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Abstract: Genistein is an isoflavone phytoestrogen that has been shown to improve obesity; however,
the underlying molecular mechanisms involved therein have not been clearly elucidated. In this study,
we administered genistein to high-fat diet-induced obese mice to investigate its effect on hepatic
gluconeogenesis. The results showed that genistein treatment significantly inhibited body weight
gain, hyperglycemia, and adipose and hepatic lipid deposition in high-fat diet-induced obese mice.
Glucose tolerance test (GTT), insulin tolerance test (ITT) and pyruvate tolerance test (PTT) showed
that genistein treatment significantly inhibited gluconeogenesis and improved insulin resistance
in obese mice. In addition, this study also found that genistein could promote the expression of
miR-451 in vitro and in vivo, and the dual-luciferase reporter system showed that G6pc (glucose-
6-phosphatase) may be a target gene of miR-451. Both genistein treatment and in vivo injection
of miR-451 agomir significantly inhibited gluconeogenesis and inhibited the expression of G6pc
and Gk (glycerol kinase, a known target gene of miR-451). In conclusion, genistein may inhibit
gluconeogenesis in obese mice by regulating the expression of Gk and G6pc through miR-451. These
results may provide insights into the functions of miR-451 and food-derived phytoestrogens in
ameliorating and preventing gluconeogenesis-related diseases.

Keywords: genistein; gluconeogenesis; miR-451; G6pc

1. Introduction

With changes in dietary structure and lifestyle, the number of overweight and obese
people continues to increase. According to estimates by the World Health Organization
(WHO), by 2025, one in five adults worldwide will be obese [1]. Obesity is often accompa-
nied by abnormal glucose metabolism and insulin resistance, and obesity is an important
pathogenic factor of type 2 diabetes. In fact, most patients with type 2 diabetes are over-
weight or obese [2]. Diabetes is projected to be the seventh leading cause of death in the
world by 2030 [3].

Insulin resistance and gluconeogenesis-induced abnormally elevated blood glucose
are hallmarks of type 2 diabetes, but the underlying mechanisms leading to abnormal
gluconeogenesis remain unclear [4,5]. Gluconeogenesis is the physiological process of
synthesizing glucose from non-sugar substances, mainly in the liver. Under starvation
conditions, gluconeogenesis can maintain blood glucose concentration and provide en-
ergy for highly glucose-dependent organs or tissues, such as the brain and red blood
cells, which are important for the maintenance of normal physiological functions of the
body [6]. However, persistent, high levels of gluconeogenesis are also a major cause of
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hyperglycemia in type 2 diabetes and severely impair insulin sensitivity [7]. The expression
of gluconeogenic enzyme is regulated by a network of transcription factors and hormones.
Rate-limiting enzymes involved in gluconeogenesis include pyruvate carboxylase (Pcx),
phosphoenolpyruvate carboxykinase (Pck1), fructose-1,6-2 phosphatase (Fbp), and glucose-
6-phosphate enzyme (G6pc) [8,9]. In addition, enzymes related to the production and
transport of gluconeogenic substrates and some non-coding RNAs (ncRNA) were also
found to be involved in the regulation of gluconeogenesis [10,11]. Regulation of these
molecules can significantly improve hyperglycemia symptoms in animal models of dia-
betes [12]. Therefore, in-depth study of the regulation of hepatic gluconeogenesis may
provide an effective target for the treatment of obesity and type 2 diabetes.

Most obesity drugs or methods have side effects such as easy rebound, affecting
the nervous system and gastrointestinal dysfunction [13]. Therefore, finding a safe and
effective way to lose weight has become a public health concern [14]. In recent years, dietary
interventions or natural products have become a major research focus. Genistein is one
of the most widely distributed food-borne phytoestrogens, its structure is similar to 17β-
estradiol (E2), and it can show weak estrogenic or antiestrogenic activity in mammals [15].
The role of genistein in disease prevention has been widely reported, and it has beneficial
effects in antitumor [16], anti-inflammatory [17], improve NAFLD [18], weight loss [19]
and prevention of osteoporosis [20]. The function of genistein is usually related to its
structure. However, in recent years, some researchers have found that genistein may act as
a regulator of microRNAs (miRNAs) and participate in the regulation of anti-tumor [21],
anti-depression [22], and alleviation of obesity [23] by regulating the expression of miRNAs.
miRNAs are widely studied epigenetic regulators [24]. Previous studies have shown that
miRNAs are involved in hepatic glucose and lipid metabolism [25,26], but there are still few
reports on the regulation of gluconeogenesis by miRNAs. Meanwhile, it is unclear whether
genistein regulates gluconeogenesis through miRNAs. In this study, we focused on the
effect of genistein on hepatic gluconeogenesis in obese mice, and its potential mechanism
of action.

2. Materials and Methods
2.1. Animals and Treatment

ICR mice (female, 8 weeks old) were purchased from Dashuo Laboratory Animal Co.,
Ltd. (Chengdu, China). All mice had free access to food and water during the experiment.
Natural light cycle, ambient temperature: 22 ◦C ± 3 ◦C. During the experiment, mice were
fed a normal maintenance diet (ND), a high-fat diet containing 40% fat (HFD), or HFD
diet supplemented with 200 mg/kg genistein (HFD-G) [27]. The concentration of genistein
in the short-term treatment group (HFD-G-7d) was 500 mg/kg in the diet. Genistein
(Purity ≥ 98%) was purchased from Jingzhu Biotechnology (Nanjing, China). In vivo
functional verification test of miR-451 was achieved by tail vein injection of miR-451 agomiR
(cholesterol modification at the 3′ end, two thio skeleton modifications at the 5′ end, and four
thio skeleton modifications at the 3′ end, full-chain methoxy modification, GenePharma,
Shanghai, China). The injection dose of agomiR was 15 nmol/10 g (200 µg/10 g) body
weight once every 2 days, and the index detection or sample collection was carried out
after 1 week. Before the formal test, an obese mouse model (over 20% of the average body
weight of the control group) was induced by high-fat diet. After the experiment, all mice
were humanely euthanized by CO2 asphyxiation. Blood samples were collected and loaded
into anticoagulant blood collection tubes (EDTA), centrifuged at 3000× g for 10 min, and
the supernatant was taken.

2.2. Plasma Biochemical Index Test and Tissue Section

All biochemical parameters were determined using commercial kits (Nanjing Jiancheng
Institute of Bioengineering, Nanjing, China). High-density lipoprotein cholesterol (HDL-C)
and low-density lipoprotein cholesterol (LDL-C) levels were measured in plasma. Total
cholesterol (TC), triglyceride (TG) and free fatty acid (FA) concentrations were measured
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in plasma and liver tissue. Referring to our previous study, changes in liver color were
measured using a colorimeter (CR-300, Minolta, Japan) [27]. Liver tissue frozen sections
were prepared and stained with hematoxylin-eosin (HE) and oil red.

2.3. Glucose Tolerance Test (GTT), Insulin Tolerance Test (ITT) and Pyruvate Tolerance Test (PTT)

Fasting strategies for mice differed in GTT, PTT, and ITT test trials [28]. After fasting
for 16 h, mice were administered with glucose (2 g/kg body weight) or pyruvate (1.5 g/kg
body weight) solution by intraperitoneal injection for GTT or PTT test. The ITT test was
performed after the mice were fasted for 6 h, and insulin (0.75 U/kg body weight) was
injected intraperitoneally. For all tests blood samples were drawn from the tail vein at 0,
15, 30, 60 and 120 min post dose. Blood glucose concentrations were measured using a
glucometer (Accu-Chek Active, Roche, Ireland).

2.4. Cell Culture and Transfection

NCTC 1469 cells and HePG2 cells (Stem Cell Bank of Chinese Academy of Sciences,
Beijing, China) were cultured in a carbon dioxide incubator (37 ◦C, 5% CO2). A 1 M solution
of genistein was prepared using dimethyl sulfoxide (DMSO) under sterile conditions
and stored at −20 ◦C [27]. NCTC1469 cells were seeded in 12-well plates. When the
cell confluency reached about 50%, cells were stimulated with genistein (20 µM), and
Lipofectamine 3000 (Invitrogen, Guangzhou, China) was used to transfect miR-451 mimic
(miR-451 M), miR-451 inhibitor (miR-451 I) and negative control (NC, Ribobio, Guangzhou,
China). After 24 h of treatment, the samples were lysed and collected according to the
instructions (TRIzol reagent, Invitrogen, Guangzhou, China).

2.5. Real-Time Quantitative PCR

Total RNA was extracted from mouse liver (lysed after trituration with liquid nitro-
gen) and cells (directly lysed) using TRIzol reagent. Total RNA was reversed to cDNA
using PrimeScript™ RT reagent Kit (Takara, Dalian, China), and cDNA was quantitatively
detected by fluorescence on a CFX96 real-time PCR detection system (Bio-Rad, Richmond,
CA, USA) using SYBR Premix Ex Taq II (2×) (Takara). Relative expression levels of mRNAs
and miRNAs were calculated using the 2−∆∆Ct method [29]. The primer sequences are
listed in Supplementary Table S1.

2.6. Dual Luciferase Reporting System

The binding relationship between miRNA and target gene was verified using a dual-
luciferase reporter system. A fragment of the 3′ UTR of G6pc containing the miR-451 target
site was first amplified by PCR and inserted into the psiCHECK™-2 vector. For luciferase
reporter assays, psiCHECK™-2 vector, miR-451M, NC or genistein were co-transfected
into HePG2 cells using Lipofectamine 3000. After co-transfection, cells were harvested and
lysed after 48 h of incubation. The fluorescence intensity of the lysate was measured using
a dual-luciferase detection system (Promega, Madison, WI, USA). The relative fluorescence
intensity was calculated according to the instructions.

2.7. Analysis of Liver Fatty Acids

After grinding the mouse liver tissue with liquid nitrogen, add 3 mL of n-hexane,
invert and mix at 50 ◦C for 30 min, add 3 mL of methanol solution, and derivatize by
shaking at 50 ◦C for 30 min. Add 1 mL of water and mix well. Leave the layers to stand
still and take the upper layer for detection, (GC-MS 7890B-5977A, Agilent, Santa Clara,
CA, USA).

2.8. Statistical Analysis

Results are presented as the mean ± sd. One-way analysis of variance was performed
on more than two groups of samples using SPSS 22.0 software. Significance is marked
in the form of superscript letters, with different superscript letters indicating significant
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difference (p ≤ 0.05), and superscript the same letter indicating insignificant difference
(p > 0.05).

3. Results
3.1. Genistein Reduces Body Weight and Fat Deposition in Obese Mice

A mouse model of obesity was successfully established by feeding a high-fat diet
(HFD) for 8 weeks (ND (normal maintenance diet): 30.88 ± 1.54 g; HFD: 39.79 ± 1.99 g).
The weight of mice in the HFDG (HFD diet supplemented with genistein) group was
significantly lower than that in the HFD group from the second week of feeding genistein,
and the weight of the mice in the HFDG group increased by 3.28 g after one month of
genistein treatment, while that in the HFD group increased by 9.90 g (Figure 1A). Genistein
treatment did not affect the mice’s feed and water intake (Figure 1B). Fasting and feed
blood glucose tests found that the HFD group was significantly higher than the ND and
HFDG group (Figure 1C). Weighing of fat and liver tissue found that the weight of liver
and in each part fat of the HFD group was significantly higher than that of the HFDG group
and the ND group, and the organ indexes except the interscapular fat was also higher
than those of the HFG group and the ND group (Figure 1D–I). However, only the gonadal
fat was significantly higher in the HFDG group than in the ND group (Figure 1H,I). In
addition, compared with the ND group, the liver tissue of the HFD group also showed a
significant increase in L* (brightness), a significant decrease in a* (redness), and a significant
increase in b* (yellowness). Compared with the HFD group, b* decreased significantly in
the HFDG group (Figure 1J). These results indicate that genistein treatment significantly
inhibited body weight gain and lipid deposition in adipose and liver tissue in obese mice.

3.2. Genistein Alleviates Insulin Resistance and Inhibits Gluconeogenesis in Obese Mice

To determine the effect of genistein on blood glucose metabolism in obese mice, GTT,
ITT and PTT tests were performed (Figure 2A–C). Compared with the ND group, the
blood glucose level in the HFD group was significantly increased at each time point, while
the genistein treatment significantly alleviated the blood glucose increase caused by HFD
(Figure 2D). HE staining of liver tissue showed that a large number of vacuoles appeared in
hepatocytes after high-fat diet feeding, while the vacuoles were reduced but not completely
disappeared after genistein treatment (Figure 2E). Oil red O staining showed that compared
with the ND group, there were a large number of lipid droplets in the hepatocytes of
the HFD group, while the size and number of lipid droplets in the HFDG group were
between the ND group and the HFD group (Figure 2F). The detection of plasma and
liver biochemical indexes showed that compared with the ND group, the HDL-C in the
HFDG group was significantly lower than that in the ND group, while the plasma LDL-C,
plasma TG, plasma TC, liver TC and liver FA was significantly higher than that in the ND
group (Figure 2G–I). Meanwhile, compared with HFD group, HDL-C in HFDG group was
significantly higher than that in the HFD group, while plasma LDL-C, plasma TG, plasma
TC, liver TC and liver FA were significantly lower than that in the HFD group (Figure 2G–I).
Plasma FA and liver TG of HDFG group was significantly lower than that of HFD group,
but not significantly different from that of ND group (Figure 2H,I).
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Figure 1. Genistein inhibits high-fat diet (HFD)-induced obesity in mice. (A) Weekly body weight of
mice. ND: normal maintenance diet, HFDG: HFD diet supplemented with genistein. (B) Mean daily
food and water intake. (C) Feed or fasting (8 h) blood glucose. (D–G) Images of the interscapular fat
(D), inguinal fat (E), gonadal fat (F) and liver (G). (H) Weight of the interscapular fat, inguinal fat,
gonadal fat and liver. (I) The organ index of the interscapular fat, inguinal fat, gonadal fat, and liver.
(J) The chromatic aberration of the mice liver. n = 6. Different superscript letters indicate significant
differences (p ≤ 0.05), and the same superscript letters indicate insignificant differences (p > 0.05). L*
(0 is black, 100 is white); a* (positive and negative values are shown in red and green, respectively);
b* (positive and negative values are shown in yellow and blue, respectively).
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Figure 2. Genistein alleviates insulin resistance and hepatic lipid accumulation in obese mice.
(A) GTT. (B) ITT. (C) PTT. (D) The area under the curve (AUC) of GTT, ITT and PTT. (E) HE staining
of liver sections. (F) Oil Red O staining of liver sections (magnification, 200×). (G) Plasma HDL-C
and LDL-C. (H) Plasma TG, TC and FA. (I) Triglycerides (TG), total cholesterol (TC) and free fatty
acids (FA) in liver homogenate. n = 6. Different superscript letters indicate significant differences
(p ≤ 0.05), and the same superscript letters indicate insignificant differences (p > 0.05).

3.3. Genistein Regulates G6pc Expression via miR-451

RT-qPCR results of fat synthesis (Fasn, Acc1, Scd1) and gluconeogenesis-related (Pck1,
Pcx, Fbp1, G6pc, Gk) genes in mouse liver showed that high-fat diet feeding significantly
increased the expression of these genes. The expression of all these genes was significantly
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decreased in the HFDG group compared with the HFD group (Figure 3A,B). Genistein has
been reported to promote the expression of miR-451 in our previous study [27], and we
speculated that the anti-obesity effect of genistein might be related to miR-451. Therefore,
we further analyzed the correlation between miR-451 and the expression of these genes,
and found that miR-451 was negatively correlated with the expression of fat synthesis
and gluconeogenesis-related genes (Figure 3C). These results imply that miR-451 may
play an important role in regulating hepatic fat synthesis and gluconeogenesis. Using
RNAhybird [30] for sequence alignment and target gene prediction, we found that the
3’UTR of G6pc has a binding site for miR-451, and then we confirmed the binding rela-
tionship between the 3’UTR of G6pc and miR-451 using a dual-luciferase reporter system
(Figure 3D–F). After transfection of miR-451 mimic (miR-451 M), miR-451 inhibitor (miR-
451 M) or incubation with genistein (Gen) in NCTC1469 cells, genistein was found to have
the ability to promote the expression of miR-451 in NCTC1469 cells (Figure 3G). Among
different treatments, high expression of miR-451 corresponds to low expression of G6pc
and Gk (Figure 3G).

3.4. Both Genistein and miR-451 Agomir Treatment Effectively Inhibit Hepatic Gluconeogenesis in
Obese Mice In Vivo

We then examined the effects of genistein treatment for 1d and injection of miR-
451 agomir once on PTT in obese mice, and found that the genistein-treated group was
significantly lower than the HFD group, at only 120 minutes (Figure 4A). There were
no significant differences in blood glucose in mice at other time points and in the total
area under the curve (Figure 4B). The results showed that short-term treatment did not
effectively improve gluconeogenesis in obese mice. Therefore, we extended the treatment
time for 1 week and found that both miR-451 agomir and genistein were effective in
reducing blood glucose levels in GTT, ITT and PTT tests in obese mice (Figure 4C–F). RT-
qPCR showed that injection of miR-451 agomir significantly increased the level of miR-451
in mouse liver and significantly inhibited the expression of G6pc, Gk, Fasn, Acc, Pcx and
Fbp1 (Figure 4G–I). Genistein treatment solution significantly promoted the expression of
miR-451 and inhibited the expression of G6pc, Gk, Fasn, Acc, Pck1 and Fbp1 (Figure 4G–I).
These results suggest that genistein and miR-451agomir treatment for 1 week can effectively
alleviate hepatic gluconeogenesis in obese mice.

3.5. Genistein and miR-451 Agomir Affect Mouse Liver Fatty Acid Composition

Liver Oil Red O staining showed that genistein treatment and injection of miR-451
agomir 7d reduced the number and size of lipid droplets in the liver. Liver fatty acid
content and composition was further analyzed (Figure 5A). In terms of content, the HFD
group and the short-term treatment groups (HFD-G-7d and HFD-miR-451-7d) preferen-
tially clustered into one clade, while the ND group and the long-term treatment group
(HFD-G-7d) preferentially clustered into one clade (Figure 5B). In terms of fatty acid com-
position, different patterns were shown, showing that the 4 groups of mice fed a high-fat
diet preferentially clustered into one branch, while the normal diet mice clustered into
one branch alone (Figure 5C). The C18:1n9c, C22:1n9, C20:0, C14:0, C16:1, C20:1, C17:1,
C16:0 and C20:2 ratios were increased in the liver of obese mice. The ratios of C18:1n9c,
C22:1n9, C20:0, C14:0, C16:1, C20:1, C17:1, C16:0 and C20:2 were increased in the liver of
obese mice, while C17:0, C18:3n6, C24:0, C6:0, C8:0, C18:2n6c, C20:4n6, C18:0 and C22:6
proportional reduction (Figure 5C). Saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), and polyunsaturated fatty acids (PUFA) were further analyzed. Compared
with the HFD group, the treatment groups (HFD-G, HFD-miR-451-7d and HFD-G-7d)
had significantly lower SFA/MUFA and PUFA, except that the HFD-G-7d group had no
significant effect on PUFA (Figure 5D). Fatty acid content was lower in both ND and HFDG
groups (Figure 5B), but the content of monounsaturated fatty acids (MUFA) in the HFDG
group was significantly higher than that in the ND group (Figure 5D). By analyzing the
fatty acid composition, it was found that the HFD group was mainly characterized by
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increased MUFA and decreased PUFA, and different treatments could significantly alleviate
this trend (Figure 5E).
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Figure 3. G6pc is a target gene of miR-451. (A) Expression of fat synthesis-related genes in liver, Fatty
acid synthase (Fasn), Acetyl Co A carboxylase (Acc1), Stearoyl-CoAdesaturase-1 (Scd1). (B) Expression
of gluconeogenesis-related genes in liver, pyruvate carboxylase (Pcx), phosphoenolpyruvate car-
boxykinase (Pck1), fructose-1,6-2 phosphatase (Fbp), and glucose-6-phosphate enzyme (G6pc), glycerol
kinase (Gk). (C) Correlations between miR-451 and fat synthesis genes, gluconeogenesis genes, AUC-
GTT, AUC-ITT and AUC-PTT. (D) Binding position of miR-451 to the 3′ UTR of G6pc. (E) Secondary
structure of the binding site of miR-451 to the 3′ UTR of G6pc. (F) Fluorescence intensity of the
dual-luciferase reporter assay system. (G) The expression of miR-451, G6pc and Gk in NCTC1469
cells after treatment with negative control (NC), miR-451 mimic (miR-451M), miR-451 inhibitor (miR-
451I), 20 µM genistein (Gen) and 20 µM genistein + miR-451 inhibitor (Gen-miR-451I). (A,B) n = 6;
(F,G) n = 3. Different superscript letters indicate significant differences (p ≤ 0.05), and the same
superscript letters indicate insignificant differences (p > 0.05).
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Figure 4. Both genistein and miR-451 agomir can effectively alleviate hepatic gluconeogenesis in
obese mice. (A,B) Intraperitoneal PTT detection (A) and area under the curve (B) in obese mice,
after genistein feeding for 1 day or injection of miR-451 agomir for 1 time. HFD-G-16h: Genistein
supplemented in HFD diet and fed for 16 h, HFD-miR-451-16h: 16h after miR-451agomir injection
in HFD diet group. (C–F). Intraperitoneal GTT (C), ITT (D), PTT (E) detection and area under the
curve (F) in obese mice, after genistein feeding for 7 days or injection of miR-451 agomir 7 days.
HFD-G-7d: Genistein supplemented in HFD diet and fed for 7 days, HFD-miR-451-7d: 7 days after
miR-451agomir injection in HFD diet group. (G) Expression of miR-451 and its target genes Gk and
G6pc. (H) Expression of fat synthesis-related genes in liver. (B) Expression of gluconeogenesis-related
genes in liver. (A–F), n = 6; (G–I), n = 3. Different superscript letters indicate significant differences
(p ≤ 0.05), and the same superscript letters indicate insignificant differences (p > 0.05).
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Figure 5. Effects of genistein and miR-451agomir on fatty acid content and composition in mouse
liver. (A) Oil Red O staining of liver sections (magnification, 200×). (B) Cluster heatmap of the
content of different fatty acids in the liver. (C) Cluster heatmap of different fatty acid composition of
liver. (D) Saturated fatty acid (SFA), monounsaturated fatty acid (MUFA) and polyunsaturated fatty
acid (PUFA) content in liver. (E) Composition of SFA, MUFA and PUFA in liver. The group of ND,
HFD and HFDG, n = 4; the group of HFD-G-7d and HFD-miR-451-7d, n = 3. Different superscript
letters indicate significant differences (p≤ 0.05), and the same superscript letters indicate insignificant
differences (p > 0.05).
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4. Discussion

Genistein is a widely studied natural product, and its effects include anti-tumor, anti-
inflammatory, antioxidant, and anti-osteoporosis [16]. In recent years, with the increase
of obesity and type 2 diabetes, the research of genistein in resisting obesity and relieving
diabetes has continued to emerge [31,32]. Hyperglycemia is one of the clinical features of
diabetic patients, and while the continuous increase of gluconeogenesis is the main factor
of hyperglycemia in diabetic patients, there are still few reports on the effect of genistein on
gluconeogenesis [33]. Here, we demonstrate that genistein can partially lower blood sugar
and improve insulin sensitivity by modulating gluconeogenesis. The hypoglycemic effect
of genistein may be related to miR-451, G6pc and Gk.

In the present study, genistein significantly reduced lipid deposition in fat and liver in
high-fat diet-induced obese mice. This is consistent with our previous observations [23].
In GTT, ITT and PTT experiments, genistein significantly improved glucose tolerance and
insulin sensitivity, and significantly inhibited gluconeogenesis in obese mice. Many studies
have found that genistein can improve blood glucose tolerance and insulin sensitivity,
but there are fewer reports on its effects on gluconeogenesis [16]. miR-451 is a blood-
cell-specific miRNA [34], not only involved in erythrocyte maturation [35], but also in
glucose homeostasis [36], and our previous studies found that genistein can promote
the expression of miR-451 in H9C2 [37], NCTC1469 and Raw246.7 cell lines [27], so we
reasonably guessed that the hypoglycemic effect of genistein may be related to miR-451.
Glycerol is one of the main raw materials for gluconeogenesis, and is produced by lipolysis
of triglycerides in adipose tissue. After glycerol reaches the liver through blood circulation,
it is phosphorylated by Gk (one of the target genes of miR-451 [36]) to produce glycerol
3-phosphate, which is further catalyzed by glycerol phosphate dehydrogenase to produce
dihydroxyacetone phosphate and enter gluconeogenesis [38]. Notably, we also found and
confirmed that G6pc, a key rate-limiting enzyme in gluconeogenesis [39], is also a target
gene of miR-451. Zamani et al. also found that genistein could inhibit the expression of
Pck1 and G6pase [26]. Our results suggest that genistein can inhibit gluconeogenesis by
regulating the expression of miR-451, but due to the special structure (molecular structure
similar to E2), there may be other unknown regulatory mechanisms. In addition, because of
its ability to bind to estrogen receptors, the possible side effects of genistein should also be
fully considered, especially for hormone-sensitive organs and specific physiological states.

The liver is also the main site of fatty acid metabolism. On the one hand, a high-fat diet
leads to the accumulation of exogenous fatty acids in the liver. At the same time, insulin
resistance in obese mice leads to an increase in the synthesis of endogenous fatty acids in
the liver [40]. In this study, Fasn and Acc, which are involved in fatty acid synthesis [41],
were also found to be significantly increased in the liver of obese mice. In addition to
participating in energy metabolism, fatty acids also play an important role in membrane
structure and signal transduction, and different types of fatty acids play different roles [42].
The present study found that in addition to a significant increase in total fatty acid content
in the liver of obese mice, fatty acid composition also changed (Table S2). High-fat diet-
induced obese mice are characterized by increased MUFA and decreased PUFA. PUFA
have important physiological functions [43]. Interestingly, by analyzing the content of SFA,
MUFA and PUFA, we found that genistein treatment mainly reduced SFA and MUFA in
liver after 1 week of treatment. In terms of composition, there was no significant difference
in SFA, MUFA and PUFA between HFD-G group and HFD-G-7d group. These results
suggest that genistein may exert beneficial physiological effects through PUFAs. In addition,
the PUFA in the HFD-miR-451-7d group was significantly lower than that in the HFD-G
group, suggesting that the effect of miR-451 on fatty acid composition in the liver of obese
mice was different from that of genistein.

We also observed disrupted cholesterol homeostasis in obese mice. The main function
of LDL-C in plasma is to supply blood cholesterol to cells, whereas the role of HDL-C is
to transfer cholesterol from peripheral tissues to the liver [44]. Abnormal levels of plasma
lipoproteins further exacerbate the disturbance of cholesterol metabolism. Corresponding
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to abnormal plasma lipoprotein levels was a marked increase in total cholesterol in the liver
and plasma of obese mice. The level of HDL-C is negatively correlated with the occurrence
of coronary heart disease. Elevated LDL-C and TG increase the risk of coronary heart
disease [45]. Genistein can significantly inhibit LDL-C and up-regulate HDL-C, suggesting
it has application potential in the treatment of cardiovascular diseases.

5. Conclusions

In conclusion, our study demonstrated the improvement effect of genistein on hepatic
glucose and lipid metabolism in obese mice. Genistein can alter liver fatty acid content and
composition to reduce hepatic lipid deposition and alleviate hyperglycemia symptoms by
inhibiting hepatic gluconeogenesis. miR-451 and its target genes Gk and G6pc may play
an important role in the inhibition of hepatic gluconeogenesis by genistein in obese mice.
These results provide a reference for understanding the potential regulatory mechanism of
genistein in improving obesity.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: Conceptualization, M.G., X.L., L.S. and L.Z.; Data curation, M.G., L.C. and
L.N.; Formal analysis, S.Z. and Y.Z.; Funding acquisition, L.C.; Investigation, S.Z., Y.Z. and L.N.;
Methodology, X.C. and Z.C.; Project administration, L.C.; Resources, X.C. and L.N.; Software, M.G.;
Validation, Z.C.; Visualization, S.Z., Y.Z., X.L. and L.S.; Writing—original draft, M.G., X.C., L.S. and
L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number: No. 2021YFD1200801; Sichuan Sci & Tech Support Program, grant number: No.
2020YFN0147, No. 2021ZDZX0008.

Institutional Review Board Statement: All experiments were conducted in accordance with the
requirements and standards of the Sichuan Agricultural University Ethics Committee, Sichuan, China
(No. 20210156).

Informed Consent Statement: Not applicable.

Data Availability Statement: If additional data related to this study are required, please consult the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mohammed, M.; Sendra, S.; Lloret, J.; Bosch, I. Systems and wbans for controlling obesity. J. Healthc. Eng. 2018, 2018, 1564748.

[CrossRef] [PubMed]
2. Hauner, H. Managing type 2 diabetes mellitus in patients with obesity. Treat. Endocrinol. 2004, 3, 223–232. [CrossRef] [PubMed]
3. Booth, F.; Hawley, J. The erosion of physical activity in western societies: An economic death march. Diabetologia 2015,

58, 1730–1734. [CrossRef] [PubMed]
4. Wajngot, A.; Chandramouli, V.; Schumann, W.; Ekberg, K.; Jones, P.; Efendic, S.; Landau, B. Quantitative contributions of

gluconeogenesis to glucose production during fasting in type 2 diabetes mellitus. Metab. Clin. Exp. 2001, 50, 47–52. [CrossRef]
[PubMed]

5. Lin, H.; Accili, D. Hormonal regulation of hepatic glucose production in health and disease. Cell Metab. 2011, 14, 9–19. [CrossRef]
[PubMed]

6. Chung, S.; Chacko, S.; Sunehag, A.; Haymond, M. Measurements of gluconeogenesis and glycogenolysis: A methodological
review. Diabetes 2015, 64, 3996–4010. [CrossRef]

7. Shahwan, M.; Alhumaydhi, F.; Ashraf, G.; Hasan, P.; Shamsi, A. Role of polyphenols in combating type 2 diabetes and insulin
resistance. Int. J. Biol. Macromol. 2022, 206, 567–579. [CrossRef]

8. Velayudhan, J.; Kelly, D. Analysis of gluconeogenic and anaplerotic enzymes in campylobacter jejuni: An essential role for
phosphoenolpyruvate carboxykinase. Microbiology 2002, 148, 685–694. [CrossRef]

9. Honma, K.; Kamikubo, M.; Mochizuki, K.; Goda, T. Insulin-induced inhibition of gluconeogenesis genes, including glutamic
pyruvic transaminase 2, is associated with reduced histone acetylation in a human liver cell line. Metab. Clin. Exp. 2017,
71, 118–124. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14081551/s1
https://www.mdpi.com/article/10.3390/nu14081551/s1
http://doi.org/10.1155/2018/1564748
http://www.ncbi.nlm.nih.gov/pubmed/29599941
http://doi.org/10.2165/00024677-200403040-00004
http://www.ncbi.nlm.nih.gov/pubmed/16026105
http://doi.org/10.1007/s00125-015-3617-5
http://www.ncbi.nlm.nih.gov/pubmed/25952481
http://doi.org/10.1053/meta.2001.19422
http://www.ncbi.nlm.nih.gov/pubmed/11172474
http://doi.org/10.1016/j.cmet.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21723500
http://doi.org/10.2337/db15-0640
http://doi.org/10.1016/j.ijbiomac.2022.03.004
http://doi.org/10.1099/00221287-148-3-685
http://doi.org/10.1016/j.metabol.2017.03.009


Nutrients 2022, 14, 1551 13 of 14

10. Petersen, M.; Vatner, D.; Shulman, G. Regulation of hepatic glucose metabolism in health and disease. Nat. Rev. Endocrinol. 2017,
13, 572–587. [CrossRef]

11. Li, K.; Zhang, J.; Yu, J.; Liu, B.; Guo, Y.; Deng, J.; Chen, S.; Wang, C.; Guo, F. Microrna-214 suppresses gluconeogenesis by targeting
activating transcriptional factor 4. J. Biol. Chem. 2015, 290, 8185–8195. [CrossRef] [PubMed]

12. Liang, J.; Liu, C.; Qiao, A.; Cui, Y.; Zhang, H.; Cui, A.; Zhang, S.; Yang, Y.; Xiao, X.; Chen, Y.; et al. Microrna-29a-c decrease fasting
blood glucose levels by negatively regulating hepatic gluconeogenesis. J. Hepatol. 2013, 58, 535–542. [CrossRef] [PubMed]

13. Caballero, B. Humans against obesity: Who will win? Adv. Nutr. 2019, 10, S4–S9. [CrossRef] [PubMed]
14. Chao, A.; Quigley, K.; Wadden, T. Dietary interventions for obesity: Clinical and mechanistic findings. J. Clin. Investig. 2021, 131.

[CrossRef] [PubMed]
15. Dixon, R.A.; Ferreira, D. Genistein. Phytochemistry 2002, 60, 205–211. [CrossRef]
16. Mukund, V.; Mukund, D.; Sharma, V.; Mannarapu, M.; Alam, A. Genistein: Its role in metabolic diseases and cancer. Crit. Rev.

Oncol. Hematol. 2017, 119, 13–22. [CrossRef]
17. Verdrengh, M.; Jonsson, I.M.; Holmdahl, R.; Tarkowski, A. Genistein as an anti-inflammatory agent. Inflamm. Res. 2003,

52, 341–346. [CrossRef]
18. Xin, X.; Chen, C.; Hu, Y.; Feng, Q. Protective effect of genistein on nonalcoholic fatty liver disease (nafld). Biomed. Pharmacother.

2019, 117, 109047. [CrossRef] [PubMed]
19. Behloul, N.; Wu, G. Genistein: A promising therapeutic agent for obesity and diabetes treatment. Eur. J. Pharmacol. 2013,

698, 31–38. [CrossRef]
20. Cotter, A.; Cashman, K. Genistein appears to prevent early postmenopausal bone loss as effectively as hormone replacement

therapy. Nutr. Rev. 2003, 61, 346–351. [CrossRef]
21. Hsieh, P.; Liao, Y.; Hsieh, C.; Chen, P.; Yu, C. Soy isoflavone genistein impedes cancer stemness and mesenchymal transition in

head and neck cancer through activating mir-34a/rtcb axis. Nutrients 2020, 12, 1924. [CrossRef] [PubMed]
22. Shen, F.; Huang, W.-L.; Xing, B.-P.; Fang, X.; Feng, M.; Jiang, C.-M. Genistein improves the major depression through suppressing

the expression of mir-221/222 by targeting connexin 43. Psychiatry Investig. 2018, 15, 919–925. [CrossRef] [PubMed]
23. Gan, M.; Shen, L.; Wang, S.; Guo, Z.; Zheng, T.; Tan, Y.; Fan, Y.; Liu, L.; Chen, L.; Jiang, A.; et al. Genistein inhibits high fat

diet-induced obesity through mir-222 by targeting btg2 and adipor1. Food Funct. 2020, 11, 2418–2426. [CrossRef] [PubMed]
24. Ji, C.; Guo, X. The clinical potential of circulating micrornas in obesity. Nat. Rev. Endocrinol. 2019, 15, 731–743. [CrossRef]

[PubMed]
25. Agbu, P.; Carthew, R. Microrna-mediated regulation of glucose and lipid metabolism. Nat. Rev. Mol. Cell Biol. 2021, 22, 425–438.

[CrossRef]
26. Zamani-Garmsiri, F.; Hashemnia, S.; Shabani, M.; Bagherieh, M.; Emamgholipour, S.; Meshkani, R. Combination of metformin

and genistein alleviates non-alcoholic fatty liver disease in high-fat diet-fed mice. J. Nutr. Biochem. 2021, 87, 108505. [CrossRef]
27. Gan, M.; Shen, L.; Fan, Y.; Tan, Y.; Zheng, T.; Tang, G.; Niu, L.; Zhao, Y.; Chen, L.; Jiang, D.; et al. Microrna-451 and genistein

ameliorate nonalcoholic steatohepatitis in mice. Int. J. Mol. Sci. 2019, 20, 6084. [CrossRef]
28. Wu, L.; Lu, Y.; Jiao, Y.; Liu, B.; Li, S.; Li, Y.; Xing, F.; Chen, D.; Liu, X.; Zhao, J.; et al. Paternal psychological stress reprograms

hepatic gluconeogenesis in offspring. Cell Metab. 2016, 23, 735–743. [CrossRef]
29. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative pcr and the 2(-delta delta c(t))

method. Methods 2001, 25, 402–408. [CrossRef]
30. Rehmsmeier, M.; Steffen, P.; Hochsmann, M.; Giegerich, R. Fast and effective prediction of microrna/target duplexes. RNA 2004,

10, 1507–1517. [CrossRef]
31. Gilbert, E.; Liu, D. Anti-diabetic functions of soy isoflavone genistein: Mechanisms underlying its effects on pancreatic β-cell

function. Food Funct. 2013, 4, 200–212. [CrossRef] [PubMed]
32. Weng, L.; Zhang, F.; Wang, R.; Ma, W.; Song, Y. A review on protective role of genistein against oxidative stress in diabetes and

related complications. Chem. Biol. Interact. 2019, 310, 108665. [CrossRef] [PubMed]
33. Dkhar, B.; Khongsti, K.; Thabah, D.; Syiem, D.; Satyamoorthy, K.; Das, B. Genistein represses pepck-c expression in an insulin-

independent manner in hepg2 cells and in alloxan-induced diabetic mice. J. Cell. Biochem. 2018, 119, 1953–1970. [CrossRef]
[PubMed]

34. Chen, X.; Gao, C.; Li, H.; Huang, L.; Sun, Q.; Dong, Y.; Tian, C.; Gao, S.; Dong, H.; Guan, D.; et al. Identification and
characterization of micrornas in raw milk during different periods of lactation, commercial fluid, and powdered milk products.
Cell Res. 2010, 20, 1128–1137. [CrossRef]

35. Xu, P.; Palmer, L.; Lechauve, C.; Zhao, G.; Yao, Y.; Luan, J.; Vourekas, A.; Tan, H.; Peng, J.; Schuetz, J.; et al. Regulation of gene
expression by mir-144/451 during mouse erythropoiesis. Blood 2019, 133, 2518–2528. [CrossRef]

36. Zhuo, S.; Yang, M.; Zhao, Y.; Chen, X.; Zhang, F.; Li, N.; Yao, P.; Zhu, T.; Mei, H.; Wang, S.; et al. Microrna-451 negatively regulates
hepatic glucose production and glucose homeostasis by targeting glycerol kinase-mediated gluconeogenesis. Diabetes 2016,
65, 3276–3288. [CrossRef]

37. Gan, M.; Zheng, T.; Shen, L.; Tan, Y.; Fan, Y.; Shuai, S.; Bai, L.; Li, X.; Wang, J.; Zhang, S.; et al. Genistein reverses isoproterenol-
induced cardiac hypertrophy by regulating mir-451/timp2. Biomed. Pharmacother. 2019, 112, 108618. [CrossRef]

38. Wang, Y.; Kwon, H.; Su, X.; Wondisford, F. Glycerol not lactate is the major net carbon source for gluconeogenesis in mice during
both short and prolonged fasting. Mol. Metab. 2020, 31, 36–44. [CrossRef]

http://doi.org/10.1038/nrendo.2017.80
http://doi.org/10.1074/jbc.M114.633990
http://www.ncbi.nlm.nih.gov/pubmed/25657009
http://doi.org/10.1016/j.jhep.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23111009
http://doi.org/10.1093/advances/nmy055
http://www.ncbi.nlm.nih.gov/pubmed/30721956
http://doi.org/10.1172/JCI140065
http://www.ncbi.nlm.nih.gov/pubmed/33393504
http://doi.org/10.1016/S0031-9422(02)00116-4
http://doi.org/10.1016/j.critrevonc.2017.09.004
http://doi.org/10.1007/s00011-003-1182-8
http://doi.org/10.1016/j.biopha.2019.109047
http://www.ncbi.nlm.nih.gov/pubmed/31176163
http://doi.org/10.1016/j.ejphar.2012.11.013
http://doi.org/10.1301/nr.2003.oct.346-351
http://doi.org/10.3390/nu12071924
http://www.ncbi.nlm.nih.gov/pubmed/32610494
http://doi.org/10.30773/pi.2018.06.29
http://www.ncbi.nlm.nih.gov/pubmed/30205672
http://doi.org/10.1039/C9FO00861F
http://www.ncbi.nlm.nih.gov/pubmed/32129363
http://doi.org/10.1038/s41574-019-0260-0
http://www.ncbi.nlm.nih.gov/pubmed/31611648
http://doi.org/10.1038/s41580-021-00354-w
http://doi.org/10.1016/j.jnutbio.2020.108505
http://doi.org/10.3390/ijms20236084
http://doi.org/10.1016/j.cmet.2016.01.014
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1261/rna.5248604
http://doi.org/10.1039/C2FO30199G
http://www.ncbi.nlm.nih.gov/pubmed/23160185
http://doi.org/10.1016/j.cbi.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31125535
http://doi.org/10.1002/jcb.26356
http://www.ncbi.nlm.nih.gov/pubmed/28816409
http://doi.org/10.1038/cr.2010.80
http://doi.org/10.1182/blood.2018854604
http://doi.org/10.2337/db16-0166
http://doi.org/10.1016/j.biopha.2019.108618
http://doi.org/10.1016/j.molmet.2019.11.005


Nutrients 2022, 14, 1551 14 of 14

39. Chou, J.; Mansfield, B. Mutations in the glucose-6-phosphatase-alpha (g6pc) gene that cause type ia glycogen storage disease.
Hum. Mutat. 2008, 29, 921–930. [CrossRef]

40. Hodson, L.; Rosqvist, F.; Parry, S. The influence of dietary fatty acids on liver fat content and metabolism. Proc. Nutr. Soc. 2020,
79, 30–41. [CrossRef]

41. Paiva, P.; Medina, F.; Viegas, M.; Ferreira, P.; Neves, R.; Sousa, J.; Ramos, M.; Fernandes, P. Animal fatty acid synthase: A chemical
nanofactory. Chem. Rev. 2021, 121, 9502–9553. [CrossRef] [PubMed]

42. Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free fatty acid receptors in health and disease. Physiol. Rev. 2020,
100, 171–210. [CrossRef] [PubMed]

43. Sheashea, M.; Xiao, J.; Farag, M. Mufa in metabolic syndrome and associated risk factors: Is mufa the opposite side of the pufa
coin? Food Funct. 2021, 12, 12221–12234. [CrossRef] [PubMed]

44. Nordestgaard, B.; Varbo, A. Triglycerides and cardiovascular disease. Lancet 2014, 384, 626–635. [CrossRef]
45. Chapman, M.; Ginsberg, H.; Amarenco, P.; Andreotti, F.; Borén, J.; Catapano, A.; Descamps, O.; Fisher, E.; Kovanen, P.; Kuiven-

hoven, J.; et al. Triglyceride-rich lipoproteins and high-density lipoprotein cholesterol in patients at high risk of cardiovascular
disease: Evidence and guidance for management. Eur. Heart J. 2011, 32, 1345–1361. [CrossRef] [PubMed]

http://doi.org/10.1002/humu.20772
http://doi.org/10.1017/S0029665119000569
http://doi.org/10.1021/acs.chemrev.1c00147
http://www.ncbi.nlm.nih.gov/pubmed/34156235
http://doi.org/10.1152/physrev.00041.2018
http://www.ncbi.nlm.nih.gov/pubmed/31487233
http://doi.org/10.1039/D1FO00979F
http://www.ncbi.nlm.nih.gov/pubmed/34779464
http://doi.org/10.1016/S0140-6736(14)61177-6
http://doi.org/10.1093/eurheartj/ehr112
http://www.ncbi.nlm.nih.gov/pubmed/21531743

	Introduction 
	Materials and Methods 
	Animals and Treatment 
	Plasma Biochemical Index Test and Tissue Section 
	Glucose Tolerance Test (GTT), Insulin Tolerance Test (ITT) and Pyruvate Tolerance Test (PTT) 
	Cell Culture and Transfection 
	Real-Time Quantitative PCR 
	Dual Luciferase Reporting System 
	Analysis of Liver Fatty Acids 
	Statistical Analysis 

	Results 
	Genistein Reduces Body Weight and Fat Deposition in Obese Mice 
	Genistein Alleviates Insulin Resistance and Inhibits Gluconeogenesis in Obese Mice 
	Genistein Regulates G6pc Expression via miR-451 
	Both Genistein and miR-451 Agomir Treatment Effectively Inhibit Hepatic Gluconeogenesis in Obese Mice In Vivo 
	Genistein and miR-451 Agomir Affect Mouse Liver Fatty Acid Composition 

	Discussion 
	Conclusions 
	References

