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Genistein has beneficial effects on metabolic disorders. However, the specific mechanism is not clearly understood. In light of the
significant role of the hypothalamus in energy and metabolic homeostasis, this study was designed to explore whether dietary
genistein intake could mitigate the harmful effects of a high-fat diet on glucose and lipid metabolism and whether any alterations
caused by dietary genistein were associated with hypothalamic gene expression profiles. C57BL/6 female mice were fed a high-
fat diet without genistein (HF), a high-fat diet with genistein (HFG), or a normal control diet (CON) for 8 weeks. Body weight
and energy intake were assessed. At the end of the study, glucose tolerance and serum levels of insulin and lipids were analyzed.
Hypothalamic tissue was collected for whole transcriptome sequencing and reverse transcription quantitative PCR (RT-qPCR)
validation. Energy intake and body weight were significantly reduced in the mice of the HFG group compared with those of the HF
group. Mice fed the HFG diet had improved glucose tolerance and decreased serum triacylglycerol, free fatty acids, and low-density
lipoprotein cholesterol compared with those fed the HF diet. The HFG diet also modulated gene expression in the hypothalamus;
the most abundant genes were enriched in the circadian entrainment pathway. Dietary genistein intake could reduce body weight,
improve glucose and lipid metabolism, and regulate hypothalamic circadian entrainment. The ability of genistein intake to influence
regulation of the hypothalamic circadian rhythm is important since this could provide a novel target for the treatment of obesity
and diabetes.

1. Introduction In recent years, the effects of dietary bioactive compo-

nents on chronic diseases have been widely explored [5].

The International Diabetes Federation (IDF) newly an-
nounced that there were more than 425 million adults
living with diabetes worldwide in 2017. If this growing trend
continues, the number of individuals with diabetes will rise to
629 million in 2045[1]. The epidemic of diabetes has brought
unprecedented challenges to public health and the economy.
Type 2 diabetes mellitus (T2DM) accounts for almost 90%
of the diabetes cases found in the diabetic population [2-4].
Overweight and obesity have been considered independent
risk factors for T2DM. Thus, great action is urgently required
to improve glucose metabolism, regulate body weight, and
reduce the global burden of T2DM and obesity.

Several large epidemiological studies [6-8] have demon-
strated that soy isoflavone intakes are negatively associated
with the development of T2DM. Genistein, one of the
major components of soy isoflavone, is a member of the
phytoestrogen family, resulting from its analogous structure
with 17-estradiol, and is extensively present in the infant
formula in China. It has been reported that genistein has
protective effects against cancer and cardiovascular diseases
[9]. Furthermore, a growing number of clinical trials [10-
13] and animal experiments [14, 15] indicated that genistein
intake could ameliorate glucose intolerance, insulin resis-
tance, serum lipid disturbances, and nonalcoholic fatty liver
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disease and regulate weight. In addition to the promotion
of 3-cell proliferation and inhibition of apoptosis, estrogenic
effects and tyrosine kinase inhibitors were also considered
potential antidiabetes mechanisms of genistein [9]; however,
the specific mechanisms of genistein improving glucose and
lipid metabolism are still incompletely understood.

The hypothalamus is the center of energy regulation
and glucose homeostasis, and it could sense and integrate
metabolic signals from peripheral metabolic organs, such
as the pancreas, liver, fat, and muscle, to maintain energy
and glucose homeostasis. There were corresponding nuclei in
the hypothalamus for controlling various aspects of home-
ostatic regulation of energy metabolism. During the last
few decades, central regulation of glucose metabolism has
received extensive attention in academia. A large number
of studies have discovered that central regulation disorders
are one of the most important pathogeneses of obesity and
T2DM (16, 17]. In addition, circadian rhythm has a key role
in determining physical homeostasis and metabolic health.
The hypothalamus is also the central clock for regulating
circadian rhythm and is crucial in coordinating the light-
dark cycle with metabolism in peripheral tissues. The gener-
ation and control of circadian rhythms in the hypothalamus
are also potential mechanisms for maintaining energy and
metabolic homeostasis. Recently, emerging studies showed
that circadian rhythm disorders played significant roles in
obesity [18,19] and metabolic disturbances [20-22]. Although
the beneficial effects of genistein on cognitive function
[23] and regulation of hormone levels by the hypothalamus
[24-26] have been explored, investigations into the central
regulation mechanisms of genistein intervention on glucose
and lipid metabolism and body weight are limited.

The present study was designed to explore the effects of
dietary genistein on glucose and lipid metabolism and body
weight and discuss whether genistein intake can mitigate
the deleterious metabolic influences of a high-fat diet. In
addition, the central mechanisms by which dietary genistein
regulates metabolism were determined using hypothalamic
whole transcriptome sequences.

2. Materials and Methods

2.1. Animals and Study Design. Four-week-old C57BL/6]
female mice were purchased from the National Institutes
for Food and Drug Control (Beijing, China; SCXK-2014-
0013). The mice were housed under SPF (specific pathogen-
free) conditions (room temperature of 20-24°C and 12 h
light/night cycles) with ad libitum access to water and a
normal control diet (AIN-93G, Research Diets, USA). After
one week of adaptation, the mice were randomly assigned
to three groups and were fed either a high-fat diet without
genistein (HE n=8), a high-fat diet with genistein (CAS: 466-
72-0, G0272, TCI Development Co., Ltd) (2 g/kg diet) (HFG,
n=8), or a normal control diet (CON, n=8). Soybean oil
was substituted with corn oil in both the high-fat diet and
the normal control diet. The nutrient composition is shown
in supplementary Table S1. The HF diet included 60% of
calories from fat and supplied 5.24 kcal/g energy, whereas
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the CON diet contained 15.8% of calories derived from fat
and supplied 3.9 kcal/g energy. After eight weeks of genistein
treatment, blood samples were collected from the intraorbital
retrobulbar plexus after 10 h of fasting. The hypothalamus
was removed as previously described [27] and then stored
at -80°C for further analysis. All operations were conducted
under chloral hydrate anesthesia, and the best efforts were
made to minimize suffering. All of the procedures were
approved by the animal care and use committee of the Peking
Union Medical College Hospital (Beijing, China, SYXK-
2018-0019). All of the animal operations were conducted
in compliance with the Guide for the Care and Use of
Laboratory Animals.

2.2. Measurement of Body Weight, Food Intake, and Energy
Intake. Body weight and food intake were measured once
per week; the food intake was estimated by weighing the
remaining food. Energy intake was assessed by multiplying
the food intake by the energy supply of the diet.

2.3. Glucose Tolerance Test (GTT). At the end of treat-
ment, an intraperitoneal glucose tolerance test (IPGTT) was
performed. After fasting 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 the tail vein before
(0 min) and at 30, 60, and 120 min after the injection using
a Contour TS Glucometer (ACCU-CHEK Mobile, Beijing,
China). In addition, the area under the curve (AUC) of the
IPGTT results was calculated [28].

2.4. Measurement of Biochemical Parameters. Blood sam-
ples were collected after eight weeks of intervention and
centrifuged at 3000xg for 10 min 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. 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 insulin
sensitivity. The calculation of the HOMA-IR was the same as
previously described [28].

2.5. RNA Preparation and Whole Transcriptome Sequencing.
The gene expression levels in the hypothalamic 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
hypothalamic tissues. The degradation and contamination of
RNA was monitored on 1% agarose gels. RNA concentration
was measured using a Qubit RNA Assay Kit in a Qubit
2.0 Fluorometer (Life Technologies, CA, USA). All RNA
samples had high quality and were without degradation and
contamination. Two micrograms of RNA per sample were
used as input material for the RNA library preparations.
A NEBNext UltraTM RNA Library Prep Kit from Illumina
(NEB, USA) was used to generate sequencing libraries, and
index codes were added to attribute sequences to each sample.
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FIGURE 1: Dietary genistein could reduce energy intake and body weight in mice fed a high-fat diet. (a) Mean food intake during the
experimental period expressed as grams per day; (b) mean energy intake expressed as kcal per day; (c) body weight by the end of the study.
CON: normal control diet; HF: high-fat diet without genistein; HFG: high-fat diet with genistein. Data are expressed as means + S.E.M.
(n=8/group). Mean values were significantly different between other groups 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, ****p <0.000L

Clustering of the index-coded samples was performed on a
cBot Cluster Generation System using the TruSeq PE Cluster
Kit v4-cBot-HS (Illumina) according to the manufacturer’s
instructions. After cluster generation, the library prepara-
tions were sequenced on an Illumina HiSeq 4000 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 software. Differ-
ential expression analysis of the two groups was performed
using the DESeq R package (1.10.1). P-values < 0.05 found
by DESeq were considered differentially expressed. To dis-
cover 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 KOBAS software [29].

2.6. Reverse Transcription Quantitative PCR (RT-qPCR)
Experiments. To validate the results of whole transcriptome
sequencing, we selected three genes from the gene list for
RT-qPCR analysis (n=5 per group). Total RNA was prepared
as mentioned above. Then, 1.0 ug of total RNA was reverse
transcribed into cDNA using the PrimeScript™ RT Reagent
Kit with gDNA Eraser (RR047A, TaKaRa Bio Inc., Otsu,
Shiga, Japan). cDNA (2 ul) 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 volume of 20 ul. The reaction
conditions included an initial denaturation step (30 s at 95°C)
and a cycling step (denaturation for 5 s at 95°C and annealing
and extending for 34 s at 60°C for 40 cycles). f-actin was
used for normalization. All the sequences of the primers are
listed in Table S2 in the supplementary material. The relative
expression levels of the genes were quantified by the 2724
method.

2.7 Statistical Analysis. The data are expressed as the mean +
standard error of the mean (S.E.M). The statistics of multiple
comparisons were analyzed by one-way ANOVA and two-
way ANOVA with Tukey and Bonferroni post-hoc analyses.

Student's t-test was used to compare unpaired samples. A p
value < 0.05 was considered statistically significant. Prism
version 7.0 (GraphPad Software Inc., San Diego, CA, USA)
was used for statistical analysis.

3. Results

3.1 Dietary Genistein Reduces Body Weight and Energy Intake.
During the eight-week genistein intervention, the food intake
of mice in the HF group (p<0.01) and HFG group (p<0.001)
was significantly lower than that of mice in the CON group.
There was no significant difference between the HF and
the HFG groups in food intake (Figure 1(a)). However, after
energy correction, dietary genistein significantly reduced the
energy intake in the HFG group compared with the HF group
(p<0.05) and with the CON group (p<0.01) (Figure 1(b)).
After eight weeks of intervention, the body weight of mice
in the HF group was significantly higher than that of mice
in the CON group (p<0.0001). Dietary genistein significantly
reduced the body weight of mice in the HFG group compared
with mice in the HF group (p<0.0001) and was even lower
than the body weight of mice in the CON group (Figure 1(c)).

3.2. Genistein Could Counteract the Harmful Effects of a
High-Fat Diet on Glucose Tolerance and Insulin Sensitivity.
After eight weeks of intervention, mice in the HF group had
glucose intolerance as measured by the IPGTT compared
with that of mice in the CON group. The blood glucose
levels of the HF group were higher at 0 min (p<0.05), 30
min (p<0.0001), and 60 min (p<0.0001), and the AUC was
significantly larger for mice in the HF group (p<0.0001)
than in the CON group. However, dietary genistein could
improve the glucose intolerance resulting from the high-fat
diet. As shown in Figures 2(a) and 2(b), genistein significantly
reduced the blood glucose levels at 0 min (p<0.05), 30 min
(p<0.0001), and 60 min (p<0.0001) and the AUC (p<0.0001)
of mice from the HFG group compared with those of the
HF group, even reducing blood glucose to normal levels.
Furthermore, to determine the effects of genistein on insulin
sensitivity, the level of fasting serum insulin was measured.
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FIGURE 2: Genistein improved the glucose tolerance and insulin sensitivity in mice fed HFG diet compared with those fed HF diet. (a) IPGTT;
(b) AUG; (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 without genistein; HFG: high-fat diet with
genistein. Data are expressed as means + S.E.M. (n=8/group). Mean values were significantly different between other groups 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, **** p <0.0001.

As shown in Figure 2(c), the serum insulin levels were not
significantly different among the three groups. However, the
HOMA-IR index was significantly higher in the HF group
compared with that of the CON group (p<0.01). Dietary
genistein could negate the deleterious effects of a high-fat
diet on insulin sensitivity and decrease the HOMA-IR index
(p<0.05) (Figure 2(d)).

3.3. Dietary Genistein Could Improve Lipid Metabolism. To
explore the effects of genistein on lipid metabolism, we
measured the serum levels of TC, TG, HDL-C, LDL-C, and
FFA. The serum TC (p<0.001) and LDL-C (p<0.01) levels were
significantly higher in mice from the HF group than those
from mice in the CON group. Dietary genistein significantly
reduced the serum levels of TG (p<0.05), LDL-C (p<0.05),
and FFA (p<0.001) in the HFG group compared with those in
the HF group (Figures 3(a)-3(e)).

3.4. Dietary Genistein Regulates Gene Expression in the
Hypothalamus, Especially Genes Related to Circadian Entrain-
ment. The hypothalamus plays a crucial role in the regulation
of energy and metabolic homeostasis and circadian rhythm.
To explore the central mechanisms of genistein improvement
of glycolipid metabolism and regulation of body weight,
we determined the gene expression profiles from hypotha-
lamic tissue of mice from the HF group and HFG groups

using whole transcriptome sequencing analyses. As shown
in Figure 4(a), there were 878 differentially expressed genes
identified in the hypothalamic tissues between the two
groups, among which 490 genes were upregulated and 388
genes were downregulated in the HFG group compared
with the genes of the HF group. Hierarchical clustering
of differentially expressed hypothalamic genes also showed
significant differences in the transcriptional profiles between
the HFG group and those of the HF group (Figure 4(b)).
Then, we analyzed the KEGG pathways enriched by the
differentially expressed genes in the HFG group.

As shown in Table 1, the most abundant pathway was
related to the “circadian entrainment” (p=0.0016) pathway.
The “Rapl signaling pathway” (p=0.0127), “salivary secre-
tion” (p=0.0221), “estrogen signaling pathway” (p=0.0282),
“cGMP-PKG signaling pathway” (p=0.0375), “oxytocin sig-
naling pathway” (p=0.0417), “cAMP signaling pathway”
(p=0.0474), and some other pathways were also significantly
enriched. In light of the crucial role of circadian rhythm
in metabolism, we focused on the “circadian entrainment”
pathway. Twelve genes in this pathway were significantly
differentially expressed, among which Perl (period circa-
dian clock 1), c-Fos (FB] osteosarcoma oncogene), Calml
(calmodulin 1), and Gng5 (G protein subunit gamma 5)
were upregulated; the remaining eight genes, including Grinl
(glutamate receptor ionotropic), Cacnalg (voltage-dependent
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FIGURE 3: Dietary genistein could improve lipid metabolism. (a) Serum total cholesterol; (b) serum triacylglycerol; (c) serum HDL-C; (d)
serum LDL-C, and (e) serum FFA. HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; FFA: free fatty
acids; CON: normal control diet; HF: high-fat diet without genistein; HFG: high-fat diet with genistein. Data are expressed as means + S.E.M.
(n=8/group). Mean values were significantly different between other groups 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, *** p<0.00L
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FIGURE 4: Dietary genistein could regulate gene expression in the hypothalamus. (a) The volcano plot graphs: this graph shows the log2
of the fold change in each gene’s expression between the two groups and its -log (p value) from the t-test. The red indicates that the gene
is upregulated, whereas the green indicates that gene is downregulated; and (b) heatmap diagram: this diagram illustrates the differential
expression of hypothalamic mRNAs in the HF group (n = 3) compared with the HFG group (n = 3). The hierarchical clustering was based on
878 differentially expressed mRNAs. HF: high-fat diet without genistein; HFG: high-fat diet with genistein.
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TaBLE 1: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differentially expressed genes in the HFG group (p < 0.05).
KEGG ID Pathway Name O C p value
04713 Circadian entrainment 12 98 0.0016
04015 Rapl signaling pathway 17 215 0.0127
04970 Salivary secretion 8 78 0.0221
04915 Estrogen signaling pathway 98 0.0282
04640 Hematopoietic cell lineage 87 0.0371
04022 c¢GMP-PKG signaling pathway 13 173 0.0375
04921 Oxytocin signaling pathway 12 158 0.0417
04974 Protein digestion and absorption 8 90 0.0434
04024 cAMP signaling pathway 14 198 0.0474

O: the number of differentially expressed genes in the pathway; C: the number of reference genes in the pathway.
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calcium channel T type alpha-1G), Kir3.1 (potassium inwardly
rectifying channel subfamily ] member 3), Adcy4 (adenylate
cyclase 4), Gucyla2 (guanylate cyclase soluble subunit alpha),
and so on were downregulated (Figure5). In addition to
genes in the circadian entrainment pathway, Cryl (cryp-
tochrome circadian regulator 1), which is an important clock
gene, was also significantly upregulated in mice of the HFG
group compared with that in the HF group (p<0.05).

3.5. Validation of the Whole Transcriptome Analysis of
Hypothalamic Gene Expression. To verify the sequencing
results, we selected three differentially expressed genes, Perl,

c-Fos, and Grinl, in the “circadian entrainment” pathway
for verification using RT-qPCR. As shown in Figure 6, Perl
(p<0.05) and c-Fos (p<0.05) were significantly upregulated
in the HFG group, whereas Grinl (p<0.05) was downregu-
lated. Thus, a significant consistency was observed between
the transcriptome sequencing and the RT-qPCR results,
which validated the reliability of our whole transcriptome
sequences.

4. Discussion

It is well established that the hypothalamus plays a central
role in the homeostatic regulation of energy and glucose
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FIGURE 6: RT-qPCR verification of significant genes between the HF group and the HFG group. (a) Perl; (b) c-Fos; and (c) Grinl. HF: high-fat
diet without genistein; HFG: high-fat diet with genistein. Data are expressed as means + S.E.M. (n=5/group). Mean values were significantly

different between HF group and the HFG group: “p<0.05.

metabolism as well as in the generation and control of circa-
dian rhythm. Accumulated evidence suggests that hypothala-
mic central regulation disorder plays an important role in the
development of obesity and T2DM [30-33]. Consumption of
soy foods and genistein have been reported to be related to a
lower risk of T2DM [7]. However, the central mechanism in
the hypothalamus for genistein improving glucose and lipid
metabolism is still poorly understood. The goal of our study
was to investigate the effects of dietary genistein on glucose
and lipid metabolism and gene expression in the hypothala-
mus. We found that dietary genistein could counteract the
deleterious effects of a HF diet on glucose homeostasis and
the HOMA-IR. Furthermore, dietary genistein significantly
reduced body weight compared with mice fed only a HF
diet. Disorders of the serum lipid profiles due to the high-fat
diet were also prevented after genistein intervention. These
changes were accompanied by a reduction in energy intake.
These data demonstrated that genistein is vital for regulating
body weight and improving glucose and lipid metabolic
health, which was in agreement with the previous study
that showed that soy isoflavones had beneficial effects on
metabolic health [10, 14, 15].

In light of the pivotal role of the hypothalamus in
metabolic health, we hypothesized that gene expression
in the hypothalamus was altered in mice fed genistein.
Indeed, whole transcriptome sequences showed that great
changes occurred in gene expression in the hypothalamus
after eight weeks of genistein intervention compared with
gene expression in the HF group. After enrichment analysis
of differentially expressed genes in the HFG group, circa-
dian entrainment was considered the most abundant and
crucial pathway. There were twelve significant differentially
expressed genes in this pathway, including c-Fos, Grinl, and
Perl. And another circadian rhythm-related gene Cryl was
also significantly upregulated.

The circadian rhythm exists in nearly all living organisms
and controls numerous circadian oscillators for physiological
processes, including metabolism, wake-sleep cycles, feeding
behavior, and body temperature, which have been described
as changing in response to the light/dark cycles created
by earth’s rotation. Multiple metabolic processes, including

insulin secretion and energy expenditure, exhibit rhythmic
changes over the course of 24 h [34]. In addition to the
circadian rhythm in metabolism, growing numbers of clinical
studies have indicated that circadian misalignment signif-
icantly elevated the levels of glucose, insulin, and TG [21,
22, 35]. Furthermore, animal experiments suggested that
mice with Per and Cry mutations were more susceptible
to obesity, impaired glucose tolerance, hyperinsulinemia,
and hyperlipidemia [36-38]. Thus, circadian rhythm plays
essential roles in metabolic health. Miranda et al. [39] dis-
covered that resveratrol can counteract the altered expression
of Rev-Erba (reverse erythroblastosis virus «) in adipose
tissue induced by a high-fat diet, which indicated that the
circadian clock is a potential target for polyphenol. Huang
et al. [40] showed that Jiao-Tai-Wan could increase the
expression levels of circadian proteins CRY1 and CRY?2 in
hypothalamus of obesity-resistant rats with chronic partial
sleep deprivation, which was associated with improvement in
inflammation. The benefits of green tea (-)-epigallocatechin-
3-gallate on food intake were confirmed to be associated
with the expression of Clock and Bmall in hypothalamus
of high-fat fed mice [41]. However, research exploring the
association between the protective effects of genistein intake
against metabolic disorders and the circadian clock is scarce.
To our knowledge, this is the first study that demonstrated the
beneficial effects of genistein on the role of circadian rhythm,
especially the central clock, in metabolism.

The circadian clock contains a central pacemaker that is
located in the suprachiasmatic nucleus (SCN) of the hypotha-
lamus and in multiple peripheral clock organs, including the
liver, gut, pancreas, kidney, muscle, and adipose tissue. The
SCN is entrained primarily by light and is responsible for
the integration and coordination of circadian oscillators in
the peripheral clocks. In addition, nonphotic behavior cues,
including feeding, sleep, and physical activity, all influence
the timing of central circadian rhythm [34, 42]. Circadian
rhythms are generated and maintained by a series of clock
genes, such as Clock, Perl/2, Cryl/2, and Bmall, which form
a transcriptional-translational feedback loop. It has been
reported that sleep deprivation could reset the central cir-
cadian clock and result in significantly decreased expression



of C-FOS and PERI protein, CRY protein, and the Perl/2
mRNA in the SCN in mice, rats, and hamsters [40, 43,
44]. Maywood et al. [43] also showed that wheel running
could modulate the expression of Perl and Per2 in the SCN
under constant dark conditions [45]. Furthermore, numerous
studies have demonstrated that feeding behavior is one of the
major factors to entrain peripheral clocks [46-48]. Although
controversy exists, feeding has also been reported to reset the
hypothalamic clocks. To explore whether a high-fat diet could
influence the SCN clock, Mendoza et al. [49] measured the
clock entrainment to light in mice fed a HF diet. They showed
that the photic induction of protein expression of C-FOS and
P-ERK (phosphorylation of the extracellular signal-regulated
kinases I/II) in the SCN were both significantly decreased
after consumption of a HF diet. Thus, high-fat feeding could
modulate circadian entrainment to light. Another rat study
verified that the SCN took part in food-mediated entrain-
ment of circadian rhythm, and, in that study, the expression
of C-FOS and PERI was also regulated in the rats bearing
bilateral SCN lesions [50]. In our present study, we found
that the addition of dietary genistein resulted in significantly
upregulated expression of ¢c-Fos and Grinl compared to gene
expression in the HF group, which is noteworthy because
Grinl encodes the glutamatergic receptor-NMDAR protein.
Several lines of evidence indicate that glutamate is the main
photic signal for the central circadian clock [51, 52]. ¢-Fos
was also considered a functional marker of light-activated
signal transduction pathways in the SCN. Thus, our results
indicated that dietary genistein could modulate circadian
entrainment in the hypothalamus and negate the deleterious
effects of a HF diet on the reduced photic induction of C-
FOS. The C-FOS and NMDAR were both key to transmit
the photic information to the SCN. The upregulation of these
two genes would reset the circadian rhythm and alter the
clock synchronization to light, which might further change
the rhythm of food intake and metabolism [53]. However, the
specific mechanism of the effects of circadian entrainment
disorder on peripheral metabolism is still unclear and needs
to be further studied.

In addition to circadian entrainment in the SCN, the cir-
cadian rhythm in other hypothalamic nuclei was associated
with changes in feeding behavior. Kohsaka et al. [54] explored
the effects of a HF diet on the behavioral and molecular
circadian rhythm in the mediobasal hypothalamus of mice
and found that the circadian rhythm of food intake was
changed and that the circadian rhythm in the mediobasal
hypothalamus was also disrupted in the expression of Clock
mRNA. Blancas-Velazquez et al. [55, 56] found that a high-fat
high-sugar diet could control the expression of Per2 mRNA
and the PER2 and BMALI protein in reward-related areas of
the hypothalamus rather than the SCN. Feeding only during
the daytime in animals was also described to lead to metabolic
disorders and disrupted rhythm in the expression of Per] and
Per2 mRNA in the perifornical area and the arcuate nucleus
of the hypothalamus [57]. Our results demonstrated that the
expression of Perl and Cryl was significantly upregulated
in the hypothalamus after dietary genistein intervention.
However, it is still unclear whether the gene is differentially
expressed in the SCN or in the other hypothalamic nuclei. We

International Journal of Endocrinology

need to further explore the specific location of the changes in
hypothalamic gene expression after genistein intervention in
the future.

5. Conclusions

Dietary genistein could significantly mitigate the deleterious
effects of a HF diet on body weight as well as glucose and lipid
metabolism. The improvement in glucose and lipid metabolic
disorders was associated with significantly different gene
expression in the hypothalamic circadian entrainment path-
way. To our knowledge, this is the first study to report the role
of hypothalamic circadian entrainment in the improvement
of metabolic health and reduction of body weight by dietary
genistein intake. However, there are some limitations to
our study. First, only female mice were used in our study.
Second, our study only explored the relationship between the
expression of hypothalamic genes and metabolism, and the
specific metabolism-regulating mechanisms of these genes
still need further exploration. Lastly, a more accurate nuclear
location and understanding of the circadian rhythm of
differentially expressed genes in the hypothalamus still need
to be determined. Our results provide new evidence for the
central regulation of energy and metabolic homeostasis and
for novel targets for intervention in obesity and T2DM.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no potential conflicts of
interest.

Acknowledgments

This work got supported by the grants from National Nat-
ural Science Foundation of China (nos. 81170736, 81570715,
81870579, and 81870545) and National Natural Science Foun-
dation for Young Scholars of China (no. 81300649). We are
very grateful to Allwegene Technology Company for their
technical support with whole transcriptome sequences.

Supplementary Materials

Table SI: the nutritional compositions of three types of
diet, CON: normal control diet; HF: high-fat diet without
genistein; and HFG: high-fat diet with genistein. Table S2: the
primers sequences of the four genes, Perl: period circadian
clock 1; ¢-Fos: FB] osteosarcoma oncogene; Grinl: glutamate
receptor ionotropic; and S-actin. (Supplementary Materials)

References

[1] IDF Diabetes Atlas, IDF Diabetes Atlas Eighth, 8 edition, 2017,
https://www.diabetesatlas.org/.


http://downloads.hindawi.com/journals/ije/2019/2163838.f1.pdf
https://www.diabetesatlas.org/

International Journal of Endocrinology

(2]

(5]

(8]

(10]

(13]

(14]

(15]

J. M. Evans, R. W. Newton, D. A. Ruta, T. M. MacDonald, and
A.D. Morris, “Socio-economic status, obesity and prevalence of
Type 1 and Type 2 diabetes mellitus,” Diabetic Medicine, vol. 17,
no. 6, pp. 478-480, 2000.

G. Bruno, C. Runzo, P. Cavallo-Perin et al., “Incidence of type 1
and type 2 diabetes in adults aged 30-49 years: the population-
based registry in the province of Turin, Italy;” Diabetes Care, vol.
28, no. 11, pp. 2613-2619, 2005.

N. Holman, B. Young, and R. Gadsby, “Current prevalence of
Type 1 and Type 2 diabetes in adults and children in the UK,
Diabetic Medicine, vol. 32, no. 9, pp. 1119-1120, 2015.

S. G. van Breda and T. M. de Kok, “Smart combinations
of bioactive compounds in fruits and vegetables may guide
new strategies for personalized prevention of chronic diseases,”
Molecular Nutrition ¢ Food Research, vol. 62, no. 1, p. 1700597,
2018.

A. O. Odegaard, W.-P. Koh, L. M. Butler et al., “Dietary patterns
and incident type 2 diabetes in Chinese men and women the
Singapore Chinese Health Study,” Diabetes Care, vol. 34, no. 4,
pp. 880885, 2011.

M. Ding, A. Pan, J. E. Manson et al., “Consumption of soy foods
and isoflavones and risk of type 2 diabetes: A pooled analysis of
three US cohorts,” European Journal of Clinical Nutrition, vol.
70, no. 12, pp. 1381-1387, 2016.

A. Nanri, T. Mizoue, Y. Takahashi et al., “Soy product and
isoflavone intakes are associated with a lower risk of type 2
diabetes in overweight Japanese women,” Journal of Nutrition,
vol. 140, no. 3, pp. 580-586, 2010.

E. R. Gilbert and D. Liu, “Anti-diabetic functions of soy
isoflavone genistein: mechanisms underlying its effects on
pancreatic -cell function,” Food & Function, vol. 4, no. 2, pp.
200-212, 2013.

S. Amanat, M. H. Eftekhari, M. Fararouei, K. Bagheri Lankarani,
and S. J. Massoumi, “Genistein supplementation improves
insulin resistance and inflammatory state in non-alcoholic
fatty liver patients: A randomized, controlled trial,” Clinical
Nutrition, vol. 37, no. 4, pp- 1210-1215, 2018.

V. Jayagopal, P. Albertazzi, E. S. Kilpatrick et al., “Beneficial
effects of soy phytoestrogen intake in postmenopausal women
with type 2 diabetes,” Diabetes Care, vol. 25, no. 10, pp. 1709-
1714, 2002.

P.J. Curtis, K. Dhatariya, M. Sampson, P. A. Kroon, J. Potter, and
A. Cassidy, “Chronic ingestion of flavan-3-ols and isoflavones
improves insulin sensitivity and lipoprotein status and attenu-
ates estimated 10-year CVD risk in medicated postmenopausal
women with type 2 diabetes: A 1-year, double-blind, random-
ized,controlled trial,” Diabetes Care, vol. 35, no. 2, pp. 226-232,
2012.

S. Gonzalez, V. Jayagopal, E. S. Kilpatrick, T. Chapman, and
S. L. Atkin, “Effects of isoflavone dietary supplementation on
cardiovascular risk factors in type 2 diabetes,” Diabetes Care, vol.
30, no. 7, pp. 1871-1873, 2007.

P. Lopez, M. Sénchez, C. Perez-Cruz et al., “Long-term genis-
tein consumption modifies gut microbiota, improving glucose
metabolism, metabolic endotoxemia, and cognitive function in
mice fed a high-fat diet,” Molecular Nutrition ¢ Food Research,
vol. 62, no. 16, p. 1800313, 2018.

H. Liu, H. Zhong, Y. Yin, and Z. Jiang, “Genistein has beneficial
effects on hepatic steatosis in high fat-high sucrose diet-treated
rats,” Biomedicine ¢ Pharmacotherapy, vol. 91, pp. 964-969,
2017.

(16]

(17]

[20]

[21]

(22]

(24]

(25]

[26]

(27]

(28]

E. Roh, D. K. Song, and M.-S. Kim, “Emerging role of the
brain in the homeostatic regulation of energy and glucose
metabolism,” Experimental & Molecular Medicine, vol. 48, p.
e216, 2016.

R. W. Gelling, G. J. Morton, C. D. Morrison et al., “Insulin action
in the brain contributes to glucose lowering during insulin
treatment of diabetes,” Cell Metabolism, vol. 3, no. 1, pp. 67-73,
2006.

O. Ramos-Lopez, M. Samblas, E 1. Milagro, J. I. Riezu-Boj, A.
B. Crujeiras, and J. A. Martinez, “Circadian gene methylation
profiles are associated with obesity, metabolic disturbances and
carbohydrate intake,” Chronobiology International, vol. 35, no. 7,
pp. 969-981, 2018.

Z. A. Al-Safi, A. Polotsky, J. Chosich et al., “Evidence for
disruption of normal circadian cortisol rhythm in women with
obesity;,” Gynecological Endocrinology, vol. 34, no. 4, pp. 336—
340, 2018.

C. Vetter, E. E. Devore, C. A. Ramin, E E. Speizer, W. C. Willett,
and E. S. Schernhammer, “Mismatch of sleep and work timing
and risk of type 2 diabetes,” Diabetes Care, vol. 38, no. 9, pp.
1707-1713, 2015.

A. Manodpitipong, S. Saetung, H. Nimitphong et al., “Night-
shift work is associated with poorer glycaemic control in
patients with type 2 diabetes,” Journal of Sleep Research, vol. 26,
no. 6, pp. 764-772, 2017.

A. Pan, E. S. Schernhammer, Q. Sun, and F. B. Hu, “Rotating
night shift work and risk of type 2 diabetes: two prospective
cohort studies in women,” PLoS Medicine, vol. 8, no. 12, p.
€l001141, 2011.

A. Rodriguez-Gomez, F. Filice, S. Gotti, and G. Panzica,
“Perinatal exposure to genistein affects the normal development
of anxiety and aggressive behaviors and nitric oxide system in
CD1 male mice,” Physiology & Behavior, vol. 133, pp. 107-114,
2014.

S. Trifunovi¢, M. Manojlovi¢-Stojanoski, N. Risti¢ et al.,
“Changes of growth hormone-releasing hormone and somato-
statin neurons in the rat hypothalamus induced by genistein: a
stereological study,” Nutritional Neuroscience, vol. 19, no. 10, pp.
467-474, 2016.

S. Trifunovic, M. Manojlovic-Stojanoski, V. Ajdzanovic, N.
Nestorovic, N. Ristic, I. Medigovic et al., “Genistein stimulates
the hypothalamo-pituitary-adrenal axis in adult rats: morpho-
logical and hormonal study;,” Histol Histopathol, vol. 27, no. 5,
pp. 627-640, 2012.

B. Sosic-Jurjevic, B. Filipovi¢, V. Ajdzanovic et al., “Suppressive
effects of genistein and daidzein on pituitary-thyroid axis in
orchidectomized middle-aged rats,” Experimental Biology and
Medicine, vol. 235, no. 5, pp. 590-598, 2010.

J. Zheng, X. Xiao, Q. Zhang et al., “Maternal and post-weaning
high-fat, high-sucrose diet modulates glucose homeostasis
and hypothalamic POMC promoter methylation in mouse
offspring,” Metabolic Brain Disease, vol. 30, no. 5, pp. 1129-1137,
2015.

L. Zhou, X. Xiao, Q. Zhang et al., “Improved glucose and lipid
metabolism in the early life of female offspring by maternal
dietary genistein is associated with alterations in the gut
microbiota,” Frontiers in Endocrinology, vol. 9, 2018.

X. Mao, T. Cai, J. G. Olyarchuk, and L. Wei, “Automated
genome annotation and pathway identification using the KEGG
Orthology (KO) as a controlled vocabulary,” Bioinformatics, vol.
21, no. 19, pp. 3787-3793, 2005,



10

[30] M. Sahu, P. Anamthathmakula, and A. Sahu, “Phosphodies-
terase-3B-cAMP pathway of leptin signalling in the hypotha-
lamus is impaired during the development of diet-induced
obesity in FVB/N mice,” Journal of Neuroendocrinology, vol. 27,
no. 4, pp. 293-302, 2015.

A. Manousopoulou, Y. Koutmani, S. Karaliota et al., “Hypotha-

lamus proteomics from mouse models with obesity and

anorexia reveals therapeutic targets of appetite regulation,”

Nutrition & diabetes, vol. 6, p. €204, 2016.

[32] Q.-J. Zhang, C.-C. Yang, S.-Y. Zhang, L.-H. Zhang, and J. Li,

“Alteration of NPY in hypothalamus and its correlation with

leptin and ghrelin during the development of T2DM in a rat

model,” SpringerPlus, vol. 5, no. 1, p. 1913, 2016.

P. G. F. Quaresma, L. Weissmann, T. M. Zanotto et al., “Cdc2-

like kinase 2 in the hypothalamus is necessary to maintain

energy homeostasis,” International Journal of Obesity, vol. 41, no.

2, pp. 268-278, 2017.

E. Poggiogalle, H. Jamshed, and C. M. Peterson, “Circadian

regulation of glucose, lipid, and energy metabolism in humans,”

Metabolism - Clinical and Experimental, vol. 84, pp. 11-27, 2018.

[35] C.Vetter,H.S. Dashti, J. M. Lane et al., “Night shift work, genetic
risk, and type 2 diabetes in the UK biobank,” Diabetes Care, vol.
41, no. 4, pp. 762-769, 2018.

[36] E. W. Turek, C. Joshu, A. Kohsaka et al., “Obesity and metabolic
syndrome in circadian Clock mutant mice,” Science, vol. 308, no.
5724, pp. 1043-1045, 2005.

[37] A. D. Bhatwadekar, Y. Yan, X. Qi et al, “Per2 mutation
recapitulates the vascular phenotype of diabetes in the retina
and bone marrow,” Diabetes, vol. 62, no. 1, pp. 273-282, 2013.

[38] J. L. Barclay, A. Shostak, A. Leliavski et al., “High-fat diet-
induced hyperinsulinemia and tissue-specific insulin resistance
in Cry-deficient mice,” American Journal of Physiology-Renal
Physiology, vol. 304, no. 10, pp. E1053-E1063, 2013.

[39] J. Miranda, M. P. Portillo, J. A. Madrid, N. Arias, M. T.

Macarulla, and M. Garaulet, “Effects of resveratrol on changes

induced by high-fat feeding on clock genes in rats,” British

Journal of Nutrition, vol. 110, no. 8, pp. 1421-1428, 2013.

W.-Y. Huang, X. Zou, E-E. Lu et al., “Jiao-tai-wan Up-regulates

Hypothalamic and Peripheral Circadian Clock Gene Cryp-

tochrome and Activates PI3K/AKT Signaling in Partially Sleep-

deprived Rats,” Current Medical Science, vol. 38, no. 4, pp. 704-

713, 2018.

H. Li, H. C. Kek, J. Lim, R. W. Gelling, and W. Han, “Green tea
(-)-epigallocatechin-3-gallate counteracts daytime overeating
induced by high-fat diet in mice;” Molecular Nutrition & Food
Research, vol. 60, no. 12, pp. 2565-2575, 2016.

A. Kalsbeek, C.-X. Yi, S. E. La Fleur, and E. Fliers, “The
hypothalamic clock and its control of glucose homeostasis,”
Trends in Endocrinology & Metabolism, vol. 21, no. 7, pp. 402-
410, 2010.

E. S. Maywood, N. Mrosovsky, M. D. Field, and M. H. Hastings,
“Rapid down-regulation of mammalian Period genes during
behavioral resetting of the circadian clock;” Proceedings of the
National Acadamy of Sciences of the United States of America,
vol. 96, no. 26, pp. 15211-15216, 1999.

M. C. Antle and R. E. Mistlberger, “Circadian clock resetting by
sleep deprivation without exercise in the syrian hamster,” The
Journal of Neuroscience, vol. 20, no. 24, pp. 9326-9332, 2000.
[45] A. M. Schroeder, D. Truong, D. H. Loh, M. C. Jordan, K. P.
Roos, and C. S. Colwell, “Voluntary scheduled exercise alters
diurnal rhythms of behaviour, physiology and gene expression

(31

(33]

(34]

[40]

[44]

(47]

(48]

[54]

[55]

International Journal of Endocrinology

in wild-type and vasoactive intestinal peptide-deficient mice,”
The Journal of Physiology, vol. 590, no. 23, pp. 6213-6226, 2012.
L. Olejnikova, L. Polidarova, L. Pauslyova, M. Sladek, and A.
Sumova, “Diverse development and higher sensitivity of the
circadian clocks to changes in maternal-feeding regime in a rat
model of cardio-metabolic disease,” Chronobiol Int, vol. 32, no.
4, pp. 531-547, 2015.

A. Woller, H. Duez, B. Staels, and M. Lefranc, “A Mathematical
Model of the Liver Circadian Clock Linking Feeding and
Fasting Cycles to Clock Function,” Cell Reports, vol. 17, no. 4,
pp. 1087-1097, 2016.

Y. Zhang, R. Papazyan, M. Damle et al., “The hepatic circadian
clock fine-tunes the lipogenic response to feeding through
RORa/y,” Genes & Development, vol. 31, no. 12, pp. 1202-1211,
2017.

J. Mendoza, P. Pévet, and E. Challet, “High-fat feeding alters the
clock synchronization to light,” The Journal of Physiology, vol.
586, no. 24, pp. 5901-5910, 2008.

M. Angeles-Castellanos, R. Salgado-Delgado, K. Rodriguez,
R. M. Buijs, and C. Escobar, “The suprachiasmatic nucleus
participates in food entrainment: a lesion study,” Neuroscience,
vol. 165, no. 4, pp. 1115-1126, 2010.

E J. P. Ebling, “The role of glutamate in the photic regulation of
the suprachiasmatic nucleus,” Progress in Neurobiology, vol. 50,
no. 2-3, pp. 109-132, 1996.

M. J. de Vries, B. N. Cardozo, J. van der Want, A. de Wolf, and
J. H. Meijer, “Glutamate immunoreactivity in terminals of the
retinohypothalamic tract of the brown Norwegian rat,” Brain
Research, vol. 612, no. 1-2, pp. 231-237,1993.

A. Engin, “Circadian rhythms in diet-induced obesity;
Advances in Experimental Medicine and Biology, vol. 960, pp.
19-52, 2017.

A. Kohsaka, A. D. Laposky, K. M. Ramsey et al., “High-fat diet
disrupts behavioral and molecular circadian rhythms in mice;”
Cell Metabolism, vol. 6, no. 5, pp. 414-421, 2007.

A. S. Blancas-Velazquez, U. A. Unmehopa, L. Eggels et al., “A
free-choice high-fat high-sugar diet alters day-night Per2 gene
expression in reward-related brain areas in rats,” Frontiers in
Endocrinology, vol. 9, p. 154, 2018.

A. Blancas-Velazquez, S. E.la Fleur, and J. Mendoza, “Effects of a
free-choice high-fat high-sugar diet on brain PER2 and BMAL1
protein expression in mice,” Appetite, vol. 117, pp. 263-269, 2017.
D. Wang, A.-L. Opperhuizen, J. Reznick et al., “Effects of
feeding time on daily rhythms of neuropeptide and clock gene
expression in the rat hypothalamus,” Brain Research, vol. 1671,
pp- 93-101, 2017.



