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Genistein mitigates
diet-induced obesity and
metabolic dysfunctions in
gonadectomized mice with
some sex-differential effects
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Kasiphak Kaikaew1,4* and Duangporn Werawatganon1,4
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Background: Obesity is associated with insulin resistance (IR) and metabolic

dysfunction-associated steatotic liver disease (MASLD). Genistein, an isoflavone,

is a promising natural compound for preventing and treating obesity and

metabolic dysfunctions. We aimed to investigate the sex-specific protective

effects of genistein on obesity, IR, and MASLD in a murine model of sex

hormone deprivation with diet-induced obesity (DIO), mimicking

postmenopausal women or aging men with metabolic syndrome.

Methods: Gonadectomized and sham-operated C57BL/6NJcl mice were fed a

high-fat high-sucrose diet for 4 weeks to induce obesity (7 mice per group). In

gonadectomized mice, genistein (16 mg/kg/day) or vehicle (7.5% dimethyl

sulfoxide) was orally administered for 45 days. We assessed glucose

homeostasis parameters, hepatic histopathology, and hepatic gene expression

to investigate the effects of gonadectomy and genistein treatment.

Results: Gonadectomy exacerbated adiposity in both sexes. Ovariectomy

diminished the protective effects of female gonadal hormones on the

homeostatic model assessment for insulin resistance (HOMA-IR), serum

alanine transaminase levels, hepatic steatosis score, and the expression of

hepatic genes associated with MASLD progression and IR, such as Fasn, Srebf1,

Saa1, Cd36, Col1a1, Pck1, and Ppargc1a. Genistein treatment in gonadectomized

mice significantly reduced body weight gain and the hepatic steatosis score in

both sexes. However, genistein treatment significantly attenuated HOMA-IR and

the expression of the hepatic genes only in female mice.

Conclusion: Genistein treatment mitigates DIO-related MASLD in both male and

female gonadectomized mice. Regarding hepatic gene expression associated
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withMASLD and IR, the beneficial effect of genistein was significantly evident only

in female mice. This study suggests a potential alternative application of genistein

in individuals with obesity and sex hormone deprivation, yet pending

clinical trials.
KEYWORDS

high-fat high-sucrose diet, insulin resistance, metabolic dysfunction-associated
steatotic liver disease (MASLD), phytoestrogen, sex difference
Introduction

Obesity is a disease that is related to metabolic dysfunctions,

such as insulin resistance (IR) and metabolic dysfunction-associated

steatotic liver disease (MASLD). Obesity can affect whole-body

glucose and lipid metabolism. The excess in fatty acid synthesis

or uptake by the liver can aggravate lipid droplet accumulation in

hepatic parenchyma, which is the pathogenesis of MASLD (1, 2).

Sex hormone deprivation is also found to be associated with

MASLD. In men, previous studies have shown that androgen

deficiency increases hepatic steatosis by increasing de novo

lipogenesis in the liver. In women, a large body of evidence

demonstrates that estrogen has both protective and therapeutic

effects on MASLD, and estrogen deficiency is associated with

obesity and MASLD (3, 4).

Epidemiological studies have demonstrated that women in most

ethnic groups have a higher prevalence of obesity and metabolic

syndrome than men. However, women of reproductive age exhibit a

lower prevalence of metabolic diseases compared to men (5, 6).

Additionally, the prevalence of prediabetic syndrome differs among

the sexes: impaired fasting glucose is more prevalent in men,

whereas impaired glucose tolerance is more prevalent in women

(7). This sex difference can be mainly attributed to the effects of

gonadal hormones, as endogenous estrogens exert crucial protective

effects through estrogen receptors (ERs) in various tissues (7, 8).

Genistein is an isoflavone, a natural phytoestrogen found in

high concentrations in legumes, such as soybeans and soy-rich

products (9). In target tissues, genistein can bind to ERs, both ERa
and ERb, and exhibits estrogenic or anti-estrogenic activities, acting
as a natural selective estrogen receptor modulator (SERM) (9, 10).

Genistein has been extensively employed in studying metabolic

diseases in animal models, revealing its beneficial effects on obesity,

IR, and systemic inflammation (11, 12). However, whether genistein

exhibits sex-specific protective effects on obesity and metabolic

dysfunctions, particularly IR and MASLD, has not been

thoroughly investigated. Given that sex hormones play a crucial

role in the progression and occurrence of metabolic dysfunctions,

we aimed to study the effects of genistein treatment in

gonadectomized male and female mice to eliminate the direct

effects of endogenous sex hormones and to mimic the
02
postmenopausal and male-aging states. In this study, obesity and

metabolic dysfunctions were induced by a high-fat high-sucrose

(HFHS) diet, resembling the global trend of unhealthy diets.
Materials and methods

Animals and housing conditions

Seven-week-old C57BL/6NJcl mice (21 males and 21 females)

were obtained from Nomura Siam International (Bangkok,

Thailand; a local distributor for M-CLEA Bioresource). Upon

arrival, mice were group-housed (3–4 mice per cage) at a room

temperature of 22 ± 2°C with 50 ± 2% humidity, and on a 12-hour

light/12-hour dark cycle. During the one-week acclimatization

period, standard rodent chow and water were available ad

libitum. The standard chow (cat. no. 082G, Perfect Companion

Group, Bangkok, Thailand) consisted of approximately 26%

protein, 6% fat, and 53% carbohydrate by weight, providing

approximately 3.69 kcal/g, with about 14% calories from fat and

58% calories from carbohydrate.
Ethics statement

This animal study was reviewed and approved by the Animal

Ethics Committee of the Faculty of Medicine, Chulalongkorn

University, Bangkok, Thailand (approval number 017/2564). The

study was conducted in accordance with the institutional and

national requirements, which included the principles of the 3Rs:

replacement, reduction, and refinement. The sample size was

calculated based on our previous study (13).
Gonadectomy

After 7 days of acclimatization (at 8 weeks of age), 28 mice (14

males and 14 females) underwent gonadectomy under isoflurane

anesthesia and ketorolac analgesia (5 mg/kg, subcutaneous

injection). For female mice, small incisions were made in both
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flanks to remove the ovaries. In male mice, small incisions were

made at both scrotums to remove the testes. Bleeding was checked

and stopped, and then the muscle layer and skin were sutured.

Sham operation was performed on 14 mice (7 males and 7 females)

using the same procedure, except for the removal of the gonads.

After the operation, mice were observed until fully awake. Routine

post-operative care was monitored daily for a week, including food

intake, mobility, general physical activity, and surgical wound

inspection. The success of ovariectomy (gonadectomy in females)

was confirmed by performing vaginal cytology for 5 consecutive

days after the surgery. The absence of a regular estrous cycle

indicates successful ovariectomy. In contrast, confirming

successful orchiectomy (gonadectomy in males) is omittable,

given that complete removal of the testes is generally achieved by

the standard surgical procedure.
Experimental protocol

After the one-week recovery phase from gonadectomy (at 9

weeks of age), all mice were switched to a HFHS diet to induce

obesity and metabolic dysfunction. The HFHS diet was prepared in-

house by mincing the chow pellets, adding lard (50% w/w), and

adding sucrose (15% w/w). This formulation closely resembled the

commercially available HFHS diet used for the diet-induced obesity

(DIO) model (14, 15). The final composition of the HFHS diet

included approximately 57% of calories from fat and 31% from

carbohydrate, with an energy content of approximately 5.33 kcal/g.

The mice were maintained on the HFHS diet for 4 weeks. After this

period, 13-week-old mice of each sex were divided into three

experimental groups: sham-operated mice treated with vehicle

(Sham), gonadectomized mice treated with vehicle (GDX),

gonadectomized mice treated with genistein (GDX+Gen).

A vehicle solution was prepared by mixing 7.5% v/v dimethyl

sulfoxide (DMSO) in distilled water. Genistein (Cayman Chemical,

purity ≥98%, cat. no. 10005167, purchased from Chemical Express

Thailand, Samut Prakan, Thailand) was then dissolved in the 7.5%

DMSO solution, resulting in a final concentration of 25 mg/mL.

Starting from 13 weeks of age, the genistein-treated groups received

an oral dose of 16 mg/kg/day, based on our previous studies (13, 16),

which was equivalent to a human dose of 1.3 mg/kg/day (17). Both

the vehicle and genistein were administered daily, 5 days per week, for

a total duration of 45 days.

Body weight (BW) and food intake were measured and

recorded weekly from the initiation of the HFHS diet until the

end of the experiment. At 21 weeks of age (12 weeks on the HFHS

diet), an intraperitoneal glucose tolerance test (IPGTT) was

conducted to assess glucose handling capacity. One week after the

IPGTT (at 22 weeks of age), mice were euthanized by administering

an overdose of isoflurane anesthesia followed by cardiac puncture.
Intraperitoneal glucose tolerance test

The mice were fasted for 5 hours. After the fasting period, tail

clipping was performed. One small drop of blood was used to
Frontiers in Endocrinology 03
instantly determine glucose levels using Accu-Check Guide (Roche

Diabetes Care, Bangkok, Thailand), and approximately 25 mL of

blood was collected in a heparinized capillary tube for further

measurement of plasma insulin levels. Subsequently, an

intraperitoneal injection of 20% glucose (in sterile water) was

administered at a final dose of 2 g of glucose per kg of BW. Blood

glucose levels were measured at 15, 30, 60, 90, and 120 minutes after

glucose injection. After the last measurement, the HFHS diet

was resumed.
Plasma insulin determination

The heparinized blood was centrifuged at 1,000×g for 10

minutes at 4°C. Plasma was then collected and stored in −80°C

until further steps. Plasma insulin levels were determined using the

Ultra Sensitive Mouse Insulin ELISA kit (cat. no. 90080, Crystal

Chem, obtained from Chemical Express Thailand, Samut Prakan,

Thailand), according to the manufacturer’s instructions.
Endpoint blood and tissue collection

At the end of the experiment (at 22 weeks of age), mice were

fasted for 5 hours. Subsequently, blood was obtained through

cardiac puncture under an overdose of isoflurane anesthesia. The

blood samples were kept on ice until fully clotted, then centrifuged

to collect serum, which was stored in −80°C until serum

biomarker determination.

The liver and various white adipose tissues (WAT), including

gonadal WAT, axillary WAT (so-called anterior subcutaneous

WAT), and inguinal WAT (so-called posterior subcutaneous

WAT), were dissected and weighed. The liver was divided into 2

pieces: the first half was fixed in 10% formalin in phosphate buffered

saline (PBS), while the second half was snap-frozen in liquid

nitrogen and stored in −80°C until further processing. Organ

weights were calculated and presented as both actual organ

weights and the ratio of organ weight to BW. To clarify, the

WAT weight refers to the sum weight of the mentioned WAT

depots and the liver index refers to the ratio of liver weight to BW.
Serum alanine transaminase determination

Serum alanine transaminase (ALT) levels were determined

using Reflotron GPT (ALT) strips with the Reflotron Plus Clinical

Chemistry Analyzer (Roche Diagnostics, Bangkok, Thailand),

following the manufacturer’s instructions.
Histopathology

Formalin-fixed livers were embedded in paraffin, sectioned with

a microtome, mounted on glass slides, and stained with

hematoxylin and eosin following standard procedures. The

histopathology of liver tissues was examined by two pathologists
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blinded to the experimental groups, and the severity of fat

accumulation in the liver was graded as the steatosis score,

ranging from 0 to 9 (18). In brief, the score was an unweighted

sum of three domains: macrovesicular steatosis, microvesicular

steatosis, and hypertrophy. In each domain, the score ranged

from 0 to 3, depending on the percentage of the total area of

involvement: 0 means less than 5% affected, 1 means 5–33%

affected, 2 means 34–66% affected, and 3 means greater than 66%

affected. Representative images from each group were captured

using a digital imaging system consisting of a Nikon Eclipse E200

upright microscope equipped with a high-definition color camera

and a control unit DS-Fi2-L3 (Nikon Instruments, Tokyo, Japan).
Gene expression quantification

The frozen liver tissues were homogenized, and ribonucleic acid

(RNA) was extracted using the GENEzol reagent (Geneaid, New

Taipei City, Taiwan). Contaminating genomic deoxyribonucleic

acid (DNA) was removed using RQ1 RNase-Free DNase

(Promega Corporation, Madison, WI). Purified RNA was

quantified with a NanoDrop 2000 spectrophotometer (Thermo

Fisher Scientific, Wilmington, DE). Reverse transcription was

performed using the iScript Reverse Transcription Supermix, and

quantitative PCR was performed using the SsoAdvanced Universal

SYBR Green Supermix (both reagents were from Bio-Rad

Laboratories, Hercules, CA) with a QuantStudio 6 Flex Real-Time

PCR System (Applied Biosystems, Foster City, CA). Expression

levels of the genes of interest were normalized to the housekeeping

genes, Rn18s and Actb, using the 2−DDCT method. Sequences of the

primers for all genes are presented in Supplementary Table 1.
Statistical analysis

Data were analyzed and graphs were plotted using GraphPad

Prism for Windows (version 9, GraphPad Software, Boston, MA).

Continuous data were presented as the mean and standard deviation

(SD). Differences in a dependent variable influenced by independent

variables [sex and intervention (int)] were analyzed by 2-way ANOVA.

When appropriate, the Tukey’s multiple comparisons post hoc test was

performed to assess differences between groups of the same sex to

explore the effect of each intervention, i.e., gonadectomy with or

without genistein treatment. The Šıd́ák’s multiple comparisons post

hoc test was performed to assess sex differences between groups of the

same intervention: Sham, GDX, or GDX+Gen. Additionally, a stepwise

linear regression analysis was conducted to identify significant factors

contributing to changes in BW and the liver index for the GDX and

GDX+Gen groups using IBM SPSS Statistics (version 29, IBM,

Chicago, IL). A P-value of <0.05 was considered statistically significant.

When analyzing the IPGTT data, the area under the curve

(AUC) of time (min) and glucose level (mg/dL) was calculated. To

assess the degree of IR, we calculated the homeostatic model

assessment for insulin resistance (HOMA-IR) using the formula:
Frontiers in Endocrinology 04
HOMA–IR ¼ ½insulin� � ½glucose�
ð½insulin� � ½glucose�Þmale_Sham

In this formula, [insulin] refers to the fasting plasma insulin

level, [glucose] refers to the blood glucose level, and the

denominator is the average value of the male Sham group. Thus,

this HOMA-IR serves as the IR index relative to sham-operated

male mice with vehicle treatment.
Results

Genistein treatment reduces body weight
gain in gonadectomized mice with DIO

The longitudinal changes in BW of all mice across the experiment

are demonstrated in Figure 1A. At the beginning of the experiment,

female mice had lower BW than male mice, but within each sex, no

significant differences were observed among the intervention groups

(BW at age of 8 weeks: Psex×int=0.57, Pint=0.12, Psex<0.001). By the end

of the experiment upon DIO, BW was significantly influenced by

interventions (gonadectomy and genistein treatment) and sex (BW at

age of 22 weeks: Psex×int<0.001, Pint<0.001, Psex<0.001). Notably, the

change in BW from baseline to the end of the experiment revealed a

significant interaction between the effects of interventions and sex

(Figure 1B). In male mice, the BW gain did not significantly differ

between the Sham andGDX groups, but the BWgain of the GDX+Gen

group was significantly lower than that of the Sham and GDX groups

(Figure 1B). Conversely, in female mice, the change in BW significantly

varied across interventions; specifically, the BWgain in the Sham group

was lower than that of the GDX group, and the BW gain of the GDX

+Gen group was lower than that of the GDX group but remained

higher than that of the Sham group (Figure 1B). When comparing

between sexes, the BW gain of female Sham mice was significantly

lower than that of male Sham mice, whereas the BW gain of female

GDX+Gen mice was significantly higher than that of male GDX+Gen

mice (Figure 1B).

In male mice, food consumption was lower in the GDX+Gen

group compared to the Sham and GDX groups, while in female mice,

food intake did not significantly differ among the three intervention

groups (Figure 1C). Regression analysis in the GDX and GDX+Gen

groups identified significant factors contributing to BW changes,

including genistein treatment, biological sex, amount of food intake,

fasting glucose and insulin levels, and the AUC of glucose after a

glucose challenge (Supplementary Table 2). Further investigation into

these parameters was conducted.

The total WAT weight was lowest in the Sham groups of both

sexes, without a significant sex difference (Figure 1D). While the GDX

groups exhibited a higher WAT mass than the Sham groups in both

sexes, genistein treatment significantly reduced the WAT mass only in

male mice (Figure 1D). When adjusted for BW, the ratio of WAT

weight to BW was also lowest in the Sham groups and gonadectomy

increased this ratio without a significant sex difference (Figure 1E).

However, genistein treatment did not significantly affect the ratio of

WAT weight to BW in both sexes (Figure 1E).
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Genistein treatment mitigates the impaired
glucose metabolism

Upon DIO, in male mice, fasting glucose levels did not

significantly differ among the three intervention groups, while in

female mice, those in the GDX group exhibited significantly higher

levels than the Sham group (Figure 2A). Additionally, fasting
Frontiers in Endocrinology 05
glucose levels in female GDX+Gen mice tended to be lower than

those of female GDX mice, though not statistically significant

(P=0.081; Figure 2A). In male mice, fasting insulin levels did not

significantly differ among the three intervention groups (Figure 2B).

Conversely, in female mice, fasting insulin levels were significantly

higher only in the GDX group, compared to the Sham and

GDX+Gen groups (Figure 2B). The HOMA-IR index, a surrogate
FIGURE 1

Effects of gonadectomy and genistein treatment on BW and energy balance in HFHS diet-fed mice. (A) BW of mice (n=7/group) across the
experimental period: gonadectomy or sham-operation performed on week 8, ad libitum HFHS diet provided from weeks 9 to 22, and genistein
treatment administered orally from weeks 13 to 22. (B) BW gain from weeks 8 to 22. (C) Estimated daily calorie intake, calculated based on food
consumption from weeks 9 to 22. (D) Total WAT weight and (E) WAT weight relative to BW, measured at the end of the experiment. GDX
(gonadectomized mice treated with vehicle), GDX+Gen (gonadectomized mice treated with genistein), Sham (sham-operated mice treated with
vehicle). The statistical significance was determined by 2-way ANOVA for interventions (gonadectomy and genistein treatment) and sex (biological
sex of the mice). The appropriate post hoc tests were conducted: letters a,b,c denote significant differences (P<0.05) among intervention groups of
male mice; letters x,y denote significant differences (P<0.05) among intervention groups of female mice; and # indicates a significant sex difference
(P<0.05) from male mice with the same intervention.
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marker of IR, demonstrated a significant sex difference. In male

mice, the HOMA-IR did not significantly differ between the Sham

and GDX groups, but genistein treatment significantly lowered the

HOMA-IR of the GDX+Gen group compared to the Sham group

(Figure 2C). Contrarily, in female mice, the HOMA-IR was

significantly higher in the GDX group than in the Sham group,

and genistein treatment reduced the HOMA-IR of the GDX+Gen

group to a level comparable with the Sham group (Figure 2C). In

addition, when comparing between sexes, the female Sham group

exhibited lower levels of fasting glucose, fasting insulin, and

HOMA-IR than the male Sham group in this DIO model

(Figures 2A–C).
Frontiers in Endocrinology 06
Regarding IPGTT, a significant interaction between the effects

of interventions and sex was observed (Figures 2D, E). In male mice,

the change in glucose levels over time after the glucose challenge

(quantification of glucose intolerance) did not significantly differ

between the Sham and GDX groups. However, genistein treatment

significantly reduced the AUC of glucose levels in the GDX+Gen

group to a lower level than those in the other two groups

(Figure 2E). In female mice, the AUC of glucose levels after

IPGTT in the GDX group was significantly higher than that in

the Sham group. Comparing the female GDX+Gen to GDX groups,

genistein treatment tended to reduce glucose intolerance, though

not statistically significant (P=0.053; Figure 2E). Of note, in this
FIGURE 2

Effects of gonadectomy and genistein treatment on glucose homeostasis in HFHS diet-fed mice. (A) Blood glucose levels and (B) plasma insulin
levels, determined after a 5-hour fasting period. (C) HOMA-IR indices calculated relative to the average value of the male sham-operated mice
treated with vehicle and plotted on the logarithmic scale. (D) Blood glucose levels and (E) baseline-corrected AUCs of glucose levels after
intraperitoneal glucose administration. GDX (gonadectomized mice treated with vehicle), GDX+Gen (gonadectomized mice treated with genistein),
Sham (sham-operated mice treated with vehicle). The statistical significance was determined by 2-way ANOVA for interventions (gonadectomy and
genistein treatment) and sex (biological sex of the mice). The appropriate post hoc tests were conducted: letters a,b denote significant differences
(P<0.05) among intervention groups of male mice; letters x,y denote significant differences (P<0.05) among intervention groups of female mice; and
# indicates a significant sex difference (P<0.05) from male mice with the same intervention.
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DIO model, female Sham mice exhibited lower glucose intolerance

than male Sham mice (Figures 2D, E).
Genistein treatment alleviates HFHS diet-
induced steatohepatitis

Upon HFHS diet-induced metabolic dysfunction, while

orchiectomy (gonadectomy in males) tended to reduce the total

liver weight and significantly reduced the liver index in male mice,

ovariectomy (gonadectomy in females) significantly increased the
Frontiers in Endocrinology 07
total liver weight and tended to increase the liver index in female mice

(Figures 3A, B). However, genistein treatment in the gonadectomized

mice significantly reduced or tended to reduce the total liver weight

and the liver index in both sexes (Figures 3A, B). Additionally, linear

regression analysis identified significant factors contributing to the

liver index in the GDX and GDX+Gen groups, including genistein

treatment, changes in BW, non-fasting glucose levels, and the

HOMA-IR (Supplementary Table 2).

Regarding serum ALT levels, which generally indicate

hepatocellular injury, orchiectomy tended to increase serum ALT

levels in male mice, while ovariectomy significantly increased serum
FIGURE 3

Effects of gonadectomy and genistein treatment on HFHS diet-induced steatohepatitis. (A) Liver weight, (B) liver weight relative to BW (the liver
index) and (C) serum ALT levels, measured at the end of the experiment. (D) Representative images of hepatic histopathological findings, with scale
bars in the lower right corners indicating 100 µm. (E) Histologic quantification of lipid accumulation in the liver. The statistical significance was
determined by 2-way ANOVA for interventions (gonadectomy and genistein treatment) and sex (biological sex of the mice). The appropriate post
hoc tests were conducted: letters a,b denote significant differences (P<0.05) among intervention groups of male mice; letters x,y denote significant
differences (P<0.05) among intervention groups of female mice; and # indicates a significant sex difference (P<0.05) from male mice with the
same intervention.
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ALT levels in female mice (Figure 3C). Although genistein

treatment appeared to attenuate the elevation of serum ALT

levels in both sexes, the reduction in ALT levels in the GDX+Gen

groups, compared to the GDX groups, was statistically significant

only in male mice (Figure 3C).

Orchiectomy did not induce fat accumulation in the liver of

male GDX mice compared to male Sham mice, whereas

ovariectomy significantly induced hepatic fat accumulation in

female mice, confirmed by histopathological findings and the

steatosis score (Figures 3D, E). However, genistein treatment

significantly reduced hepatic fat accumulation in the GDX+Gen

groups across both sexes (Figures 3D, E).

It is worth noting that female Sham mice exhibited lower

features of MASLD in this DIO model than male Sham mice, as

demonstrated by lower total liver weight, liver index, serum ALT,

and hepatic steatotic score (Figures 3A–E). However, genistein

treatment in the gonadectomized mice reduced these markers of

MASLD comparably in both sexes (Figures 3A–E).
Genistein treatment sex-differentially
influences expression of hepatic genes
associated with IR and MASLD progression

Upon HFHS diet feeding, significant interactions between the

effects of interventions (gonadectomy and genistein treatment)

and the sex of the mice were observed in the messenger RNA

(mRNA) expression levels of hepatic genes involved in

lipogenesis, MASLD progression, and gluconeogenesis. Post hoc

analysis within groups of the same sex indicated that genistein

treatment in the gonadectomized mice significantly reduced the

expression of Fasn, the gene encoding fatty acid synthase (a key

lipogenic enzyme), as well as its transcription factor Srebf1,

exclusively in female mice (Figures 4A, B). Moreover, expression

of Saa1, the gene encoding serum amyloid A1 which plays a role in

inflammatory progression, was also reduced by genistein

treatment only in female mice (Figure 4C). Likewise, the

expression levels of Cd36, the gene encoding fatty acid

translocase (a fatty acid transporter into hepatocytes), and

Col1a1, the gene encoding type I collagen which plays a role in

fibrotic progression, were significantly reduced only in female

GDX+Gen mice, compared to female GDX mice (Figures 4D, E).

In addition, expression levels of Pck1, the gene encoding cytosolic

phosphoenolpyruvate carboxykinase (PEPCK, a rate-limiting

gluconeogenic enzyme), as well as its transcriptional coactivator

Ppargc1a, were significantly reduced by genistein treatment only

in female mice (Figures 4F, G). However, in male mice, the

expression of all these genes did not significantly differ between

the GDX and GDX+Gen groups (Figures 4A–G), In other words,

this hepatic gene expression pattern suggests the protective role of

genistein treatment exclusively in ovariectomized mice.

Furthermore, within the same intervention groups, the

expression of all the genes significantly differed between male and

female Sham groups (Figures 4A–G). Intriguingly, while

gonadectomy did not significantly affect the expression of these

genes in male mice, it induced their expression in female GDX mice
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to a level comparable to that of male GDX mice (Figures 4A-G),

suggesting sex-differential effects of endogenous gonadal hormones

in regulating MASLD progression and IR.

To investigate whether estrogen receptor signaling is involved

in the mechanism of action of genistein, we found that expression of

Esr1, the gene encoding ERa, was significantly altered by

gonadectomy and genistein treatment in female mice (Figure 4H).

Of note, we could not detect mRNA expression of Esr2, the gene

encoding ERb, in the liver of both sexes.
Discussion

This study confirms that genistein treatment improved

impairments of glucose metabolism, such as HOMA-IR and

glucose tolerance, as well as features of MASLD associated with

HFHS diet-induced obesity and metabolic dysfunctions in both

sexes of gonadectomized mice. However, our findings reveal some

sex-differential effects of genistein treatment. Genistein treatment

reduced food consumption only in orchiectomized mice.

Conversely, genistein treatment decreased the expression of

hepatic genes involved in the development and progression of

MASLD and IR exclusively in ovariectomized mice. In other

words, this study highlights the roles of endogenous gonadal

hormones, particularly female sex hormones: the protective

mechanisms against impaired glucose metabolism and MASLD

features, as observed in sham-operated female mice, were

diminished by ovariectomy.

Sex hormone deficiencies, including menopause and late-

onset hypogonadism in men (so-called andropause), are

associated with increased visceral fat accumulation and an

accelerated risk of metabolic diseases. In our study, we

employed a mouse model of HFHS diet-induced obesity to

investigate obesity-related metabolic disturbances in the context

of sex hormone deprivation. We observed that both male and

female GDX mice had increased total WAT mass, but the

increased BW was evident only in female GDX mice. The

unchanged BW of male GDX mice, compared to male Sham

mice, could be explained by the decline in muscle mass in

contrast to increased adiposity due to testosterone deprivation

(19). In our study, we observed that genistein treatment reduced

food intake and fat accumulation in WAT exclusively in

orchiectomized males. This finding contradicts the conventional

understanding that estrogens exert anorexigenic effects, and

ovariectomy promotes hyperphagia and induces adiposity in

females (20). However, we could not find direct evidence

investigating the effects of genistein on food intake and fat

accumulation in orchiectomized males. Previous research on

ovariectomized rats also confirmed the appetite-suppressing

effect of soybean isoflavone by altering orexigenic signals

(hunger hormones) and anorexigenic signals (satiety hormones)

(21). Our findings in female mice partially align with a previous

study in ovariectomized rats, which found that genistein

administration at doses of 15 or 30 mg/kg/day did not alter food

intake, but dose-dependently reduced fat accumulation in WAT

(22). Thus, differences in genistein dosage, treatment duration, or
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the method used to induce obesity may contribute to the

observed discrepancies.

Sex hormone deprivation is also associated with metabolic

derangements, impacting lipid and glucose metabolism. Estrogen

has been identified as a protective factor against metabolic
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syndrome, including IR and MASLD. Lack of estrogen in females

exacerbates IR and hepatic steatohepatitis in rodent models of DIO

(23, 24). Consistent with previous findings, our study showed that

female GDXmice exhibited significantly more severe IR and hepatic

steatohepatitis than female Sham mice. While androgen in males
FIGURE 4

Effects of gonadectomy and genistein treatment on hepatic genes in HFHS diet-fed mice. Hepatic gene expression levels of (A) Fasn, (B) Srebf1, (C)
Saa1, (D) Cd36, (E) Col1a1, (F) Pck1, (G) Ppargc1a, and (H) Esr1, normalized to Rn18s and Actb expression and presented on the logarithmic scale.
The statistical significance was determined by 2-way ANOVA for interventions (gonadectomy and genistein treatment) and sex (biological sex of the
mice). The appropriate post hoc tests were conducted: letters x,y,z denote significant differences (P<0.05) among intervention groups of female
mice; and # indicates a significant sex difference (P<0.05) from male mice with the same intervention.
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may not play as prominent a protective role as estrogen in females,

androgen deficiency in males has been associated with metabolic

syndrome. Research on orchiectomized mice has shown that

androgen deficiency aggravates high-fat diet-induced metabolic

derangements, including increased adiposity and IR (19).

Interestingly, the metabolic derangements in male hypogonadism

were restored by testosterone but not dihydrotestosterone

supplementation (19), suggesting that the beneficial effect of

testosterone may be achieved through aromatization to estradiol.

However, our findings that IR and hepatic steatohepatitis in male

GDX mice did not significantly differ from male Sham mice did not

align with previous evidence and warrant further studies.

In our study, genistein treatment significantly attenuated

impairment of glucose metabolism, as represented by HOMA-IR,

and steatohepatitis in female GDX mice. These findings are

consistent with evidence from previous studies demonstrating that

genistein treatment reduces fat accumulation in the liver and alleviates

hepatic steatosis in postmenopausal women or ovariectomized rodents

(13, 25), as well as effectively reducing IR in estrogen-deprived female

rodents and women (26, 27). Additionally, recent studies in female mice

reported that genistein treatment significantly improved IR or glucose

intolerance in mice with DIO by various mechanisms such as

promoting hepatic microRNA-451 expression, reducing

proinflammatory cytokine production in WAT, inducing WAT

browning, and modulating gut microbiota (22, 28, 29). However, the

effect of genistein on androgen-deprived males has been limited. Our

findings indicated that male GDX+Gen mice exhibited significantly

decreased serum ALT levels and liver steatosis compared to male GDX

mice. Additionally, a recent study from our group also supported our

present findings that genistein treatment in orchiectomized rats

alleviated hepatic steatohepatitis, as evident by suppression of NF-ĸB

expression and upregulation of HDAC3 and PPARd expression (30).

Thus, our results highlighted the beneficial effects of genistein on

impaired glucose metabolism and MASLD in estrogen-deprived

females and suggested that genistein may also be beneficial in

androgen-deprived males.

The expression levels of selected genes investigated in our study

serve as reliable markers for MASLD progression and hepatic IR.

Hepatic mRNA expression of FASN, the enzyme for de novo

lipogenesis, and its transcription factor [sterol regulatory element-

binding protein-1c (SREBP-1c)], has been reported to be upregulated

in MASLD, but not in metabolic dysfunction-associated steatohepatitis

(MASH) in murine models (31, 32). Increased SREBP-1c expression

has been demonstrated to be associated with high-fat or high-fructose

diet feeding, high insulin levels or IR state, obesity, and MASLD (33).

Interestingly, its expression was reduced by soy protein or genistein

supplementation (34, 35), suggesting a protective mechanism of

genistein against MASLD progression. Fatty acid translocase (CD36)

is not only a fatty acid transporter into hepatocytes but also a potential

marker of MASLD onset and progression to MASH (36). A previous

study using a high-fat diet to induce obesity in mice demonstrated, in

line with our finding, that genistein treatment reduced Cd36 mRNA

expression (22, 37). We also examined the expression of Col1a1 as a

fibrosis marker and Saa1 as an inflammatory marker since they have

been reported to be highly correlated with advanced stages of MASLD

(38, 39). Although the histopathological findings in our study did not
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show significant alterations in hepatic inflammation and fibrosis,

diminished levels of Col1a1 and Saa1 mRNAs suggest a potential

role of genistein treatment in slowing MASLD progression.

Additionally, we evaluated mRNA expression levels of PEPCK, a

rate-limiting enzyme for hepatic gluconeogenesis, and its

transcription factor coactivator PGC1a, as their expression is

physiologically inhibited by insulin in the fed state, and aberrant

activation of gluconeogenesis indicates hepatic IR (40, 41).

In our study, significant interactions between the effects of

interventions (gonadectomy and genistein treatment) and sex were

observed on the expression levels of all investigated hepatic genes.

Female mice with HFHS diet-induced obesity initially exhibited low

expression levels of these genes, which significantly increased upon

ovariectomy to levels comparable to those in male mice. This pattern of

changes in hepatic gene expression supports previous studies

demonstrating a lower prevalence of MASLD in premenopausal

women compared to men, with an accelerated prevalence in post-

menopausal women (42). Our study also showed that genistein

treatment reduced the expression of these hepatic genes in

ovariectomized mice, supporting previous findings that genistein

treatment inhibited the expression of genes involved in lipogenesis

(Fasn, Srebf1, Cd36) and gluconeogenesis (Pck1) in the liver of female

rodents with DIO (22, 43). Nonetheless, we did not observe a

significant effect of genistein treatment on the expression of these

hepatic genes in orchiectomized mice. Importantly, our study is one of

the first experiments to directly investigate the effects of genistein in

both sexes and reveals significant sex differences in MASLD-related

gene expression profiles in the liver.

There were some limitations in our study. We did not vary the

administered dose of genistein to explore its potential dose-

dependent effects, and serum genistein levels were not measured

due to the unavailability of the required instruments. The dosage of

genistein used in our study has been shown to be beneficial in prior

research, including our own (13, 16). The oral dose of genistein at

16 mg/kg/day in mice was likely equivalent to the dose of 78 mg/day

in 60-kilogram adults (17), with a daily dose of 36–600 mg

suggested as beneficial in various human studies (44).

Furthermore, our findings preliminarily indicated sex differences

in hepatic gene expression related to lipogenicity, inflammation,

fibrosis, and IR, although no significant sex differences were

observed in hepatic steatosis by histopathology or serum ALT

levels. A possible explanation could be the insensitivity of serum

ALT for stratifying MASLD progression and the high variability in

its progression (45). Hence, more sensitive and specific measures,

such as immunohistochemical staining, may be required in further

studies. Additionally, it is important to note that our model of sex

hormone deprivation, achieved through surgical removal of gonads,

combined with DIO may not precisely replicate the metabolic

changes in individuals with obesity and sex hormone deprivation

due to aging.
Conclusion

Genistein treatment mitigates obesity-related metabolic

dysfunctions, particularly impaired glucose metabolism and
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MASLD, in both male and female GDX mice with HFHS diet-

induced obesity. The protective effect of genistein treatment,

specifically in terms of the suppression of genes related to

MASLD progression, was evident exclusively in female GDX

mice. Pending further validation through clinical trials, this

finding suggests a potential alternative application for the natural

phytoestrogen, genistein, as a dietary supplement for both men and

women dealing with obesity and sex hormone deprivation, such as

those in the aging population.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The animal study was approved by the Animal Ethics

Committee of the Faculty of Medicine, Chulalongkorn University,

Bangkok, Thailand. The study was conducted in accordance with

the local legislation and institutional requirements.
Author contributions

WK: Writing – original draft, Writing – review & editing, Data

curation, Formal analysis, Investigation, Methodology. NSi: Writing

– original draft, Writing – review & editing, Data curation, Formal

analysis, Investigation, Methodology. PV: Writing – review &

editing, Data curation, Formal analysis, Investigation. CB: Writing

– review & editing, Data curation, Formal analysis, Investigation.

NSu: Writing – review & editing, Formal analysis. JS: Writing –

review & editing, Formal analysis. PS: Writing – review & editing,

Conceptualization, Supervision. KK: Writing – original draft,

Writing – review & editing, Conceptualization, Data curation,

Formal analysis, Funding acquisition, Investigation, Methodology.

DW: Writing – review & editing, Conceptualization, Funding

acquisition, Methodology, Supervision.
Frontiers in Endocrinology 11
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research project was supported by the Ratchadapiseksompotch

Fund, Chulalongkorn University (RCU_H_64_018_30). The

funder was not involved in the study design; collection, analysis,

interpretation of data; the writing of this article; or the decision to

submit it for publication.
Acknowledgments

The authors thank Fatist Okrit and Kanjana Somanawat for

their technical and administrative assistance during the study; and

thank Chalobon Udom, Alis Pakabutr, and Jutamas Wongphoom

for their technical assistance in tissue processing, microtomy and

slide preparation, and histochemical staining.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2024.

1392866/full#supplementary-material
References
1. EslamM, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-GomezM, et al. A
new definition formetabolic dysfunction-associated fatty liver disease: an international expert
consensus statement. J Hepatol. (2020) 73:202–9. doi: 10.1016/j.jhep.2020.03.039

2. Gutiérrez-Cuevas J, Santos A, Armendariz-Borunda J. Pathophysiological
molecular mechanisms of obesity: a link between MAFLD and NASH with
cardiovascular diseases. Int J Mol Sci. (2021) 22:11629. doi: 10.3390/ijms222111629

3. Hutchison AL, Tavaglione F, Romeo S, Charlton M. Endocrine aspects of
metabolic dysfunction-associated steatotic liver disease (MASLD): Beyond insulin
resistance. J Hepatol. (2023) 79:1524–41. doi: 10.1016/j.jhep.2023.08.030

4. Papadimitriou K, Mousiolis AC, Mintziori G, Tarenidou C, Polyzos SA, Goulis
DG. Hypogonadism and nonalcoholic fatty liver disease. Endocrine. (2024).
doi: 10.1007/s12020-024-03878-1
5. Arnold AP, Cassis LA, Eghbali M, Reue K, Sandberg K. Sex hormones and sex
chromosomes cause sex differences in the development of cardiovascular diseases.
Arterioscler Thromb Vasc Biol. (2017) 37:746–56. doi: 10.1161/atvbaha.116.
307301

6. Yang Y, Kozloski M. Sex differences in age trajectories of physiological
dysregulation: inflammation, metabolic syndrome, and allostatic load. J Gerontol A
Biol Sci Med Sci. (2011) 66:493–500. doi: 10.1093/gerona/glr003

7. Tramunt B, Smati S, Grandgeorge N, Lenfant F, Arnal JF, Montagner A, et al. Sex
differences in metabolic regulation and diabetes susceptibility. Diabetologia. (2020)
63:453–61. doi: 10.1007/s00125-019-05040-3

8. Iorga A, Cunningham CM, Moazeni S, Ruffenach G, Umar S, Eghbali M. The
protective role of estrogen and estrogen receptors in cardiovascular disease and the
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2024.1392866/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1392866/full#supplementary-material
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.3390/ijms222111629
https://doi.org/10.1016/j.jhep.2023.08.030
https://doi.org/10.1007/s12020-024-03878-1
https://doi.org/10.1161/atvbaha.116.307301
https://doi.org/10.1161/atvbaha.116.307301
https://doi.org/10.1093/gerona/glr003
https://doi.org/10.1007/s00125-019-05040-3
https://doi.org/10.3389/fendo.2024.1392866
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kositanurit et al. 10.3389/fendo.2024.1392866
controversial use of estrogen therapy. Biol Sex Differ. (2017) 8:33. doi: 10.1186/s13293-
017-0152-8

9. Dixon RA, Ferreira D. Genistein. Phytochemistry. (2002) 60:205–11. doi: 10.1016/
s0031-9422(02)00116-4

10. Danciu C, Avram S, Pavel IZ, Ghiulai R, Dehelean CA, Ersilia A, et al. Main
isoflavones found in dietary sources as natural anti-inflammatory agents. Curr Drug
Targets. (2018) 19:841–53. doi: 10.2174/1389450118666171109150731

11. Zhang J, Zhao L, Cheng Q, Ji B, Yang M, Sanidad KZ, et al. Structurally different
flavonoid subclasses attenuate high-fat and high-fructose diet induced metabolic
syndrome in rats. J Agric Food Chem. (2018) 66:12412–20. doi: 10.1021/acs.jafc.8b03574

12. Rockwood S, Mason D, Lord R, Lamar P, ProzialeckW, Al-Nakkash L. Genistein
diet improves body weight, serum glucose and triglyceride levels in both male and
female ob/ob mice. Diabetes Metab Syndr Obes. (2019) 12:2011–21. doi: 10.2147/
dmso.S216312

13. Pummoung S, Werawatganon D, Chayanupatkul M, Klaikeaw N, Siriviriyakul P.
Genistein modulated lipid metabolism, hepatic PPARg, and adiponectin expression in
bilateral ovariectomized rats with nonalcoholic steatohepatitis (NASH). Antioxidants
(Basel). (2020) 10:24. doi: 10.3390/antiox10010024

14. Zhao R, Xiang B, Dolinsky VW, Xia M, Shen GX. Saskatoon berry powder
reduces hepatic steatosis and insulin resistance in high fat-high sucrose diet-induced
obese mice. J Nutr Biochem. (2021) 95:108778. doi: 10.1016/j.jnutbio.2021.108778

15. Sato A, Kawano H, Notsu T, Ohta M, Nakakuki M, Mizuguchi K, et al.
Antiobesity effect of eicosapentaenoic acid in high-fat/high-sucrose diet-induced
obesity: importance of hepatic lipogenesis. Diabetes. (2010) 59:2495–504.
doi: 10.2337/db09-1554

16. Susutlertpanya W, Werawatganon D, Siriviriyakul P, Klaikeaw N. Genistein
attenuates nonalcoholic steatohepatitis and increases hepatic PPARg in a rat model.
Evid Based Complement Alternat Med. (2015) 2015:509057. doi: 10.1155/2015/509057

17. Nair AB, Jacob S. A simple practice guide for dose conversion between animals
and human. J Basic Clin Pharm. (2016) 7:27–31. doi: 10.4103/0976-0105.177703

18. Liang W, Menke AL, Driessen A, Koek GH, Lindeman JH, Stoop R, et al.
Establishment of a general NAFLD scoring system for rodent models and comparison to
human liver pathology. PloS One. (2014) 9:e115922. doi: 10.1371/journal.pone.0115922

19. Dubois V, Laurent MR, Jardi F, Antonio L, Lemaire K, Goyvaerts L, et al.
Androgen deficiency exacerbates high-fat diet-induced metabolic alterations in male
mice. Endocrinology. (2016) 157:648–65. doi: 10.1210/en.2015-1713

20. Eckel LA. The ovarian hormone estradiol plays a crucial role in the control of food
intake in females. Physiol Behav. (2011) 104:517–24. doi: 10.1016/j.physbeh.2011.04.014

21. Zhang Y, Na X, Zhang Y, Li L, Zhao X, Cui H. Isoflavone reduces body weight by
decreasing food intake in ovariectomized rats. Ann Nutr Metab. (2009) 54:163–70.
doi: 10.1159/000217812

22. Shen HH, Huang SY, Kung CW, Chen SY, Chen YF, Cheng PY, et al. Genistein
ameliorated obesity accompanied with adipose tissue browning and attenuation of
hepatic lipogenesis in ovariectomized rats with high-fat diet. J Nutr Biochem. (2019)
67:111–22. doi: 10.1016/j.jnutbio.2019.02.001

23. Vogel H, Mirhashemi F, Liehl B, Taugner F, Kluth O, Kluge R, et al. Estrogen
deficiency aggravates insulin resistance and induces beta-cell loss and diabetes in female New
Zealand obese mice. Horm Metab Res. (2013) 45:430–5. doi: 10.1055/s-0032-1331700

24. Sucedaram Y, Johns EJ, Husain R, Abdul Sattar M, HA M, Nelli G, et al.
Exposure to high-fat style diet induced renal and liver structural changes, lipid
accumulation and inflammation in intact and ovariectomized female rats.
J Inflammation Res. (2021) 14:689–710. doi: 10.2147/JIR.S299083

25. Xin X, Chen C, Hu YY, Feng Q. Protective effect of genistein on nonalcoholic
fatty liver disease (NAFLD). BioMed Pharmacother. (2019) 117:109047. doi: 10.1016/
j.biopha.2019.109047

26. Choi JS, Koh IU, Song J. Genistein reduced insulin resistance index through
modulating lipid metabolism in ovariectomized rats. Nutr Res. (2012) 32:844–55.
doi: 10.1016/j.nutres.2012.10.002
Frontiers in Endocrinology 12
27. Ricci E, Cipriani S, Chiaffarino F, Malvezzi M, Parazzini F. Effects of soy
isoflavones and genistein on glucose metabolism in perimenopausal and
postmenopausal non-Asian women: a meta-analysis of randomized controlled trials.
Menopause. (2010) 17:1080–6. doi: 10.1097/gme.0b013e3181dd05a9

28. Gan M, Shen L, Fan Y, Tan Y, Zheng T, Tang G, et al. MicroRNA-451 and
genistein ameliorate nonalcoholic steatohepatitis in mice. Int J Mol Sci. (2019) 20:6084.
doi: 10.3390/ijms20236084

29. Li S, Zhou L, Zhang Q, Yu M, Xiao X. Genistein improves glucose metabolism
and promotes adipose tissue browning through modulating gut microbiota in mice.
Food Funct. (2022) 13:11715–32. doi: 10.1039/d2fo01973f

30. Okrit F, Chayanupatkul M, Wanpiyarat N, Siriviriyakul P, Werawatganon D.
Genistein and sex hormone treatment alleviated hepatic fat accumulation and
inflammation in orchidectomized rats with nonalcoholic steatohepatitis. Heliyon.
(2024) 10:e26055. doi: 10.1016/j.heliyon.2024.e26055

31. Dorn C, Riener MO, Kirovski G, Saugspier M, Steib K, Weiss TS, et al.
Expression of fatty acid synthase in nonalcoholic fatty liver disease. Int J Clin Exp
Pathol. (2010) 3:505–14.

32. Jensen-Urstad AP, Semenkovich CF. Fatty acid synthase and liver triglyceride
metabolism: housekeeper or messenger? Biochim Biophys Acta. (2012) 1821:747–53.
doi: 10.1016/j.bbalip.2011.09.017

33. Moslehi A, Hamidi-Zad Z. Role of SREBPs in liver diseases: a mini-review. J Clin
Transl Hepatol. (2018) 6:332–8. doi: 10.14218/JCTH.2017.00061

34. Choi YR, Shim J, Kim MJ. Genistin: a novel potent anti-adipogenic and anti-
lipogenic agent. Molecules. (2020) 25:2042. doi: 10.3390/molecules25092042

35. Shukla A, Brandsch C, Bettzieche A, Hirche F, Stangl GI, Eder K. Isoflavone-
poor soy protein alters the lipid metabolism of rats by SREBP-mediated down-
regulation of hepatic genes. J Nutr Biochem. (2007) 18:313–21. doi: 10.1016/
j.jnutbio.2006.05.007

36. Rada P, Gonzalez-Rodriguez A, Garcia-Monzon C, Valverde AM.
Understanding lipotoxicity in NAFLD pathogenesis: is CD36 a key driver? Cell
Death Dis. (2020) 11:802. doi: 10.1038/s41419-020-03003-w

37. Jeon S, Park YJ, Kwon YH. Genistein alleviates the development of nonalcoholic
steatohepatitis in ApoE(-/-) mice fed a high-fat diet.Mol Nutr Food Res. (2014) 58:830–
41. doi: 10.1002/mnfr.201300112

38. Pellicano AJ, Spahn K, Zhou P, Goldberg ID, Narayan P. Collagen
characterization in a model of nonalcoholic steatohepatitis with fibrosis; a call for
development of targeted therapeutics. Molecules. (2021) 26:3316. doi: 10.3390/
molecules26113316

39. Li D, Xie P, Zhao S, Zhao J, Yao Y, Zhao Y, et al. Hepatocytes derived increased
SAA1 promotes intrahepatic platelet aggregation and aggravates liver inflammation in
NAFLD. Biochem Biophys Res Commun. (2021) 555:54–60. doi: 10.1016/
j.bbrc.2021.02.124

40. Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, et al. Control of
hepatic gluconeogenesis through the transcriptional coactivator PGC-1. Nature. (2001)
413:131–8. doi: 10.1038/35093050

41. Lee SH, Park SY, Choi CS. Insulin resistance: from mechanisms to therapeutic
strategies. Diabetes Metab J. (2022) 46:15–37. doi: 10.4093/dmj.2021.0280

42. Lonardo A, Nascimbeni F, Ballestri S, Fairweather D, Win S, Than TA, et al. Sex
differences in nonalcoholic fatty liver disease: state of the art and identification of
research gaps. Hepatology. (2019) 70:1457–69. doi: 10.1002/hep.30626

43. Gan M, Chen X, Chen Z, Chen L, Zhang S, Zhao Y, et al. Genistein alleviates
high-fat diet-induced obesity by inhibiting the process of gluconeogenesis in mice.
Nutrients. (2022) 14:1151. doi: 10.3390/nu14081551

44. Yu L, Rios E, Castro L, Liu J, Yan Y, Dixon D. Genistein: dual role in women's
health. Nutrients. (2021) 13:3048. doi: 10.3390/nu13093048

45. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
NAFLD development and therapeutic strategies. Nat Med. (2018) 24:908–22.
doi: 10.1038/s41591-018-0104-9
frontiersin.org

https://doi.org/10.1186/s13293-017-0152-8
https://doi.org/10.1186/s13293-017-0152-8
https://doi.org/10.1016/s0031-9422(02)00116-4
https://doi.org/10.1016/s0031-9422(02)00116-4
https://doi.org/10.2174/1389450118666171109150731
https://doi.org/10.1021/acs.jafc.8b03574
https://doi.org/10.2147/dmso.S216312
https://doi.org/10.2147/dmso.S216312
https://doi.org/10.3390/antiox10010024
https://doi.org/10.1016/j.jnutbio.2021.108778
https://doi.org/10.2337/db09-1554
https://doi.org/10.1155/2015/509057
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1371/journal.pone.0115922
https://doi.org/10.1210/en.2015-1713
https://doi.org/10.1016/j.physbeh.2011.04.014
https://doi.org/10.1159/000217812
https://doi.org/10.1016/j.jnutbio.2019.02.001
https://doi.org/10.1055/s-0032-1331700
https://doi.org/10.2147/JIR.S299083
https://doi.org/10.1016/j.biopha.2019.109047
https://doi.org/10.1016/j.biopha.2019.109047
https://doi.org/10.1016/j.nutres.2012.10.002
https://doi.org/10.1097/gme.0b013e3181dd05a9
https://doi.org/10.3390/ijms20236084
https://doi.org/10.1039/d2fo01973f
https://doi.org/10.1016/j.heliyon.2024.e26055
https://doi.org/10.1016/j.bbalip.2011.09.017
https://doi.org/10.14218/JCTH.2017.00061
https://doi.org/10.3390/molecules25092042
https://doi.org/10.1016/j.jnutbio.2006.05.007
https://doi.org/10.1016/j.jnutbio.2006.05.007
https://doi.org/10.1038/s41419-020-03003-w
https://doi.org/10.1002/mnfr.201300112
https://doi.org/10.3390/molecules26113316
https://doi.org/10.3390/molecules26113316
https://doi.org/10.1016/j.bbrc.2021.02.124
https://doi.org/10.1016/j.bbrc.2021.02.124
https://doi.org/10.1038/35093050
https://doi.org/10.4093/dmj.2021.0280
https://doi.org/10.1002/hep.30626
https://doi.org/10.3390/nu14081551
https://doi.org/10.3390/nu13093048
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.3389/fendo.2024.1392866
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Genistein mitigates diet-induced obesity and metabolic dysfunctions in gonadectomized mice with some sex-differential effects
	Introduction
	Materials and methods
	Animals and housing conditions
	Ethics statement
	Gonadectomy
	Experimental protocol
	Intraperitoneal glucose tolerance test
	Plasma insulin determination
	Endpoint blood and tissue collection
	Serum alanine transaminase determination
	Histopathology
	Gene expression quantification
	Statistical analysis

	Results
	Genistein treatment reduces body weight gain in gonadectomized mice with DIO
	Genistein treatment mitigates the impaired glucose metabolism
	Genistein treatment alleviates HFHS diet-induced steatohepatitis
	Genistein treatment sex-differentially influences expression of hepatic genes associated with IR and MASLD progression

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


