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Crosstalk hetween the muscular estrogen
receptor oo and BDNF/TrkB signaling alleviates
metabolic syndrome via 7,8-dihydroxyflavone in
female mice
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ABSTRACT

Objective: 7,8-Dihydroxyflavone (7,8-DHF), a small molecular mimetic of brain-derived neurotrophic factor (BDNF), alleviates high-fat diet-
induced obesity in female mice in a sex-specific manner by activating muscular tropomyosin-related kinase B (TrkB). However, the underlying
molecular mechanism for this sex difference is unknown. Moreover, muscular estrogen receptor o (ERo) plays a critical role in metabolic
diseases. Impaired ERa. action is often accompanied by metabolic syndrome (MetS) in postmenopausal women. This study investigated whether
muscular ERa. is involved in the metabolic effects of 7,8-DHF.

Methods: For the in vivo studies, 72 female C57BL/6J mice were given a low-fat diet or high-fat diet, and both received daily intragastric
administration of vehicle or 7,8-DHF for 24 weeks. The hypothalamic-pituitary-ovarian (HPO) axis function was assessed by investigating typical
sex-related serum hormones and the ovarian reserve. Indicators of menopausal MetS, including lipid metabolism, insulin sensitivity, bone density,
and serum inflammatory cytokines, were also evaluated. The expression levels of ERo. and other relevant signaling molecules were also
examined. /n vitro, the molecular mechanism involved in the interplay of ERo. and TrkB receptors was verified in differentiated C2C12 myotubes
using several inhibitors and a lentivirus short hairpin RNA-knockdown strategy.

Results: Long-term oral administration of 7,8-DHF acted as a protective factor for the female HPO axis function, protecting against ovarian
failure, earlier menopause, and sex hormone disorders, which was paralleled by the alleviation of MetS coupled with the production of ERa-rich,
TrkB-activated, and uncoupling protein 1 (UCP1) high thermogenic skeletal muscle tissues. 7,8-DHF-stimulated transactivation of ERa. at serine
118 (S118) and tyrosine 537 (Y537), which was crucial to activate the BDNF/TrkB signaling cascades. In turn, activation of BDNF/TrkB signaling
was also required for the ligand-independent activation of ERa., especially at the Y537 phosphorylation site. In addition, Src family kinases played
a core role in the interplay of ERo and TrkB, synergistically activating the signaling pathways related to energy metabolism.

Conclusions: These findings revealed a novel role of 7,8-DHF in protecting the function of the female HPO axis and activating tissue-specific
ERa., which improves our understanding of this sex difference in 7,8-DHF-mediated maintenance of metabolic homeostasis and provides new

therapeutic strategies for managing MetS in women.
© 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION however, the underlying mechanisms have remained enigmatic. In

fact, the incidences of insulin resistance and type 2 diabetes (T2D) are

Metabolic syndrome (MetS) is a major public health problem worldwide
and is characterized by a cluster of metabolic abnormalities, including
obesity, visceral adiposity, hyperinsulinemia, hyperglycemia, hyper-
cholesterolemia, and hypertension [1,2]. Sex differences in obesity and
MetS are observed frequently in both animals and humans [3—7];

higher in men than in similarly aged premenopausal women [7,8].
Unfortunately, following the onset of menopause, women are more
vulnerable to developing metabolic-related chronic diseases, such as
abdominal obesity, insulin resistance, and even T2D [9,10]. Increasing
evidence suggests that the hypothalamic pituitary ovarian (HPO) axis-
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Abbreviations

7,8-DHF  7,8-Dihydroxyflavone

BDNF brain-derived neurotrophic factor
TrkB tropomyosin-related kinase receptor B
MetS metabolic syndrome

T2D type 2 diabetes

GTT glucose tolerance test

ITT insulin tolerance test

LFD low-fat diet

HFD high-fat diet

TG triacylglycerol

FFA free fatty acid

T-CHO total cholesterol

HPO axis hypothalamic-pituitary-ovarian axis
ERa. estrogen receptor o

ERB estrogen receptor

UCP1 uncoupling protein 1

S118 ERa. phosphorylation at serine 118 site
Y537 ERa. phosphorylation at tyrosine 537 site
ERB estrogen receptor beta

ERK extracellular signal-regulated kinase
GLUT4 glucose transporter 4

FSH follicle stimulating hormone

E2 estradiol

AMH anti-Mdllerian hormone

Esr1 ERa gene

Esr2 ERP gene

WAT white adipose tissues

iWAT inguinal WAT

gWAT gonadal WAT

SWAT subcutaneous WAT

VWAT visceral WAT

iBAT interscapular brown adipose tissues
TBD total body bone density
SBD spine bone density

FBD femoral bone density

Pr primordial follicles

P primary follicles

S secondary follicles

A antral follicles

Af atretic follicles

GTT glucose tolerance test

ITT insulin tolerance test

KD knock down

IL-1 interleukin-1

IL-6 interleukin-6

TNF-o. tumor necrosis factor-o.
LPS lipopolysaccharide

AF-1 activation function-1 of ERo
AF-2 activation function-2 of ERa
PVDF polyvinylidene fluoride
shRNA short hairpin RNA

regulated sex hormones and their receptors, especially the activities of
estrogen and estrogen receptors, contribute to this process. In
humans, together with estrogen (E2) deficiency, a high circulating
follicle-stimulating hormone (FSH) level occurs in response to ovarian
failure and is regarded as a marker for the onset of menopause
[11,12]. Although numerous studies have confirmed that reductions in
estrogen action promote metabolic dysfunction, which predisposes to
obesity and MetS [13,14], the tissue-specific molecular actions of
estrogen and its receptor in metabolic tissues require further study.
Estrogen receptors, mainly comprising estrogen receptor alpha (ERc)
and estrogen receptor beta (ER[), are members of the nuclear receptor
superfamily of ligand-regulated transcription factors [15,16] and are
widely expressed in many cells and tissues, such as the ovary, hy-
pothalamus, muscle, adipocytes, and bone [17]. Skeletal muscle is
responsible for 75—85% of insulin-induced glucose disposal, which
involves estrogen receptors [18,19]. ERa is the most abundant es-
trogen receptor expressed in skeletal muscle and is believed to be a
vital signal molecule involved in skeletal muscle oxidative metabolism
and glucose uptake [20—22]. A previous study demonstrated that a
reduced expression level of the muscle ERo. gene (ESR1/Esri) is
implicated in metabolic dysfunctions and increased adiposity in
women and female mice [20]. In contrast, activation of muscular ERo
by its agonist resveratrol could enhance muscular glucose uptake and
alleviate diet-induced insulin resistance syndrome [23]. Accordingly,
restoring ERo. expression or activity might represent a potential ther-
apeutic strategy to treat MetS [19].

Brain-derived neurotrophic factor (BDNF) is a member of the neuro-
trophin family that plays an important role in synaptic plasticity,
neuronal survival, neuronal development, and differentiation [24].
BDNF binds to the receptor tyrosine kinase B (TrkB) and triggers TrkB
autophosphorylation, which  subsequently  activates  several

downstream signaling cascades, including the RAS mitogen-activated
protein kinase (MAPK)/ERK kinase (MEK)-extracellular regulated kinase
(ERK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/pro-
tein kinase B (AKT) pathways [25—27]. Generally, BDNF/TrkB signaling
is required in the central nervous system (CNS) for a variety of neuronal
functions, including neurotransmission and synaptic plasticity [28,29].
Previous studies also revealed a novel non-neurotrophic function of
BDNF, in which it acts as an anorexic factor on hypothalamic neurons
and thus reverses eating behavior and obesity [30,31]. Yang et al. [32]
revealed that muscle-derived BDNF acts as a myokine and plays an
important role in controlling energy metabolism. However, the clinical
application of BDNF is greatly limited by its short half-life and non-
bioavailable nature [33]. As an orally bioavailable BDNF mimetic,
plant-derived 7,8-dihydroxyflavone (7,8-DHF) has been identified as a
specific TrkB agonist that induces TrkB dimerization and activates its
downstream signaling molecules, including AKT and ERK [34]. 7,8-
DHF has been studied widely [35,36], mainly focusing on treating
CNS-related diseases, such as Alzheimer's disease, cognitive
dysfunction, depression, and Parkinson’s disease [36—39]. However,
there are only a few reports concerning the role of 7,8-DHF in treating
peripheral tissue-related metabolic diseases [40,41]. We recently
showed that 7,8-DHF treatment plays both preventive and therapeutic
roles in the development of high-fat diet (HFD)-induced obesity;
however, this is only valid in female mice, and the activation of BDNF/
TrkB signaling in skeletal muscle appears to be the main pathway
involved [42,43]. Nevertheless, the mechanism underlying this sex
difference is unknown. Previous research showed that female-specific
induction of ERa. expression confers neuroprotection when combined
with 7,8-DHF-induced activation of TrkB in female neonates after
hypoxia and ischemia encephalopathy [44]. Therefore, we investigated
whether ERa. is involved in the 7,8-DHF-stimulated activation of BDNF/
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TrkB signaling cascades in muscles, thus improving MetS in mature
adult female mice.

The results of this study revealed a protective effect of 7,8-DHF on the
hypothalamic-pituitary-ovarian (HPO) axis function as well as the key
role of muscular ERa. and its interaction with the BDNF/TrkB signaling
pathway for skeletal muscle energy metabolism. Taken together, our
findings might contribute to a sex-specific alleviation of MetS, allowing
the development of effective interventions for human metabolic
dysfunction in women.

2. MATERIALS AND METHODS

2.1. Animals and study design

A total of 72 eight-week-old C57BL/6J female mice were purchased
from Shanghai Sippr-BK Laboratory Animal Co., Ltd. (Shanghai, China).
All of the animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Zhejiang Chinese Medical Uni-
versity (approval no.: IACUC-20180514-03). Animal care was given in
accordance with institutional guidelines. The mice were housed in
environmentally controlled conditions with a 12-h light/dark cycle and
free access to water and food. The HFD (60 kcal% fat, D12492) and
LFD (10% kcal%, D12450J) were purchased from Research Diets, Inc.
Co., Ltd. (New Brunswick, NJ, USA). After one week of acclimation, the
mice were randomly divided into six groups (n = 12 per group; n = 4
per cage) and fed different diets as follows: (1) LFD control group; (2)
LFD with 7,8-DHF at a medium dose of 10 mg/kg-BW (LFD+DHF4);
(3) HFD control group; (4) HFD with 7,8-DHF at a low dose of 5 mg/
kg-BW (HFD+-DHFs); (5) HFD with 7,8-DHF at a medium dose of
10 mg/kg - BW (HFD+DHF); and (6) HFD with 7,8-DHF at a high dose
of 20 mg/kg-BW (HFD-+DHF,g). The mice in every group received
vehicle or 7,8-DHF dissolved in 5% DMS0/0.5% methylcellulose at a
low, medium, and high dose by intragastric administration. Body
weight and food intake were recorded weekly during the experiments.
After 16 weeks of feeding (24 weeks of age), the estrus cycle stage in
each group was assessed daily (9.00—11.00 a.m.) until there was an
obvious difference in the estrus frequency between the 7,8-DHF
treated groups and control groups. Each mouse cycle typically lasts
4—5 days, including proestrus, estrus, metestrus, and diestrus [45].
The estrus cycle stage was determined by the cytological analysis of
vaginal smears according to a previously reported method [46]. At the
end of the dietary intervention, the fasted mice were anaesthetized and
killed by cervical dislocation and blood samples were collected. Tis-
sues were harvested and weighed and then fixed with 4% para-
formaldehyde or snap-frozen in liquid nitrogen and stored at —80 °C
until further use. Glucose tolerance tests (GTTs) and insulin tolerance
tests (ITTs) were performed before sacrifice. The mice used for the
GTTs were fasted overnight and given glucose intraperitoneally (2 g/
kg-BW), and blood glucose was measured in the tail vein blood at 0,
30, 60, 90, and 120 min using an ACCU-CHEK Blood Glucose Meter
(Roche, Basel, Switzerland). Similarly, the ITT was performed on the
mice after peritoneal injection of recombinant human insulin (0.75 U/
kg, Novo Nordisk, Bagsvaerd, Denmark).

2.2. Biochemical analyses

The blood glucose level was measured using an ACCU-CHEK
Advantage Blood Glucose Meter (Roche). Serum concentrations of
triacylglycerol (TG), free fatty acid (FFA), and total cholesterol (T-CHO)
were determined using commercially available kits (Jiancheng,
Nanjing, China) based on the manufacturer’s instructions. Serum
levels of endotoxin lipopolysaccharide (LPS), tumor necrosis factor o
(TNF-a), interleukin-6 (IL-6), anti-Miillerian hormone (AMH), and FSH
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were detected using mouse ELISA kits (Cusabio Biotech Co., Ltd.,
Wuhan, China); serum insulin and E2 levels were assessed using
ELISA kits from Shanghai Westang Bio-Tech Co., Ltd. (Shanghai,
China).

2.3. Micro-computed tomography (micro-CT)

Imaging and quantification of fat volume in thoracolumbar compart-
ments were conducted using micro-CT (NEMO Micro-CT, Pingsheng
Healthcare Shanghai Inc., Shanghai, China) following a previously
reported protocol [11,47]. Briefly, the mice were anaesthetized with
5% isoflurane and O, for 5—10 min and subjected to CT scans with a
detector size of 1944 x 1536 pixels. The torso of each mouse was
scanned at an isotropic voxel size of 80 um (65 kV, 190 pA). Two-
dimensional grayscale image slices were reconstructed into 3D to-
mograms using commercial image-processing software (Recon,
Pingsheng, Shanghai, China). Three-dimensional (3D) segmentation of
fat was performed between the upper edge of the pulmonary and end
of the femur. The head and feet were excluded because of the rela-
tively low adiposity in these regions. A thresholding technique was
applied to all of the images to separate the fat. Fat regions were
manually traced using the thresholding technique. Quantification of the
volume of subcutaneous WAT (sWAT) and visceral WAT (VWAT) was
obtained through 3D reconstruction software using iterative
algorithms.

Bone mineral density measurements were also performed on the mice
after calibration by a standard bone density phantom (QRM-Micro-CT-
HA, Méhrendorf, Germany) [48]. The TBD (including neither the region
above the cervical spine nor below the caudal vertebra) and region-
specific bone mineral density, including SBD (the region between
the cervical spine and caudal vertebra) and FBD were also determined.
The instrument was calibrated each time before use by employing a
phantom pass according to the manufacturer's recommendation.
Three-dimensional models of these bones were then reconstructed
using 3D reconstruction software (Recon).

2.4. Qvarian histology and follicle counts

The number of follicles was estimated according to previous reports
[49,50]. In brief, ovaries were fixed (4% paraformaldehyde), paraffin
embedded, and serially sectioned (5 pwm thick) throughout the entire
ovary, aligned in order on glass microscope slides, and stained with
hematoxylin and eosin (H-E). The numbers of primordial follicles (Pr),
primary follicles (P), secondary follicles (S), healthy antral follicles (A),
and atretic follicles (Af) in every fifth section (spaced at 20 um) with a
random start were then determined as previously detailed [49,51,52].
Because this procedure samples one-fifth of the entire ovarian volume,
the total number of follicles per ovary was then estimated by multi-
plying the cumulative counts for each ovary by a correction factor of
five [50].

2.5. Histological analysis

Freshly isolated tissues (inguinal adipose tissue, liver, and ovary) were
selected and fixed in 4% neutral formaldehyde solution for 24 h. All of
the tissues were dehydrated in graded ethanol (30, 50, 70, 80, 95, and
100% ethanol) for 45 min each, followed by paraffin-embedded
sectioning and H-E staining. Histological observation was performed
using a binocular microscope (Eclipse E100, Nikon, Tokyo, Japan).

2.6. Cell culture and glucose consumption experiments

Mouse C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum, 100 .U./mL penicillin,
and 100 pg/mL streptomycin (Invitrogen, Waltham, MA, USA) at 37 °C
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with 95% air and 5% CO,. To induce differentiation, cells were
incubated until 100% confluent and switched to differentiation medium
DMEM (2% horse serum, 100 L.U./mL penicillin, and 100 pg/mL
streptomycin) for 4—6 days [43]. To treat differential C2C12 myotubes,
7,8-DHF was dissolved in DMSO to produce a 200 mM stock solution
and subsequently diluted with cell culture medium to different con-
centrations (final concentration of DMSO < 0.1%). For the glucose
consumption assays, cells were cultured and differentiated on 48-well
cluster dishes. After the differentiation process was complete, C2C12
myotubes were incubated in differentiation media with various con-
centrations of 7,8-DHF (0, 0.5, 1.0, or 5.0 wmol/L) or BDNF (0, 50, 100,
or 200 ng/mL) for 16 h, and the supernatant was then collected in
1.5 mL centrifuge tubes for testing. Glucose consumption was
measured using a Glucose Assay Kit (Applygen Technologies, Inc.,
Beijing, China) based on the glucose oxidase method in accordance
with the manufacturer’s protocol. In some experiments, cells were
preincubated with ICI182780 (1 pumol/L, an inhibitor of the estrogen
receptor) or k252a (30 nmol/L, an inhibitor of TrkB) for 30 min at 37 °C
before treatment with 7,8-DHF or BDNF.

2.7. Quantitative real-time reverse transcription PCR

Levels of mRNA were analyzed using qRT-PCR. Total RNA was isolated
from tissues using TRIzol (Invitrogen) and reverse transcribed into
cDNA using an RT reagent kit (Takara Bio Inc., Shiga, Japan) according
to the manufacturer’s instructions. Gene-specific primers were syn-
thesized by Shenggong Bioengineering Technology Limited (Shanghai,
China) and are listed in Supplemental Table 1. All of the quantitative
real-time PCR reactions were performed using a LightCycler 480 Il
Real-Time PCR Detection System (Roche). The relative quantification of
gene expression was calculated using the 2~ 22% method [53]. The
housekeeping gene Ppia (encoding peptidylprolyl isomerase A) was
used as a control.

2.8. Western blotting

Tissues or cells were homogenized in radioimmunoprecipitation assay
(RIPA) lysis buffer (PO013B, Beyotime, Beijing, China) with protease
and phosphatase inhibitor cocktail (P1045, Beyotime) on ice. Cell
debris was removed by centrifugation at 14,000 g for 5 min at 4 °C.
The protein extract was diluted to 2—4 mg/ml. Thirty to forty micro-
grams of total protein per sample were electrophoresed and then
transferred onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad
Laboratories, Hercules, CA, USA). Membranes were blocked with Tris-
buffered saline tween containing 5% skim milk powder for 2 h at room
temperature and subsequently incubated overnight at 4 °C with the
recommended amount of primary antibody, followed by incubation
with secondary antibodies and visualization of the immunoreactive
protein bands. The levels of phosphorylated proteins were normalized
to the levels of their corresponding total proteins unless specifically
noted, and the proteins were normalized to the internal controls
(GAPDH or tubulin). For some experiments, membranes were stripped
in Western stripping buffer (Pulilai Gene Technology Co., Ltd., Beijing,
China) and re-probed with different antibodies.

2.9. Lentiviral-induced Esri knockdown in C2C12 myoblasts

To achieve Esr1 (mouse ERa gene) knockdown (KD) in C2C12 myo-
blasts, lentiviral particles carrying shRNAs targeted to Esr7 or the
respective controls were obtained from Hanbio Biotechnology Co.,
Ltd. (Shanghai, China). Referring to a previous study [20], three po-
tential shRNAs (Esr1-KD1, Esr1-KD2, and Esr1-KD3) and one control
shRNA (Esr1-con) were designed and synthesized; the sequences are
listed in Supplemental Table 2. Lentivirus transduction was performed

using polybrene transfection reagent and a green fluorescent protein
(GFP) plasmid was used to measure and confirm the transfection
efficiency (Supplemental Figure 1). After selecting positive trans-
formants using puromycin (Dalian Meilun Biotechnology Co., Ltd.,
Dalian, China), the selected clones were expanded and analyzed for
their KD efficiency as measured using qRT-PCR and immunoblotting.
The resulting cultures were then differentiated and used for subse-
quent assays.

2.10. Materials

C2C12 cells were purchased from ATCC (Manassas, VA, USA) and
maintained as instructed. 7,8-DHF (purity > 98%) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). BDNF (AF-450-02,
purity > 98%) was obtained from Proteintech Group, Inc. (Rosemont,
IL, USA). Estrogen receptor antagonist ICI182780 (12146,
purity > 99%), specific Src inhibitor PP1 (T6196, purity > 99%), and
SCH772984 (T6066, purity > 99%) were purchased from Topscience
Co., Ltd. (Shanghai, China). K252a (#12754, purity > 99%), antibodies
against Src (#2108), p-Src Tyr416 (#2101), ERK (#9102), p-ERK
(Thr202/Tyr204) (#9106), pan AKT (#4691), and p-AKT S473 (#4060)
were obtained from Cell Signaling (Danvers, MA, USA). Anti-ERo
(ab32063), p-ERa. Ser118 (ab32396), and UCP1 (ab155117) anti-
bodies were purchased from Abcam (Cambridge, MA, USA). Anti-TrkB
(AF6461), p-TrkB Tyr706 (AF3461), a-tubulin (AF7010), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (AF7021) were pur-
chased from Affinity Biosciences (Cincinnati, OH, USA). Anti-p-ERa.
Tyr537 (#PA5-104732) antibodies were obtained from Thermo Fisher
Scientific (Waltham, MA, USA).

2.11. Statistical analysis

All of the data obtained from three or more independent experiments
were expressed as mean =+ SD and analyzed using GraphPad Prism
statistical software (GraphPad Software, Inc., La Jolla, CA, USA). All of
the statistical details on the experiments can be found in the figure
legends for each experiment, including the statistical tests used,
number of mice in the animal experiments (represented as n unless
otherwise stated), and number of wells in the cell culture experiments
(represented as n unless otherwise stated). Differences between two
groups were assessed using an unpaired two-tailed Student’s t test.
For more than two groups, one-way analysis of variance (ANOVA) was
applied to assess the statistical significance. P < 0.05 was considered
statistically significant.

3. RESULTS

3.1. Long-term 7,8-DHF treatment inhibited HFD-induced weight
gain and adiposity and increased bone mineral density in female
mice

A previous study showed that 7,8-DHF selectively prevents body
weight gain in female mice vs male mice [42]. To explore whether 7,8-
DHF also influences other sex-related biological features, we treated
the mice with LFD or HFD in the presence of different doses of 7,8-
DHF. To obtain accurate data on the distribution of thoracoabdominal
white adipose tissue (WAT), micro-computed tomography (micro-CT)
was adopted. Micro-CT of distinct thoracoabdominal WAT compart-
ments revealed a substantial increase in both the total fat volume
(TFV), subcutaneous fat volume (SFV), and visceral fat volume (VFV) in
the HFD-fed control group vs the LFD-fed control group (Figure 1A). In
the groups fed an LFD, no obvious differences in the TFV, SFV, and VFV
were observed after treatment with 7,8-DHF. In contrast, the TFV, SFV,
and VFV were all significantly reduced (p < 0.01) in the 7,8-DHF-
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Figure 1: 7,8-DHF reduced diet-induced obesity and increased bone mineral density in mature adult female mice. (A) Quantitative analysis of total fat volume (TFV),
subcutaneous fat volume (SFV), and visceral fat volume (VFV) by micro-CT (representative coronal and transverse sections from the same experiment; visceral, red; subcutaneous,
yellow). (B) Bone mineral density measured by micro-CT. Scan regions of the total body bone density (TBD) are represented in red, spine bone density (SBD) in yellow, and femoral
bone density (FBD) in green (n = 3 mice per group; N.S: not significant, **p < 0.01, LFD control vs LFD+DHF;o, Student’s t test; N.S: not significant, **p < 0.01, #¥#p < 0.001,
HFD control vs LFD control, Student’s t test; &p < 0.05, &&p < 0.01, HFD control vs HF+-DHF5, HFD+DHF4q, and HFD-+DHF,,, one-way ANOVA).

treated HFD-fed mice compared with those in the HFD controls
(Figure 1A). Bone mineral density, including total body bone density
(TBD), spine bone density (SBD), and femoral bone density (FBD), were
also investigated using micro-CT. 7,8-DHF at the medium dose
(10 mg/kg-BW) resulted in a marked increase in bone mineral density
irrespective of dietary conditions (Figure 1B). Notably, the results also
suggested no apparent impact of the HFD on bone mineral density in
comparison with the LFD and HFD controls.

We also compared the preventive effects of low, medium, and high
doses of 7,8-DHF against HFD-induced obesity. Seventy-two eight-
week-old female mice were fed a control LFD or HFD and treated by
gavage with three doses of 7,8-DHF (5, 10, or 20 mg/kg - BW) daily for

up to 24 weeks. The dosage was selected based on previous dose—
response studies [36,42,43]. The mice on the HFD gained significantly
more weight than the LFD-fed mice from 11 weeks of age onward and
became markedly obese by 32 weeks of age. The 7,8-DHF-treated
mice under HFD gained weight until 17 weeks of age; however, their
weight gain tailed off after 20 weeks of age, especially in the 7,8-DHF
low-dose group (Supplemental Figure 2). In contrast, administration of
7,8-DHF did not affect the weight gain of the LFD-fed mice
(Supplemental Figure 2). The weights of various organs were also
measured after the mice were sacrificed (Supplemental Figure 3). 7,8-
DHF treatment of the HFD-fed mice markedly reduced the weight of the
liver, spleen, and inguinal white adipose tissues (iWAT) compared with
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those of the vehicle-treated HFD mice (Supplemental Figure 3A, C, and
D). Although there was no obvious impact on the weights of the kidney,
spleen, and iWAT in the LFD-fed mice, the weights of iBAT and the liver
in the LFD+DHF¢o group notably increased after 7,8-DHF treatment
(Supplemental Figure 3A and E).

Remarkably, the female mice consuming 7,8-DHF at all three doses
displayed reduced body weight gain under HFD (Supplemental
Figure 2); however, the effect was not dose-dependent. Unexpect-
edly, in the low-dose group (5 mg/kg-BW), 7,8-DHF showed the
optimal result. The food intake of the mice in each group was also
tracked regularly (Supplemental Figure 4A and B). Interestingly, sup-
plementation with 7,8-DHF elevated the total food intake in the LFD-fed
mice after 20 weeks of age. In contrast, there were no significant
differences among the HFD-fed groups. We also monitored food intake
during the last week before sacrifice, and 7,8-DHF significantly
enhanced the food intake in the LFD-fed mice (p < 0.05), but had no
impact among the HFD-fed groups (Supplemental Figure 4C). Thus,
long-term treatment with 7,8-DHF in the female mice not only pre-
vented HFD-induced body weight gain and fat accumulation, but also
increased bone mineral density, regardless of LFD and HFD conditions.

3.2. 7,8-DHF improved systemic lipid metabolism and glucose
homeostasis in the LFD and HFD-fed mice

HFD-elicited obesity is associated with various aberrant metabolic
characteristics. We observed that HFD feeding for 24 weeks led to
severe lipid deposition in hepatocytes compared with that induced by
LFD feeding, and lipid deposition was reduced in all of the 7,8-DHF
treatment groups (Supplemental Figure 5A). Surprisingly, the LFD
control group also displayed aggregation of small lipid droplets in the
liver, which was alleviated in the LFD+DHF4y group (Supplemental
Figure 5A). In addition, the adipocytes in the 7,8-DHF-treated HFD-
fed mice were obviously smaller, especially in the 7,8-DHF low-dose
group compared with those in the HFD controls (Supplemental
Figure 5B). Hence, 7,8-DHF reduced lipid accumulation in ectopic
tissue and abrogated adipocyte hypertrophy. Excessive fat accumu-
lation in obese individuals often causes dyslipidemia. The serum TG,
FFA, and T-CHO levels in the HFD control group were significantly
increased compared with those in the LFD control group (p < 0.001,
Supplemental Figure 5C-E). In line with the effects of 7,8-DHF on the
body weight of the HFD-fed mice, 7,8-DHF markedly relieved dysli-
pidemia caused by the HFD. Serum TG, FFA, and T-CHO in the 7,8-
DHF-treated HFD-fed mice exhibited a significant decrease
compared with those in the HFD controls. Interestingly, the LFD-fed
mice treated with 7,8-DHF also showed reduced serum TC, FFA,
and T-CHO levels.

Obesity also leads to impaired glucose homeostasis and insulin action
[54]. Numerous studies have reported that reduction in body weight in
obese subjects improved their insulin response. Therefore, we used
GTTs and ITTs to investigate whether 7,8-DHF also affected glucose
homeostasis and insulin sensitivity. The results showed that the mice
in the HFD control group had a higher level of fasting blood glucose and
insulin compared with the mice fed an LFD (Supplemental Figure 5F
and G). Furthermore, the glucose and insulin tolerance tests showed
that the mice on the HFD developed more severe glucose and insulin
resistance (HFD control vs LFD control; Supplemental Figure 5H-K). In
comparison with the HFD control group, 7,8-DHF lowered the fasting
blood glucose level (Supplemental Figure 5F) and reduced circulating
insulin (Supplemental Figure 5G). Although there was no difference in
fasting blood glucose with or without 7,8-DHF in the LFD-fed mice, the
LFD-+DHF¢o group exhibited significantly (p < 0.001) lower insulin
levels compared with the control group (Supplemental Figure 5G).

Moreover, the GTT and ITT results showed that the 7,8-DHF-treated
mice displayed increased glucose tolerance and decreased insulin
resistance in both the LFD- and HFD-fed mice. These mice displayed
better glucose clearance in the GTTs (Supplemental Figure 5H, I).
Additionally, 7,8-DHF also induced increased glucose reduction after
injection with insulin (Supplemental Figure 5J and K), indicating that
7,8-DHF also rescued insulin sensitivity in both the long-term HFD- or
LFD-fed female mice.

3.3. 7,8-DHF protected against ovarian failure and alleviated
systemic inflammation in mature adult mice

Diminished ovarian reserve is a typical clinical manifestation of peri-
menopausal transition, which is associated with increases in total body
fat and decreases in bone mass, all of which impact the quality of later
life [10,11]. To test whether 7,8-DHF could improve the ovarian
reserve functions and protect the HPO axis in mature adult female
mice, we determined serum and tissue parameters related to the HPO
axis functions, including estrus cycles, sex-related serum hormone
levels, number of follicles at each stage, and uterus coefficients. The
results showed that all of the 7,8-DHF treated groups, whether fed an
LFD or HFD, showed regular 4- to 5-day estrus cycles (Table 1):
proestrus (cells were almost exclusively oval nucleated epithelial cells,
Supplemental Figure 6A), estrus (a large number of cornified squa-
mous epithelial cells, Supplemental Figure 6B), metestrus (frag-
mented, cornified epithelial cells and leukocytes, Supplemental
Figure 6C), and diestrus (a large number of leukocytes, with occa-
sional keratinocytes and epithelial cells, Supplemental Figure 6D). In
contrast, the mice in the LFD and HFD control groups exhibited
markedly prolonged estrus cycles or disordered estrus cycles: periods
of diestrus gradually extended, resulting in a sexual cycle taking 7—8
days or even more than 10 days, and the estrus frequency was
significantly reduced (vaginal smear with a large number of leukocytes
accounting for the majority of cells). In addition, comparison of the
estrus frequency between the LFD control and HFD control groups
(Table 1) suggested that there were no obvious associations between
the estrus frequency and dietary conditions (either LFD or HFD).
Estrus cyclicity is governed by hormonal regulation and HPO axis
feedback mechanisms through E2, FSH, luteinizing hormone (LH), and
progesterone (PG) [55]. In females, circulating FSH levels increase
while E2 concentrations decrease in response to ovarian failure, as the
ability to procreate ceases at menopause. ELISA analysis showed that
all of the 7,8-DHF treated groups, whether fed an LFD or HFD, had
significantly enhanced serum E2 (p < 0.001) and lower FSH levels
(p < 0.001). In addition, the FSH level in the HFD control group was
further increased compared with that in the LFD control group,
whereas there was no significant difference in E2 levels (Table 1). As
an accurate marker of the ovarian reserve, serum AMH levels were
also measured. As expected, 7,8-DHF showed higher AMH levels in all
of the treated groups compared with those in the untreated control
groups. However, there was no significant difference in AMH levels
between the LFD control and HFD control groups. Estrogen deficiency
caused by ovarian failure is often accompanied by uterine atrophy;
therefore, the uterus indexes of each group were further evaluated. As
shown in Table 1, the uterus indexes were significantly decreased by
HFD feeding (LFD control vs HFD control, p < 0.001). In the LFD-fed
mice, 7,8-DHF significantly increased the uterus index compared
with that of the control group (p < 0.05). While in the HFD-fed groups,
only the 7,8-DHF medium-dose group (10 mg/kg-BW) showed a
statistical difference (p < 0.05) in comparison with that of the control
group, although an increase in the uterus index was observed in the
mice treated with all three doses.
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Table 1 — Serum and tissue parameters related to the hypothalamic-pituitary-ovarian (HPO) axis function in mice after treatment with 7,8-DHF for 24 weeks.
Indexes Groups
LFD-fed mice HFD-fed mice
LFD control LFD + DHF4q HFD control HFD + DHF5 HFD + DHF4q HFD + DHF5q

Estrus frequency (times/week) 0.88 & 0.15 1.56 & 0.14%%* 0.81 & 0.19" 1.52 + 0.19%& 1.55 & 0.12%8& 148 + 0.13%&
Serum (n = 10—12)  E2 (pg/mL) 36.00 + 2.85 51.31 + 9.68%** 37.53 £ 423" 56.30 & 8.20%%  56.06 & 6.61%%%  52.36 L 7.99%&

FSH (miU/mL) 12.46 + 2.13 6.72 & 1.14%%* 15.28 + 3.02* 7.79 + 1.43%8& 7.24 + 12288 819 4+ 15288

AMH (ng/mL) 3.30 & 0.60 455 + 0.63%+* 2.89 + 0.56"° 4.49 + 0.69%%& 465+ 0.628%% 435 + 0.68%%
Uterus (n = 10—12)  Uterus weight (mg)  64.66 = 15.71 79.21 + 13.03* 7915 £ 12.77%  82.20 = 10.62"  87.20 & 14.46"  82.59 & 14.13"

Uterus index (%) 0.32 + 0.06 0.38 =+ 0.05* 0.23 + 0.05"** 0.28 + 0.04" 0.29 + 0.05% 0.26 + 0.04"
Ovary (n = 3—4) Pr (counts) 286.3 & 35.2 685.0 & 66.8%** 76.3 + 8.0%## 253.3 + 33.2%8& = =

P (counts) 317 + 24 68.3 + 6.2** 6.5 + 2.1 58.3 + 14.3%& - -

S (counts) 437 + 6.3 88.7 + 5.8%* 355 + 7.3 96.7 + 10.3%%& — -

A (counts) 463 +19 52.0 + 52" 32.5 + 8.3 88.3 + 8.5%& - -

Af (counts) 2196.7 + 248.7

1293.3 £ 149.7***

2915.5 + 309.3"  2076.7 + 241.4% = =

Pr: primordial follicles; P: primary follicles; S: secondary follicles; A: healthy antral follicles; Af: atretic follicles. The uterus index was calculated as uterus weight divided by body
weight. N.S: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 vs the LFD control group, Student’s t test; N: not significant, “p < 0.05, #&p < 0.001 vs the HFD control group,
one-way ANOVA; N.S: not significant, “p < 0.05, #p < 0.001 vs the LFD control group, Student’s t test; “—" represents not tested.

As a complementary in vivo test of ovarian failure, ovarian morphology
was further examined (Figure 2A—D). Each ovarian section was
assessed for the number of primordial follicles (Pr) (Figure 2E), primary
follicles (P) (Figure 2F), secondary follicles (S) (Figure 2G), antral fol-
licles (A) (Figure 2H), and atretic follicles (Af) (Figure 2I). Notably, 7,8-
DHF induced marked changes to the follicles in each stage in both the
LFD- and HFD-fed mice (Table 1). Specifically, 7,8-DHF significantly
increased the number of Pr, P, and S follicles, accompanied by a
significant decline in Af compared with that of the control group.
However, a significant improvement of mature antral follicles by 7,8-
DHF was observed in the HFD-fed mice, but not in the LFD-fed
groups. HFD feeding further aggravated the loss of primordial folli-
cles and primary follicles and facilitated the death or atretic follicles
compared with that observed in the LFD group. Thus, quantification of
ovarian follicles revealed that 7,8-DHF greatly promoted follicular
development and reduced atretic follicles in the ovaries.

Increased inflammation is closely associated with aging-related dis-
eases, including visceral obesity, insulin resistance, and ovarian failure
[54—57]. To examine the suppressive effect on inflammation of 7,8-
DHF, we investigated representative pro-inflammatory factors,
including IL-6 and TNF-a. The circulating LPS was also investigated
because it is often used as a biomarker of inflammation resulting from
gut microbiota dysbiosis [58]. The results showed that HFD feeding
aggravated the production of serum pro-inflammatory factors (IL-6 and
TNF-¢) in comparison with the LFD-fed (LFD control vs HFD control,
Figure 2J,K). As expected, the HFD induced pro-inflammatory factors
IL-6 and TNF-a., and their levels were significantly downregulated by
7,8-DHF at all three doses (Figure 2J,K). Interestingly, 7,8-DHF also
markedly suppressed IL-6 and TNF-o. levels in the LFD-fed mice.
Circulating LPS was also notably downregulated in both the LFD- and
HFD-fed groups by 7,8-DHF, indicating that 7,8-DHF might exert a
therapeutic effect on gut microbiota homeostasis (Figure 2L).

3.4. 7,8-DHF induced increased ERca. gene and protein expression
in skeletal muscle

To determine the role of ERot and ER in the regulation by 7,8-DHF of
MetS in the female mice, we first quantified ERe. and ERB gene
expression (Esr1 and Esr2) in skeletal muscle (a mixture of the soleus
and gastrocnemius muscles) and adipose tissue (gonadal WAT, gWAT).
As shown in Figure 3A, muscle Esr1 expression levels were markedly
elevated by 2.5, 4.1, 4.4, and 4.6 times in the 7,8-DHF-treated groups

(LFD+DHF4o, HFD-+DHF5, HFD+DHF4p, and HFD+DHF,q, respec-
tively) compared with that in their corresponding control groups (LFD
and HFD control groups). Unexpectedly, however, the Esr1 expression
levels in the muscle obviously (p < 0.01) increased in the HFD control
group compared with the LFD control group (Figure 3A), and the reason
for this was not completely clear. Conversely, Esr1 expression levels in
the adipose tissue significantly decreased in the HFD-fed mice
compared with those in the LFD-fed mice (HFD control vs LFD control,
p < 0.001, Figure 3B). Moreover, Esr1 expression in the adipose tissue
only showed a significant increase (p < 0.001) in the HFD-fed mice
treated with 7,8-DHF compared with that in the HFD control group,
whereas there was no significant difference between the LFD-+DHF4q
group and LFD control group (Figure 3B). Compared with Esr1, the
expression of Esr2 was more complicated. Muscle Esr2 expression
levels were notably increased in a dose-dependent manner by 7,8-DHF
in the HFD-fed mice; however, its expression was prominently down-
regulated by nearly 50% (p < 0.01) in the LFD+DHF; group compared
with that in the LFD control group (Figure 3C). In contrast, markedly
enhanced expression of Esr2in the adipose tissue in both the LFD- and
HFD-fed groups was observed upon 7,8-DHF treatment (Figure 3D).
We then assessed the protein levels of ERa in skeletal muscle and
visceral white adipose tissue using immunoblotting and found that 7,8-
DHF induced significantly upregulated levels of ERa in muscle (Figure 3E,
third panel), whereas upregulation of ERa. in adipose tissue was only
observed in the 7,8-DHF treated HFD-fed mice (Figure 3F, third panel).
Thus, the trend in ERa protein levels was consistent with the mRNA
levels. Additionally, the levels of the two main phosphorylated forms of
the ERa. protein (phosphorylated at serine 118 (5188) and tyrosine 537
(Y537) sites located in the activation function-1 (AF-1) domain and
activation function-2 (AF-2) domain, respectively) were both elevated by
7,8-DHF in skeletal muscle (Figure 3E, first and second panels).

As expected, 7,8-DHF triggered TrkB phosphorylation in skeletal muscle
(Figure 3E, fourth panel), but not in adipose tissue (Figure 3F, fourth
panel), which was in line with previous reports [42]. Downstream AKT
phosphorylation was evidently increased in muscle in the LFD- and HFD-
fed mice by 7,8-DHF. Surprisingly, AKT phosphorylation was also
observed in the adipose tissues of the 7,8-DHF-treated HFD-fed mice in
the absence of TrkB activation, which might have been attributed to the
enhanced levels of ERa. and its phosphorylated forms. In agreement with
these results, the levels of uncoupling protein 1 (UCP1), a mitochondrial
protein that is responsible for non-shivering thermogenesis in brown
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Figure 2: 7,8-DHF protected against ovarian failure and alleviated inflammation in mature adult female mice. Representative ovarian sections that were stained with H-E
to visualize morphological structures in (A) LFD control group, (B) LFD-+DHF, group, (C) HFD control group, and (D) HFD+DHF5 group (n = 3—4 per group, scale bars 500 pm).
Follicles were counted and classified as primordial follicles as shown in (E) and indicated with green arrows; primary follicles as shown in (F) and marked by cyan circles;
secondary follicles as shown in (G) and indicated with blue circles; healthy antral follicles as shown in (H) and indicated with purple circles; and atretic follicles as shown in () and
indicated with red arrows. The classification method for different stage follicles was performed mainly according to previous reports [56,57]. (J)—(L) Serum concentrations of IL-6,
TNF-¢, and LPS (n = 10—12; *p < 0.05, **p < 0.01, ***p < 0.001, LFD control vs LFD-+DHFy,, Student's t test; #p < 0.01, **p < 0.001, HFD control vs LFD control,
Student's t test; 3&p < 0.001, HFD control vs HFD-+DHFs, HF-+DHFyg, and HFD-+DHFy, one-way ANOVA).

adipose tissue (BAT) [59], were also specifically induced in the skeletal
muscle of the 7,8-DHF-treated mice, regardless of LFD or HFD feeding
(Figure 3E, eighth panel), but not in adipose tissue (Figure 3F, eighth
panel). Taken together, these results suggested that the activation of TrkB
combined with ERo. acted together to regulate the effect of 7,8-DHF on
MetS. Thus, we next focused on the mechanism of the mutual regulation
between TrkB and ERa:. in the energy metabolism in skeletal muscle.

3.5. 7,8-DHF stimulated glucose consumption in an ERai- or TrkB-
dependent manner

7,8-DHF directly stimulated glucose consumption in a dose-dependent
manner in C2C12 myotubes, and the glucose consumption in the 7,8-
DHF high-dose group (5 umol/L) increased by nearly two-fold
compared with that of the control group (Figure 4A). As a control,
BDNF also elevated glucose consumption; however, this was
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Figure 3: Effect of 7,8-DHF treatment on gene and protein levels of ERo and ERp in skeletal muscle and adipose tissues. (A)—(D) ERa. gene (Esr7) and ERP gene (Esr2)
levels in skeletal muscle and adipose tissues. The skeletal muscles were isolated from mouse thigh, which contained mixed muscle fiber types, while adiposes used were the
visceral WAT (n = 4—5, **p < 0.01, ***p < 0.001, N.S: not significant, LFD control vs LFD+DHFo, Student's t test; #p < 0.01, ##p < 0.001, N.S: not significant, HFD control
vs LFD control, Student's t test; 3p < 0.01, &p < 0.001, HFD control vs HFD+-DHFs, HFD+DHF;o, and HFD-+DHF,q, one-way ANOVA). (E)—(F) Western blotting analysis of
skeletal muscle and adipose tissues isolated from mice that were treated with 7,8-DHF for 24 weeks. Protein levels of ERa. and its two phosphorylated forms p-S118 and p-Y537,
the phosphorylation of TrkB, and two key energy metabolism-related proteins AKT and UCP1 were measured. Representative immunoblots and quantification are shown (n = 3 per
group. *p < 0.05, **p < 0.01, N.S: not significant, LFD control vs LFD-+DHF4q, Student's t test; p < 0.05, %p < 0.01, N.S: not significant, HFD control vs HFD-+DHFs, Student’s

1 test).
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significant only for the high-dose group (200 ng/mL) (p < 0.05) in
comparison with the corresponding control group (Figure 4B).

To investigate the role of ERe. and TrkB in 7,8-DHF-mediated muscular
glucose consumption in a muscle cell line, we employed specific
blockers of ERa. and TrkB, ICI182780, and k252a, respectively. The
promoting effects of 7,8-DHF or BDNF on glucose consumption was
abolished using either the ERa antagonist (ICI18278) or TrkB inhibitor
(k252a) (Figure 4A,B).

3.6. The mechanism of ERa activation by 7,8-DHF

To investigate the mechanism by which 7,8-DHF modulates ERa, we
first compared the effect of 7,8-DHF/BDNF on the activation of several
relevant signaling pathways in C2C12 myotubes in the presence of the
specific TrkB inhibitor (k252a). The TrkB receptor was gradually acti-
vated by 7,8-DHF or BDNF in a time-dependent manner and this

activation was blocked by k252a (first panel in Figure 5A; Figure 5B).
Interestingly, activation of ERo at the Y537 site was markedly sup-
pressed by k252a (fourth panel in Figure 5A; Figure 5C). However,
k252a alone substantially augmented the level of phosphorylated ERo
S118 (p-S118) and failed to block 7,8-DHF or BDNF-induced p-S118
signals (third panel in Figure 5A; Figure 5D). Similar to previous findings,
7,8-DHF or BDNF induced activation of the TrkB signaling pathway, in
which AKT phosphorylation (tenth panel in Figure 5A; Figure 5E) and the
UCP1 level (twelfth panel in Figure 5A; Figure 5F) increased in a time-
dependent manner and were then suppressed by k252a.

Insight into the kinases required for 7,8-DHF-induced phosphorylation
of ERal is critical to understand the signaling mechanisms by which
ERa is transactivated by 7,8-DHF. Thus, the phosphorylation of MAPK-
ERK1/2 (ERK) and proto-oncogene, non-receptor tyrosine kinase (Src)
were tested because they have been verified as the two main kinases
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Figure 4: The promotion effects of 7,8-DHF or BDNF on glucose consumption in C2G12 myotubes could be abolished by ERa or TrkB inhibitors. (A) Differentiated C2C12
myotubes were incubated with low, medium, and high concentrations of 7,8-DHF (0.5, 1, and 5 pumol/L, respectively), or (B) BDNF (50, 100, and 200 ng/mL, respectively) for 16 h
with or without ICI182780 or k252a. Myotubes were preincubated with ICI182780 (1 pmol/L) or k252a (30 nmol/L) for 1 h (n = 6—7, *p < 0.05, ***p < 0.001, N.S: not
significant, one-way ANQOVA).
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Figure 5: 7,8-DHF transactivated ERo by activating its corresponding kinases ERK and Src. (A) Specific TrkB inhibitor, k252a, inhibited 7,8-DHF- or BDNF-induced
phosphorylation of ERa. at tyrosine 537 (p-Y537) but not at serine 118 (p-S118). Differentiated C2C12 myotubes were incubated with TrkB kinase inhibitor k252a (30 nmol/L)
or vehicle for 1 h followed by BDNF (100 ng/mL) for 10 min, 1 h or 7,8-DHF (1 umol/L) for 10 min, 1 h, or 6 h. Cell lysates were then collected and the phosphorylation of TrkB (first
panel), ERa (third and fourth panels), ERK (sixth panel), Src (eighth panel), and AKT (tenth panel) was examined. Total TrkB (second panel), ERa. (fifth panel), ERK (seventh panel),
Src (ninth panel), AKT (eleventh panel), UCP1 (twelfth panel), and tubulin (thirteenth panel) were also verified. (B)—(H) Densitometric measurements of bands in (A) were
performed, and the expression levels of target proteins in the control group (con, without k252a) were normalized to 1. Representative images and densitometries from three
independent experiments are shown (n = 3, N.S: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test; N.S: not significant, &) < 0.05, ¥p < 0.01,
8&, ~ 0.001, vs control group without k252a, one-way ANOVA). (1) Inhibition of ERK abolished 7,8-DHF or BDNF-induced phosphorylation of $118 and the activation of Src.
Differentiated C2C12 myotubes were preincubated with SCH772984 (1 pmol/L) or vehicle for 1 h followed by BDNF (100 ng/mL) or 7,8-DHF (1 wmol/L) for various time intervals as
indicated. Cell lysates were then collected and the phosphorylation of ERK (first panel), ERa. at the S118 site (third panel), and Src (fifth panel) was examined by immunoblotting.
Total ERK (second panel), ERa (fourth panel), and Src (sixth panel) were also verified. (J) Inhibition of Src diminished 7,8-DHF or BDNF-induced TrkB activation and p-Y537.
Differentiated C2C12 myotubes were preincubated with PP1 (5 pumol/L) or vehicle for 1 h followed by BDNF (100 ng/mL) or 7,8-DHF (1 pmol/L) for various time intervals as

indicated. Cell lysates were then collected and the phosphorylation of Src (first panel), TrkB
(fourth panel), and ERa. (sixth panel) were also verified.

responsible the activation of ERo. at $118 and Y537, respectively [60].
As expected, phosphorylated (p)-ERK was distinctly enhanced by
treatment with 7,8-DHF or BDNF compared with that in the control
group, especially at the 10 min time point. k252a further elevated p-
ERK, which was consistent with the trend in ERo $118 activation (sixth
panel in Figure 5A; Figure 5G). Notably, 7,8-DHF- or BDNF-induced p-
Src correlated with the activation of ERa Y537 (eighth panel in
Figure 5A; Figure 5H). These findings suggested that 7,8-DHF-induced
phosphorylation of ERa at S118 and Y537 was partly achieved by
activating their corresponding kinases, ERK and Src, which might in
turn depend on activation of the BDNF/TrkB signaling pathway. Sub-
sequently, we tested this hypothesis using two specific small molecule
inhibitors of ERK and Src. As shown in Figure 5I, the ERK inhibitor
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(third panel), and ERa. Y537 (fifth panel) was measured. Total Src (second panel), TrkB

SCH772984 inhibited 7,8-DHF-induced phosphorylation of ERol at
S118, and phosphorylation of Src was also suppressed by
SCH772984, which might be attributed to the inactivation of ERa S118
phosphorylation [61]. As expected, inhibiting Src using its specific
inhibitor PP1 suppressed p-ERa at Y537 (Figure 5J). Remarkably, 7,8-
DHF- or BDNF-induced phosphorylation of TrkB was also blocked by
the Src inhibitor (Figure 5J).

3.7. ERa deletion impaired the activation of TrkB and its
downstream energy metabolism-related signaling molecules

To further determine the mechanism involved in the interplay between
ERa and TrkB receptors in 7,8-DHF-induced metabolic improvement, a
small molecule ERa. antagonist ICI182780 and short hairpin RNA
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(shRNA)-mediated knockdown of Esr7 were successively employed to
deplete ERat in C2C12 myotubes. As shown in Figure 6A,B, incubation
with ICI182780 (5 pmol/L) for 6 h induced a significant degradation of
ERa in differentiated C2C12 myotubes, which was consistent with the
results of a previous report [62]. Interestingly, with the suppression of
ERa, 7,8-DHF- or BDNF-induced phosphorylation of TrkB
(Figure 6A,C), as well as its downstream signaling molecules, including
Src (Figure 6A,D), AKT (Figure 6A,E), and UCP1 (Figure 6A,F), were all
inhibited. However, p-ERK was not affected (Figure 6A,G), implying that
ERK might act upstream of ERa in this setting.

We then used a lentivirus-shRNA strategy to knockdown Esr7in C2C12
myoblasts to further confirm these results. Three different Esri-tar-
geting shRNA sequences (Esr1-KD1, Esr1-KD2, and Esr1-KD3) were
tested and resulted in 62, 74, and 26% reductions, respectively, of
Esr1 expression (Figure 6H as quantified using quantitative real-time
reverse transcription PCR (qRT-PCR)) and 48, 60, and 28% re-
ductions, respectively, in the ERa protein level (Figure 6l,J as quan-
tified using Western blotting). Thus, Esr1-KD2 was selected for
subsequent study because of its outstanding silencing efficiency on
Esr1. As shown in Figure 6K, Esr1 knockdown markedly impaired TrkB
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Figure 6: Deletion of ERo impaired 7,8-DHF-stimulated activation of BDNF/TrkB signaling cascades. (A) Inhibition of ERa. by IC1182780 suppressed 7,8-DHF- or BDNF-
induced TrkB activation. Differentiated C2C12 myotubes were preincubated with ICI182780 (5 umol/L) or vehicle for 6 h and then continued for various time intervals as indicated
in the presence of vehicle, BDNF (100 ng/mL), or 7,8-DHF (1 umol/L). Cell lysates were then collected and the phosphorylation of TrkB (second panel), Src (fourth panel), ERK (sixth
panel), and AKT (eighth panel) was examined by immunoblotting. Total ERa. (first panel), TrkB (third panel), Src (fifth panel), ERK (seventh panel), AKT (ninth panel), and the
expression of UCP1 (tenth panel) and tubulin (eleventh panel) were also verified. (B)—(G) The densitometric measurements of protein bands in (A) and the expression levels of
target proteins in the control group (con, without ICI182780, abbreviated as ICl) were normalized to 1. Representative images and densitometries from three independent ex-
periments are shown (n = 3, N.S: not significant, *p < 0.05, **p < 0.01, Student's t test; N.S: not significant, p < 0.01, ¥&p < 0.001, vs the control group without ICI182780,
one-way ANOVA). (H)—(J) ERa gene (Esr7) expressions (H), ERa protein levels (1), and densitometric measurements of ERa. protein levels relative to tubulin expression (J). Esr1-
KD achieved by lentiviral delivery of short hairpin RNA (one control and three clones tested and marked as Esr1-con, Esr1-KD1, Esr1-KD2, and Esr1-KD3). Densitometric analyses
are expressed as means = SD in arbitrary units normalized to 1.0. n = 5—6 for E£sr7 qRT-PCR test in (H); n = 3 for ERa: immunoblotting in (I) and (J). **p < 0.01, ***p < 0.001
vs control group, one-way ANOVA). (K) Esr1-KD impaired 7,8-DHF-stimulated BDNF/TrkB-signaling cascades in C2C12 myotubes. Differentiated control (Esr1-con) or Esr1-KD2
C2C12 myotubes were incubated in BDNF (100 ng/mL) or 7,8-DHF (1 umol/L) for various time intervals as indicated. Cell lysates were then collected and the phosphorylation of
ERo. at the S118 (second panel) and Y537 (third panel) sites, TrkB (fourth panel), Src (sixth panel), ERK (eighth panel), and AKT (tenth panel) was examined. Total ERa (first panel),
TrkB (fifth panel), Src (seventh panel), ERK (ninth panel), AKT (eleventh panel), and the expression of UCP1 (twelfth panel) and tubulin (thirteenth panel) were also verified. Control is
abbreviated as con.
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signal transduction as evidenced by the observations that 7,8-DHF or
BDNF-stimulated phosphorylation of TrkB, Src, AKT, and UCP1
expression were all markedly reduced compared with those in the
scramble shRNA group (Esr1-con group).

4. DISCUSSION

Previous studies [42,43] indicated that 7,8-DHF-stimulated activation
of muscular TrkB alleviated HFD-induced obesity of female mice in a
sex-specific manner. However, the underlying molecular mechanism
for this sex-related dimorphism is unknown. In this study, we revealed
a key functional activity of 7,8-DHF in activating ERo in skeletal
muscle, which is essential for the activation of muscular TrkB and its
downstream energy metabolism-related signaling cascades. /n vivo
animal experiments suggested that long-term intake of 7,8-DHF
exerted a significant regulatory role on the HPO axis in mice as evi-
denced by its protective effect on ovarian reserve function and the
maintenance of the homoeostasis of HPO axis-regulated sex hormones
(represented by E2 and FSH). Consequently, 7,8-DHF treatment not
only resulted in increased bone mass, but also a marked reduction in
adiposity and its complications coupled with the production of ERa.
protein-rich, TrkB-activated, and UCP1-high thermogenic skeletal
muscle tissue. The in vitro cellular experiments further revealed the
specific signaling pathways involved in the interplay of ERe and TrkB
receptors, indicating that ERe. in C2C12 myotubes is crucial for the
7,8-DHF-activated BDNF/TrkB signaling pathway, which plays an
important role in muscle energy metabolism. To the best of our
knowledge, this is the first study to investigate the HPO axis-regulated
sex hormone levels and functional hormone receptor ERa. alteration by
7,8-DHF and discover the sex differences in 7,8-DHF-induced pre-
vention of MetS.

After women enter menopause, poor ovarian reserve, combined with
reduced estrogen and increased FSH, lead to postmenopausal obesity,
osteoporosis, and perimenopausal syndrome [11,63]. The reduced
estrogen action has been clinically associated with obesity, metabolic
dysfunction, and increased risk of chronic disease [20]. Based on these
facts, we suspected that the sex-specific hormones and their receptors
would dominate the sex-dependent anti-metabolic syndrome activity
of 7,8-DHF in female mice. To test this idea, both LFD- and HFD-fed
C57BL/6J female mice were subjected to long-term administration
by gavage, with or without 7,8-DHF, until significant estrus frequency
changes were detected. The results indicated that long-term 7,8-DHF
administration effectively alleviated HFD-induced obesity and corre-
sponding metabolism dysfunction, including hyperlipidemia, hyper-
insulinemia, fat accumulation in the liver, and bone loss. Although
there was no significant difference in body weight changes observed
between the 7,8-DHF intervention and LFD control groups, prominent
improvement of glucose tolerance, insulin sensitivity, and bone mineral
density was observed in the LFD+-DHF¢o group of mice, suggesting
that 7,8-DHF also plays a regulatory role in metabolism dysfunction,
even in LFD-fed mice.

As expected, long-term intervention with 7,8-DHF exhibited a pro-
found protective effect on the functions of the HPO axis, protecting
against ovarian aging and earlier menopause in the mature adult
female mice. As shown in Table 1, both the LFD and HFD control
groups (without treatment with 7,8-DHF) exhibited a prolonged estrus
frequency, elevated FSH, and reduced E2, AMH, and uterus index. In
addition, follicle counts suggested that healthy oocyte development
caused severe injury in the mice in the absence of 7,8-DHF, especially
in the HFD control group (Table 1). In general, the C57BL/6J strain of
mouse enters the perimenopausal stage at 10—14 months old [64].
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However, the mice in the LFD and HFD control groups showed marked
perimenopausal symptoms at only 8 months of age, which was
further accentuated after HFD feeding. We speculated that this earlier
perimenopausal entry was partially related to the stress response
caused by long-term daily oral gavage, which undoubtedly induced
stress responses and thus interfered with endocrine responses
[65,66]. Thus, caution should be employed when selecting the
administration methods, and intra-gastric gavage should be avoided
when possible.

Moreover, while the specific mechanism by which 7,8-DHF contributes
to the protection from ovarian aging and earlier perimenopause onset
is not clear; however, based on our current results, it could be
speculated that at least two factors are responsible for the benefits.
The first is alleviation of systemic inflammation. It is widely accepted
that chronic inflammation is one of the characteristics of senescence
and aging [55,56,67]. Previous studies have shown that increases in
pro-inflammatory cytokines, including IL-6, TNF-c,, and IL-1, are
closely associated with the decline in ovarian function and estrogen
with menopause [68,69]. Inflammation is also involved in the patho-
genesis of obesity, T2D, and menopause-associated bone loss, three
conditions that contribute to and correlate with aging in the human
population [55,69]. Hence, 7,8-DHF-induced amelioration of ovarian
failure and metabolic disorders in stressed female mice might function
partially through its anti-inflammatory efficacy. The second presum-
ably is via regulation of the gut microbiota. To date, considerable
research has been devoted to investigating the gut—brain axis, with a
steadily growing appreciation of the gut microbiota, which might
contribute to aging and influence CNS function in health and disease
[70,71]. Our recent research proved that R13, a prodrug of 7,8-DHF,
acted as a prebiotic in the gut and decreased gut leakage and oxidative
stress in Alzheimer’s disease (AD) model mice, alleviating gut dys-
biosis and AD [71]. The circulating endotoxin LPS, which is derived
from the release of some Gram-negative bacteria in the intestines, was
notably reduced by treatment with 7,8-DHF. LPS has been widely
recognized as one of the early trigger factors of low-grade inflam-
mation [72,73] and could be released from gut microbiota into the
bloodstream through impaired intestinal integrity induced by gut
dysbiosis [74,75]. In turn, an influx of LPS activates Toll-like receptor 4
(TLR4)-dependent signaling, leading to inflammation, which aggra-
vates obesity and insulin resistance [4,75,76]. In short, reduced LPS
induced by the intake of 7,8-DHF likely replaced the imbalanced gut
flora caused by HFD or other factors and in turn modulated the function
of the HPO axis function via the gut—brain axis [77].

Paralleling earlier perimenopause onset and severe metabolic syn-
drome in the LFD and HFD control group mice, there was a marked
reduction in muscle ERa. protein accompanied by inactivation of BDNF/
TrkB signaling cascades. A large body of evidence shows that skeletal
muscle ERa. plays a critical and protective role in regulating metabolic
homeostasis and insulin sensitivity through multiple pathways, such as
maintenance of mitochondrial function and promoting the membrane-
trafficking activity of insulin-responsive glucose transporter type 4
(GLUT4) [19,20,78]. Moreover, the occurrence of MetS in perimeno-
pausal women and animals is often accompanied by reduced muscle
ERa levels [19]. Subsequently, we examined whether ERa signaling is
directly involved in 7,8-DHF-stimulated glucose consumption in C2C12
myotubes. Our findings suggested that 7,8-DHF clearly increased
cellular glucose consumption in a dose-dependent manner; however,
these effects were abolished by the ERa. antagonist ICI182780, which
was similar to treatment with the TrkB inhibitor k252a. The same trend
was also found in the BDNF control groups. Therefore, it seems
plausible that variation in ERe. in muscle has an important function in
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7,8-DHF-induced improvement of energy metabolism. Again, consid-
ering that the promoting effect of 7,8-DHF on skeletal muscle energy
consumption is primarily mediated through activation of BDNF/TrkB
signaling cascades [42,43], this raises the question as to the possible
molecular mechanisms involved in the interplay of ERa. and BDNF/TrkB
signaling.

ERa is @ modular protein consisting of a number of functional do-
mains, including an N-terminal domain, two transcriptional activation
functions (AF-1 and AF-2), a centrally located DNA binding domain, a
hinge region, and a C-terminal ligand-binding domain [60]. In the
classical genomic pathway, ERo. function is strongly activated by
binding to the estrogen ligand, and then receptors dimerize and bind
to specific sequence motifs called estrogen response elements
[19,79]. However, more recent studies have shown that ERa. function
could also be regulated by posttranslational modifications, most
significantly by phosphorylation [60]. Most ERa. phosphorylation sites
are located in the N-terminal domain and are regulated by ligand
binding and ligand-independent mechanisms such as peptide growth
factor signaling [60,80,81]. ERa. regulates transcription through its
two activation domains, AF-1 and AF-2. S118 is the most well-
characterized phosphorylation site of ERa. in AF-1, while as a rare
tyrosine phosphorylation site, Y537, is responsible for the activation
of the AF-2 domain [60,82]. The present study showed that both
S$118 and Y537 could be effectively activated by 7,8-DHF or BDNF in
C2C12 myotubes without changing the total ERa levels, which was
quite different from the results in vivo. We speculated that increased
ERot in mouse skeletal muscle was presumably acquired as an in-
direct effect of 7,8-DHF treatment, such as protecting against
ovarian aging and delaying perimenopause onset [19]. Using small
molecule inhibitors (SCH772984 and PP1), we confirmed that
phosphorylation of ERo. at S118 and Y537 was achieved by acti-
vating their corresponding kinases, ERK and Src, respectively [82—
86]. ERK and Src signaling pathways are also involved in BDNF/TrkB
signaling cascades. ERK could be robustly activated through BDNF-
or 7,8-DHF-induced activation of TrkB, which is necessary to pro-
mote skeletal muscle energy consumption or protect neuronal sur-
vival [34,42,43]. Huang et al. reported that TrkB activation by BDNF
was capable of promoting Src family kinase activity [87]. Moreover,
our results showed that inhibiting the kinase activity of TrkB using
the specific inhibitor k252a diminished BDNF- or 7,8-DHF-induced
ERo. phosphorylation at Y537, but not S118, which might be
attributed to the abnormal activation of ERK by k252a. As shown in
Figure 5A, k252a enhanced the p-ERK level regardless of the inhi-
bition of TrkB. This unexpected result indicated that ERK could also
be activated by k252a, possibly through other signaling pathways,
rather than by BDNF/TrkB signaling. Considering these findings, we
suggest that activation of ERac S118 is not the decisive factor for
7,8-DHF-stimulated glucose consumption in C2C12 myotubes. Taken
together, it is logical to deduce that signaling through growth factors
might enhance the activity of ERo via 7,8-DHF-stimulated phos-
phorylation of ERe at the S118 and Y537 residues within the trans-
activating domain of ERa..

To further investigate the role of ERa in the activation of 7,8-DHF-
induced BDNF/TrkB signaling cascades, we silenced ERo. using
antagonist ICI182780 and an shRNA. Both strategies indicated that
ERa deficiency markedly diminished BDNF- or 7,8-DHF-induced
activation of BDNF/TrkB signaling cascades, including phosphory-
lation of Src and AKT and the expression of UCP1. Surprisingly,
robust phosphorylation of ERK stimulated by BDNF or 7,8-DHF at
10 min was not attenuated by deletion of ERa, implying that ERK
lies upstream of ERa in this setting. More importantly, we found

that the Src family kinases played a central role in the mutual
regulation of ERo. and neurotrophin receptor TrkB, which can be
explained as follows: First, inhibition of Src activity resulted in the
diminished phosphorylation of TrkB and Y537 stimulated by 7,8-
DHF simultaneously (Figure 5J); second, inactivation of ERo S118
caused by ERK inhibitor SCH772984 was also paralleled by atten-
uated Src phosphorylation (Figure 5l); third, inactivation of TrkB by
its specific inhibitor k252a blocked 7,8-DHF-induced p-Src and thus
weakened p-ERa Y537 (Figure 5A,C, and H); and fourth, silencing
ERa could also inhibit the activation of TrkB and Src (Figure 6A,K).
A previous study showed that Src family kinases act both down-
stream and upstream of BDNF-mediated TrkB activation, and Src
provides positive feedback regulation of TrkB signaling induced by
BDNF [87].

In conclusion, 7,8-DHF, a BDNF mimetic small molecule compound, by
protecting against inflammation-induced ovarian failure in stressed
female mice and maintaining the role of muscular ERa, has critical
effects on improving muscular energy consumption and systematic
metabolic homeostasis. This research provides solid evidence that 7,8-
DHF-induced activations of ERa and TrkB are interdependent, working
synergistically to activate signaling pathways related to energy
metabolism, including ERK, AKT, and UCP1. Moreover, as a protective
factor that prevents the onset of earlier menopause, 7,8-DHF probably
alleviates MetS by decreasing age-relevant accrual of visceral fat and
pro-inflammatory cytokines. In turn, 7,8-DHF-induced improvements
of these age-associated alterations in metabolism and body fat
accumulation are active participants in a virtuous cycle that could
prevent the aging process and the onset of metabolic diseases.
Collectively, the current findings clearly imply that the maintenance or
activation of ERa in muscle would be of therapeutic benefit to treat
women with metabolic diseases. Our findings also provide a potential
explanation for the sex differences in the 7,8-DHF-mediated alleviation
of MetS.
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