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ARTICLE INFO ABSTRACT

Obesity and metabolic dysfunction-associated steatotic liver disease (MASLD) are linked to
numerous chronic conditions, including cardiovascular disease, atherosclerosis, chronic kid-
ney disease, and type II diabetes. Previous research identified the natural flavonoid diosmin,
derived from Chrysanthemum morifolium, as a regulator of glucose metabolism. However, its
effects on lipid metabolism and underlying mechanisms remained unexplored. The AMP-ac-
tivated protein kinase (AMPK) pathway serves a critical function in glucose and lipid metabol-
ism. The relationship between diosmin and the AMPK pathway has not been previously docu-
Diosmin mented. This investigation examined diosmin's capacity to reduce lipid content through
Lipometabolism AMPK pathway activation in hepatoblastoma cell line G2 (HepG2) and 3T3-L1 cells. The study
AMP-activated protein kinase revealed that diosmin inhibits lipogenesis, indicating its potential as an anti-obesity agent in
Obesity obese mice. Moreover, diosmin demonstrated effective MASLD alleviation in vivo. These find-
Metabolic dysfunction-associated steatotic liver ings suggest that diosmin may represent a promising therapeutic candidate for treating
disease obesity and MASLD.
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indication for liver transplantation in future years '". MASLD cor-
relates with various chronic conditions, including cardiovascular

Diosmin is a natural flavone glycoside derived from hesperid- disease, atherosclerosis, chronic kidney disease, and type II dia-
in, a flavanone predominantly present in citrus fruits. Diosmin betes '“**. The pathogenesis of MASLD is intrinsically linked to
occurs naturally in various plants, including Galium verum, and metabolic disorders, such as central obesity, dyslipidemia, hyper-
Mentha canadensis °. In clinical practice, diosmin primarily tension, hyperglycemia, and persistent abnormal liver func-
treats symptoms associated with venous and lymphatic insuffi- tion *"". Currently, no approved therapeutic interventions exist
ciency, including venous edema, thrombophlebitis, and deep V?i? for MASLD, highlighting the critical need to identify effective
thrombosis syndrome, as well as acute hemorrhoid symptoms ™. pharmacological treatments.

Recent researc.h. has (.1e.rr'10ns.trated. that ‘?“f’smm possesses a AMP-activated protein kinase (AMPK), a serine/threonine
range of beneficial activities, including anti-inflammatory, anti- oL . 18
. . o . . o8 protein kinase, functions as a cellular energy sensor . Comprom-
apoptotic, anti-tumor, and anti-diabetic properties ". Islam et al. ) )
. . . . ised cellular energy status increases the cellular AMP to ATP ra-
demonstrated that diosmin shows promise as a therapeutic ad- . L ) . .
tio, activating AMPK and promoting phosphorylation of its a sub-
unit at Thr172 via upstream kinases. Since 1973, AMPK activity

1. Introduction

juvant against B[a]P-induced oxidative stress and lung damage °.
Previous research by the authors revealed that diosmin, a natur-

al flavonoid identified from C. morifolium, functions as a dual reg-
ulator of a-glucosidase and PTP-1B signaling pathways, indicat-
ing its potential application as a novel oral hypoglycemic drug or
functional food ingredient °. However, diosmin’s effects on lipid
metabolism and its underlying mechanisms remain incompletely
understood.

Metabolic dysfunction-associated steatotic liver disease
(MASLD) represents the most prevalent chronic liver disease in
western countries, emerging as a significant public health con-
cern '’. Research indicates that MASLD may become the leading
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has been linked to HMG-CoA reductase (HMGCR) and acetyl-CoA
carboxylase (ACC), key regulators of cholesterol and fatty acid
synthesis "**'. AMPK serves as a critical master regulator of lipid
metabolism, directly phosphorylating proteins or modulating
gene transcription in specific tissues including liver, adipose, and
muscle in mammals **. Research demonstrates that AMPK main-
tains human metabolic stability, including lipid and glucose meta-
bolism ****. Therefore, identifying drugs that regulate lipid meta-
bolism through the AMPK pathway remains crucial for effective
MASLD treatment “**’. The effects of diosmin on the AMPK path-
way warrant further investigation *’.

This study demonstrates that diosmin reduced lipid content
by activating the AMPK pathway in hepatoblastoma cell line G2
(HepG2) and 3T3-L1 cells. Furthermore, diosmin inhibited lipo-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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genesis, suggesting its potential as an anti-obesity agent in obese
mice. Additionally, diosmin effectively alleviated MASLD in vivo.
Collectively, these findings indicate that diosmin may be a prom-
ising candidate drug for the treatment of hyperlipidemia, obesity,
and MASLD.

2. Materials and methods

2.1. Chemicals and reagents

Diosmin was obtained from Shanghai SAN Chemical Techno-
logy Co., Ltd. (Shanghai, China). HepG2 cells and 3T3-L1
preadipocytes mouse cell lines were procured from the Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM)
and penicillin-streptomycin were acquired from Mediatech
(Herndon, VA, USA). Oil Red O, dexamethasone, and 3-isobutyl-1-
methylxanthine (IBMX) were purchased from solution (Sigma)-
Aldrich (St. Louis, MO, USA). Insulin was obtained from Novo
Nordisk (Tianjin, China). Oleic acid, palmitic acid, linoleic acid,
and arachidonic acid were acquired from Sigma, Inc. (St. Louis,
MO, USA). Antibodies against AMPKa, phosphorylated (p)-
AMPKa (Thr172), ACC, p-ACC (Ser79), and f-actin were ob-
tained from Cell Signaling Technology (Beverly, MA, USA).
Lovastatin was purchased from MERYER (Shanghai, China). 5-
Amino-1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)ox-
olan-2-yl]imidazole-4-carboxamide (AICAR) was acquired from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Induction of fatty liver cells using HepG2 cells

HepG2 cells were cultured in a DMEM complete medium,
supplemented with 10% fetal bovine serum (FBS) and a 1% peni-
cillin-streptomycin antibiotic solution. Cells were maintained in
an atmosphere of 5% CO, at 37 °C. HepG2 cells at approximately
70% confluence were seeded at a density of 1 x 10° cells per well
in a 6-well cell culture plate. After 24 h, the cells underwent ser-
um starvation in a serum-free medium. Following a 12-h period
of serum deprivation, the HepG2 cells were exposed to a mixture
inducer solution containing 0.75 mmol-L™" of oleic acid, palmitic
acid, linoleic acid, and arachidonic acid to induce lipid accumula-
tion. The cells were subsequently treated with varying concentra-
tions of diosmin.

2.3. Mouse 3T3-L1 preadipocyte cell differentiation

The 3T3-L1 cells were cultured in DMEM, supplemented with
10% (V/V) newborn calf serum (NCS) and a 1% penicillin-strep-
tomycin mixed solution as an antibiotic. The cells were main-
tained in an atmosphere of 5% CO, at 37 °C and grown to
80%-90% confluence. Subsequently, the 3T3-L1 cells were plated
at a density of 1 x 10° cells per well. The cells were cultured for 2
d post-confluence, after which the primary medium was replaced
with a medium containing 0.5 mmol-L™" IBMX (storage density of
0.5 mol-L™), 1 umol-L™" DEX (storage density of 1 mmol-L™), and
10 pg-mL™ insulin. After 2 d, the medium was exchanged with a
medium containing 10 pg-mL™" insulin and cultured with fetal calf
serum medium for an additional 2 d. The differentiated cells were
then prepared for subsequent experiments.

2.4. Cell viability assay

The cell viability assay was performed before the lipid accu-
mulation experiment. HepG2 cells and 3T3-L1 preadipocytes
were seeded into a 96-well plate. Diosmin was dissolved in di-
methyl sulfoxide (DMSO) at various concentrations. The cells
were incubated with different diosmin concentrations, with the
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DMSO-treated group serving as a control for cell viability detec-
tion using the methyl thiazolyl tetrazolium (MTT) assay (Sigma).
The treated culture plates were then analyzed for cell viability us-
ing a Microplate Reader.

2.5. Oil red O staining

Prior to Oil red O staining, the cells were washed three times
with phosphate-buffered saline (PBS). Oil red O was employed to
stain intracellular lipids, as previously reported *'. Specifically,
the differentiated HepG2 and 3T3-L1 cells from the various
groups were fixed with 4% polyformaldehyde for 30 min. The
cells were washed three times with PBS, treated with 60% isop-
ropanol for 5 min, and stained with Oil red O for 1 h in the dark at
room temperature. Finally, the cells were washed with distilled
water. The lipid droplets were dissolved in 100% isopropanol,
and the absorbance was measured at 492 nm for quantification.

2.6. Nile red staining

The lipid content in HepG2 cells was evaluated through Nile
red and 4',6-diamidino-2-phenylindole (DAPI) staining. A Nile
Red stock solution (1 mg:mL™") was prepared in acetone, while a
DAPI stock solution (10 mg-mL™") was maintained at -20 °C in
dark conditions. HepG2 cells cultured in 6-well plates were incub-
ated with Nile red at a final concentration of 10 ug-mL™" and DAPI
at a final concentration of 1 ug-mL™" for 15 min at room temperat-
ure in darkness. Following the staining procedure, an inverted
fluorescence microscope (Nikon, Melville, NY, United States) was
employed to capture fluorescent images of the lipid content state.

2.7. Assay of triglyceride (TG) and total cholesterol (TC)

HepG2 and 3T3-L1 cells were seeded in 6-well plates at a
density of 1 x 10° or 1 x 10° cells per well. Following incubation
and differentiation induction, the HepG2 and 3T3-L1 cells re-
ceived treatment with various concentrations of diosmin for the
specified duration. The cells were subsequently washed three
times with chilled PBS to remove glycerol. After centrifugation,
the cells were collected and lysed with TG and TC lysate. The cells
were maintained at room temperature for 10 min after mixing
with the lysate. Protein quantification was performed on the cells.
The collected cells underwent heating at 70 °C for 10 min, fol-
lowed by centrifugation at 2000 r-min™" for 5 min. The super-
natant was utilized for enzymatic determination. TG and TC con-
centrations were measured using an enzymatic kit (Applygen
Technologies Inc, Beijing, China).

2.8. Western blotting analysis

HepG2 cells at 1 x 10° per well or 3T3-L1 cells at a density of
1 x 10° cells/well were plated in 60 mm culture dishes. The cells
underwent separate differentiation induction and diosmin treat-
ment. After experiment completion, the cells were digested with
trypsin and collected. The cells underwent three washes with
chilled PBS and centrifugation at 2500 r-min™* for 5 min. Follow-
ing protein lysate addition, the cells were lysed on ice for 60 min,
then centrifuged at 13 500 r-min" at 4 °C for 20 min. Protein con-
tent was determined using a bicinchoninic acid assay (BCA) pro-
tein assay kit. Equal protein solution amounts were electro-
phoresed on sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) and transferred onto a polyvinylidene fluoride (PVDF)
membrane. The membrane transfer proceeded for 2 h, followed
by membrane blocking with 5% non-fat milk in 1 x PBS contain-
ing 0.5% Tween 20 (PBST) for 1 h at room temperature. The blots
were incubated overnight at 4 °C with anti-p-AMPK, anti-AMPK,
anti-p-ACC, anti-ACC, and anti-f-actin, followed by incubation
with anti-mouse antibody and anti-rabbit antibody (1:5000 dilu-
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tion) for 2 h at room temperature. Pierce™ ECL Western blotting
substrate (Thermo Scientific, Waltham, MA) was used to detect
the bands *.

2.9. Animal and diets

Forty-nine male C57BL/6] mice were acquired from Beijing
Weitong Lihua Laboratory Animal Technology Co., Ltd. (Beijing,
China). This animal study was approved by the Academic Com-
mittee of Tianjin University of Science and Technology and con-
ducted in accordance with all applicable animal welfare regula-
tions (LLSC20250501).

The study comprised 7 mice fed a low-fat diet (TP23302)
supplied by Nantong Troffei Feed Technology Co., Ltd. (Nantong,
China) as the normal group. The remaining 42 mice received a
high-fat diet (TP23300, 60% fat content) to establish an obesity
model and serve as the drug administration group. All mice un-
derwent continuous feeding for 27 d.

2.10. Animal experiments

Following a 12-d high-fat diet administration, mice in the
model group exhibited a 20% increase in body weight compared
to the normal group, confirming successful establishment of the
obesity model. Subsequently, diosmin was administered daily via
gavage for 15 d. The mice were allocated into three groups, re-
ceiving diosmin doses of 400, 150, and 50 mg-kg™", respectively.
The positive control group received 150 mg-kg™ AICAR and 400
mg-kg™" L-carnitine via gavage. After 15 d, the liver, kidney, white
adipose tissue, and other tissues were immediately dissected,
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washed, and weighed. A portion of liver and white fat tissue was
preserved in 4% paraformaldehyde fixative for subsequent stain-
ing. The remaining liver and adipose tissue were flash-frozen in
liquid nitrogen and stored at -80 °C for future analysis.

2.11. Statistical analysis

The data are expressed as mean * standard deviation (SD).
Statistical evaluation was performed using one-way analysis of
variance (ANOVA) or two-tailed independent Student’s t-tests
with Prism 5.0 software (GraphPad Software, La Jolla, CA, USA). A
P-value below 0.05 was deemed statistically significant com-
pared to the Model group.

3. Results and discussion

3.1. Diosmin induces a lipid decrease in HepG2 cells

This investigation evaluated the cytotoxicity of diosmin in
HepG2 cells. HepG2 cells were exposed to various concentrations
of diosmin and 10 pmol-L™ lovastatin. As illustrated in Fig. 1A, no
significant cytotoxicity was observed across treatment groups.
These concentrations were subsequently utilized in further ex-
periments. To examine diosmin’s effect on HepG2 cells, intracel-
lular lipid droplets underwent Oil red O staining, followed by lip-
id content quantification. Diosmin reduced lipid droplet accumu-
lation in a dose-dependent manner. Treatment with 10, 30, and
80 pmol-L™* of diosmin and 10 pmol-L™* lovastatin decreased total
lipid content in HepG2 cells by 28.98%, 64.65%, and 89.59%, re-
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Fig. 1 The lipid-decreasing effect of diosmin in HepG2 cells. (A) The effect of diosmin and lovastatin on cytotoxicity. HepG2 cells were treated with different concentrations
of diosmin and 10 umol-L™" lovastatin for 24 h, and cell viability was measured by MTT assay. (B) The cells were stained with Oil red 0, and lipid content was quantified. (C)
The cells were fixed with polyformaldehyde and stained with Nile red and DAPI. (D) The intracellular TG and cholesterol content were determined by analysis of TG and
total cholesterol (TC) Kits, respectively. (E) The intracellular cholesterol content was determined by analysis of TC kits. The “Normal” condition refers to cells not cultured in
the induced differentiation medium and without diosmin treatment. The “Model” condition refers to cells cultured in the induced differentiation medium without diosmin
treatment. Data are represented as means + SD (n = 3). P < 0.05, "P<0.01, and ""P < 0.001 vs the Model group.
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spectively, while 10 pmol-L™ lovastatin reduced lipid content by
41.31% (Fig. 1B). Similarly, Nile red and DAPI staining revealed
dose-dependent hypolipidemic effects of diosmin (Fig. 1C). Addi-
tionally, TG and cholesterol accumulation decreased when cells
were incubated with different diosmin concentrations and 10
umol-L™" lovastatin (Figs. 1D and 1E).These findings demon-
strate diosmin’s lipid-lowering effects in HepG2 cells.

3.2. Diosmin induces lipid decreases in 3T3-L1 preadipocytes and
mature 3T3-L1 adipocytes

This investigation evaluated the cytotoxicity of diosmin and
lovastatin in 3T3-L1 preadipocytes and mature 3T3-L1 adipo-
cytes. The cells underwent treatment with various concentra-
tions of diosmin and 10 pmol-L™ lovastatin. As illustrated in Figs.
2A and 2C, the tested concentrations exhibited no significant tox-
icity and were utilized in subsequent experiments. To examine di-
osmin’s effect on 3T3-L1 preadipocytes, intracellular lipid
droplets underwent Oil red O staining, followed by lipid content
quantification. Diosmin demonstrated dose-dependent reduction
in lipid droplet accumulation. The total lipid content in cells
treated with 10, 15, and 40 pmol-L™" of diosmin decreased to
54.19%, 68.53%, and 84.25%, respectively (Fig. 2B). The re-
search also analyzed diosmin’s effect on mature 3T3-L1 adipo-
cytes. The total lipid content in cells treated with 10, 50, and 100
pmol~L’1 of diosmin decreased to 36.15%, 69.07%, and 77.05%,
respectively (Fig. 2D). Additionally, TG and cholesterol accumula-
tion in mature 3T3-L1 adipocytes decreased significantly when
cells were incubated with different diosmin concentrations and
10 umol-L™ lovastatin (Figs. 2E and 2F). These findings demon-
strate diosmin’s lipid-decreasing effects in both 3T3-L1 preadipo-
cytes and mature 3T3-L1 adipocytes.

3.3. Diosmin modulates lipid metabolism by regulating the AMPK
pathway in cells

Extensive research indicates that AMPK functions as a critic-
al regulator of cellular energy homeostasis, with a significant role
in lipid metabolism. AMPK promotes fatty acid oxidation through
ACC inhibition, thereby reducing malonyl-CoA and fatty acid pro-
duction. This mechanism has shown effectiveness in lipid reduc-
tion ***. Consequently, this study investigated whether diosmin
regulates the AMPK pathway in cells. Initially, diosmin’s effect on

3T3-LI preadipocytes

3T3-LI preadipocytes
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the AMPK pathway was examined in HepG2 cells. As demon-
strated in Figs. 3A-3C, diosmin treatment enhanced AMPK and
ACC phosphorylation in a dose-dependent manner, aligning with
the effects of the AMPK activator, AICAR. This hypothesis was fur-
ther validated in 3T3-L1 preadipocytes and mature 3T3-L1
adipocytes. The results paralleled those observed in HepG2 cells,
where diosmin incubation significantly enhanced AMPK and ACC
phosphorylation (Figs. 3D-3I). These results indicate that dios-
min exhibits lipid-lowering effects through AMPK pathway regu-
lation in HepG2, 3T3-L1 preadipocytes, and mature 3T3-L1
adipocytes.

3.4. Diosmin affects lipid metabolism in obese mice

The lipid-reducing effects of diosmin were investigated
through the establishment of obese mouse models using a high-
fat diet protocol over 12 d. Following model establishment, the
mice were randomly assigned to groups and received diosmin ad-
ministration for 15 d. Initial assessments focused on diosmin’s in-
fluence on food and water consumption in obese mice. The find-
ings demonstrated that diosmin administration led to a signific-
ant reduction in both average food and water intake (Figs. 4A and
4B). Analysis of organ indices revealed significant reductions in
liver, kidney, and spleen weights in diosmin-treated obese mice
compared to the Model group. The liver, kidney, and spleen in-
dices exhibited marked decreases (Fig. 4C). These observations
indicate that diosmin effectively attenuated obesity-induced or-
gan enlargement.

Assessment of adipose tissue provides a critical indicator for
anti-obesity efficacy. White adipose tissue, recognized as a
primary contributor to obesity, presents substantial health risks.
The regulation of white lipogenesis offers a promising therapeut-
ic approach for obesity treatment. This investigation involved the
examination, weight measurement, and photographic document-
ation of epididymal white adipose tissue, perirenal white adipose
tissue, intestinal mucosal white adipose tissue, and scapular
brown adipose tissue in mice. The results demonstrated that di-
osmin treatment significantly decreased the mass of epididymal
white adipose tissue, perirenal white adipose tissue, intestinal
mucosal white adipose tissue, and brown adipose tissue (Figs.
4D-4F). These findings indicate that diosmin exhibits anti-
obesity properties through the inhibition of lipogenesis.

Mature 3T3-L1 adipocytes
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Fig. 2 The lipid-decreasing effect of diosmin in 3T3-L1 preadipocytes, and mature 3T3-L1 adipocytes. (A) The cytotoxicity effect of diosmin and lovastatin was assessed.
3T3-L1 preadipocytes were treated with varying concentrations of diosmin and 10 pmol-L™ lovastatin for 24 h, and cell viability was measured using the MTT assay. (B) 3T3-
L1 preadipocytes were stained with Oil red O, and the lipid content was quantified. (C) The cytotoxicity effect of diosmin and lovastatin was assessed. Mature 3T3-L1 adipo-
cytes were treated with varying concentrations of diosmin and 10 umol-L™" lovastatin for 24 h, and cell viability was measured using the MTT assay. (D) Mature 3T3-L1
adipocytes were stained with Oil red O, and the lipid content was quantified. (E and F) The intracellular TG and cholesterol content were determined using TG and TC ana-
lysis kits, respectively. The “Normal” group represents cells not cultured in an induced differentiation medium or treated with diosmin, while the “Model” group represents
cells cultured in an induced differentiation medium without diosmin treatment. Data are presented as means + SD (n = 3). P < 0.05, "P < 0.01, and P < 0.001 vs the Model

group.
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Fig. 3 Diosmin regulates the AMPK pathway in HepG2 cells, 3T3-L1 preadipocytes and mature 3T3-L1 adipocytes. (A) Immunoblot analysis of HepG2 cells reveals the ex-
pression of AMPK, p-AMPK, ACC, p-ACC, and B-actin. (B) Statistical quantification of the relative p-AMPK/AMPK protein levels in HepG2 cells. (C) Statistical analysis of the
relative p-ACC/ACC protein levels in HepG2 cells. (D) Immunoblots of 3T3-L1 preadipocytes for AMPK, p-AMPK, ACC, p-ACC, and B-actin. (E) Statistical analysis of the relat-
ive p-AMPK/AMPK protein levels in 3T3-L1 preadipocytes. (F) Statistical analysis of the relative p-ACC/ACC protein levels in 3T3-L1 preadipocytes. (G) Immunoblots of ma-
ture 3T3-L1 adipocytes for AMPK, p-AMPK, ACC, p-ACC, and B-actin. (H) Statistical quantification of the relative p-AMPK/AMPK protein levels in mature 3T3-L1 adipocytes.
(I) Statistical analysis of the relative p-ACC/ACC protein levels in mature 3T3-L1 adipocytes. The “Normal” condition represents cells cultured in the absence of diosmin
treatment, while the “Model” condition denotes cells cultured in a differentiation medium with induction agents but without diosmin treatment. Data are presented as
means + SEM (n = 3). P < 0.05, "P<0.01,and ""P < 0.001 vs the Model group.

= Normal = Normal == Model

= Model = Diosmin 400 mg kg™
= Diosmin 150 mg-kg ' =aDiosmin 50 mg-kg™!

= Diosmin 400 mg-kg™!

A B = Diosmin 150 mg-kg' = Diosmin 50 mg-kg™!
100 =2 AICAR 150 mg kg ' =2 L-carnitine 400 mg-kg ™' 100 = AICAR 150 mg-kg ' = L-carnitine 400 mg-kg !
gkg g Kg g'kg gkg
=
0 E]
% E 80
<
P 2 60
= k 40
15 18 21 24 27 15 18 21 24 27
t/d t/d
C == Normal = Model == Diosmin 400 mg-kg™! D
~ 100, = Diosmin 150 mg-kg! = Diosmin 50 mg-kg Normal
a g0t = AICAR 150 mg-kg™' = L-carnitine 400 mg-kg™'
iE,D 0 I s = Model
»
"15; Diosmin 400 mg-kg™'
?o Diosmin 150 mg-kg™
3 Diosmin 50 mg-kg™! i
Liver Kidney Spleen
AICAR 150 mg-kg™

L-carnitine 400 mg-kg ' E5

E F

L5 = Normal == Model = Diosmin 400 mg kg™ %‘J

§ = Diosmin 150 mg-kg™' =Diosmin 50 mg-kg™' E == Normal

i) = AICAR 150 mg-kg ' = L-carnitine 400 mg-kg ' & = Model

o 1.0 o = Diosmin
g g = AICAR
5 5] = L-carnitine
< <

2 g

= E

Intestinal

Perirenal N M 400 150 50 150 400

c/(mg-kg™)

Epididymi

Fig. 4 Diosmin affects lipid metabolism in obese mice. (A) The average food intake of obese mice treated with diosmin is shown. (B) The average water intake of obese mice
treated with diosmin is presented. (C) The organ indexes of the liver, kidney, and spleen are depicted. (D) The morphological effect of diosmin on epididymal and perirenal
white adipose tissue is displayed. (E) Diosmin inhibited white lipogenesis in epididymal, perirenal, and intestinal white adipose tissue. (F) The effect of diosmin on the

weight of brown adipose tissue is reported. Data are represented as means + SEM (n = 7). P < 0.05, "P< 0.01,and "'P < 0.001 vs the Model group.

3.5. Diosmin improves serum indices in MASLD mice correlation with MASLD progression *> ¥/, To investigate dios-
min’s effects on MASLD, this study established a MASLD mouse
MASLD represents a significant risk factor for hepatocellular model and evaluated serum parameters. As illustrated in Figs.

carcinoma. Abnormal lipid metabolism demonstrates a strong 5A-5F, pitavastatin (which demonstrates beneficial and safe ef-
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Fig. 5 Diosmin ameliorates the serum indices in MASLD mice. The serum levels of TG (A), TC (B), LDL-C (C), HDL-C (D), ALT (E), and AST (F) were evaluated. Data are rep-

resented as mean + SEM (n = 6). P < 0.05, "P < 0.01, and "'P < 0.001 vs the Model group.

fects in MASLD/MASH patients) *, and orlistat (an anti-obesity
drug showing beneficial effects on hepatic steatosis and inflamma-
tion) *>* served as positive controls. The levels of TG, TC, low-
density lipoprotein-cholesterol (LDL-C), alanine transaminase
(ALT), and aspartate transaminase (AST) increased significantly,
while high-density lipoprotein-cholesterol (HDL-C) decreased
significantly in the tyloxapol-induced MASLD mouse model.
These findings indicated hyperlipidemia, and elevated serum
levels of ALT and AST suggested hepatocyte injury, inflammation,
and hepatic fibrosis *. Diosmin reduced the serum levels of TC,
TG, LDL-C, HDL-C, ALT, and AST in a dose-dependent manner in
MASLD mice. These results demonstrate that diosmin effectively
normalized serum parameters in the MASLD mouse model.

3.6. Diosmin ameliorates white adipogenesis, hepatic steatosis, and
biomarkers in MASLD mice

To further examine the lipid-decreasing effects of diosmin in
MASLD mice, researchers analyzed the epididymal white adipose
tissue, perirenal white adipose tissue, and intestinal mucosal
white adipose tissue through dissection, weighing, and photo-
graphy. The results demonstrate that diosmin significantly re-
duced lipogenesis in these tissue types (Figs. 6A and 6B). These
findings indicate that diosmin inhibited lipogenesis in the MASLD
mouse model.

This investigation examined changes in liver morphology and
biochemical indicators in a MASLD mouse model and the effects

w
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of diosmin treatment. Liver samples underwent dissection and
various staining procedures to evaluate impacts on lipid accumu-
lation and liver tissue structure. The results revealed that the
tyloxapol-induced MASLD model group exhibited hepatomegaly,
which diosmin treatment partially ameliorated (Fig. 6C). Oil red O
staining demonstrated that diosmin significantly reduced lipid
droplets and fat vacuoles in liver tissue sections (Fig. 6D). Simil-
arly, diosmin, orlistat, and pitavastatin administration decreased
lipid levels and areas stained with Masson’s trichrome, enhan-
cing the appearance of hepatic lobules (Fig. 6E). Further analysis
of diosmin’s effect on liver function in MASLD mice revealed sig-
nificantly elevated levels of TG, TC, LDL-C, ALT, and AST in the
MASLD model, while HDL-C decreased. Diosmin effectively mod-
ulated these biochemical indicators (Figs. 6F-6K). Moreover, di-
osmin enhanced the hepatic oxidative stress response, increas-
ing SOD levels while reducing malondialdehyde (MDA) levels
(Figs. 6L and 6N). The compound also suppressed the hepatic in-
flammatory response, as indicated by decreased levels of the pro-
inflammatory cytokine, interleukin-6 (IL-6) (Fig. 6M). These find-
ings demonstrate that diosmin effectively inhibited hepatic ste-
atosis and normalized liver indices in the MASLD mouse model,
suggesting its potential therapeutic value in MASLD management.

4. Conclusions

Diosmin, a flavanone predominantly found in citrus fruits *',
is primarily prescribed for treating symptoms associated with
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Fig. 6 Diosmin ameliorates white lipogenesis, liver steatosis and indices in MASLD mice. (A) The physical appearance of epididymal and perirenal white adipose tissue is
presented. (B) Diosmin inhibited white lipogenesis in epididymal, perirenal, and intestinal white adipose tissue. (C) The appearance of the liver is shown. (D) Oil red O stain-
ing of the liver is depicted. (E) Masson’s trichrome staining of the liver is provided. The liver levels of TG (F), TC (G] LDL-C (H), HDL-C (1), ALT (J), AST (K), SOD (L), Inter-

leukin-6 (IL-6) (M), and MDA (N) are presented. Data are represented as mean * SEM (n = 6). P < 0.05, P < 0.01,

venous and lymphatic insufficiency, including venous edema,
thrombophlebitis, and deep vein thrombosis syndrome, as well
as the management of acute hemorrhoids. Recent research indic-
ates that diosmin demonstrates anti-inflammatory, anti-apoptot-
ic, anti-tumor, and anti-diabetic properties, highlighting its po-
tential for broader clinical applications.

Diosmin, a phytochemical compound, effectively reduced in-
tracellular lipid content, TG and TC levels in HepG2 cells, 3T3-L1
preadipocytes, and mature 3T3-L1 adipocytes. This reduction oc-
curred through activation of the AMPK pathway and subsequent
phosphorylation of the downstream protein ACC **. The AMPK-
mediated energy switch regulates cell growth and various cellu-
lar processes, including lipid and glucose metabolism. Addition-
ally, diosmin exhibited positive effects on food intake, water in-
take, and organ enlargement in obese animal models, demon-
strating its anti-obesity properties. In a MASLD mouse model, di-
osmin effectively restored the serum levels of TG, TC, LDL-C, HDL-
C, ALT, and AST, while also regulating white lipogenesis, liver
steatosis, and liver indices of TG, TC, LDL-C, HDL-C, ALT, and AST
after tyloxapol-induction.

In conclusion, these findings indicate that diosmin may ef-
fectively regulate energy metabolism, normalize lipid metabol-
ism disorders, and enhance therapeutic outcomes in hyperlip-
idemia, obesity, and MASLD.
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