NanoDrop 2000 (Thermo Fisher Scientific). cDNA synthesis was performed using PrimeScript™ RT Master Mix
(TaKaRa), followed by qPCR wusing Ultra SYBR Mastermix (CoWin Biosciences) with specific primers
(Supplementary Table 1). RT-qPCR was conducted on a Bio-Rad C1000 Touch. The PCR cycling conditions were as
follows: denaturation at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 15 seconds, annealing at

55°C for 15 seconds, and extension at 72°C for 30 seconds. After the final extension, melting curve analysis was
performed by heating from 65°C to 95°C at a rate of 0.5°C per second. Expression levels of IL-6, IL-1f, transforming
growth factor-f (TGF-B), type 1 collagen al (COL1A1), matrix metallopeptidase-9 (MMP-9), tissue inhibitor of
metalloproteinases-1 (TIMP-1), oa-smooth muscle actin (a-SMA), tumor necrosis factor-o (TNF-a), PDE 4B and
PDE4D were quantified using the 2”**“" method with GAPDH as the reference gene. All experiments were performed
with biological replicates (at least three independent samples).

Gene Expression Correlation Analysis

Correlation analysis between hepatic triglyceride levels and gene expression was performed using Sparse Partial Least
Squares (SPLS) software. Liver tissue samples from NC, Vehicle, and Butein groups were analyzed to determine
associations between hepatic TG content and target gene expression levels. The analysis included fibrosis-related
genes (COL1A1, TGF-B, TIMP-1) and inflammatory cytokines (IL-6, IL-10, TNF-a). Correlation coefficients were
calculated to quantify the strength and direction of relationships between TG levels and individual gene expression
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patterns. Results were visualized using correlation matrix plots, where circle size represents correlation magnitude and
numerical values indicate specific correlation coefficients.

Statistical Analysis

Data are presented as mean + SEM. Prior to statistical analysis, assumptions for one-way ANOVA were verified using the
Shapiro—Wilk test for normality of residuals and Levene’s test for homogeneity of variances. Statistical comparisons
were performed using one-way ANOVA, with p < 0.05 considered statistically significant. All analyses were conducted
using GraphPad Prism 9 software.

Results
Butein Attenuated GAN Diet-Induced Obesity, Glucose Intolerance and Insulin

Resistance
To investigate the therapeutic effects of butein on NASH, we administered a GAN diet to aged ob/ob mice for 46 days to
establish a NASH model. As demonstrated in Figure 1A and B, by day 45 of treatment, the vehicle group of ob/ob mice
attained an average body weight of 77.2 + 1.8 g, representing an approximately 2.6-fold increase relative to age-matched
C57BL/6J mice maintained on normal chow diet (NC group; 29.4 £ 0.5 g). Butein administration resulted in a significant
reduction in body weight to 73.4 + 1.1 g compared with the vehicle group. Notably, daily caloric intake remained
comparable between butein-treated and vehicle groups, with no significant difference observed (p = 0.483) (Figure 1C).
Butein treatment markedly ameliorated glucose intolerance, as evidenced by a significantly reduced mean AUC
during OGTT in the butein group (35.7 + 0.3) versus the vehicle group (57.3 + 0.4) (Figure 1D and E). Additionally,
butein intervention significantly attenuated fasting glucose concentrations (6.0 = 0.9 vs 9.6 + 1.2 mM) and circulating
insulin levels (2.8 = 0.3 vs 5.7 £ 1.0 pg/L), while concurrently improving insulin sensitivity as assessed by HOMA-IR
index (0.7 £ 0.1 vs 2.4 + 0.43) (Figure 1F-H). Altogether, these findings indicate that butein exhibits potential to reduce
body weight and improve blood glucose regulation.

Butein Decreased Hepatic Lipid Accumulation and Oxidative Stress

We next examined the effects of butein on hepatic lipid accumulation. The NC group mice fed a normal chow diet
displayed dark-red liver appearance with normal liver mass (1.1 + 0.0 g), whereas those in the vehicle group on a GAN
diet exhibited enlarged and yellowish livers with a total liver mass 5.5-fold greater than the NC group. Treatment with
butein significantly reduced liver mass (6.2 = 0.3 vs 5.3 = 0.2 g), total cholesterol (56.7 + 1.5 vs 49.4 £+ 1.4 umol/g), and
triglyceride levels (452.0 + 38.7 vs 363.1 + 36.7 umol/g) compared to the vehicle group (Figure 2A-D). Furthermore,
assessment of oxidative stress markers revealed that butein treatment significantly reduced MDA levels (23.8 + 2.2 vs
14.3 = 1.2 nmol/g) while concurrently elevating GSH concentrations (1.8 £ 0.1 vs 2.4 + 0.1 pmol/g) compared to the
vehicle group (Figure 2E and F). These results demonstrate that butein significantly attenuates GAN diet-induced lipid
accumulation while improving hepatic health and enhancing antioxidant capacity.

Butein Ameliorates Hepatic Steatosis, Inflammation and Fibrosis
To validate the protective effects of butein against hepatic steatosis and assess its influence on hepatic inflammation and
fibrosis, histopathological analysis of liver tissues was conducted. H&E staining of liver sections showed extensive lipid
droplet accumulation, inflammation, and hepatocyte ballooning in the vehicle group, which were significantly alleviated
by butein treatment (Figure 3, top row). To demonstrate lipid accumulation more clearly, we performed Oil Red O
staining. The results demonstrated that GAN-diet promotes lipid accumulation in the liver, and this effect was reversed
by butein treatment (Figure 3, middle row). The analysis of Oil Red O stained sections revealed that the lipid droplet area
in the butein treatment was 55.5 £ 0.4%, lower than 67.9 = 1.0% GAN-diet fed mouse livers, which was confirmed the
ameliorates hepatic steatosis of butein (Supplementary Figure 1A).

The NAS score was used to assess the severity of NASH in mouse livers. Mice fed on GAN-diet with NAS score of
5.0 £ 0.2, comprising scores for steatosis (2.8 + 0.2), ballooning (1.2 £ 0.2), and inflammation (1.3 + 0.2). Butein
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Figure | Butein mitigates GAN diet-induced obesity and insulin resistance without impacting food intake in GAN ob/ob mice. (A) Depiction of the external morphological
characteristics of mice at 46 days. (B) Growth curve illustrating body weight changes over time. (C) Representation of caloric intake (Kcal/day). (D—E) The plasma glucose
profile following a 2 g/kg glucose oral challenge in mice and the mean area under the curve (AUC) measured between 0 and 120 minutes post-glucose loading. (F-H) Fasting
glucose concentration, fasting insulin concentration, homeostatic model assessment for insulin resistance (HOMA-IR) index. Data are presented as mean * SEM (n=7 mice/
group). Statistical significance is indicated by * for p < 0.05 and ** for p < 0.01 compared to the vehicle group. Comparison between groups is shown by p-values or asterisks.

treatment significantly reduced the NAS score to 2.2 + 0.2 in GAN-diet fed mouse livers, with marked improvements in
hepatocyte ballooning (0.3 + 0.2) and inflammation (0.1 + 0.0) (Supplementary Figure 1B-E).

Additionally, liver fibrosis was measured via Sirius Red staining, and the results indicated that GAN-induced liver
fibrosis with extensive collagen fibers was reduced by butein treatment (Figure 3, bottom row). Butein treatment
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Figure 2 Butein decreased hepatic lipid accumulation and oxidative stress in GAN ob/ob mice. (A) Representative images of the liver. (B) Liver weight at necropsy (g). (C)
Liver total cholesterol (TC) (umol/g tissue). (D) Liver triglycerides (TG) (umol/g tissue). (E) Liver malondialdehyde (MDA) (nmol/g tissue). (F) Liver glutathione (GSH)
(umol/g tissue). The data are expressed as mean = SEM for 7 mice per group. *p<0.05 and ***p<0.001 compared to the vehicle group.

significantly reduced the collagen fiber area to 1.4 + 0.4%, compared to 6.3 + 0.8% in GAN-diet fed mouse livers
(Supplementary Figure 1F). Collectively, these results confirmed the successful establishment of a NASH model in 0b/ob
mice using the GAN-diet. Based on this model, we found that butein effectively improves hepatic steatosis and

significantly mitigates liver inflammation and fibrosis.

Butein Regulates Lipid Abnormalities and Alleviates Liver Injury
Overweight and obesity have been reported to enhance TG synthesis, disrupt lipid metabolism, and drive the progression
of fatty liver diseases.>® As demonstrated in Figure 4A and B, circulating TG and TC concentrations were significantly
elevated in mice maintained on the GAN diet relative to those fed normal chow at both day 21 and day 46 time points.
Following 21 days of butein intervention, no statistically significant alterations in TG (p = 0.376) or TC (p = 0.712) levels
were observed compared to the vehicle group; however, extended butein treatment for 46 days resulted in significant
attenuation of both TG and TC concentrations relative to vehicle controls. Furthermore, comprehensive lipid profile
analysis revealed that the vehicle group exhibited markedly elevated HDL-C, LDL-C, LDH, and FFA levels compared to
the NC group at both experimental time points. Following 46 days of butein administration, significant reductions in
LDH and FFA concentrations were observed, whereas HDL-C (p = 0.101) and LDL-C (p = 0.383) levels showed no
statistically significant changes (Figure 4C-F).

Regarding the liver injury parameters, mice fed the GAN-diet exhibited higher ALT, AST, and ALP levels compared
to normal chow-fed controls. Butein treatment significantly reduced ALT levels to 412.67 = 46.03 U/L and 393.2 + 29.76
U/L on days 21 and 46, respectively, versus 711.2 + 67.8 U/L and 769.6 + 59.1 U/L in GAN-diet fed mice (Figure 4G).
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Figure 3 Butein mitigates steatohepatitis, inflammation and fibrosis in GAN ob/ob mice. Histological liver sections stained with hematoxylin-eosin (H&E), Oil Red O, and
Sirius Red across normal control, vehicle, and butein-treated mice. H&E staining (top row) displays cellular morphology; Oil Red O (middle row) visualizes lipid content;
Sirius Red (bottom row) detects collagen. Scale bars = 100 um.

Similarly, AST and ALP levels were markedly decreased following butein treatment (Figure 4H and I). Collectively,
these findings suggest that butein partially mitigated the lipid disturbances induced by the GAN diet, and alleviated liver

injury.

Butein Modulates Inflammatory Cytokines

Chronic liver injury can exacerbate inflammatory responses. In this study, serum inflammatory cytokines were assessed,
revealing elevated levels of TNF-a, IL-1B, IL-6, and IL-10 in mice fed GAN-diet compared to the normal chow-fed
controls. Following the administration of butein, the concentrations of the pro-inflammatory cytokines TNF-a, IL-1f and
IL-6 were significantly reduced to 489.9 + 30.0 pg/mL, 75.1 + 2.5 pg/mL and 58.4 + 3.4 pg/mL, respectively, compared
to 611.2 £ 16.3 pg/mL, 91.4 + 2.7 pg/mL, and 69.1 + 1.8 pg/mL in mice fed GAN-diet (Supplementary Figure 2A-C).
Furthermore, the anti-inflammatory cytokine IL-10 was significantly elevated to 198.8 + 11.5 pg/mL, compared to 172.7

+ 17.3 pg/mL in mice fed GAN-diet (Supplementary Figure 2D). These findings demonstrate that butein effectively

mitigated the inflammatory response induced by the GAN-diet.

Butein Ameliorates NASH Potentially Through the cAMP Pathway

Previous studies have demonstrated that butein promotes lipolysis by inhibiting PDE in adipocytes.>' Therefore, this
study aimed to explore whether the alleviating effects of butein on GAN diet-induced NASH in mice are mediated
through PDE inhibition. Using RT-qPCR, the expression levels of PDE4D and PDE4B genes in liver tissues were
quantified. In mice fed GAN-diet, expression levels of PDE4D and PDE4B were found to be 3.0 £+ 0.4-fold and 5.2 + 0.4-
fold higher, respectively, than those observed in normal chow-fed controls. Treatment with butein downregulated the
expression of PDE4D and PDE4B in the liver compared to GAN diet-fed mice. Furthermore, treatment with roflumilast,
a PDE4 inhibitor, similarly resulted in significant downregulation of PDE4D and PDE4B gene expression levels
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compared to mice fed the GAN diet. When comparing butein and roflumilast treatments, no significant differences in
PDE4D and PDE4B gene expression levels were observed (p = 0.587 and p = 0.776, respectively) (Figure 5A).
Cyclic AMP is a key intracellular second messenger in hormonal signaling.** Butein, a cAMP-specific PDE inhibitor,
has been shown to relax the rat aorta.>* In this study, we further investigated whether butein affects hepatic cAMP levels
and p-CREB in GAN diet-induced mice, thereby modulating liver metabolism and alleviating NASH symptoms. cAMP
levels showed no significant differences between GAN diet-fed mice and normal chow-fed controls (p = 0.632); however,
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Figure 4 Serum biochemical parameters in GAN ob/ob mice. (A) Triglycerides (TG), (B) total cholesterol (TC), (C) high-density lipoprotein cholesterol (HDL-C), (D) low-
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*p<0.05 **p < 0.01 and ***p < 0.001 compared to the vehicle group. Comparison between groups is shown by p-values or asterisks.

they were significantly elevated in the butein-treated group (Figure SB). Western blot analysis revealed stable CREB
expression across all groups, while p-CREB levels were significantly elevated in the butein-treated group, reaching 1.6 +
0.2 times the levels observed in the GAN diet-fed mice. (Figure 5C and D).

Furthermore, the expression levels of inflammatory and fibrogenic genes were analyzed in liver tissues. The butein
group exhibited significant reductions in the expression of pro-inflammatory cytokines TNF-a (7.1 £0.8 vs 1.9 + 0.2) and
IL-6 (4.6 = 0.6 vs 1.8 + 0.2), alongside an increase in the anti-inflammatory cytokine IL-10 (2.1 = 0.2 vs 2.6 + 0.1)
compared to the vehicle group (Figure SE). Markers of liver fibrosis were also significantly decreased in the butein group
compared to the vehicle group, including TGF-f (7.2 £ 0.9 vs 3.2 + 0.3), TIMP-1 (11.2 + 1.0 vs 5.3 £ 0.2), and COL1Al1
(23.7 £ 2.7 vs 6.3 £ 0.6) (Figure 5F). Collectively, these data suggest that butein mitigates liver damage, particularly
targeting inflammation and fibrosis, potentially through modulation of the PDE4/cAMP/p-CREB pathway.

Correlation Between Hepatic Triglycerides and Inflammation/Fibrosis Gene
Expression

Correlation analysis revealed significant positive associations between hepatic TG content and the expression of
inflammatory cytokines (IL-6, IL-10, TNF-a), with elevated TG levels being concomitant with increased expression of
IL-6 and TNF-0, suggesting activation of pro-inflammatory pathways. Despite IL-10 functioning as an anti-inflammatory
cytokine, its positive correlation with TG content may indicate a compensatory response to mitigate persistent
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Figure 5 Butein modulates PDE4/cAMP/p-CREB pathways in GAN ob/ob mice. (A) mRNA expression changes in phosphodiesterase 4D (PDE4D) and phosphodiesterase
4B (PDE4B). (B) Levels of cyclic adenosine monophosphate (cAMP) in liver tissues. (C) Western blot analysis of phosphorylated cyclic AMP response element binding
protein (p-CREB) relative to total CREB and GAPDH as a loading control. (D) Densitometry analysis of p-CREB normalized to total CREB. (E) mRNA levels of pro-
inflammatory cytokines TNF-o and IL-6, and anti-inflammatory cytokine IL-10. (F) mRNA expression of fibrosis-related genes transforming growth factor-p (TGF-B), tissue
inhibitor of metalloproteinases-1 (TIMP-1), and collagen type | alpha | chain (COLIAI). Data represent mean + SEM. Statistical significance is denoted as *p < 0.05, *p <
0.0l and ***p < 0.00| compared to the vehicle group. Comparison between groups is shown by p-values or asterisks.

inflammation. Additionally, rising TG levels were associated with upregulation of fibrosis-related genes such as
COL1A1, TGF-B, and TIMP-1, suggesting that lipid accumulation may contribute to hepatic fibrosis through the
transcriptional activation of these genes (Supplementary Figure 3). Collectively, these findings highlight lipid metabolic
dysfunction as a critical factor in the pathogenesis of both hepatic inflammation and fibrosis.

Butein Mitigates PA-Induced Lipid and Oxidative Stress in HepG2 Cells

Based on these findings, we confirmed that butein significantly improves GAN diet-induced NASH in 0b/0b mice, likely
through PDE4 inhibition and cAMP elevation. To further explore its translational potential, we examined its effects in a
human cell-based liver injury model. Through the PA-induced lipid and oxidative stress model in HepG2 cells, extensive
red lipid droplet accumulation was observed compared to the control group. Treatment with butein significantly reduced
the lipid droplet area, highlighting its ability to alleviate lipid accumulation (Figure 6A). Furthermore, butein treatment
markedly decreased ALT, AST, TG, TC, and LDH levels while significantly increasing SOD activity compared to cells
treated with PA alone (Figure 6B—QG). These results indicate that butein effectively mitigates PA-induced lipid accumula-
tion and enhances the antioxidative capacity of HepG2 cells.

Butein Suppresses PA-Induced Inflammatory and Fibrotic Responses in LX-2 Cells

LX-2 cells are widely used as a representative in vitro model for studying liver inflammation and fibrosis.>*>® Treatment
with butein at concentrations of 2.5 uM and 5 puM significantly downregulated the expression of inflammatory genes
(TNF-0, IL-1pB, and IL-6) compared to the PA-treated group. Specifically, for TNF-a expression, treatment with 2.5 uM
butein resulted in significant suppression (p = 0.0424), while 5 uM butein achieved greater inhibition (p = 0.0079).
Similarly, IL-1B expression was significantly reduced following treatment with 2.5 uM butein (p = 0.0065) and 5 uM

Drug Design, Development and Therapy 2025:19 heeps: 7025


https://www.dovepress.com/article/supplementary_file/530855/Supplementary%20material_1_1.docx

Guo et al

Control PA + Butein

U‘JF“->

c D
60 1000- 0.28
* %k % ® . » -
2 . 3 3 £ 0.21-
8E ST 750- — gg 021 »
~ 2 40+ N8 8 o —
22 23 2 5 0.14-
gs g8 500+ 200 .
I o I o « ©
55 201 55 S £ 0.07
) A ) | o .07
i =2 250 OF
< <
0- 0- 0.00-
PA = + + PA . PA . - + +
Butein(uMM) 0 0 5 Butein(uM) 0 0 5 Butein(uM) 0 0 5
E F G
0127 0005 n 0.04+
. = * % 2 — K7) * %k %
83 — ST 8 _ 0.03- =
‘8’-3 0.08- & & 2000- § 0
o °
g0 ¢s &L 0.02
I3 Io To
5 E 0.04+ og 1000- %S
es 5= a < 0.014
| 9 8
0.00- 0- 0.00-
PA - EA v PA -+ o+
Butein(uM) 0 0 5 Butein (uM) 0 0 5 Butein (M 0 0 5

Figure 6 Cellular steatosis and hepatocyte injury markers after butein treatment in palmitic acid (PA)-induced HepG2 cells. (A) Representative images of Oil Red O-stained
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(E-G) Measurements of TC, LDH, and SOD in HepG2 cells, where butein demonstrates protective effects against PA-induced oxidative stress. Data represent mean + SEM.

Statistical significance is denoted as **p < 0.01, **p < 0.001 compared to the PA group.

butein (p = 0.0019). For IL-6, both 2.5 uM (p = 0.037) and 5 uM (p = 0.0014) butein treatments demonstrated significant
downregulation compared to the PA-treated group (Figure 7A).

Furthermore, butein treatment markedly suppressed the expression of fibrosis markers, including TGF-B, COL1AI, a-
SMA, TIMP-1, and MMP-9, relative to the PA-treated group. TGF- expression showed no significant change with 2.5
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uM butein treatment (p = 0.744) but was significantly reduced with 5 uM butein (p = 0.047). COL1A1 expression was
significantly downregulated by both 2.5 uM (p = 0.039) and 5 pM (p < 0.001) butein treatments. a-SMA expression
remained unchanged following 2.5 uM butein treatment (p = 0.502) but was significantly suppressed with 5 uM butein (p
= 0.039). TIMP-1 and MMP-9 exhibited similar expression patterns to the aforementioned genes (Figure 7B). These
findings indicate that butein ameliorates PA-induced cellular damage by suppressing the expression of inflammatory and
fibrotic marker genes. The protective effects of butein on gene expression were dose-dependent, with 5 uM butein
demonstrating superior inhibitory activity compared to 2.5 uM treatment.

Discussion

The growing prevalence and serious impact of NASH have made it a pressing global health issue, highlighting the urgent
need for effective therapeutic interventions. Currently, resmetirom is the only FDA-approved treatment for NASH;
however, therapeutic options remain limited. In this study, we investigated the efficacy of butein in alleviating NASH in
ob/ob mice induced by a GAN diet. Our findings suggest that butein supplementation may offer therapeutic potential for
preventing diet-induced NASH.

Butein has been shown to protect against NAFLD in rats fed an MCD diet.® Although the MCD diet is widely used
for its rapid induction of NAFLD, it has significant limitations, including reduced body weight and a metabolic profile
inconsistent with human NASH.?”*® To address these limitations, we employed the GAN diet model, which closely
mimics key phenotypic and mechanistic features of human NASH.***! Additionally, we utilized older ob/ob mice (24
weeks), which are more susceptible to developing NASH under similar conditions compared to younger mice.*** Using
this approach, we successfully established a NASH model characterized by lipid metabolism disorders, liver inflamma-
tion, and hepatic fibrosis. However, there are still several limitations that should be considered. The study duration was
limited to 46 days, which was sufficient for inducing NASH but insufficient for evaluating long-term effects, particularly
concerning advanced fibrosis or cirrhosis. Longer-term studies are essential to assess the sustained impact of butein.
Furthermore, although the GAN diet-induced 0b/ob mouse model is relevant, NASH is a heterogeneous disease, with its
pathology varying across genetic backgrounds and dietary conditions. Therefore, future studies should include additional
models to comprehensively explore butein’s therapeutic potential.

Our study found that butein controls weight gain in NASH mice without suppressing food intake, offering an
advantage over therapies like GLP-1 receptor agonists, which often cause appetite suppression.** As indicated by our
study, butein may alleviate NASH by modulating the PDE4/cAMP/p-CREB pathway, whereas Resmetirom improves
hepatic lipid metabolism by activating thyroid hormone receptor-p, thereby reducing hepatic steatosis.*> Given the close
association between NASH and insulin resistance, butein’s ability to regulate blood glucose, enhance insulin sensitivity,
and reduce TG synthesis suggests its broader metabolic benefits.*® In contrast to Resmetirom, which primarily targets
hepatic lipid regulation, butein may offer more comprehensive effects on systemic metabolic dysfunction.*’ Furthermore,
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the administration of a single dose of butein in this study suggests the need for further investigation into its dose-
dependent effects, as this could provide valuable insights for optimizing the therapeutic regimen and assessing the long-
term efficacy in the context of NASH.

Butein’s therapeutic effects on NASH are primarily reflected in its ability to alleviate liver inflammation and fibrosis.
These pathological features are closely associated with hepatic lipid accumulation and excessive depletion of GSH.** In
this study, butein effectively reduced the increase in TG and TC induced by a GAN diet, mitigating the stress response
caused by lipid accumulation in the liver. Butein demonstrated selective lipid modulation, reducing serum TG, TC, LDH,
and FFA levels while HDL-C and LDL-C remained unaltered. This selectivity indicates preferential targeting of hepatic
lipid synthesis pathways rather than systemic cholesterol transport, potentially involving the PDE4/cAMP/p-CREB
pathway. Notably, the CREB coactivator transcription coactivator 2 (CRTC2) plays a pivotal role in hepatic lipid
metabolism by regulating sterol regulatory element-binding protein 1 (SREBP1), a key insulin-responsive transcription
factor that upregulates genes involved in hepatic fatty acid and TG biosynthesis, thus being integral to de novo
lipogenesis.**® Alternatively, the unchanged cholesterol profile may reflect study duration limitations, as cholesterol
homeostasis requires prolonged intervention periods. Additionally, butein reduced MDA levels and increased GSH,
thereby effectively mitigating oxidative damage to the liver caused by lipid peroxidation and free radicals.

In addition to its beneficial effects observed in GAN diet-induced NASH mouse models, butein’s efficacy was further
validated in a human cell model. In PA-induced HepG2 cells, butein significantly reduced levels of TG, TC, SOD, ALT,
and AST, effectively mitigating lipid accumulation and oxidative stress-induced liver damage. These findings align with
its effects observed in our NASH mouse model, reinforcing its potential as a therapeutic agent. Additionally, since
hepatic stellate cells are key drivers of liver fibrosis,”' butein’s ability to suppress the expression of inflammation- and
fibrosis-related genes in LX-2 cells further supports its antifibrotic properties and therapeutic relevance for NASH
treatment.

Butein has been reported as a known PDE inhibitor capable of reduces cAMP hydrolysis.>'=> Elevated cAMP
activates protein kinase A, leading to CREB phosphorylation. Phosphorylated CREB suppresses pro-inflammatory
cytokines, modulates macrophages and Kupffer cells, and inhibits activation, reducing fibrosis by decreasing TGF-§
and collagen production for extracellular matrix degradation.’*>* Our findings demonstrate that butein significantly
reduced hepatic PDE4D and PDE4B expression, increased cAMP and phosphorylated CREB levels, and downregulated
pro-inflammatory (TNF-a, IL-6) and profibrotic (TGF-B, TIMP and COL1A1l) genes in mouse liver. Critically, the
validation of this mechanism is strengthened by comparative analysis with roflumilast, a selective PDE4 inhibitor
clinically approved for chronic obstructive pulmonary disease treatment.”> Both butein and roflumilast achieved
comparable downregulation of PDE4D and PDE4B expression levels, providing compelling pharmacological evidence
for shared mechanistic targets and confirming that butein’s therapeutic effects are primarily mediated through PDE4
inhibition rather than non-specific anti-inflammatory actions.

While these findings demonstrate correlation between butein treatment and PDE4/cAMP/p-CREB pathway modula-
tion, establishing definitive causation requires additional mechanistic validation through pathway-specific knockout
models and rescue experiments. Beyond this mechanism, butein’s antioxidant properties may function through dual
pathways: upstream by activating Nrf2/ARE signaling to reduce oxidative stress-induced PDE4 expression and down-
stream by protecting cAMP-responsive anti-inflammatory mediators from oxidative degradation.?®>**” This dual anti-
oxidant and cAMP signaling integration suggests a network-based therapeutic approach that requires further investigation
to optimize butein’s therapeutic potential.

Based on these mechanistic insights and the promising preclinical results, further studies are crucial to fully assess
butein’s translational potential in NASH therapy. Long-term animal models are needed to evaluate its sustained efficacy
and potential in preventing fibrosis. Combination studies with other therapies, like GLP-1 receptor agonists or
Resmetirom, could optimize treatment strategies. For the first-in-human clinical trial, a diverse patient population across
NASH stages should be included, with endpoints focused on liver function, fat content, and metabolic markers. Safety
monitoring and a dose-escalation strategy will be essential for determining the optimal dose. These studies will provide
key data for butein’s clinical development in NASH.
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Conclusion

In conclusion, our study demonstrates the significant therapeutic potential of butein in treating NASH, primarily through
its effects on glucolipid metabolism, hepatic inflammation, and fibrosis. A key finding is the modulation of the PDE4/
cAMP/p-CREB pathway, advancing our understanding of NASH and supporting the development of targeted therapies.
Future preclinical studies should focus on long-term efficacy, safety, and combination therapies, while first-in-human
clinical trials should prioritize diverse patient populations and safety monitoring.

Highlights

e Butein improves glucolipid metabolism in GAN diet-induced NASH mice.
e [t reduces hepatic inflammation and fibrosis significantly.

e Butein modulates the PDE4/cAMP/p-CREB signaling pathways.

e Decreases lipid accumulation and oxidative stress in hepatocytes.
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