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Bioactive food components have gained growing attention in recent years. Multiple

studies demonstrated that genistein had beneficial effects on metabolism. However, the

exact mechanism by which genistein improves metabolism remains unclear, especially

the central regulation. This study was designed to evaluate whether addition of genistein

to the high-fat diet could counter metabolic disorders and whether these alterations

were associated with gene expression in hypothalamus. C57BL/6 mice were fed either

a high-fat diet (HF), high-fat diet with genistein (0.25 g/kg diet) (HFG) or a normal

control diet (CON) for 8 weeks. Body weight was assessed during the study. After

8-week intervention, content of inguinal subcutaneous adipose tissue (SAT), perirenal

visceral adipose tissue (VAT) and brown adipose tissue (BAT) were weighed. Glucose

tolerance test, the serum levels of insulin and lipid were assessed. The mRNA of

browning marker was detected in the white fat. The hypothalamus was collected for

whole transcriptome sequencing and reverse transcription quantitative PCR validation.

The results demonstrated that mice fed HFG diet had lower body weight and SAT

mass, decrease levels of low-density lipoprotein cholesterol and free fatty acids, higher

browning marker of Ucp1 and Cidea in WAT and an improvement in glucose tolerance

and insulin sensitivity compared with those in HF group. Transcriptome sequencing

showed that there were three differentially expressed genes in hypothalamus among the

three groups, including Ucn3, Depp, and Stc1, which were significantly correlated with

the browning markers in WAT and insulin sensitivity. Thus, regulating gene expressions in

hypothalamus is a potential mechanism for genistein improving metabolism and inducing

WAT browning, which may provide a novel target for the precaution and treatment

of T2DM.
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INTRODUCTION

Obesity and type 2 diabetes mellitus (T2DM) have become
epidemic worldwide, which desires urgently more effective and
novel means to inhibit and slow the occurrence and development
of them. In recent years, the health benefits of bioactive food
components (1–3), including isoflavones (4, 5), have drawn
increasing attention. Soy isoflavone is extensively distributed
in leguminous plant and is a plant derived phytoestrogen
compound due to similar chemical structure with estrogen.
The biological effects of soy isoflavone on the prevention and
treatment of cancer (6–9) and other chronic diseases have been
widely researched. Epidemiological evidence has shown that the
consumption of soy foods and isoflavones is negatively correlated
with the risk of T2DM, especially in the obese population (10, 11).
Subsequent human (12) and animal studies (13, 14) indicated
that dietary supplement with soy protein and isoflavones could
significantly improve glucose intolerance, insulin resistance and
lipid disorders.

It has been verified that the health benefits of soy isoflavoid
are associated with one of its major components, genistein (15).
Genistein is a flavonoid mainly derived from soybeans and is also
known as a phytoestrogen because of its similar structure to 17β-
estradiol. The biological beneficial effects of genistein on cancer
(16), cardiovascular disease (17), metabolic syndrome (18, 19),
and osteoporosis (20, 21) have been widely investigated in human
and animal studies. In the meantime, the safety of genistein
intake has been indicated in mice, rats, monkeys and humans
(22). Ranging from estrogen-like effects, anti-estrogen effects,
protein tyrosine kinase (PTK) inhibitors to antioxidant property,
genistein has been proven to have multitude of mechanisms
to exert its effects on diseases (22). Although the potential
effects of genistein on obesity and glycolipid metabolic disorders
have been reported previously in several studies (23, 24), the
exact mechanism deciphering the protective effects is still not
clearly understood. There is evidence that genistein could directly
preserve β-cell function, enhance β-cell proliferation and inhibit
apoptosis (22). Furthermore, modulating hepatic glucose and
lipid metabolism, regulating cAMP/PKA signaling pathway and
epigenetic modification (22) and modifying gut microbiota (25)
have all been shown to play potential roles in the effects of
genistein on diabetes and dyslipidemia. However, the mechanism
investigation of genistein on metabolism was only limited to
peripheral tissues, the central regulating mechanism should be
paid more attention in light of its crucial role in controlling
metabolic health.

In the last few decades, central regulation of metabolic
homeostasis gained a growing number of attention in academia.
Hypothalamus is the center of regulating food intake and
energy homeostasis. Studies have shown that central regulation
disorders might play a key role in the development of obesity
and metabolic diseases (26, 27). With the rapid development
of nutrigenomics, the interaction between nutrients and gene
expression is becoming increasingly recognized. Hypothalamic
gene expression altered in mice fed a high-fat diet compared
with mice fed a normal control diet, including Toll-like receptor
4 (TLR4) associated genes and genes in the IKKβ/NFκB and

JNK inflammatory pathways (28). In addition, the regulation
of gene expression in hypothalamus by bovine lactoferrin (29),
omega-3 fatty acids (30) and proanthocyanidins (31) have been
explored in mice fed a high-fat diet. Although there were several
studies detecting the changes of hormone levels in hypothalamus
after genistein intervention (32, 33), the effects of genistein
on hypothalamic gene expression and its role in the metabolic
improvement have not been investigated.

Thus, in this study, we aimed to investigate whether genistein
could counter the harmful effects of high-fat diets on glucose and
lipid metabolism and further explore whether genistein improves
metabolic health through modulating the hypothalamic gene
expression in mice.

MATERIALS AND METHODS

Animals and Experimental Protocol
Four-week old C57BL/6J female mice purchased from the
National Institutes for Food and Drug Control (Beijing, China;
SCXK-2014-0013) were housed in the SPF conditions and
maintained at 20-24◦C and 12 h light/night cycles with access to
water and normal control diet (AIN-93G, Research diets, US)
ad libitum. After 1 week’s acclimation, the mice (n = 8 per
group) were randomly assigned to three groups and were fed
either a high-fat diet (HF), high-fat diet with genistein (CAS:
466-72-0, G0272, TCI Development Co., Ltd.) (0.25 g/kg diet)
(HFG) or normal control diet (CON). The nutrient composition
was shown in Table S1. The HF diet included 60% of calories
from fat, whereas the CON diet contained 15.8% of calories
derived from fat. And the calorific value of HF diet and CON
diet are 5.24 and 3.9 kcal/g, respectively. After 8 weeks of
genistein treatment, the blood samples were collected from
the intraorbital retrobulbar plexus after 10-h of fasting. The
subcutaneous adipose tissue (inguinal adipose tissue) (SAT),
visceral adipose tissue (perirenal adipose tissue) (VAT) and
brown adipose tissue (interscapular adipose tissue) were removed
and weighed after mice were euthanized. The hypothalamus
was removed as previously described (34) and then stored at
−80◦C for further analysis. During the experiment, body weight
and food intake were assessed once a week. All operations
were conducted under anesthesia, and best efforts were done to
minimize suffering. All animal protocols were approved by the
institutional animal care and use committee of the Peking Union
Medical College Hospital (Beijing, China, SYXK-2018-0019). All
of the animal operations were performed in compliance with the
Guide for the Care and Use of Laboratory Animals.

Glucose Tolerance Test (GTT)
At the end of treatment, intraperitoneal glucose tolerance test
(IPGTT) was performed. After fasted for 6 h, the mice were
injected intraperitoneally with a glucose load of 2 g/kg body
weight. The blood glucose levels were measured in tail vein
before (0min), 30, 60, and 120min after the injection using a
Contour TS glucometer (ACCU-CHEK Mobile, Beijing, China).
In addition, the area under the curve (AUC) of the IPGTT was
calculated (35).
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Measurement of Biochemical Parameters
Blood samples were collected after 8 weeks’ intervention and
were centrifuged at 3,000×g for 10min at 4◦C. The serum
total cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-
C), and free fatty acids (FFA) were measured by routine
automated laboratory methods. The fasting insulin levels were
detected using a mouse insulin ELISA kit (80-INSMSU-E01,
Salem, NH, USA). The homeostasis model assessment of insulin
resistance (HOMA-IR) was used to assess the insulin sensitivity.
And the calculation of HOMA-IR was the same as previously
described (35).

RNA Preparation and Whole Transcriptome
Sequencing
The gene expression levels in the hypothalamus tissues
were detected using whole transcriptome sequencing analyses
(n = 3 per group). TRIzol reagent (Life Technologies Inc.,
Carlsbad, CA, USA) was used to extract total RNA from the
hypothalamus tissues. The degradation and contamination of
RNA was monitored on 1% agarose gels. RNA concentration was
measured using Qubit RNA Assay Kit in Qubit 2.0 Flurometer
(Life Technologies, CA, USA). All RNA samples had high
quality without degradation and contamination. Twomicrogram
RNA per sample was used as input material for the RNA
library preparations. NEBNext UltraTM RNA Library Prep Kit
for Illumina (NEB, USA) was used to generate sequencing
libraries and index codes were added to attribute sequences to
each sample. The clustering of the index-coded samples was
performed on a cBot Cluster Generation System using TruSeq PE
Cluster Kit v4-cBot-HS (Illumia) according to the manufacturer’s
instructions. After cluster generation, the library preparations
were sequenced on an Illumina Hiseq 4,000 platform and paired-
end 150 bp reads were generated. After quality control, the
clean reads were mapped to the reference genome sequence
(Mus musculus (assembly GRCm38.p6), NCBI) using Tophat2
tools soft. Differential expression analysis of two groups was
performed using the DESeq R package (1.10.1). P-value < 0.05
found by DESeq were considered as differentially expressed.
To discover the biological significance of the altered genes, the
enrichment of differentially expressed genes in KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways was analyzed
using KOBASsoftware.

Reverse Transcription Quantitative PCR
(RT-qPCR) Experiment
To validate the results of whole-transcriptome sequencing,
we selected the three differentially expressed genes for RT-
qPCR analysis (n = 6 per group). In addition, in order to
determine whether genistein could improve the metabolism of
adipose tissue and brown the white fat, we detect five genes
associated with browning in inguinal adipose tissue, including
Ucp1 (uncoupling protein 1), Cidea (cell death activator), PGC1α
(peroxisome proliferator-activated receptor gamma coactivator
1-alpha), PPARα (peroxisome proliferator-activated receptor

alpha), and PPARγ (peroxisome proliferator-activated receptor
gamma) (n= 6 per group).

Total RNA was prepared as mentioned above. Then, 1.0
µg of total RNA was reverse transcribed into cDNA using the

PrimeScript
TM

RT reagent Kit with gDNA Eraser (RR047A,
TaKaRa Bio Inc., Otsu, Shiga, Japan). cDNA (2 µl) was amplified
on an ABI 7500 thermocycler (Applied Biosystems, CA, USA)
using the TB Green PCR Master Mix (RR820A, Takara Bio
Inc., Otsu, Shiga, Japan) in a total reaction volume of 20 µL.
The reaction conditions included initial denaturation step (30 s
at 95◦C) and cycling step (denaturation for 5 s at 95◦C and
annealing and extending for 34 s at 60◦C for 40 cycles). β-actin
was used for normalization. All the sequences of the primers were
listed in Table S2. The relative expression levels of the genes were
quantified by 2−11Ct method.

Statistical Analysis
All analyses were performed using Prism version 7.0 (GraphPad
Software Inc., San Diego, CA, USA). Data are presented as
the means ± standard error of the means (S.E.M). Multiple
comparisons between groups were analyzed using one-way
ANOVA and two-way ANOVA, with Tukey and Bonferroni
post hoc analyses. The relationships between gene expression in
hypothalamus and browningmarkers as well as insulin sensitivity
were analyzed by spearman correlation analysis. A p-value< 0.05
was considered as statistical significance.

RESULTS

Body Weight
First, we detected the effects of three different dietary
interventions on the body weight. Figure 1A shows the changes
of body weight during the 8 weeks among the three groups. The
body weight in mice of the HF group has been higher than that of
the CON group since the third week of intervention (p < 0.05).
Interestingly, genistein feeding could significantly reduce body
weight induced by a HF diet until the seventh week of treatment
(p< 0.01). At the end of the intervention, the bodyweight inmice
of theHFG groupwas dramatically decreased compared with that
of the HF group (p < 0.05) (Figure 1B). Although the marked
differences in the body weight, there were no differences in the
food intake among the three groups (data not shown).

Lipid Metabolism
In order to evaluate whether significant reduction in body weight
of mice fed a HFG diet compared to that fed a HF diet affected
the body composition of mice, we weighed the adipose tissue of
mice among the three groups (Table 1). The absolute and relative
content of SAT (p < 0.01; p < 0.0001) and VAT (p < 0.01;
p< 0.01) were both significantly higher inmice fed aHF diet than
mice fed control diet. Genistein led to a decrease in the content
of SAT (p < 0.05; p < 0.01) and VAT (p > 0.05). However, no
significant differences were identified among the three groups
in terms of the content of BAT. Furthermore, we explored the
effects of genistein on the serum lipid profiles. The levels of serum
TC (p < 0.01) and LDL-C (p < 0.01) were significantly higher in
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FIGURE 1 | The alterations of body weight among the three groups during the 8-week of genistein intervention. (A) the changes of body weight; (B) body weight by

the end of the study. CON, normal control diet; HF, high-fat diet; HFG, high-fat diet with genistein. Data are expressed as means ± S.E.M. (n = 8/group). Mean values

were significantly different between the HF group and the CON group: #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001. Mean values were significantly

different between HF group and the HFG group: *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 1 | Parameters of lipid metabolism.

Parameters CON (n = 8) HF (n = 8) HFG (n = 8)

SAT (g) 0.091 ± 0.010 0.294 ± 0.060## 0.158 ± 0.022*

SAT (%) 0.428 ± 0.048 1.243 ± 0.157#### 0.667 ± 0.0873**

VAT (g) 0.040 ± 0.009 0.161 ± 0.041## 0.088 ± 0.013

VAT (%) 0.185 ± 0.040 0.644 ± 0.141## 0.400 ± 0.032

BAT (g) 0.064 ± 0.009 0.118 ± 0.021 0.081 ± 0.008

BAT (%) 0.361 ± 0.055 0.405 ± 0.043 0.343 ± 0.030

TC (mmol/l) 2.425 ± 0.189 3.188 ± 0.077## 2.645 ± 0.179

TG (mmol/l) 0.205 ± 0.038 0.220 ± 0.036 0.131 ± 0.028

LDL-C

(mmol/l)

0.234 ± 0.024 0.330 ± 0.015## 0.223 ± 0.014**

HDL-C

(mmol/l)

1.270 ± 0.045 1.313 ± 0.030 1.357 ± 0.028

FFA (umol/l) 1534.000 ± 85.570 1653.000 ± 112.600 1313.000 ± 78.610*

SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; BAT, brown adipose

tissue; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol;

LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acids; CON, normal control diet;

HF, high-fat diet; HFG, high-fat diet with genistein. Data are expressed as means± S.E.M.

(n= 8/group). Mean values were significantly different between the HF group and the CON

group: ##p < 0.01; ####p < 0.0001. Mean values were significantly different between the

HF group and the HFG group: *p < 0.05, **p < 0.01.

mice of HF group than that of CON group. Genistein markedly
reduced the serum levels of LDL-C (p< 0.01) and FFA (p< 0.05).

Browning of the Subcutaneous White
Adipose Tissue
Although there were no effects of genistein on the content of BAT,
we next assessed whether genistein intervention could activate
subcutaneous white adipose tissue browning in light of its evident
decreases in SAT mass and significant improvement in lipid
metabolism. As shown in Figure 2, the mRNA expression of
browning markers was significantly decreased in mice fed a HF
diet compared to that fed a control diet, including Ucp1 (p
< 0.05), Cidea (p < 0.001), PGC1α (p < 0.01), PPARα (p <

0.01), and PPARγ (p < 0.05). Interestingly, the HFG diet could
dramatically increase the expression of Ucp1 (p < 0.01) and
Cidea (p < 0.05) in subcutaneous WAT (Figures 2A,B). Thus,

the reduction in adipose tissue mass by genistein was associated
with the increased browning of WAT.

Glucose Metabolism and Insulin Sensitivity
We then evaluated whether decreases in adipose tissue mass and
increases inWAT browning could modulate glucose homeostasis
and insulin sensitivity. At the end of treatment, the HF diet
fed mice had significantly impaired glucose tolerance compared
with mice in the CON group, which is characterized by higher
blood glucose levels at 0min (p < 0.05), 30min (p < 0.0001),
and 60min (p < 0.0001) during the IPGTT (Figure 3A) and
significantly lager AUC of IPGTT (p < 0.0001) (Figure 3B).
In order to determine whether genistein intake could fight
against the deleterious effects of HF on the glucose tolerance,
we compared the blood glucose levels of mice in the HFG
group and the HF group. The results showed that the blood
glucose levels at 30min (p < 0.01) and 60min (p < 0.01),
and AUC (p < 0.01) of mice fed genistein were dramatically
lower (Figures 3A,B). In addition to glucose tolerance, insulin
sensitivity of mice was also evaluated. As shown in Figures 3C,D,
HF diet resulted in a markedly higher fasting insulin levels
(p < 0.05) and larger HOMA-IR index (p < 0.0001) in mice
than mice fed a control diet. However, genistein fed mice showed
an evident improvement in insulin sensitivity. Significantly
decreased insulin levels (p < 0.05) and smaller HOMA-IR index
(p < 0.001) were observed in the HFG group compared with that
in the HF group.

Gene Expression in the Hypothalamus
In light of the central role of hypothalamus in maintaining
the homeostasis of food intake and energy expenditure,
we assessed whether genistein intake improved metabolism
through regulating hypothalamic gene expression. The sequence
data has been submitted to the Sequence Read Archive
(SRA) database (accession number SRP187329). The results of
whole transcriptome sequencing showed that there were 73
differentially expressed genes identified in the hypothalamic
tissues between the HF group and the CON group, among which
39 genes were down-regulated, while the other 34 genes were
up-regulated in the HF group (Figure 4A). While in comparison
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FIGURE 2 | The relative gene expression levels of browning marker in the inguinal adipose tissue. (A) Ucp1; (B) Cidea; (C) PGC1α; (D) PPARα; and (E) PPARγ . CON,

normal control diet; HF, high-fat diet; HFG, high-fat diet with genistein. Data are expressed as means ± S.E.M. (n = 6/group). Mean values were significantly different

between the HF group and the CON group: #p < 0.05; ##p < 0.01; ###p < 0.001. Mean values were significantly different between HF group and the HFG

group: *p < 0.05, **p < 0.01.

FIGURE 3 | Glucose tolerance and insulin sensitivity of mice. (A) IPGTT; (B) AUC; (C) serum insulin levels; (D) HOMA-IR. IPGTT, intraperitoneal glucose tolerance test;

AUC, area under the curve; HOMA-IR, the homeostasis model assessment of insulin resistance. CON, normal control diet; HF, high-fat diet; HFG, high-fat diet with

genistein. Data are expressed as means ± S.E.M. (n = 8/group). Mean values were significantly different between the HF group and the CON group: #p < 0.05;
####p < 0.0001. Mean values were significantly different between HF group and the HFG group: *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | The differentially expressed genes in the hypothalamus. The Volcano Plot graphs show the log2 of the fold change in each gene’s expression between

two groups and its -log (p-value) from the t-test. The red indicates that the gene is up-regulation, whereas the green indicates that gene is down-regulation. (A) HF vs.

CON; (B) HFG vs. HF. CON, normal control diet; HF, high-fat diet; HFG, high-fat diet with genistein (n = 3/group).

FIGURE 5 | The heatmap diagram of the differentially expressed genes in

hypothalamus among the three groups. CON, normal control diet; HF, high-fat

diet; HFG, high-fat diet with genistein (n = 3/group).

to the gene expression in mice fed a HF diet, 84 genes were
differentially expressed in hypothalamus of mice fed a HFG
diet, including 13 down-regulated genes as well as 71 up-
regulated genes (Figure 4B). Figure 5 showed the hierarchical
clustering of the differentially expressed genes in hypothalamus
of mice fed the three different dietary intervention. Then,

TABLE 2 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of

differentially expressed genes between HF group and the HFG group (p < 0.05).

KEGG ID Pathway Name O C p-value

04070 Phosphatidylinositol signaling system 3 97 0.0029

04080 Neuroactive ligand-receptor interaction 4 285 0.0090

00010 Glycolysis/gluconeogenesis 2 66 0.0158

00562 Inositol phosphate metabolism 2 70 0.0176

04350 TGF-beta signaling pathway 2 85 0.0251

01100 Metabolic pathways 8 1,298 0.0303

O, the number of differential expression genes in the pathway; C, the number of reference

genes in the pathway.

to identify the possible pathways modulated by genistein in
hypothalamus, we analyzed the KEGG pathways enriched by
the differentially expressed genes between the HF group and
the HFG group. As shown in Table 2, the “Phosphatidylinositol
signaling system” (p = 0.0029), “Neuroactive ligand-receptor
interaction” (p = 0.0090), “Glycolysis/Gluconeogenesis” (p
= 0.0158), “Inositol phosphate metabolism” (p = 0.0176),
“Metabolic pathways” (p = 0.0303), and some other pathways
were significantly enriched.

To explore the specific mechanism that genistein improves
metabolism and activates WAT browning, we further analyzed
the differentially expressed genes among the three groups.
Figure 6 showed that there were three common differentially
expressed genes between HF vs. CON group and HFG vs.
HF group, including Ucn3 (urocortin 3), Depp (decidual
protein induced by progesterone), and Stc1 (stanniocalcin1).
They were all significantly lower expression in mice fed a
HF diet than that fed a control diet. In contrast, HFG
diet markedly up-regulated the expression of all the three
genes in hypothalamus of mice compared with that of mice
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FIGURE 6 | The Venn diagram of the differentially expressed genes in

hypothalamus. CON, normal control diet; HF, high-fat diet; HFG, high-fat diet

with genistein (n = 3 per group).

in the HF group. These results indicated that regulating
the hypothalamic gene expression might be one of the
mechanism that genistein improved metabolism in mice fed a
HF diet.

RT-qPCR Validation of the Whole
Transcriptome Sequences of the
Hypothalamus
In order to verify the sequencing results, we selected the three
differentially expressed genes, including Ucn3, Depp, and Stc1
for verification using RT-qPCR. As shown in Figure 7, the
Ucn3 (p < 0.05), Depp (p < 0.01), and Stc1 (p < 0.01)
were significantly down-regulated in the HF group compared
with the CON group. However, the intake of genistein could
dramatically increased the expression of all the three genes, which
indicated that these genes played crucial roles in the beneficial
effects of genistein on metabolism. Thus, a marked consistency
was observed between the transtriptome sequencing and the
RT-qPCR results, which validated the reliability of our whole
transtriptome sequences.

Correlation Analysis Between the
Differentially Expressed Genes in
Hypothalamus and Browning Markers in
WAT as Well as Insulin Sensitivity
Next, to explore the relationship between hypothalamic gene
expression and WAT browning as well as insulin sensitivity, we
did the spearman correlation analysis. The results showed that
up-regulated Ucn3, Depp, and Stc1 by genistein intake were all
positively correlated with the relative expression of browning
markers, including the UCP1, Cidea, PGC1α, PPARα, and
PPARγ . In addition, the elevated expression of Ucn3, Depp, and
Stc1 in hypothalamus of HFG fed mice were negatively related
with the serum insulin levels or the HOMA-IR index (Figure 8).

DISCUSSION

The development of obesity and T2DM are unstoppable
throughout the world. The beneficial effects of bioactive
compounds on metabolism have gained growing attention.
Genistein, one of the most abundant components in soy-derived
isoflavones that shares similar structure with estrogen, has been
shown to have multitude of biological effects. In the present
study, the results showed that addition of isoflavoid genistein
to the HF diet could significantly reduce the body weight
and the subcutaneous adipose tissue mass. In addition, these
decreases were accompanied by increase browning of the SAT,
improved serum lipid disorders, and better glucose tolerance
and insulin sensitivity. The benefits of genistein on glucose and
lipid metabolism are in agreement with the observations of the
previous studies (19, 24, 25).

Subcutaneous adipose tissue is more associated with adipose
tissue browning than other fats due to more abundant beige
adipocytes in the SAT, especially in the inguinal adipose tissue
(36). It is known that the brown adipose tissue is responsible for
generating heat to maintain body temperature and consuming
excessive energy to keep balance of energy expenditure, which
might play crucial roles in fighting against metabolic diseases.
Our results also indicated that 8 weeks of genistein consumption
(0.25 g/kg diet) could significantly activate browning of the
inguinal adipose tissue, which was supported by the increase
expression of the brown adipose tissue specific genes-Ucp1 and
Cidea (37, 38). This finding is also consistent with a recent study,
while Tovar’s study fed the mice with higher dose of genistein
(2 g/kg diet) for a longer time (6 months). Thus, this study
demonstrated that dietary genistein could improve metabolism
through increasing energy expenditure in a lower dose.

It is well-known that the hypothalamus serves as a
center in regulating homeostasis of food intake and energy
expenditure. It is composed of multiple nuclei that integrates
and mediates the communication between the brain center
and peripheral metabolic organs, especially the adipose tissue.
There is evidence that the hypothalamus plays important
roles in regulating activity of brown adipose tissue and
thermogenesis. The hypothalamic nuclei, including ventromedial
hypothalamus (VMH), dorsomedial hypothalamus (DMH),
paraventricular nucleus (PVN), lateral hypothalamus (LH), and
arcuate nucleus (ARC), were all regarded as the potential region
of regulating BAT thermogenesis and browning of WAT (39–
41). Therefore, the hypothalamic pathways and the complete
neural mechanisms in the control of thermoregulation seems
to be complicated and remains to be elucidated. In the present
study, we detected the whole transcriptome sequences in the
hypothalamus. KEGG pathway analysis showed that the altered
genes after genistein intervention significantly enriched in
the Glycolysis/Gluconeogenesis, Metabolic pathways, and some
other pathways. Thus, dietary genistein intake could modulate
metabolic pathways in hypothalamus. More interestingly, we
also found three common differentially expressed genes among
the three groups, including Ucn3, Depp, and Stc1. Correlation
analysis showed that these three genes were all significantly
related with the browning markers in WAT and insulin
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FIGURE 7 | RT-qPCR verification of differentialy expressed genes among the three groups. (A) Ucn3; (B) Depp; and (C) Stc1. CON, normal control diet; HF, high-fat

diet; HFG, high-fat diet with genistein. Data are expressed as means ± S.E.M. (n = 6/group). Mean values were significantly different between the HF group and the

CON group: #p < 0.05; ##p < 0.01. Mean values were significantly different between HF group and the HFG group: *p < 0.05, **p < 0.01.

sensitivity. This may be a novel mechanism to decipher the effects
of genistein on WAT browning and metabolism.

There are corresponding nuclei in hypothalamus regulating
appetite through producing orexigenic peptides, including
agouti-related protein (AGRP) and neuropeptide Y (NPY), and
anorexigenic peptides, such as proopiomelanocortin (POMC).
Urocortin 3 (UCN3), a 38-amino acid peptide, is a member
of corticotropin-releasing hormone (CRH) family of peptides,
which was discovered in 2001 (42). Ucn3 is highly expressed in
the brain of medial amygdala and hypothalamus in human and
rodents and is the ligand with high affinity to the corticotropin-
releasing factor receptor 2 (CRFR2) (43). Central administration
of UCN3 were found to significantly inhibit appetite by reducing
food intake (44, 45). Thus, UCN3 is referred to as another
anorexigenic peptide. In addition, UCN3/CRHR2 possesses a
variety of biological effects in the regulation of stress and
anxiety (46), as well as stimulating sympathetic outflow, which
was characterized by increased thermogenesis of BAT (47) and
upregulatedUcp1 in BAT (48). In addition, another study showed
that global Ucn3 knockout increased food intake and reduced
insulin sensitivity (49). Consistent with the previous study, in
the present study, we found that the hypothalamic expression
of Ucn3 was inhibited by eight-week of HF diet, while the
supplementation of genistein countered the harmful effects of
HF diet and up-regulated the Ucn3, which was associated with
improved glucose and lipid metabolism, insulin sensitivity and
browning of inguinal WAT. Therefore, the increased expression
of Ucn3 in hypothalamus might activate WAT browning and
increase energy expenditure in peripheral tissues by stimulating
sympathetic flow, which might play an important role in
mediating the metabolic benefits of genistein consumption.

Decidual protein induced by progesterone (Depp) was initially
discovered by Watanabe et al. from the human endometrial
stromal cells (ESC) cDNA library that is mainly induced by
progesterone in ESCs during decidualozation and placental
development (50). The significant role of DEPP in the initiation
of autography has been indicated (51). In addition, recent studies
showed that DEPP was also an insulin-regulatory molecule. The
overexpression of Depp in insulin-sensitive organs, including
liver and white adipose tissue, could reduce the insulin level,
inhibit lipogenesis and gluconeogenesis and promote fatty acid

oxidation. Elevated reactive oxygen species (ROS) levels inducing
fibroblast growth factor 21 (FGF21) in liver might be the
potential mechanism (52, 53). It has been found that the Depp
mRNA is expressed in the liver, adipose tissue, kidney, heart
and some other peripheral tissues both in humans and mice.
However, the expression of Depp in brain is still unknown.
In the present study, we firstly found that the Depp was also
expressed in the hypothalamus of mice. Consistent with the
findings in liver and WAT, mice fed a HF diet with a higher
level of insulin had lower expression of Depp compared with
that fed a control diet. After genistein intervention, the insulin
resistance was improved which was accompanied by significant
increase in the Depp expression. And the expression of Depp
was positively correlated with the browning markers while
negatively related with HOMA-IR. Thus, the expression level
of Depp in the hypothalamus might play an important role in
the metabolic benefits of genistein supplementation. However,
the exact regulating mechanisms in hypothalamus remain largely
unknown and need further investigations.

Stanniocalcin 1 (STC1) is a highly evolutionarily conserved
glycoprotein hormone that plays crucial roles in regulating
levels of calcium and phosphate in fish (54). However, STC1
is ubiquitously expressed in mammals, including the ovary,
skeletal muscle, heart, brain, lung, pancreas, and kidney and has
more metabolically associated functions (55). Although it was
thought to function in an autocrine or paracrine manner, recent
evidence indicated that the mammalian STC1 was also blood-
borne (56). Thus, the biological function of STC1 is considered
to be intricate and yet to be defined. Previous studies have
investigated the role of STC1 in the heart failure (57) and cancer
(58). In terms of energymetabolism, Stc1 transgenic mice showed
lower body weight and increased glucose clearance (59). Schein
et al. found that STC1 could inhibit renal gluconeogenesis in
rat (60). In addition, Zaidi et al. discovered that STC1 co-
localized with insulin in mouse islets and was an important
aspect of insulin release (61). Different methylation of Stc1
was one of the genome sites influenced by maternal diabetes
during pregnancy, which was associated with impaired insulin
secretion and higher risk of T2DM (62). Therefore, STC1 is a
potential protein in regulating metabolic health. A large number
of studies have confirmed that activation of the mitochondrial
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FIGURE 8 | Spearman correlation analysis between the relative expression of the altered genes in hypothalamus and the relative expression of browning markers in

WAT as well as insulin sensitivity. (A); Ucn3 and UCP1; (B) Ucn3 and Cidea; (C) Ucn3 and PGC1α; (D) Ucn3 and HOMA-IR; (E) Depp and UCP1; (F) Depp and

Cidea; (G) Depp and PGC1α; (H) Depp and PPARα; (I) Depp and PPARγ ; (J) Depp and HOMA-IR; (K) Stc1 and UCP1; (L) Stc1 and Cidea; (M) Stc1 and PPARα;

(N) Stc1 and PPAR; (O) Stc1 and serum insulin levels; and (P) Stc1 and HOMA-IR.

antioxidant pathway and inhibition of inflammation are possible
protective mechanisms of STC1 on metabolism (63, 64). To
our knowledge, this is the first study that investigating the
expression of Stc1 in mice hypothalamus and its role in the
metabolic benefits. We found that genistein intake could counter
the reduced expression of Stc1 in hypothalamus induced by the
HF diet, which might play important roles in fighting against the
inflammation reaction inmice fed aHF diet and further improves
metabolism. However, the specific mechanism that hypothalamic
STC1 regulates metabolism is still unclear, although our study
indicated the association between Stc1 mRNA expression with
browning markers in WAT as well as insulin sensitivity.

In conclusion, our research provides evidence that the
consumption of genistein could fight against the deleterious
effects induced by the HF diet on glucose and lipid metabolism.
Furthermore, increasing energy expenditure by activating
browning of SAT was another metabolic benefit in mice fed the
genistein. To the best of our knowledge, this is the first study
finding that modulating the gene expression of Ucn3, Depp, and
Stc1 in hypothalamus might be a crucial mechanism for genistein
improving metabolism. However, there were several limitations
in this study. The specific mechanism that hypothalamic genes
regulate the peripheral metabolism is unclear of yet and needs
further exploration in future. Adding inhibitors to the genes or
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the proteins could help to validate this finding. In addition, we
only analyzed the browning of WAT in this study. Detecting
the energy expenditure and body temperature of the mice after
genistein intake is helpful to understand the benefits of genistein
on metabolism.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

ETHICS STATEMENT

All animal protocols were approved by the institutional
animal care and use committee of the Peking Union Medical
College Hospital (Beijing, China, SYXK-2018-0019).

AUTHOR CONTRIBUTIONS

XX and JZ designed the experiments. LZ and MD
performed the experiments. LZ analyzed the data and

wrote the original draft. XX, JZ, QZ, and ML reviewed the
manuscript. All of the authors had final approval of the
submitted version.

FUNDING

This work was supported by the grants from National
Natural Science Foundation of China (Nos. 81170736,
81570715, 81870579, and 81870545) and National
Natural Science Foundation for Young Scholars of China
(No. 81300649).

ACKNOWLEDGMENTS

We are very grateful to Allwegene Technology Company for their
technical support with whole transcriptome sequences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00478/full#supplementary-material

REFERENCES

1. Martinez-Augustin O, Aguilera CM, Gil-Campos M, Sanchez de Medina F,

Gil A. Bioactive anti-obesity food components. Int J Vitam Nutr Res. (2012)

82:148–56. doi: 10.1024/0300-9831/a000105

2. Jayarathne S, Koboziev I, Park OH, Oldewage-TheronW, Shen CL, Moustaid-

Moussa N. Anti-inflammatory and anti-obesity properties of food bioactive

components: effects on adipose tissue. Prev Nutr Food Sci. (2017) 22:251–62.

doi: 10.3746/pnf.2017.22.4.251

3. Rescigno T, Micolucci L, Tecce MF, Capasso A. Bioactive nutrients

and nutrigenomics in age-related diseases. Molecules. (2017) 22:E105.

doi: 10.3390/molecules22010105

4. Medjakovic S, Mueller M, Jungbauer A. Potential health-modulating effects of

isoflavones andmetabolites via activation of PPAR and AhR.Nutrients. (2010)

2:241–79. doi: 10.3390/nu2030241

5. Giordano E, Davalos A, Crespo MC, Tome-Carneiro J, Gomez-Coronado

D, Visioli F. Soy isoflavones in nutritionally relevant amounts have varied

nutrigenomic effects on adipose tissue. Molecules. (2015) 20:2310–22.

doi: 10.3390/molecules20022310

6. Lee AH, Su D, PasalichM, Tang L, Binns CW, Qiu L. Soy and isoflavone intake

associated with reduced risk of ovarian cancer in southern Chinese women.

Nutr Res. (2014) 34:302–7. doi: 10.1016/j.nutres.2014.02.005

7. Liu Y, Hilakivi-Clarke L, Zhang Y, Wang X, Pan YX, Xuan J, et al.

Isoflavones in soy flour diet have different effects on whole-genome expression

patterns than purified isoflavone mix in human MCF-7 breast tumors in

ovariectomized athymic nude mice. Mol Nutr Food Res. (2015) 59:1419–30.

doi: 10.1002/mnfr.201500028

8. Yu Y, Jing X, Li H, Zhao X, Wang D. Soy isoflavone consumption and

colorectal cancer risk: a systematic review and meta-analysis. Sci Rep. (2016)

6:25939. doi: 10.1038/srep37488

9. Zhong XS, Ge J, Chen SW, Xiong YQ, Ma SJ, Chen Q. Association

between dietary isoflavones in soy and legumes and endometrial cancer: a

systematic review and meta-analysis. J Acad Nutr Diet. (2018) 118:637–51.

doi: 10.1016/j.jand.2016.09.036

10. Nanri A, Mizoue T, Takahashi Y, Kirii K, Inoue M, Noda M, et al.

Soy product and isoflavone intakes are associated with a lower risk of

type 2 diabetes in overweight Japanese women. J Nutr. (2010) 140:580–6.

doi: 10.3945/jn.109.116020

11. Ding M, Pan A, Manson JE, Willett WC, Malik V, Rosner B, et al.

Consumption of soy foods and isoflavones and risk of type 2 diabetes: a

pooled analysis of three US cohorts. Eur J Clin Nutr. (2016) 70:1381–7.

doi: 10.1038/ejcn.2016.117

12. Woo HW, Kim MK, Lee YH, Shin DH, Shin MH, Choi BY. Habitual

consumption of soy protein and isoflavones and risk of metabolic syndrome

in adults ≥ 40 years old: a prospective analysis of the Korean Multi-

Rural Communities Cohort Study (MRCohort). Eur J Nutr. (2018).

doi: 10.1007/s00394-018-1833-8. [Epub ahead of print].

13. Davis J, Higginbotham A, O’Connor T, Moustaid-Moussa N, Tebbe A, Kim

YC, et al. Soy protein and isoflavones influence adiposity and development

of metabolic syndrome in the obese male ZDF rat. Ann Nutr Metab. (2007)

51:42–52. doi: 10.1159/000100820

14. Wagner JD, Zhang L, Shadoan MK, Kavanagh K, Chen H, Tresnasari

K, et al. Effects of soy protein and isoflavones on insulin resistance and

adiponectin in male monkeys. Metabolism. (2008) 57(7 Suppl. 1):24–31.

doi: 10.1016/j.metabol.2008.04.001

15. Gonzalez-Granillo M, Steffensen KR, Granados O, Torres N, Korach-

Andre M, Ortiz V, et al. Soy protein isoflavones differentially regulate

liver X receptor isoforms to modulate lipid metabolism and cholesterol

transport in the liver and intestine in mice. Diabetologia. (2012) 55:2469–78.

doi: 10.1007/s00125-012-2599-9

16. Bi YL, Min M, Shen W, Liu Y. Genistein induced anticancer effects on

pancreatic cancer cell lines involves mitochondrial apoptosis, G0/G1cell cycle

arrest and regulation of STAT3 signalling pathway. Phytomedicine. (2018)

39:10–6. doi: 10.1016/j.phymed.2017.12.001

17. Marini H, Bitto A, Altavilla D, Burnett BP, Polito F, Di Stefano V, et al. Efficacy

of genistein aglycone on some cardiovascular risk factors and homocysteine

levels: a follow-up study. Nutr Metab Cardiovasc Dis. (2010) 20:332–40.

doi: 10.1016/j.numecd.2009.04.012

18. Bitto A, Altavilla D, Bonaiuto A, Polito F, Minutoli L, Di Stefano V,

et al. Effects of aglycone genistein in a rat experimental model of

postmenopausal metabolic syndrome. J Endocrinol. (2009) 200:367–76.

doi: 10.1677/JOE-08-0206

19. De Gregorio C, Marini H, Alibrandi A, Di Benedetto A, Bitto A, Adamo

EB, et al. Genistein supplementation and cardiac function in postmenopausal

women with metabolic syndrome: results from a Pilot Strain-Echo study.

Nutrients. (2017) 9:584. doi: 10.3390/nu9060584

Frontiers in Endocrinology | www.frontiersin.org 10 July 2019 | Volume 10 | Article 478

https://www.frontiersin.org/articles/10.3389/fendo.2019.00478/full#supplementary-material
https://doi.org/10.1024/0300-9831/a000105
https://doi.org/10.3746/pnf.2017.22.4.251
https://doi.org/10.3390/molecules22010105
https://doi.org/10.3390/nu2030241
https://doi.org/10.3390/molecules20022310
https://doi.org/10.1016/j.nutres.2014.02.005
https://doi.org/10.1002/mnfr.201500028
https://doi.org/10.1038/srep37488
https://doi.org/10.1016/j.jand.2016.09.036
https://doi.org/10.3945/jn.109.116020
https://doi.org/10.1038/ejcn.2016.117
https://doi.org/10.1007/s00394-018-1833-8
https://doi.org/10.1159/000100820
https://doi.org/10.1016/j.metabol.2008.04.001
https://doi.org/10.1007/s00125-012-2599-9
https://doi.org/10.1016/j.phymed.2017.12.001
https://doi.org/10.1016/j.numecd.2009.04.012
https://doi.org/10.1677/JOE-08-0206
https://doi.org/10.3390/nu9060584
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Genistein Regulates Hypothalamic Gene Expression

20. Arcoraci V, Atteritano M, Squadrito F, D’Anna R, Marini H, Santoro D, et al.

Antiosteoporotic activity of genistein aglycone in postmenopausal women:

evidence from a post-hoc analysis of a multicenter randomized controlled trial.

Nutrients. (2017) 9:E179. doi: 10.3390/nu9020179

21. Ye CF, Pan YM, Zhou H. Regulation of vitamin D receptor and Genistein

on bone metabolism in mouse osteoblasts and the molecular mechanism of

osteoporosis. J Biol Regul Homeost Agents. (2018) 32:497–505.

22. Gilbert ER, Liu D. Anti-diabetic functions of soy isoflavone genistein:

mechanisms underlying its effects on pancreatic beta-cell function. Food

Funct. (2013) 4:200–12. doi: 10.1039/C2FO30199G

23. Weigt C, Hertrampf T, Flenker U, Hulsemann F, Kurnaz P, Fritzemeier

KH, et al. Effects of estradiol, estrogen receptor subtype-selective agonists

and genistein on glucose metabolism in leptin resistant female Zucker

diabetic fatty (ZDF) rats. J Steroid Biochem Mol Biol. (2015) 154:12–22.

doi: 10.1016/j.jsbmb.2015.06.002

24. Liu Y, Li J, Wang T,Wang Y, Zhao L, Fang Y. The effect of genistein on glucose

control and insulin sensitivity in postmenopausal women: a meta-analysis.

Maturitas. (2017) 97:44–52. doi: 10.1016/j.maturitas.2016.12.004

25. Lopez P, Sanchez M, Perez-Cruz C, Velazquez-Villegas LA, Syeda T,

Aguilar-Lopez M, et al. Long-term genistein consumption modifies gut

microbiota, improving glucose metabolism, metabolic endotoxemia, and

cognitive function in mice fed a high-fat diet. Mol Nutr Food Res. (2018)

62:e1800313. doi: 10.1002/mnfr.201800313

26. Gelling RW, Morton GJ, Morrison CD, Niswender KD, Myers MG Jr,

Rhodes CJ, et al. Insulin action in the brain contributes to glucose

lowering during insulin treatment of diabetes. Cell Metab. (2006) 3:67–73.

doi: 10.1016/j.cmet.2005.11.013

27. Roh E, Song DK, Kim MS. Emerging role of the brain in the homeostatic

regulation of energy and glucose metabolism. Exp Mol Med. (2016) 48:e216.

doi: 10.1038/emm.2016.4

28. Sergi D, Campbell FM, Grant C, Morris AC, Bachmair EM, Koch C, et al.

SerpinA3N is a novel hypothalamic gene upregulated by a high-fat diet and

leptin in mice. Genes Nutr. (2018) 13:28. doi: 10.1186/s12263-018-0619-1

29. McManus B, Korpela R, O’Connor P, Schellekens H, Cryan JF, Cotter PD,

et al. Compared to casein, bovine lactoferrin reduces plasma leptin and

corticosterone and affects hypothalamic gene expression without altering

weight gain or fat mass in high fat diet fed C57/BL6J mice.Nutr Metab (Lond).

(2015) 12:53. doi: 10.1186/s12986-015-0049-7

30. Abdel-Maksoud SM, Hassanein SI, Gohar NA, Attia SMM, Gad MZ.

Investigation of brain-derived neurotrophic factor (BDNF) gene expression

in hypothalamus of obese rats: modulation by omega-3 fatty acids. Nutr

Neurosci. (2017) 20:443–8. doi: 10.1080/1028415X.2016.1180859

31. Ibars M, Ardid-Ruiz A, Suarez M, Muguerza B, Blade C, Aragones G.

Proanthocyanidins potentiate hypothalamic leptin/STAT3 signalling and

Pomc gene expression in rats with diet-induced obesity. Int J Obes (Lond).

(2017) 41:129–36. doi: 10.1038/ijo.2016.169

32. Scallet AC, Wofford M, Meredith JC, Allaben WT, Ferguson SA. Dietary

exposure to genistein increases vasopressin but does not alter beta-

endorphin in the rat hypothalamus. Toxicol Sci. (2003) 72:296–300.

doi: 10.1093/toxsci/kfg029

33. Trifunovic S, Manojlovic-Stojanoski M, Ristic N, Nestorovic N,

Medigovic I, Zivanovic J, et al. Changes of growth hormone-releasing

hormone and somatostatin neurons in the rat hypothalamus induced

by genistein: a stereological study. Nutr Neurosci. (2016) 19:467–74.

doi: 10.1179/1476830514Y.0000000143

34. Zheng J, Xiao X, Zhang Q, Yu M, Xu J, Wang Z, et al. Maternal and

post-weaning high-fat, high-sucrose diet modulates glucose homeostasis and

hypothalamic POMC promoter methylation in mouse offspring.Metab Brain

Dis. (2015) 30:1129–37. doi: 10.1007/s11011-015-9678-9

35. Zhou L, Xiao X, Zhang Q, Zheng J, Li M, Yu M, et al. Improved glucose

and lipid metabolism in the early life of female offspring by maternal dietary

genistein is associated with alterations in the gutmicrobiota. Front Endocrinol.

(2018) 9:516. doi: 10.3389/fendo.2018.00516

36. Harms M, Seale P. Brown and beige fat: development, function and

therapeutic potential. Nat Med. (2013) 19:1252–63. doi: 10.1038/nm.3361

37. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard

J. Chronic peroxisome proliferator-activated receptor gamma (PPARgamma)

activation of epididymally derived white adipocyte cultures reveals a

population of thermogenically competent, UCP1-containing adipocytes

molecularly distinct from classic brown adipocytes. J Biol Chem. (2010)

285:7153–64. doi: 10.1074/jbc.M109.053942

38. Zhang J, Wu H, Ma S, Jing F, Yu C, Gao L, et al. Transcription regulators and

hormones involved in the development of brown fat and white fat browning:

transcriptional and hormonal control of brown/beige fat development. Physiol

Res. (2018) 67:347–62. doi: 10.33549/physiolres.933650

39. Zaretskaia MV, Zaretsky DV, Shekhar A, DiMicco JA. Chemical

stimulation of the dorsomedial hypothalamus evokes non-shivering

thermogenesis in anesthetized rats. Brain Res. (2002) 928:113–25.

doi: 10.1016/S0006-8993(01)03369-8

40. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological

significance. Physiol Rev. (2004) 84:277–359. doi: 10.1152/physrev.00015.2003

41. Song CK, Vaughan CH, Keen-Rhinehart E, Harris RB, Richard D,

Bartness TJ. Melanocortin-4 receptor mRNA expressed in sympathetic

outflow neurons to brown adipose tissue: neuroanatomical and functional

evidence. Am J Physiol Regul Integr Comp Physiol. (2008) 295:R417–28.

doi: 10.1152/ajpregu.00174.2008

42. Lewis K, Li C, Perrin MH, Blount A, Kunitake K, Donaldson C, et al.

Identification of urocortin III, an additional member of the corticotropin-

releasing factor (CRF) family with high affinity for the CRF2 receptor. Proc

Natl Acad Sci USA. (2001) 98:7570–5. doi: 10.1073/pnas.121165198

43. Li C, Vaughan J, Sawchenko PE, Vale WW. Urocortin III-immunoreactive

projections in rat brain: partial overlap with sites of type 2 corticotrophin-

releasing factor receptor expression. J Neurosci. (2002) 22:991–1001.

doi: 10.1523/JNEUROSCI.22-03-00991.2002

44. Ohata H, Shibasaki T. Effects of urocortin 2 and 3 on motor activity and food

intake in rats. Peptides. (2004) 25:1703–9. doi: 10.1016/j.peptides.2004.05.023

45. Pelleymounter MA, Joppa M, Ling N, Foster AC. Behavioral and

neuroendocrine effects of the selective CRF2 receptor agonists

urocortin II and urocortin III. Peptides. (2004) 25:659–66.

doi: 10.1016/j.peptides.2004.01.008

46. Kuperman Y, Issler O, Regev L, Musseri I, Navon I, Neufeld-Cohen A,

et al. Perifornical Urocortin-3 mediates the link between stress-induced

anxiety and energy homeostasis. Proc Natl Acad Sci USA. (2010) 107:8393–8.

doi: 10.1073/pnas.1003969107

47. Rivest S, Deshaies Y, Richard D. Effects of corticotropin-releasing factor on

energy balance in rats are sex dependent. Am J Physiol. (1989) 257(6 Pt

2):R1417–22. doi: 10.1152/ajpregu.1989.257.6.R1417

48. Kotz CM, Wang C, Levine AS, Billington CJ. Urocortin in the hypothalamic

PVN increases leptin and affects uncoupling proteins-1 and−3 in

rats. Am J Physiol Regul Integr Comp Physiol. (2002) 282:R546–51.

doi: 10.1152/ajpregu.00436.2001

49. Chao H, Digruccio M, Chen P, Li C. Type 2 corticotropin-releasing factor

receptor in the ventromedial nucleus of hypothalamus is critical in regulating

feeding and lipid metabolism in white adipose tissue. Endocrinology. (2012)

153:166–76. doi: 10.1210/en.2011-1312

50. Watanabe H, Nonoguchi K, Sakurai T, Masuda T, Itoh K, Fujita J. A novel

protein Depp, which is induced by progesterone in human endometrial

stromal cells activates Elk-1 transcription factor. Mol Hum Reprod. (2005)

11:471–6. doi: 10.1093/molehr/gah186

51. Salcher S, Hermann M, Kiechl-Kohlendorfer U, Ausserlechner MJ,

Obexer P. C10ORF10/DEPP-mediated ROS accumulation is a critical

modulator of FOXO3-induced autophagy. Mol Cancer. (2017) 16:95.

doi: 10.1186/s12943-017-0661-4

52. Kuroda Y, Kuriyama H, Kihara S, Kishida K, Maeda N, Hibuse T, et al.

Insulin-mediated regulation of decidual protein induced by progesterone

(DEPP) in adipose tissue and liver. Horm Metab Res. (2010) 42:173–7.

doi: 10.1055/s-0029-1241841

53. Li W, Ji M, Lin Y, Miao Y, Chen S, Li H. DEPP/DEPP1/C10ORF10 regulates

hepatic glucose and fat metabolism partly via ROS-induced FGF21. FASEB J.

(2018) 32:5459–69. doi: 10.1096/fj.201800357R

54. Chang AC, Janosi J, HulsbeekM, de Jong D, Jeffrey KJ, Noble JR, et al. A novel

human cDNA highly homologous to the fish hormone stanniocalcin.

Mol Cell Endocrinol. (1995) 112:241–7. doi: 10.1016/0303-7207(95)

03601-3

55. De Niu P, Radman DP, Jaworski EM, Deol H, Gentz R, Su J, et al. Development

of a human stanniocalcin radioimmunoassay: serum and tissue hormone

Frontiers in Endocrinology | www.frontiersin.org 11 July 2019 | Volume 10 | Article 478

https://doi.org/10.3390/nu9020179
https://doi.org/10.1039/C2FO30199G
https://doi.org/10.1016/j.jsbmb.2015.06.002
https://doi.org/10.1016/j.maturitas.2016.12.004
https://doi.org/10.1002/mnfr.201800313
https://doi.org/10.1016/j.cmet.2005.11.013
https://doi.org/10.1038/emm.2016.4
https://doi.org/10.1186/s12263-018-0619-1
https://doi.org/10.1186/s12986-015-0049-7
https://doi.org/10.1080/1028415X.2016.1180859
https://doi.org/10.1038/ijo.2016.169
https://doi.org/10.1093/toxsci/kfg029
https://doi.org/10.1179/1476830514Y.0000000143
https://doi.org/10.1007/s11011-015-9678-9
https://doi.org/10.3389/fendo.2018.00516
https://doi.org/10.1038/nm.3361
https://doi.org/10.1074/jbc.M109.053942
https://doi.org/10.33549/physiolres.933650
https://doi.org/10.1016/S0006-8993(01)03369-8
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/ajpregu.00174.2008
https://doi.org/10.1073/pnas.121165198
https://doi.org/10.1523/JNEUROSCI.22-03-00991.2002
https://doi.org/10.1016/j.peptides.2004.05.023
https://doi.org/10.1016/j.peptides.2004.01.008
https://doi.org/10.1073/pnas.1003969107
https://doi.org/10.1152/ajpregu.1989.257.6.R1417
https://doi.org/10.1152/ajpregu.00436.2001
https://doi.org/10.1210/en.2011-1312
https://doi.org/10.1093/molehr/gah186
https://doi.org/10.1186/s12943-017-0661-4
https://doi.org/10.1055/s-0029-1241841
https://doi.org/10.1096/fj.201800357R
https://doi.org/10.1016/0303-7207(95)03601-3
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Genistein Regulates Hypothalamic Gene Expression

levels and pharmacokinetics in the rat. Mol Cell Endocrinol. (2000) 162:131–

44. doi: 10.1016/S0303-7207(00)00199-4

56. Wagner GF, Milliken C, Friesen HG, Copp DH. Studies on the regulation

and characterization of plasma stanniocalcin in rainbow trout. Mol Cell

Endocrinol. (1991) 79:129–38. doi: 10.1016/0303-7207(91)90103-Y

57. Sheikh-Hamad D, Bick R, Wu GY, Christensen BM, Razeghi P, Poindexter

B, et al. Stanniocalcin-1 is a naturally occurring L-channel inhibitor in

cardiomyocytes: relevance to human heart failure. Am J Physiol Heart Circ

Physiol. (2003) 285:H442–8. doi: 10.1152/ajpheart.01071.2002

58. Leung CC, Wong CK. Effects of STC1 overexpression on tumorigenicity

and metabolism of hepatocellular carcinoma. Oncotarget. (2018) 9:6852–61.

doi: 10.18632/oncotarget.23566

59. Varghese R, Gagliardi AD, Bialek PE, Yee SP, Wagner GF, Dimattia

GE. Overexpression of human stanniocalcin affects growth and

reproduction in transgenic mice. Endocrinology. (2002) 143:868–76.

doi: 10.1210/endo.143.3.8671

60. Schein V, Kucharski LC, Guerreiro PM, Martins TL, Morgado I, Power

DM, et al. Stanniocalcin 1 effects on the renal gluconeogenesis pathway in

rat and fish. Mol Cell Endocrinol. (2015) 414:1–8. doi: 10.1016/j.mce.2015.

07.010

61. Zaidi D, Turner JK, Durst MA, Wagner GF. Stanniocalcin-1 co-localizes

with insulin in the pancreatic islets. ISRN Endocrinol. (2012) 2012:834359.

doi: 10.5402/2012/834359

62. Chen P, Piaggi P, Traurig M, Bogardus C, Knowler WC, Baier LJ, et al.

Differential methylation of genes in individuals exposed to maternal diabetes

in utero. Diabetologia. (2017) 60:645–55. doi: 10.1007/s00125-016-4203-1

63. Sheikh-Hamad D. Mammalian stanniocalcin-1 activates mitochondrial

antioxidant pathways: new paradigms for regulation of macrophages

and endothelium. Am J Physiol Renal Physiol. (2010) 298:F248–54.

doi: 10.1152/ajprenal.00260.2009

64. Tang SE, Wu CP, Wu SY, Peng CK, Perng WC, Kang BH, et al.

Stanniocalcin-1 ameliorates lipopolysaccharide-induced pulmonary oxidative

stress, inflammation, and apoptosis in mice. Free Radic Biol Med. (2014)

71:321–31. doi: 10.1016/j.freeradbiomed.2014.03.034

Conflict of Interest Statement: 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.

Copyright © 2019 Zhou, Xiao, Zhang, Zheng, Li and Deng. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Endocrinology | www.frontiersin.org 12 July 2019 | Volume 10 | Article 478

https://doi.org/10.1016/S0303-7207(00)00199-4
https://doi.org/10.1016/0303-7207(91)90103-Y
https://doi.org/10.1152/ajpheart.01071.2002
https://doi.org/10.18632/oncotarget.23566
https://doi.org/10.1210/endo.143.3.8671
https://doi.org/10.1016/j.mce.2015.07.010
https://doi.org/10.5402/2012/834359
https://doi.org/10.1007/s00125-016-4203-1
https://doi.org/10.1152/ajprenal.00260.2009
https://doi.org/10.1016/j.freeradbiomed.2014.03.034
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	A Possible Mechanism: Genistein Improves Metabolism and Induces White Fat Browning Through Modulating Hypothalamic Expression of Ucn3, Depp, and Stc1
	Introduction
	Materials and Methods
	Animals and Experimental Protocol
	Glucose Tolerance Test (GTT)
	Measurement of Biochemical Parameters
	RNA Preparation and Whole Transcriptome Sequencing
	Reverse Transcription Quantitative PCR (RT-qPCR) Experiment
	Statistical Analysis

	Results
	Body Weight
	Lipid Metabolism
	Browning of the Subcutaneous White Adipose Tissue
	Glucose Metabolism and Insulin Sensitivity
	Gene Expression in the Hypothalamus
	RT-qPCR Validation of the Whole Transcriptome Sequences of the Hypothalamus
	Correlation Analysis Between the Differentially Expressed Genes in Hypothalamus and Browning Markers in WAT as Well as Insulin Sensitivity

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


