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Abstract Estrogen is imperative to mammalian reproductivity, metabolism, and aging. However,

the hormone activating estrogen receptor (ERs) a can cause major safety concerns due to the enrichment

of ERa in female tissues and certain malignancies. In contrast, ERb is more broadly expressed in metabolic

tissues and the skin. Thus, it is desirable to generate selective ERb agonist conjugates for maximizing the

therapeutic effects of ERs while minimizing the risks of ERa activation. Here, we report the design and

production of small molecule conjugates containing selective non-steroid ERb agonists Gtx878 or genis-

tein. Treatment of agedmicewith our synthesized conjugates improved aging-associated declines in insulin

sensitivity, visceral adipose integrity, skeletal muscle function, and skin health, with validation in vitro. We

further uncovered the benefits of ERb conjugates in the skin using two inducible skin injury mouse models,

showing increased skin basal cell proliferation, epidermal thickness, and wound healing. Therefore, our
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ERb-selective agonist conjugates offer novel therapeutic potential to improve aging-associated conditions

and aid in rejuvenating skin health.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of

Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Estrogen is integral to mammalian physiology. In addition to its
traditional implications in reproductive biology, emerging data
reveals an expansive role for this hormone in health and disease1.
Estrogen is important for the regulation of glucose and lipid
metabolism, and an imbalance in estrogen levels leads to meta-
bolic dysfunction2. Examples include a predisposition to visceral
obesity, metabolic syndrome, and type 2 diabetes3,4. Low estrogen
levels correlate with increased body weight, hyperglycemia,
glucose intolerance, and an impaired sensitivity to insulin5. Es-
trogen also modulates the differentiation of adipocytes and their
ability to store lipids6, which consequently alters the response to
insulin. The decline in estrogen in women experiencing meno-
pause increases the risk of metabolic changes in adipocytes as
well as changes in energy balance and glucose homeostasis7e9.
Moreover, the influence of estrogen on the postmenopausal aging
process can be applied to muscle and skin health. In the muscle,
estrogen promotes mitochondrial function and thus exercise
endurance, whereas a decrease in the hormone is associated with
muscle frailty10. In the skin, estrogen aids in preserving collagen,
maintaining moisture, and preventing thinning, atrophy, drying,
wrinkling, and delayed wound healing in response to injury11,12.

Estrogens function through activating estrogen receptors
(ERs), which include three subtypes, ERa, ERb, and G protein-
coupled estrogen receptor (GPER). These receptors vary in
structure, distribution, and function. ERa and ERb are the two
main forms with comparable binding affinity for estrogens13 but
different in tissue expression and implications in metabolism and
diseases14. ERa is highly expressed in female reproductive tissues,
and its activation increases the risk for cancers in the breast,
prostate, and uterus15. In contrast, ERb is broadly expressed in
reproductive tissues of both sexes as well as in other tissues16.
Interestingly, the roles for ERa and ERb in the tumor microen-
vironment have not been fully characterized, with some sources
indicating a tumor suppressive role for ERb as opposed to
ERa17,18. For example, the loss of ERb expression is common in
colorectal cancer, in line with enhanced survival in breast cancer
with higher ERb expression19,20. Activation of ERb inhibits
cell proliferation in early prostate cancer and benign prostatic
hyperplasia21. Frustratingly, estrogens do not have satisfactory
distinguishment between ERa and ERb22. As such, ERs have
become popular yet controversial targets for therapeutic purposes.

Previous reports allude to the important roles of ERb in
metabolically active tissues including adipose tissue and skeletal
muscle14. Genetic evidence demonstrates the association of acti-
vating ERb with metabolic benefits. For example, a polymorphism
study revealed that one haplotype in the gene encoding ERb,
ESR2, presents a positive correlation with reduced obesity risk in
postmenopausal women23. More recently, decreased levels of
ESR2 mRNA in visceral adipose tissue and subcutaneous white
adipose tissue (sWAT) have been shown to increase the risk for
obesity in humans. The study also showed that weight loss restores
the transcriptional activity of ESR224. Hence, the use of selective
ERb agonists may hold value in promoting metabolic improve-
ments while preventing the undesirable outcomes stemming
from ERa activation16. In line with this, activation of ERb in diet-
induced obese mice shows a multitude of benefits, promoting
adipocyte browning, improving mitochondrial function and energy
expenditure, lowering body weight and fat mass, enhancing in-
sulin sensitivity and glucose tolerance, and reducing hepatic lipid
accumulation25e27. Furthermore, estradiol-derived selective ERb
agonists significantly inhibit lipogenesis in adipose tissue of obese
female Wistar rats through the downregulation of SRE binding
protein 1 (SREBP-1), fatty acid synthase (FASN), and lipoprotein
lipase (LPL)28. ERb activation also stimulates skeletal muscle
growth and regeneration in male rats and female mice29,30. Further
studies revealed the effects are mediated by inducing anabolic
activity in muscle, contributing to increased fiber size and the
availability of serum growth factors in the presence of
selective ligands for ERb, but not ERa31. Therefore, a derivation
of selective ERb agonists is critical for leveraging the therapeutic
potential of ERs while circumventing their safety concerns.

Beyond metabolic regulation, a decline in ERb levels has been
linked with aging in both sexes32e34. Aging impacts many organs,
including the skin35. Interestingly, the use of selective ERb ago-
nists can curb UV-induced photodamage and skin wrinkling in a
mouse model of photoaging36. Thus, selective ERb agonists seem
to have additional anti-aging benefits. In this study, we developed
and explored the function of selective ERb agonist conjugates and
their derivatives as anti-aging agents. Genistein is a naturally
occurring compound, and GTx878 is a synthetic analog of gen-
istein. Both compounds are potent ERb agonists, but their rela-
tively high polarity leads to limited absorption efficiency upon
topical application37e39. To modify the physical and chemical
properties of these compounds, we proposed designing small
molecule conjugates using ester links to generate a unique class of
ERb agonists. Ester molecules are rapidly hydrolyzed by esterase
upon absorption, offering an efficient route for compound delivery
without the risk of chemical toxicity40. These selective ERb
agonist conjugates displayed potent effects in alleviating insulin
resistance, adipose degeneration, and muscle frailty in aged mice.
Additionally, the application of the agonist conjugates promoted
skin healing after injury. Our study thus proposes extensive anti-
aging benefits using selective ERb agonist conjugates.

2. Materials and methods

2.1. Animal studies

Mice were bred and housed at 22 � 1 �C under a 12-h light/12-h
dark cycle, with access to food and water ad libitum. All mice

http://creativecommons.org/licenses/by-nc-nd/4.0/
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were on a C57BL/6J background and fed on a standard diet
(Purina). 24-Month-old aged mice began treatment with a syn-
thesized ERb selective agonist (VB-165) for 6 weeks. The com-
pound was intraperitoneally injected at a dose of 20 mg/kg.bw
(body weight) in the vehicle solution (10% DMSO, 5% Tween-20)
for 5 days a week, followed by body composition monitoring
using EchoMRI. The serum triglyceride profile was obtained using
Infinity Triglycerides Liquid Stable Reagent (Thermo Fisher
Scientific). Serum blood cell counts were conducted at room
temperature using a standard analyzer (GENESIS, Oxford Sci-
ence). For insulin tolerance tests (ITT), mice were fasted for 4 h
(10:00 AMe2:00 PM) and given intraperitoneal injections of 0.75
U/kg.bw human insulin. Blood glucose levels were assessed via
tail vein bleeding using a OneTouch glucometer at pre-injection
(0 min) followed by post-injection time points (15, 30, 45, and
60 min). Animal protocols were reviewed and approved by the
Columbia University Animal Care and Utilizations Committee
and are performed in accordance with NIH guidelines.

2.2. The excision-induced skin injury model

Mice were anesthetized with an intraperitoneal injection of tri-
bromoethanol (350 mg/kg). After shaving the dorsal hair, the skin
was sterilized with a swab soaked in 70% ethanol, and a sterile
punch biopsy tool (6 mm, SHARD� Premium A750-BP60) was
used to generate dorsal skin wounds. Mice were monitored every
10 min on a warm pad until they woke up from anesthesia.
Oculentum, an ointment, was applied to the eyes before and after
injury induction. Compounds (1 mmol/L ERb agonist or vehicle)
were applied to the injured area on the skin every other day for
one month.

2.3. The frostbite-induced skin injury model

Oculentum was applied to the eyes before and after injury. Dorsal
hair was shaved 24 h before induction of injury. On Day 0,
magnets with a 0.5-inch diameter were cooled down on dry ice for
15 min. Mice were anesthetized, and the skin area was sterilized
using the same method mentioned above. The center of the
experimental skin area was lifted and exposed to two frozen
magnets for 1 min and subsequently replaced with two new frozen
magnets after every 1-min interval to ensure temperature consis-
tency. This freezing procedure was continued for a total of 5 min.
Upon completion, magnets were removed, and the skin was left to
thaw completely. Mice were monitored every 10 min on a warm
pad during recovery from anesthesia. Compounds (1 mmol/L ERb
agonist or vehicle) were applied to the injured skin area every
other day for one month.

2.4. Cell culture

HEK-293 and C2C12 cells were cultured in DMEM (Dulbecco’s
modified Eagle’s medium) with 4.5 g/L glucose, supplemented
with 10% fetal bovine serum (FBS) and appropriate antibiotics.
HEK-293 cells were plated in 48-well plates 24 h prior to trans-
fection. DNA was delivered to cells using TransIT�-293 trans-
fection reagent and Opti-MEMi reduced serum medium. Plasmids
used for reporter activity assay were 3x-ERE-TATA-Luc (Addg-
ene #11354), pCMV-hERa (Addgene #101141), and pcDNA-Flag-
hERb (Addgene #35562). Luciferase activity was assessed using a
Dual-Luciferase Reporter Assay System (Promega, E1980) and
measured with a plate reader (Tecan Infinite F200). C2C12 cells
were plated in 12-well plates and differentiated to myotubes in
media containing 2% horse serum for 7 days41,42. Agonists used
in vitro were administered on Days 1, 3, and 5 of differentiation at
1 mol/L concentration. Plasmids used for shRNA studies in
C2C12 cells were pLL3.7 Scr shRNA (Addgene #59299) for sham
and pLV-shEsr2 (Addgene #120722) for ERb knockdown. For
virus packaging, psPAX2 (Addgene #12260) and pMD2.G
(Addgene #12259) were used. Transfection of plasmids was done
in myoblasts before differentiation. 3T3-L1 preadipocytes (ATCC)
were cultured in DMEM, 10% fetal calf serum (FCS), and 1%
penicillinestreptomycin. Two days after reaching confluence,
adipogenesis was induced with a cocktail containing 0.5 mmol/L
3-isobutyl-1-methylxanthine (IBMX), 1 mmol/L dexamethasone,
and 10 mg/mL insulin for 2 days and replaced with full medium
containing 10 mg/mL insulin43. 1 mmol/L agonist conjugates were
kept in the medium during differentiation. Differentiated adipo-
cytes were stained for neutral lipids using Oil Red O and BODIPY,
as described previously43,44. Skin basal cells were isolated from
neonatal mice. Upon euthanasia, limbs and tails were completely
excised. The entire skin was then peeled off and washed with PBS,
followed by incubation with 4 mg/mL dispase in basal medium
(CC-3156, Lonza) and rotated overnight at 4 �C. The epidermis
was separated and exposed to trypsin at room temperature for
20 min. As a result, basal cells were released and collected from
the epidermal sheet. These isolated basal cells were cultured in
their respective growth medium (CC-4162, Lonza) on an extra-
cellular matrix-coated dish for further experiments.

2.5. Histology

Tissue samples were fixed in 10% formalin overnight, switched to
70% ethanol, and embedded in paraffin. Paraffin sections of 6 mm
in thickness were obtained on charged slides. High-resolution
brightfield images were taken at 20 � on an Olympus IX71 mi-
croscope equipped with a DP73 camera. Quantification of
adipocyte size was conducted in Adiposoft, an automated software
for the cellular analysis of adipose tissue available as a down-
loadable plug-in for Fiji.

2.6. Immunohistochemistry

Skin samples were sectioned (longitudinal) onto slides at 7 mm
thickness, deparaffinized, and rehydrated in a series of
ethanol washes of decreasing dilution. Slides were immersed in
buffer (H-3300, Vector Labs) and pressure cooked for antigen
retrieval. Slides were washed and blocked with 10% donkey serum
for 45 min at room temperature. Primary antibodies anti-p63,
1:300 (Cell Signaling Technology, 13109S) and anti-Ki67, 1:200
(Invitrogen, 14-5698-82) were incubated overnight at 4 �C,
washed, and followed with secondary antibody incubation. Slides
were washed and mounted in media containing DAPI for imaging
by confocal microscopy (Zeiss LSM 710 Confocal Microscope
and Leica Stellaris 8 Confocal Microscope) at 20 � (0.75 NA) or
60 � (1.4 NA oil) objective lenses.

2.7. Quantitative real-time PCR

RNA was isolated using a Tri-Isolate RNA Pure Kit (IBI Scien-
tific). A total of 1 mg RNA was used for cDNA synthesis with an
Applied Biosystems High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). Gene expression was determined
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using quantitative PCR, performed on a Bio-Rad CFX96 Touch
Real-Time PCR Detection System using AzuraView GreenFast
qPCR Blue Mix (Azura), and fold change was calculated using the
DDCt method, with Cyclophilin A (CpA) as the reference gene.

2.8. Western blotting

Tissues were homogenized using a Polytron homogenizer in the
IntactProteintm Lysis Buffer (GenuIn Biotech, #415). The lysate
was incubated on ice for complete lysis, followed by heat shock at
95 �C and centrifugation. SDS-PAGE and Western blotting were
performed using standard procedures, and bands were detected
using enhanced chemiluminescence (ThermoFisher Scientific,
32106). Antibodies used were anti-UCP1 (abcam, ab155117),
anti-FABP4 (Cell Signaling Technology, #50699), anti-APN
(ThermoFisher Scientific, PA1-054), anti-ADIPSIN (RnD Sys-
tems, AF5430), and anti-HSP90 (Proteintech, 13171-AP).

2.9. Statistical analysis

All values are presented as the mean � standard error of mean
(SEM), and statistical significance was determined using a student
t-test from two groups. Two-way ANOVA was used to compare
differences between groups with two independent variables. All
data were analyzed in GraphPad Prism software version 9
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Synthesis of ERb-selective agonist conjugates

We first generated GTx878, a synthetic selective ERb agonist,
following a previously described method including 8 linear steps
with an overall yield of 30% end products (Supporting
Information Scheme S1). GTx878 has been demonstrated to
curb a variety of conditions, such as angiogenesis and hyperten-
sion45, obesity and adipose dysfunction27, and malignancies in
several tissues46e48. Next, we tested the conjugation of GTx878
with small chemicals. We first chose tranexamic acid (TXA), a
synthetic derivative of lysine and an anti-fibrinolytic molecule. We
reasoned that the conjugated product might have altered chemical
characters and beneficial effects on improving skin conditions in
aging since TXA significantly reduces melasma burden, a
cosmetic problem predominantly observed among Asian de-
mographics49. To commence the chemical synthesis of our com-
pound, we used Boc-protected TXA to conjugate with GTx878.
The Boc protecting group is known to benefit stability and
permeability. Moreover, there are three sites containing free
phenolic hydroxy groups available for esterification. The 8-OH
group is involved in intramolecular hydrogen bonding as evi-
denced by a signal in the down-field region of its proton NMR
spectra (Supporting Information Figs. S1 and S2). This is due to a
chemical shift value around 13 ppm that requires harsh reaction
conditions, like a strong base, to react. Among the other two OH
functional groups, the one on the 4-hydroxyphenyl appears to be
less reactive due to the presence of electron withdrawal.

Thus, 4-bromo-6,8-dihydroxy-2-(4-hydroxyphenyl)isoquinolin-
1(2H)-one (GTx878) (0.30 g, 3.70 mmol) and (1R,4R)-4-(((tert-
butoxycarbonyl)amino)methyl)cyclohexane-1-carboxylic acid (0.21
g, 3.70 mmol) were dissolved in anhydrous methylene chloride
(50 mL) at room temperature under an argon. 4-Dimethy-
laminopyridine (0.21 g, 1.72 mmol) and 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride (0.33 g, 1.72 mmol)
were added at room temperature. The reaction mixture was stirred at
room temperature overnight under argon atmosphere. The reaction
was quenched by adding 50 mL of water at room temperature. The
solution was extracted with ethyl acetate (3 � 50 mL). The extracts
were dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure to dryness. The solid residue was purified by
column chromatography (silica gel, CH2Cl2/acetone Z 9/1 v/v) to
give VB-165, 4-bromo-8-hydroxy-2-(4-hydroxyphenyl)-1-oxo-1,2-
dihydroisoquinolin-6-yl (1R,4R)-4-(((tert-butoxycarbonyl)amino)
methyl) cyclohexane-1-carboxylate, as a white solid (0.215 g, 42%
yield). 1HNMR (400MHz, DMSO-d6) d 12.99 (s, 1H), 10.83 (s, 1H),
7.86 (s, 1H), 7.63e7.45 (m, 2H), 7.33e7.16 (m, 2H), 6.86 (s, 1H),
6.62 (d, JZ2.2Hz, 1H), 6.38 (d, JZ2.2Hz, 1H), 2.79 (t, JZ 6.3Hz,
2H), 2.59e2.51 (m, 1H), 2.15e2.02 (m, 2H), 1.82e1.69 (m, 2H),
1.43 (d, J Z 3.4 Hz, 2H), 1.37 (s, 9H), 1.22 (s, 1H), 1.03e0.91 (m,
2H). 13C NMR (100 MHz, DMSO-d6) d 174.77, 164.16, 156.66,
150.69, 138.32, 136.61, 133.69, 128.80, 128.45, 123.09, 104.71,
102.53, 78.49, 46.18, 42.75, 37.53, 29.37, 28.59, 28.43 (Supporting
Information Figs. S3 and S4). HRMS (ESI): calculated for
C28H30BrN2O7 is 585.1242 [MeH]e; found 585.1253 (Supporting
Information Fig. S5). Purity: 97.8% (Scheme 1A).

We also employed a natural steroid ERb agonist, genistein, that
has a distinct yet related chemical structure with therapeutic effects
similar toGTx878. Genistein is a soy-derived isoflavoneERb agonist
and has received much attention from medicinal chemists and bi-
ologists due to its prophylaxis and anti-cancer properties50. We
conjugated genistein with TXA in a similar fashion to yield
a monoester derivative, JW-127, 5-hydroxy-3-(4-hydroxyphenyl)-4-
oxo-4H-chromen-7-yl(1R,4R)-4-(((tert-butoxycarbonyl)amino)met
hyl)cyclohexane-1-carboxylate (Scheme 1B). 1H NMR data of JW-
127 revealed that the esterification occurred on 7-OH group. The 5
and 41-OH groups remained unreactive as evidenced by the presence
of 1HNMR signals at d 12.96 and 9.65 ppm respectively (Supporting
InformationFig. S5). 1HNMR(400MHz,DMSO-d6) d 12.96 (s, 1H),
9.65 (s, 1H), 8.51 (s, 1H), 7.39 (d, J Z 8.4 Hz, 2H), 6.97 (d,
JZ 2.4 Hz, 1H), 6.87e6.84 (m, 1H), 6.82 (d, JZ 8.4 Hz, 2H), 6.65
(d, J Z 2.4 Hz, 1H), 2.79 (t, J Z 6.4 Hz, 2H), 2.56e2.52 (m, 1H),
2.09e2.08 (m, 1H), 1.77e1.74 (m, 2H), 1.46e1.37 (m, 12H),
1.00e0.91 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d 181.39,
173.49, 161.76, 158.06, 156.86, 156.36, 156.21, 155.65, 130.67,
123.39, 121.21, 115.56, 109.18, 105.68, 101.74, 77.80, 46.35, 42.84,
37.68, 29.55, 28.73, 28.41 (Supporting Information Figs. S6 and S7).
HRMS (ESI): calculated for C28H32NO8, 510.2128 [MþH]þ; found
510.2114 (Supporting Information Fig. S8). Purity 98.3%.

The generation of reactive oxygen species is a contributor to
aging-related skin damage and can occur from a minute fraction of
oxygen being absorbed by the skin51. Antioxidants have been used
to assist in preventing free radical-induced oxidative damage and
promote skin health, and one example is a-lipoic acid (ALA).
ALA is widely used as a food supplement and in skincare prod-
ucts52. ALA naturally exists in both R and S isomeric forms but
encompasses poor bioavailability because of low absorption effi-
ciency and tends to lose its properties in the presence of UV light
due to its photosensitive structure53e55. Herein, we successfully
obtained a conjugate of genistein with ALA, JW-191, 4-(5,7-
dihydroxy-4-oxo-4H-chromen-3-yl)phenyl 5-(1,2-dithiolan-3-yl)
pentanoate, following a similar synthetic method as mentioned
above, to improve the photostability of ALA and retain ERb



Scheme 1 Synthesis of ERb agonist conjugates. Synthetic ERb agonist GTx878 conjugated with tranexamic acid (TXA) to generate a

monoester derivative, VB-165 (Top). Natural ERb agonist genistein conjugated with TXA to yield a monoester derivative, JW-127 (Middle).

Genistein conjugated with a-lipoic acid (ALA) to generate JW-191 (Bottom).
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agonist activity (Scheme 1C), aiming to achieve additional ben-
efits. Interestingly, the 41-OH group underwent esterification while
5- and 7-OH groups remained free as evidenced by the presence of
signals at d 12.84, 10.97 ppm respectively (Scheme 1C). 1H NMR
(400 MHz, DMSO-d6) d 12.84 (s, 1H), 10.97 (s, 1H), 8.45 (s, 1H),
7.59 (d, J Z 8.8 Hz, 2H), 7.18 (d, J Z 8.8Hz, 2H), 6.41 (d,
J Z 2.0 Hz, 1H), 6.23 (d, J Z 2.0 Hz, 1H), 3.67e3.63 (m, 1H),
3.21e3.09 (m, 2H), 2.61 (t, J Z 7.2 Hz, 2H), 2.46e2.38 (m, 1H),
1.93e1.84 (m, 1H), 1.73e1.55 (m, 4H), 1.50e1.44 (m, 2H). 13C
NMR (MHz, DMSO-d6) d 180.27, 172.20, 164.92, 162.42, 158.04,
155.52, 150.73, 130.57, 128.81, 122.14, 121.99, 104.87, 99.59,
94.28, 56.50, 38.59, 34.50, 33.75, 28.52, 24.55 (Supporting
Information Figs. S9 and S10). HRMS (ESI): calculated for
C23H23O6S2, 459.0936 [M þ H]þ; found 459.0922 (Supporting
Information Fig. S11). Purity 98.3%.

3.2. In vitro validation of ERb agonist conjugates’ activity and
selectivity

Next, we employed an ER luciferase reporter assay using a 3x-
ERE-TATA-Luc construct to validate the selectivity and potency
of the synthesized compounds (Fig. 1A). In HEK-293 cells
expressing ERa, none of our synthesized compounds, VB-165,
JW-127, and JW-191, activated the ERa-responsive reporter, in
contrast to the robust activation by a well-known ERa agonist,
PPT (Fig. 1B). Instead, they all efficiently elicited ERb activation
just as the non-selective ER agonist ligand E2 did (Fig. 1C). When
comparing activity in the presence of both ERs to only ERb, VB-
165 showed diminished activity, while JW-127 and JW-191
displayed overall enhanced activity (Fig. 1D). These changes
could be related to the heterodimerization of ERa/b, implicating
ligand selectivity of these compounds to ERb existing as homo-
dimers but also as ERa/b heterodimers56. Nonetheless, the syn-
thesized conjugated compounds display potent activity that is
selective to ERb. Moreover, we performed doseeresponse ex-
periments and found that JW-127 at 3 mmol/L significantly in-
creases ERb activation, at 2.5-fold greater activity than E2, and
JW-191 at 10 mmol/L (Fig. 1E and F), suggesting modulation of
agonist activity by the conjugated moieties.

3.3. Administration of an ERb agonist conjugate improves
metabolic functions in aged mice

Given the metabolic benefits of GTx878 in diet-induced obesity27,
we evaluated the effects of the GTx878 conjugate VB-165 on
metabolic health in aging. Six-week treatment of VB-165
(Fig. 2A) caused a marginal decrease in body weight of
24-month-old mice (Fig. 2B), despite the slight increases in lean
mass (Fig. 2C). This mild anti-obesity effect was underlined by a
w20% reduction in fat mass (Fig. 2D). In humans, dyslipidemia is
an increased risk factor with aging57. Here we found plasma tri-
glyceride levels to be reduced by approximately 40% after
VB-165 administration (Fig. 2E). Insulin resistance is a repre-
sentative hallmark of aging and the fundamental etiological factor
of type 2 diabetes58. Notably, it was significantly improved by
VB-165 treatment, as revealed by an insulin tolerance test (ITT)
(Fig. 2F). We further assessed the blood composition of immune
cells and detected a trending decrease in total white blood cells,



Figure 1 In vitro validation of the conjugates’ selectivity and activity. (A) Dual luciferase ER reporter system in the HEK-293 cells. (B) ERa

luciferase reporter activity. n Z 5 (Vehicle, E2, VB-l65, JW-127); n Z 4 (JW-191). All the compounds were at 1 mmol/L. (CeE) ERb luciferase

activity. (C) Comparing the ERb activity of the conjugates. n Z 5 (Vehicle, E2, VB-l65, JW-127), n Z 4 (JW-191). (D) Assessing activity of the

conjugates in the presence of both ERa and ERb. nZ 4 for all groups. The symbol “#” was denoted for statistical comparisons between the same

treatment groups under the presence of either ERb overexpression or both ERa and ERb, ##P < 0.01, ###P < 0.001. (E) JW-127 dose response.

n Z 3 (Vehicle, E2: 1 mmol/L, JW-127: 0.3 mmol/L, JW-127: 1 mmol/L), n Z 5 (JW-127: 3 mmol/L). (F) JW-191 dose response. n Z 3 for all

groups. E2, estradiol. PPT, subtype selective ERa agonist. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant. All values

are presented as the mean � SEM.
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circulating lymphocytes, and neutrophils (Fig. 2G). Moreover, we
observed a significant reduction in total monocyte numbers with
treatment, implying protection against systemic inflammation,
which is another hallmark of aging.

3.4. ERb agonist conjugate treatment inhibits aging-associated
visceral fat degeneration

As a vital organ for maintaining metabolic homeostasis, adipose
tissue, particularly in the abdominal cavity, is a driver of aging59.
Adipose tissue undergoes profound pathological remodeling in
aging, such as hypertrophic expansion, inflammation, senescence,
fibrosis, declined catabolism, and compromised adipogenesis60.
The increase in adipocyte size, namely hypertrophy, is an indi-
cator of compromised adipose function, correlating with all these
pathological changes. Following the improvements in metabolic
health observed in VB-165-treated mice, we proceeded to assess
the state of their adipose tissue. The largest abdominal fat depot,
epididymal white adipose tissue (eWAT), was reduced by over
60% in mass (Fig. 2H). This decrease in eWAT can be explained
by a significantly smaller adipocyte size (Fig. 2I and J). Under-
pinning the inhibited adipocyte hypertrophy is the downregulation
of the key lipogenic genes Fasn and Scd1, but not Srebp1, by
VB-165 treatment (Fig. 2K). Interestingly, adipogenic program-
ming was only modestly altered, with no changes in the expres-
sion of key adipocyte makers Perilipin and Adipsin, and only
trending repression of the adipogenic transcription factor Pparg2.
Moreover, there was a significant alleviation of adipose inflam-
mation by VB-165 treatment, indicated by a lower detection of
pan-macrophage marker F4/80 (Fig. 2L). Consistently, the in-
flammatory genes Tnfa and Il6 were decreased (Fig. 2M).
Together, activating ERb shows potential in tackling pathological
visceral adiposity that arises with aging. Of note is that visceral fat
begins to expand in mid-age and is associated with a higher risk of
eliciting metabolic complications than subcutaneous fat.

3.5. ERb agonist conjugate treatment enhances catabolic
function in subcutaneous adipose tissue

In contrast to eWAT, there was no change in inguinal subcutaneous
white adipose tissue (sWAT) mass with VB-165 treatment
(Fig. 3A). However, adipocyte size was similarly decreased as in
eWAT (Fig. 3B and C), implying an increase in adipocyte numbers
to compensate for size reduction in maintaining depot size. In
support of this notion, the master adipogenic factor Pparg2 was
upregulated, while lipogenic genes Scd1 and Srebp1, together with
lipid droplet-coating gene Perilipin, were reduced (Fig. 3D).
Fittingly, markers of adipose tissue brown remodeling that in-
crease catabolic function, like Ucp1, Elovl3, and Cidea, were
stimulated in the sWAT of treated mice (Fig. 3E). Taken together,
the ERb-selective agonist conjugate VB-165 shows coordinative
effects on harnessing aging-associated degeneration in both eWAT
and sWAT.

Further assessment of adipocyte biology under agonist treat-
ment was carried out in differentiated 3T3-L1 adipocytes, a classic
in vitro adipocyte model. Treatment of 3T3-L1 cells with VB-165
markedly attenuated neutral lipid accumulation during adipocyte
development by Oil Red O and BODIPY staining, and this effect
was reproduced by JW-127 (Fig. 3F). Supportively, these conju-
gates overall decreased the expression of genes involved in lipid
storage, like Perilipin, Srebp1, Scd1, and Fasn, without sup-
pressing the adipogenic gene, Pparg2 (Fig. 3G). Interestingly, the
white adipocyte marker Adipsin was downregulated, in contrast to
the upregulated brown adipocyte marker Ucp1, channeling its
in vivo catabolic properties. Moreover, we compared our agonist
conjugates to their respective parent compounds, GTx-878, and
genistein, and observed a largely similar trend in affecting
adipocyte gene expression, though to different extents (Fig. 3G).
The use of these compounds in vitro overall mimicked the effects
observed in vivo in our aged mice, indicating that the direct effects
of ERb agonist conjugates on adipocytes contribute to their
metabolic benefits with aging.

3.6. ERb agonist conjugate treatment restrains aging-
associated BAT whitening

Next, we extended our analyses to other important metabolic
tissues to further evaluate the metabolic effects of the ERb agonist
conjugate VB-165. Brown adipose tissue (BAT) is a highly
metabolically active organ imperative for non-shivering thermo-
genesis by consuming a large amount of lipids to dissipate energy
as heat61. It gradually loses this ability and accumulates more
lipids, morphing into WAT-like tissue, a process named “whit-
ening” that occurs during aging62. Upon observing an induction of
browning in sWAT and in adipocyte cultures, examination of BAT
seemed fitting. Notably, compound treatment reverted this
“whitening” morphology in the interscapular BAT (Fig. 4A). The
protein levels of UCP1, which is the crucial protein for heat
generation in BAT, significantly increased, while the lipid droplet-
coating protein FABP4 was notably downregulated. Only modest
decreases in white adipocyte-enriched adipokines Adiponectin
(APN) and ADIPSIN were observed (Fig. 4B). Moreover, lipo-
genic genes Srebf1 and Scd1 were downregulated, together with
white adipocyte marker Adipsin (Fig. 4C). These data together
suggest restoration of BAT function in aging with ERb agonist
conjugate treatment.

3.7. ERb agonist conjugates improve muscle function in aging

Both ERs are expressed in skeletal muscle, while ERb has im-
plications in muscle recovery, metabolism, and glucose up-
take10,63. VB-165 treatment caused subtle changes in muscle
histology (Fig. 5A). However, we detected an increase in Pgc1a
expression, a key regulator of mitochondrial function in muscle
(Fig. 5B). The glucose uptake gene Glut4 was also mildly
increased. Given these modest changes, we opted to assess this
phenotype further in C2C12 cells, a common in vitro myoblast
model. The use of agonists VB-165, JW-127, and JW-191
congruously enhanced the expression of Pgc1a and Glut4, phe-
nocopying the in vivo effect (Fig. 5C). Interestingly, treatment
with parent compounds showed similar trends, but were not as
effective. ERb agonist conjugate treatment also improved myo-
genesis, with increased expression of key myogenic markers
Acta1, MyoD, and MyoG (Fig. 5D). The same trend was
observed when parent compounds were used (Fig. 5D). Next, we
examined whether the conjugates’ effects were dependent on
ERb. To do this, we transfected pre-differentiated C2C12 myo-
blasts with a lentivirus containing sham shRNA (shSCR) or one
targeting ERb (shERb), both expressing a GFP marker for
validation (Fig. 5E). Expectingly, ERb knockdown (encoded by
Esr2 gene) dampened the metabolic activity of C2C12 cells with
the downregulation of genes Glut4 and Pgc1a and blunted
compound treatment (Fig. 5F). Differentiation was modestly
compromised, with significant decreases in Acta1 expression and



Figure 2 ERb agonist conjugate VB-165 enhances metabolic health in aged mice. (A) Schematic of experimental study in 24-month-old mice

receiving intraperitoneal injections of VB-165 for 6 weeks. Created with BioRender.com. (B) Body weight after the treatment. (C, D) Body

composition after the treatment. (E) Serum triglyceride levels. (F) Intraperitoneal insulin tolerance tests (ITT) of aged mice with computed area

under curve (AUC). (G) Profile of white blood cell counts. (H) Aged eWAT mass after compound treatment. (I) Hematoxylin and eosin (H&E)

staining of eWAT. Scale bar, 200 mm. (J) Quantification of adipocyte size in eWAT. (K) Quantitative PCR (qPCR) analysis of adipogenic and

lipogenic genes in eWAT. (L) Immunohistochemical (IHC) staining of pan-macrophage marker F4/80 in eWAT with quantification. Scale bar,

100 mm. (M) Inflammatory gene expression in eWAT. *P < 0.05, **P < 0.01, ***P < 0.001, nZ 5. All values are presented as the mean � SEM.
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Figure 3 ERb agonism improves adipose remodeling in subcutaneous fat. (A) Aged sWAT mass after the treatment. (B) H&E staining

of sWAT. Scale bar, 200 mm. (C) Quantification of adipocyte size in sWAT. (D) qPCR analysis of adipogenic and lipogenic genes in sWAT; (E)

The expression of brown adipocyte makers in sWAT. *P < 0.05, **P < 0.01, n.s., not significant, n Z 5. (F) Oil Red O and BODIPY staining of

3T3-L1 adipocytes for neutral lipids. Scale bar, 50 mm. (G) qPCR analysis of adipogenic, lipogenic, and browning genes in differentiated 3T3-L1

adipocytes treated with agonist conjugates and parent compounds. *P < 0.05, **P < 0.01, ***P < 0.001, n Z 4 for all groups. All values are

presented as the mean � SEM.
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Figure 4 ERb conjugate rejuvenates brown fat function in aging. (A) H&E staining of aged BAT after the treatment. (B) Western blotting of

BAT proteins with quantifications. HSP90 was used as a loading control. (C) qPCR analysis of adipogenic and lipogenic genes in BAT. *P < 0.05,

***P < 0.001, n Z 5. All values are presented as the mean � SEM.
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subtle changes in MyoD and MyoG (Fig. 5D). Thus, we conclude
that skeletal muscle is also a potential target tissue for selective
ERb agonists.

3.8. ERb agonist conjugates promote skin healing

Aging is also associated with a decline in skin health, such as
epidermis thinning and reduced skin cell proliferation64. ERb is
abundantly expressed in the skin. Given the broad anti-aging ef-
fects of our ERb agonist VB-165 on metabolism, we assessed its
implications on skin health. Whole-body treatment of VB-165 in
aged mice promoted proliferation (Ki67þ) of skin basal cells
(p63þ), as shown by a 2-fold increase in the number of prolifer-
ating basal cells (p63þKi67þ) (Fig. 6A and B). 6-Week treatment
also increased epidermal thickness (Fig. 6C). Interestingly, we
observed numerous Ki67þ cells within the hair follicles (Fig. 6A),
implicating a potential effect of the ERb agonist conjugate on hair
growth even with systemic delivery.

To further confirm the beneficial effects of ERb activation on
skin basal cell proliferation, we generated JW-191, which in-
corporates an anti-oxidative ALA conjugate of Genistein. Gen-
istein has been shown to have several advantages in treating
various skin pathologies65e74. Here, we employed an excision-
induced skin injury model to study the immediate response of
the conjugated drug75. Recovery was notably improved following
treatment for 4 weeks, with a 3.5-fold increase in the numbers of
proliferating basal cells in the epidermis (Fig. 6D and E).
Moreover, the organization of the basal cell layer and underlying
dermis was restored (Fig. 6F), in line with the beneficial effects
observed in our experiments in aged mice treated with VB-165
(Fig. 6C).

To further demonstrate the connection between ERb agonist
conjugate treatment and skin health, we employed a frostbite-
induced skin injury model where frozen magnets are placed on
a shaved area of mice. ERb agonist conjugates were then applied
to the injured area for a period of one month (Fig. 7A). As a proof-
of-concept, we chose two genistein conjugates, JW-127 and
JW-191, which may provide additional benefits due to the con-
jugated TXA and ALA moieties, respectively (Fig. 7B and C).
Notably, treatment with JW-127 and JW-191 improved wound
healing, leading to a two-fold decrease in the injured area (Fig. 7B
and C). Furthermore, conjugate treatment promoted skin healing
with advanced coverage of epidermal cells in the injured area (Fig.
7D). We also observed a more than two-fold increase in the
number of proliferating basal cells in the skin following treatments
with both conjugates (Fig. 7E and F).

To elucidatewhether ERb regulates the proliferation of skin basal
cells, we employed our previously mentioned lentivirus containing
shRNA against ERb to infect neonatal skin basal cells. ERb knock-
down led to modestly reduced transcript levels of Esr2, without
affecting the expression of Esr1, the gene encoding ERa (Fig. 7G).
Despite a slight decrease in the transcript levels of Ki67, a significant
decrease in the proliferation ofKi67þ basal cells was observed 4 days
after knockdown (Fig. 7H and I). These findings confirm that our



Figure 5 ERb enhances skeletal muscle metabolism and integrity in aged mice. (A) H&E staining of aged skeletal muscle after the treatment.

(B) Muscle gene expression. *P < 0.05, n.s., not significant, n Z 5. (C, D) Gene expression in C2C12 cells treated with agonist conjugates and

parent compounds, n Z 4 for all groups. (E) GFP-positive images of C2C12 cells infected with shRNA viruses to show infection efficiency

(scramble or shERb). Scale bar, 50 mm. (F) Gene expression in C2C12 cells after ERb knockdown with agonist conjugate treatment. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001, n Z 4 for all groups. All values are presented as the mean � SEM.
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Figure 6 ERb agonist conjugates enhance skin conditions. (A, B) Aged mouse skin slices were immunostained for Ki67 and p63 with

quantification, under vehicle or VB-165 treatment. Scale bar, 10 mm. *P < 0.05, n Z 5. (C) H&E staining of the skin in aged mice after VB-165

treatment. Scale bar, 10 mm. (D, E) Immunostaining of excision skin slices for Ki67 and p63, with quantification under vehicle or JW-191

treatment. Scale bars, 10 mm. *P < 0.05, **P < 0.01, n Z 4. (F) H&E staining of excision skin between vehicle and JW-191 treatment

groups. Scale bar, 10 mm. All values are presented as the mean � SEM.
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synthesized ERb agonist conjugates improve the manifestations of
skin health, including their proliferative ability, in addition to the
benefits observed in aging-associated metabolic conditions.

4. Discussion

Specific ERb ligands provide multiple beneficial effects in regards
to aging and tissue regeneration. Here, we successfully synthe-
sized conjugated compounds that activate ERb with high speci-
ficity, confirming a multifaceted role for ERb in cell integrity and
health across several tissue types. These compounds are effective
in improving insulin sensitivity and adipose remodeling in eWAT,
sWAT, and BAT in aged mice. Moreover, treatment invoked pos-
itive metabolic changes in skeletal muscle worthy of further
exploration. When gauging changes to the skin following drug
application, we found an increase in the proliferation of basal
progenitor cells in three models of skin injury: aging-, excision-,
and frostbite-induced. Treatment with ERb ligands attenuated skin
injury accompanied by protected epidermal thickness.

All our three ERb agonist conjugates, VB-165, JW-127, and
JW-191, regardless of the synthetic or natural ligands used, have
been shown beneficial in improving skin conditions. They can
promote the proliferation of basal progenitor cells and accelerate
the wound healing process. Conjugated TXA could provide
additional benefits for remedying skin conditions. The anti-
fibrinolytic molecule TXA was initially used in controlling
heavy bleeding, especially during the menstrual cycle and nose
bleeds76e78. It may have applications in wound healing by
inhibiting fibrinolysis, a process responsible for the enzymatic
breakdown of blood clots79,80. Another study reported that intra-
dermal injection of TXA attenuates UV-induced expression of
melanin in the melanocytes of guinea pigs. These findings support
that TXA may be a suitable conjugate to ERb agonists for
achieving additive benefits81.

Historically, the actions of estrogen and estradiol were attrib-
uted mostly to ERa82. However, the discovery of ERb has
reshaped the understanding of ER signaling and its relevance to
metabolic health83. Studies in patients with polymorphisms of
ERb and in mice with genetic manipulations of ERb display as-
sociations with body mass index, serum triglycerides, adiposity, as
well as insulin signaling in many tissue types26e31, even extending
beyond adipose tissue. Several reports demonstrate a protective
role for ERb, whereas others suggest a possible pro-diabetogenic
role2,84e86. Here we show a significant improvement in insulin
resistance that is associated with aging when treated with ERb-
selective agonist conjugates.



Figure 7 ERb agonist conjugates promote skin injury healing. (A) Frostbite skin injury mouse model. (B, C) Skin closure 1 month after

frostbite injury under treatment with vehicle, JW-127, or JW-191, and quantification. (D) H&E staining of skin recovered from frostbite injury

under treatments. Scale bar, 50 mm. (E, F) Immunostaining of skin slices for Ki67 and p63, with quantification. Scale bar, 50 mm *P < 0.05.

**P < 0.01, nZ 2, 4, 4. (G) Gene expression in cultured basal skin cells after lentiviral ERb knockdown using an shRNA. (H) Immunostaining of

skin basal cells with Ki67 upon knockdown, with quantification (I). Scale bar, 100 mm **P < 0.01, n Z 3. All values are presented as the

mean � SEM.
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5. Conclusions

In the present study, we provide an alternative use of small
molecule conjugates with agonist activity specific to ERb. These
compounds attenuated aging in mice through improving metabolic
health, adipose functioning, and skeletal muscle integrity. More-
over, these compounds enhanced skin health by increasing wound
recovery, epidermal thickness, and basal cell proliferation. Over-
all, the need for a highly selective yet sufficiently potent and
consistent ERb agonist warrants an investment in ER-based
therapeutics. Our synthesized conjugates are distinct in their af-
finity, specificity, structure, and potency and, therefore, present as
potential candidates in fulfilling these various needs.
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2. Barros RP, Gustafsson JÅ. Estrogen receptors and the metabolic

network. Cell Metabol 2011;14:289e99.

3. Zhang Y, Howard BV, Cowan LD, Yeh J, Schaefer CF, Wild RA, et al.

The effect of estrogen use on levels of glucose and insulin and the risk

of type 2 diabetes in American Indian postmenopausal women. Dia-

betes Care 2002;25:500e4.

4. Yan H, Yang W, Zhou F, Li X, Pan Q, Shen Z, et al. Estrogen improves

insulin sensitivity and suppresses gluconeogenesis via the transcrip-

tion factor FoxO1. Diabetes 2019;68:291e304.

5. Bailey CJ, Ahmed-Sorour H. Role of ovarian hormones in the long-

term control of glucose homeostasis. Diabetologia 1980;19:475e81.

6. Misso ML, Murata Y, Boon WC, Jones MEE, Britt KL, Simpson ER.

Cellular and molecular characterization of the adipose phenotype of

the aromatase-deficient mouse. Endocrinology 2003;144:1474e80.
7. Hevener AL, Clegg DJ, Mauvais-Jarvis F. Impaired estrogen receptor

action in the pathogenesis of the metabolic syndrome. Mol Cell

Endocrinol 2015;418:306e21.

8. Ko SH, Jung Y. Energy metabolism changes and dysregulated lipid

metabolism in postmenopausal women. Nutrients 2021;13:4556.

9. Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in

control of energy balance and glucose homeostasis. Endocr Rev 2013;

34:309e38.
10. Ikeda K, Horie-Inoue K, Inoue S. Functions of estrogen and estrogen

receptor signaling on skeletal muscle. J Steroid Biochem Mol Biol

2019;191:105375.

11. Shah MG, Maibach HI. Estrogen and skin. Am J Clin Dermatol 2001;

2:143e50.

12. Shu YY, Maibach HI. Estrogen and skin. Am J Clin Dermatol 2011;12:

297e311.

13. Foryst-Ludwig A, Kintscher U. Metabolic impact of estrogen signal-

ling through ERalpha and ERbeta. J Steroid Biochem Mol Biol 2010;

122:74e81.

14. Jia M, Dahlman-Wright K, Gustafsson JÅ. Estrogen receptor alpha
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