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Abstract Adipose tissue is a promising target for treating obesity and metabolic diseases. However,

pharmacological agents usually fail to effectively engage adipocytes due to their extraordinarily large size

and insufficient vascularization, especially in obese subjects. We have previously shown that during cold

exposure, connexin43 (Cx43) gap junctions are induced and activated to connect neighboring adipocytes

to share limited sympathetic neuronal input amongst multiple cells. We reason the same mechanism may

be leveraged to improve the efficacy of various pharmacological agents that target adipose tissue. Using
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b3-Adrenergic receptor
agonist;

Obesity;

Type 2 diabetes
an adipose tissue-specific Cx43 overexpression mouse model, we demonstrate effectiveness in connecting

adipocytes to augment metabolic efficacy of the b3-adrenergic receptor agonist Mirabegron and FGF21.

Additionally, combing those molecules with the Cx43 gap junction channel activator danegaptide shows a

similar enhanced efficacy. In light of these findings, we propose a model in which connecting adipocytes

via Cx43 gap junction channels primes adipose tissue to pharmacological agents designed to engage it.

Thus, Cx43 gap junction activators hold great potential for combination with additional agents targeting

adipose tissue.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

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

According to the Centers for Disease Control and Prevention in
2019, more than 42% of U.S. adults fall into the obese category.
Obesity is a major risk factor for many chronic diseases, including
the most common comorbiditydtype two diabetes (T2D)1. In the
past three decades, many classes of pharmacological agents have
been introduced to treat T2D2. However, most of them fall short of
efficacy or have, at the concentrations used, undesirable side ef-
fects3. Therefore, there is still a need to improve the efficacy of
existing agents or to develop new agents based on novel insights
gained from mechanisms leading to obesity and T2D.

The problem underlying obesity and its sequelae is the
imbalance of energy intake and expenditure. Conceptual strategies
to restore this balance are straightforward: reduce energy intake,
increase energy expenditure, or both. However, pharmacological
interventions have encountered challenges on both fronts: strate-
gies aimed to reduce food intake frequently affect hedonic reward
mechanisms, leading to depression and even suicides; strategies
aimed to increase energy expenditure, however, tend to lead to
undesired cardiac toxicity or hyperthermia4.

White adipose tissue regulates numerous physiological pro-
cesses. It initially expands to store excess calories, but gradually
becomes dysfunctional and contributes in a major way to the
pathogenesis of metabolic diseases along with the progression of
obesity5. Targeting adipose tissue is therefore a promising strategy
to combat metabolic diseases6. Of the many mechanisms that
adipose tissue can be engaged in to improve metabolic function,
the induction and activation of thermogenic beige adipocytes
within the white adipose depots has gained a lot of attention7,8, in
part for its benefits in dissipating excess energy, in part for its
secretion of beneficial adipokines that enhance whole-body
metabolism.

These recruitable beige adipocytes were first discovered by
exposing mice to cold temperatures8. They were characterized as a
new subtype of adipocyte in white adipose tissue depot in mice,
resembling human supraclavicular brown adipocytes in gene
expression9, and capable of dissipating energy through their
thermogenic program8. However, obesity or aging significantly
impairs cold-induced recruitment of those thermogenic adipocytes
in mice10. This echoes a similar clinical conundrum in
humans11,12. Adipocytes become hypertrophied and insufficiently
vascularized in obese patients5, resulting in insufficient tissue
blood perfusion13 and difficulty for pharmacological agents to
reach their target6. For example, mirabegron, an U.S. Food and
Drug Administration (FDA)-approved b3-adrenergic receptor
(AR) agonist for overactive bladder, has not been approved to treat
obesity and metabolic diseases, due to its lack of efficacy at the
doses currently approved by the FDA. While increasing the doses
can efficiently activate energy expenditure and recruit thermo-
genic adipocytes in the human subjects14,15, it also leads to dose-
dependent undesirable effects on blood pressure and heart rates15.
Other b3-AR agonists suffer from similar issues16e19. Similarly,
FGF21 shows promising results in animal models by improving
adipose tissue insulin sensitivity20 and beiging21, but unfortu-
nately, these metabolic effects do not sufficiently translate in
human studies with trials either showing limited22 or no23 efficacy
on glycemic control. Here, we argue this lack of efficacy is partly
due to insufficient targeting of adipose tissue by FGF21, even at
maximal doses. Once we can overcome this obstacle, FGF21 may
find a more clear-cut route to clinical use for the treatment of
obesity and T2D.

Adipocyte gap junctions play an important role in adipose
tissue physiology. Connexin43 (Cx43) is the most abundant con-
nexin in adipocytes, and its activity is modulated by a number of
different inputs. We have previously shown that adipose tissue
Cx43 is increased by cold exposure to facilitate the cold-induced
adipose tissue beiging process24. Here, using a transgenic animal
model overexpressing Cx43 in adipocytes and a clinically tested
Cx43 channel activator, danegaptide, we demonstrate that acti-
vating adipose tissue Cx43 gap junctions potentiates the effects of
several pharmacological agents targeting adipose tissue, suggest-
ing a more broadly applicable mechanism of activating Cx43 gap
junctions to prime adipose tissue for pharmacological
interventions.

2. Materials and methods

2.1. Study approval

Animal care and experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of
Texas Southwestern Medical Center (UTSW). The adipose tissue-
specific doxycycline-inducible Gja1 mouse (Adipoq-rtTA:TRE-
Gja1) was previously generated and characterized in our labora-
tory24. C57BL/6 WT mice were purchased from Jackson Labo-
ratory (Stock No.: 000664). Danegaptide (AdooQ Bioscience,
A15092-50) and mirabegron (SigmaeAldrich, COM497516424-
1G) were first dissolved in DMSO before being diluted in PBS
and used at 10 mg/kg body weight via oral gavage administration.
Human FGF21 protein was produced by expressing human FGF21
cDNA in Escherichia coli. Protein was purified from the inclusion
body by denaturing and refolding. Refolded FGF21 activity was
confirmed by a luciferase activity assay. FGF21 was administered
at 1 mg/kg body weight via intraperitoneal injection. Liraglutide
was provided by Novo Nordisk and was administered at 0.2 mg/kg
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body weight via intraperitoneal injection. Male mice were
randomly allocated to experimental groups, and weight-matching
was ensured at the beginning of experimental protocols. In-
vestigators were not blinded to treatment groups during studies.

2.2. qPCR

RNAwas isolated from frozen tissues by homogenization in Trizol
Reagent (ThermoFisher, 15596018) with the manufacturer-
provided protocol25,26. 1 mg of RNA was used to transcribe
cDNA using a reverse transcription kit (Bio-rad, 1708841BUN).
RT-qPCR primers are obtained from Harvard PrimerBank27

(https://pga.mgh.harvard.edu/primerbank/). The messenger RNA
levels were calculated using the comparative threshold cycle (Ct)
method, normalized to gene Rps16 or Gapdh.

2.3. Western blotting

Protein extractions were performed as previously described28,29.
Primary antibodies p-ERK (Thr202/Tyr204, Cell Signaling,
#4370S; 1:1000 dilution), ERK1/2 (C-9, Santa Cruz Biotech-
nology, SC-514302; 1:200 dilution), tyrosine hydroxylase
(Abcam, ab75875; 1:1000 dilution), adiponectin (rabbit poly-
clonal, home-made), Connexin43 (Santa Cruz Biotechnology, SC-
6560-R) and a-tubulin (DM1A, Cell Signaling, #3873S) were
used. Protein abundance was detected using one of the following
secondary antibodies: goat anti-mouse IRDye 680RD (LI-COR
Biosciences, 926-68070), goat anti-rabbit IRDye 800CW (LI-
COR Biosciences, 925-32211) at 1:10,000 dilutions. Antibody
decorated membranes were then visualized on a LI-COR Odyssey
infrared scanner (LI-COR Biosciences). The scanned data were
analyzed using Odyssey Version 3.0 software (LI-COR
Biosciences).

2.4. Histology

White adipose tissue, brown adipose tissue, and livers were
excised and fixed overnight in 10% PBS-buffered formalin and
were thereafter stored in 50% ethanol. Tissues were sectioned
(5 mm), rehydrated, and stained in the Pathology Core at UT
Southwestern.

2.5. Serum chemistry and ELISA

Serum parameters (aspartate transaminase, alanine transaminase,
cholesterol, triglyceride, very low-density lipoprotein, low-density
protein, and direct high-density lipoprotein) were measured and
calculated with a VITROS analyzer (Ortho Clinical Diagnostics)
at the Metabolic Phenotyping Core at UT Southwestern. Mouse
serum adiponectin levels were measured using ELISA kits from
Millipore (Cat# EZMADP-60K), mouse serum leptin levels were
measured using ELISA kits from SigmaeAldrich (Cat. # GF050).

2.6. Body composition and metabolic cage studies

Body fat mass and lean mass were measured in conscious mice
using the Bruker Minispec mq10 NMR (UTSW Metabolic Phe-
notyping Core). Metabolic cage studies were conducted using a
PhenoMaster System (TSE systems) at the UT Southwestern
Metabolic Phenotyping Core. Mice were acclimated in temporary
holding cages for five days before recording. Food intake,
movement, and CO2 and O2 levels were measured at various
intervals (determined by collectively how many cages were
running concurrently) and normalized to body weight for the
indicated period shown on figures.

2.7. Mitochondrial respiration

Mice were sacrificed following treatment. Inguinal white adipose
tissue was immediately dissected out. Approximately 10 mg of
tissue were carved out and weighed, then cut into 3e4 pieces
before being placed in an XF24 islet-capture Microplate (Agilent,
103518-100). An insert was placed using the manufacturer-
provided tool (Agilent, 101135-100) to prevent floating of the
adipose tissue. Mitochondrial oxygen consumption rates (OCRs)
from dissected adipose depots were determined using an XF24
Extracellular Flux Analyzer (Seahorse Bioscience, MA, USA) as
previously described30. The result is normalized to the weight of
adipose tissue in each well.

2.8. Lucifer yellow dye coupling

The experimental procedure was described in previous publica-
tions24,31. Briefly, freshly collected mouse inguinal adipose tissue
depotsweredissected in patch buffer (110mmol/LNaCl, 4.7mmol/L
KCl, 14.4 mmol/L NaHCO3, 1.2 mmol/L MgSO4, 1.2 mmol/L
NaH2PO4, 2.5 mmol/L CaCl2 and 11.5 mmol/L glucose, at pH 7.3
and bubbled with 95% O2/5% CO2). Individual adipocytes were
visualized under a set up for patch clamp electrophysiology that
included anuprightmicroscope (NikonEclipse FN1) equippedwith a
fixed stage and a QuantEM:512SC electron-multiplying charge-
coupled device camera. Individual adipocytes were injected with the
fluorescent dye Lucifer Yellow (Sigma, L0259-25 MG) 2.5% in
0.5 mol/L LiCl from micropipettes. The dye-injected cells and their
neighbor cells were imaged with the digital camera 10 min after the
dye injection. Multiple injections from tissues collected from at least
five different mice were used for quantification.

2.9. Statistics

All values are expressed as mean � standard error of mean (SEM).
Unpaired Student’s t-test was used for comparisons of mean
values of two groups. F test was used to compare variances. One-
way analysis of variance (ANOVA) was used for comparisons of
more than two groups. Two-way ANOVA was used to determine
the differences between groups that have been split on two inde-
pendent variables. P � 0.05 is regarded statistically significant.

3. Results

3.1. Adipose tissue Cx43 overexpression enhances b3-adrenergic
receptor agonist-stimulated mitochondrial respiration and fatty
acid utilization

An adipose tissue-specific, doxycycline-inducible Cx43 over-
expressing mouse (Cx43 TG) was previously generated by
crossing adiponectin promoter driven rtTA mouse to the tetO
response element driven Gja1 mouse24. Overexpression of Cx43
in adipocytes of 12-week-old male mice was achieved by sup-
plementing 10 mg/kg of doxycycline in the chow diet (Supporting
Information Fig. S1A). Increased Cx43 expression significantly
enhanced lucifer yellow diffusion from one adipocyte to the
adjacent adipocytes in the inguinal white adipose depot, indicating
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increased adipocyte gap junctional activity in those mice
(Fig. 1A). To test whether enhanced cellular connectivity can
potentiate Mirabegron’s effect on mitochondrial respiration, a
single oral dose of Mirabegron (10 mg/kg body weight, oral
gavage) was given 16 h after transgene induction, 90 min before
tissue harvest (Fig. 1B). Fresh inguinal white adipose tissue
(iWAT) was immediately prepared for mitochondrial respiration
experiments on a Seahorse Instrument (Fig. 1B).

Upon vehicle treatment, fat pads from Cx43 TG mice dis-
played a comparable oxygen consumption rate to fat pads from
littermate control mice. Mirabegron increased oxygen consump-
tion by 36.5% in control fat pads. In contrast, the same dose of
mirabegron increased oxygen consumption by 97.4% in Cx43 TG
adipose depots, suggesting adipocyte Cx43 expression signifi-
cantly enhances mirabegron’s effect on adipose tissue mitochon-
drial respiration (Fig. 1C).

A separate cohort of 12-week-old mice were placed in meta-
bolic cages to measure O2 consumption and CO2 production to
Figure 1 Adipose tissue Cx43 overexpression enhances mirabegron-stim

yellow (LY) coupling experiments of fresh inguinal white adipose tissue

treated with a chow diet containing 10 mg/kg doxycycline for one week. Qu

on the right (from more than five mice per genotype). (B) Schematic of t

treated with chow diet containing 10 mg/kg doxycycline at the indicated t

harvest of the iWAT. (C) Oxygen consumption rates of freshly dissected iW

five mice). (D) The respiratory exchange ratio (RER) of control (Ctrl) and C

(n Z 4e5 mice). Mice were fed a high-fat diet supplemented with 10

experiment, and were kept on Dox10 HFD during the metabolic cage rec

Left: Food intake during the metabolic cage experiment described in Pane

treatment. (n Z 4e5 mice). All data are mean � SEM; *P < 0.05, **P
calculate the respiratory exchange ratio (RER) during acute mir-
abegron treatment. The transgene was induced one day before the
metabolic cage experiment, and the mice were maintained on the
10 mg/kg doxycycline high-fat diet (HFD) throughout the study. A
single dose of mirabegron treatment increased heat production,
suppressed RER, indicating an acute switch from carbohydrate
oxidation to fatty acid oxidation in these mice (Fig. 1D, Fig. S1B
and S1C). 160 min post-treatment, the RER of the control mice
started to recover. In contrast, Cx43 TG mice displayed a pro-
longed suppression of RER after mirabegron treatment (Fig. 1D).
Treatment of Cx43 TG mice with mirabegron also led to a
reduction in food intake, which could contribute to the prolonged
suppression of RER (Fig. 1E). There was no difference in water
consumption (Fig. S1D). Body composition measurement before
and after metabolic cage showed a significant smaller gain of fat
composition in Cx43 TG mice (Fig. S1E). These data suggest that
coupling adipocytes by Cx43 gap junctions augments and pro-
longs the metabolic effect of b3-AR agonist mirabegron.
ulated mitochondrial respiration and fatty acid utilization. (A) Lucifer

(iWAT) dissected from 12-week-old control (Ctrl) or Cx43 TG mice

antification of the number of cells coupled to the injected cell is shown

he experimental design. 12-week-old control (Ctrl) or Cx43 TG mice

ime. A single dose of mirabegron was administered 90 min before the

AT measured on a Seahorse instrument (n Z 15 pieces fat tissue from

x43 TG mice before and after a single dose oral mirabegron treatment

mg/kg doxycycline (Dox10 HFD) 24 h before the metabolic cage

ording. The shaded area indicates the dark period during the day. (E)

l D. Right: Accumulative food intake before and after the mirabegron

< 0.01, ***P < 0.001.
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3.2. Adipose tissue Cx43 overexpression enhances FGF21’s
weight loss effect

Developing b3-AR agonists as a T2D mediation has been chal-
lenging due to safety concerns15e19. In contrast, the peptide
hormone FGF21 holds great promise, because of its superior
safety profile32. FGF21 engages the brain and adipose tissue to
improve systemic metabolism, and adipose tissue is crucial for
FGF21 to exert its metabolic function33,34. Intriguingly, over-
expressing Cx43 led to enhanced ERK phosphorylation and
tyrosine hydroxylase protein content, two main events triggered
by FGF21 in adipose tissue (Supporting Information Fig. S2A).
To further understand whether this adds to FGF21’s metabolic
features, we treated a cohort of obese Cx43 TG mice that were
exposed to a 12-week HFD regimen. Transgene induction started
concurrently with FGF21 treatment. To our surprise, Cx43
overexpression (by supplementing 200 mg/kg doxycycline in
HFD) caused 9% weight loss, in contrast to 7.5% weight gain for
control mice. FGF21 treatment led to 15.5% weight loss in
control mice, and 26.5% in Cx43 TG mice, more pronounced
than the added effects of FGF21 treatment and Cx43 over-
expression alone (Fig. 2A). The weight loss of Cx43 TG mice
with or without FGF21 treatment was at least partially driven by
a transient suppression of appetite, which was more evident in
Cx43 TG mice treated with FGF21 (Fig. 2A).

In the second cohort of Cx43 TG mice, we lowered the
doxycycline in the HFD to 10 mg/kg, and could not see any effects
of the genotypes on body weight for 14 days. Subsequently, we
switched all mice to HFD containing 50 mg/kg of doxycycline.
The body weights of Cx43 TG mice receiving FGF21 treatment
showed a divergence compared to FGF21-treated control mice
Figure 2 Adipose tissue Cx43 overexpression enhances FGF21’s weight

mice treated with PBS or FGF21 (1 mg/kg body weight) on HFD containing

TG mice were treated with HFD for 12 weeks to induce obesity, and then b

(Dox200 HFD) to induce transgene overexpression and treated with PBS or

For body weight graph, P value was calculated from two-way ANOVA ana

groups. (B) Weight-loss and food intake of control and Cx43 TG mice tre

10 mg/kg doxycycline for 14 days followed by 50 mg/kg doxycycline for

mice were treated with HFD for 12 weeks to induce obesity, and then b

(Dox10 HFD) for 14 days, followed by 50 mg/kg doxycycline HFD (Dox

initiation of Dox10 HFD treatment, through intraperitoneal injection, for

values were calculated from two-way ANOVA analysis using data gen

comparison between indicated groups. All data are mean � SEM.
(Fig. 2B). Interestingly, the enhanced weight loss was not attrib-
uted to reduced food intake. Cx43 TG mice showed a persistent
reduction in food intake, while the Cx43 TG mice treated with
FGF21 experienced a transient decrease in food intake but quickly
recovered. They showed no difference in food intake after seven
days compared to PBS-treated control mice or FGF21-treated
control mice (Fig. 2B). Of note, Cx43 expression in iWAT after
switching mice to 50 mg/kg doxycycline HFD was 4.3-fold higher
in Cx43 TG mice (Fig. S2B), lower than the >10 fold induction by
10 mg/kg doxycycline diet in lean chow-fed mice24, possibly
reflecting a reduction of adiponectin promoter activity and thus
also rtTA expression in obese mice. Cx43 TG mice also had lower
serum adiponectin levels, and lower leptin levels (Fig. S2C and
S2D).

3.3. Danegaptide enhances mirabegron’s metabolic effects,
further improving insulin sensitivity and serum lipid profiles

The genetic manipulation of Cx43 gap junction is difficult, if not
impossible in human adipose tissue. However, agonists have been
developed to clinically modulate Cx43 gap junctional activity35.
Danegaptide is a safe compound in research animals and has been
tested in Phase I and Phase II clinical trials (Trial numbers:
NCT00783341, NCT00510029, and NCT01977755). Pretreatment
with danegaptide (10 mg/kg body weight, oral gavage) for 1 h
significantly enhanced white adipocyte coupling, as evident by
increased lucifer yellow spread (Fig. 3A).

We set out to testwhether danegaptide and the previously usedb3-
AR agonist mirabegron exert synergistic effects, further improving
metabolic parameters. In metabolic cages, pretreatment of 12-week-
old C57BL/6J wild-type mice with danegaptide (10 mg/kg body
loss effects. (A) Weight-loss and food intake of control and Cx43 TG

200 mg/kg doxycycline (nZ 3e4 mice). 8-week old control or Cx43

oth groups were switched to HFD containing 200 mg/kg doxycycline

FGF21 through intraperitoneal injection, daily, for the indicated time.

lysis, indicating the significance of the comparison between indicated

ated with PBS or FGF21 (1 mg/kg body weight) on HFD containing

additional 10 days (n Z 7e9 mice). 8-week old control or Cx43 TG

oth groups were switched to HFD containing 10 mg/kg doxycycline

50 HFD) treatment. Daily PBS or FGF21 treatment was started at the

the whole duration. For body weight and daily food intake graphs, P

erated on Dox50 HFD treatment, indicating the significance of the



Figure 3 Danegaptide enhances mirabegron’s efficacy in improving insulin sensitivity and serum lipid profile. (A) Lucifer yellow coupling ex-

periments of iWATisolated from12-week-old normal chow-fedC57BL/6Jwild-typemice 1 h after vehicle (Vehi) or danegaptide (Dan, 10mg/kg body

weight) treatment (oral gavage). The number of cells coupled to the injected cell is shown on the right (from at least five mice per treatment). Scale

barZ 50 mm. (B) RER of 12-week-old normal chow-fed C57BL/6J wild-typemice treated with danegaptide followed bymirabegron (nZ sixmice).

Theshadedarea indicates thedarkcycle. (C) Insulin sensitivitycalculatedasHOMA-IRafter9-daydailydanegaptideandmirabegron treatmentofdiet-

induced-obese (DIO) C57BL/6J wild-typemice (12 weeks of HFD feeding starting at the age of 8 weeks, nZ 5e6mice). (D) ASTandALTactivities

after 9-day daily danegaptide and mirabegron treatment of DIO C57BL/6J wild-type mice (12 weeks of HFD feeding starting at the age of 8 weeks,

nZ5e6mice). (E) Serum lipid profiles after 1-week daily danegaptide andmirabegron treatment ofDIOC57BL/6Jwild-typemice (12weeks ofHFD

feeding starting at the age of 8 weeks) (nZ 4e5 mice). dHDL: direct high-density lipoprotein; NEFA: nonesterified fatty acids. (F). Representative

histology of brown adipose (BAT) and iWAT histology from at least three mice after 1-week daily danegaptide and mirabegron treatment of DIO

C57BL/6Jwild-typemice (12weeks ofHFD feeding starting at the age of 8weeks). Scale barZ 100mm. (G).Adipose tissue beigeing gene expression

in the iWATfrom9-daydaily danegaptideandmirabegron treatment ofDIOC57BL/6Jwild-typemice (12weeksofHFDfeeding starting at the ageof8

weeks, nZ 10e12 mice). All data are mean� SEM; *P< 0.05, **P< 0.01, ***P< 0.001.
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weight, oral gavage) 1 h before treatment withmirabegron (10mg/kg
body weight, oral gavage) yielded a faster and more prolonged sup-
pression of RER (Fig. 3B and Supporting Information Fig. S3A),
similar to what we observed in mirabegron-treated Cx43 TG mice.
The effect extended over more than 12 h, spanning the entire light
cycle (Fig. 3B). Of note, food consumption, food-seeking activity
(Fig. S3B), and overall physical activity (Fig. S3C) were not different
between vehicle and danegaptide pre-treatment groups.
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In a separate metabolic phenotyping cohort, diet-induced-
obese C57BL/6J wild-type mice treated with the danegaptide and
mirabegron combination therapy daily for 9 days showed a trend
towards serum glucose reduction. Each individual compound did
not affect whole-body insulin sensitivity as judged by HOMA-IR,
but the combination showed a 68.9% reduction in HOMA-IR in
comparison to the control group (Fig. 3C). Serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) ac-
tivities were not changed, reflecting hepatic safety of each of the
compounds as well as for the combination treatment (Fig. 3D).
Total cholesterol and high-density lipoprotein were not altered in
any of the treatment groups. Triglycerides and NEFAs showed a
statistically significant reduction in the combination group, but not
in the individual compound treatment groups (Fig. 3E).

iWAT displayed patches of beige adipocytes only in the combi-
nation group.Most strikingly, control mice showed significant brown
adipose tissue (BAT) “whitening”, which was partially reversed by
mirabegron treatment, but displayed an almost full reversal from the
unilocular lipid droplet phenotype to the typical multilocular
phenotype in the combination treatment group (Fig. 3F). Expression
of the adipose tissue beiging marker Ucp1, Prdm16 and Cox7a1
supported an augmented iWAT beiging in the combination treatment
group (Fig. 3G). All these observations suggest a robust metabolic
benefit when combining the two compounds.

3.4. Danegaptide enhances FGF21’s metabolic function

Last, we aimed to address whether combining danegaptide with
FGF21 enhances the latter’s efficacy. A cohort of diet-induced
obese C57BL/6J wild-type mice were treated with FGF21 in
combination with danegaptide (Fig. 4A). In the same experiment,
we included a liraglutide treatment as a control group that served
two purposes: 1) its mechanism of action is at present thought to
be independent of a direct effect on adipose tissue, so no syner-
gistic effects would be expected when combined with danegap-
tide; 2) as an FDA-approved therapy for T2D and a widely-used
agent in the class of GLP1 agonists, liraglutide serves as a
comparator to gauge the degree of metabolic improvements we
can achieve when combing FGF21 with danegaptide.

FGF21 or liraglutide significantly reduced body weight during
a treatment period of 16 days. Adding danegaptide to liraglutide
prompted no further reductions of body weights. In contrast,
combing danegaptide with FGF21 further reduced the body
weights and showed no sign of a plateauing effect at the end of the
16-day treatment (Fig. 4B). The weight-loss effect of FGF21 and
FGF21 þ danegaptide groups were independent of a reduction in
food intake, in contrast to liraglutide treatment (Fig. 4B). Adding
danegaptide to FGF21 did not further reduce serum AST and ALT
enzymatic activity (Supporting Information Fig. S4A). Fasting
glucose levels in FGF21 group and FGF21 þ danegaptide group
were higher when compared to liraglutide treatment, but were still
near normal. Despite slightly higher glucose levels, the insulin
sensitivity (HOMA-IR) of the FGF21 group and FGF21 þ dane-
gaptide group were comparable to the liraglutide group, primarily
due to lower serum insulin levels (Fig. 4C). Both FGF21 treatment
groups, but particularly the FGF21 þ danegaptide group, showed
a smaller variance in their HOMA-IR value than the liraglutide
group (F-test, P Z 0.02 for Lir vs. FGF21, P Z 0.001 for Lir vs.
FGF21 þ Dan). In other words, there was a lot less scatter in those
groups, with a dramatic reduction in the number of outliers.

Additionally, there was a significant improvement in all four
lipid species measured in the serum after adding danegaptide to
FGF21 treatment, in comparison to no further reduction when
combing denagaptide with liraglutide (Fig. 4D). Serum adipo-
nectin levels were not changed by any treatment (Fig. S4B). He-
patic lipid accumulation was also significantly alleviated in the
FGF21 þ danegaptide group (Fig. 4E and Fig. S4C). In compar-
ison to control or FGF21 treatment alone, white adipocytes were
smaller and brown adipocytes showed a significant reversal of
whitening in the FGF21 þ danegaptide combination group
(Fig. S4D and S4E), which coincided with a significant increase in
Ucp1 expression in BAT (Fig. S4F). Of note, iWAT Cx43
expression was not different (Fig. S4F).

When the cotreatment was extended to 4 weeks in a separate
cohort, adding danegaptide to FGF21 led to an additional 6.2%
weight loss beyond FGF21’s 9.9% weight loss, even in the presence
of a compensatory increase in food intake (Fig. S3G). Glucose
tolerance did not show any additional differences between the
FGF21 and FGF21 þ danegaptide groups. However, adding dane-
gaptide significantly lowered fasting insulin and glucose-stimulated
insulin levels by 27% (Fig. S4H), suggesting enhanced insulin
sensitivity in mice exposed to the combination therapy.
4. Discussion

After a chronic metabolic challenge, adipocyte expansion outpaces
vascularization, making them less accessible to endogenous meta-
bolic regulators and pharmacological therapeutic agents36. The
extraordinarily big size of adipocytes is even likely to trigger the
“compartmentalization” of cellular signalingwithin a cell. Therefore,
enhancing the connectivity between adipocytes via gap junctions has
the potential to augment metabolic and signal exchanges between
adipocytes and to amplify neuronal and hormonal input.

Using a rodent model that inducibly overexpresses Cx43 in the
adipose tissue upon dietary doxycycline supplementation and a
Cx43 gap junction activator danegaptide, we demonstrate that
Cx43 gap junctions can enhance b3-AR agonist’s effect on adipose
tissue respiration (measured as oxygen consumption) and in vivo
substrate utilization (measured as RER). Acute mirabegron treat-
ment also leads to rapid suppression of food intake, which is likely
mediated by the release of NEFA through adipocyte lipolysis.
Danegaptide treatment enhances mirabegon’s suppression on food
intake, likely through a magnified lipolysis process, which agrees
with a lower RER observed in the metabolic cage study. Cx43
overexpression by itself also had a transient suppression effect on
food intake, which remains to be elucidated.

Mechanistically, enhanced recruitment of beige adipocytes
upon increasing Cx43 gap junction activity is a likely contributor
to the enhanced metabolic effects of b3-AR agonists and
FGF2115. Beige adipocytes are rich in mitochondria and UCP1
protein6,7 and have the ability to uncouple mitochondrial respi-
ration from ATP synthesis to burn fatty acids. Other mechanisms,
such as the restoration of BAT function, should also play an
important role, especially in very obese mice that are resistant to
beiging.

Similarly, enhancing adipose tissue gap junction also potenti-
ates FGF21’s metabolic effect. Treating diet-induced obese (DIO)
mice with danegaptide and FGF21 led to significantly higher
weight loss. This synergistic effect was not observed when
combing danegaptide with the GLP1 agonist liraglutide. More
strikingly, combing danegaptide with FGF21 achieved a better
weight loss compared to liraglutide treatment, which is currently
one of the gold standards for T2D treatment.



Figure 4 Danegaptide enhances FGF21’s metabolic effects. (A) Schematic of the experimental design. 8-week-old C57BL/6J mice were

treated with HFD for 12 weeks to induce obesity. Then mice were treated with indicated drugs daily for 16 days; each mouse received vehicle or

danegaptide (10 mg/kg body weight) via oral gavage, vehicle, or FGF21 (1 mg/kg body weight) or liraglutide (0.2 mg/kg body weight) via

intraperitoneal injection. (B) Enhanced weight loss after adding danegaptide to FGF21 treatment (left). Food intake during the treatment (right)

(n Z 10 mice). (C) Insulin sensitivity quantified as HOMA-IR after 16-day treatment shown in Panel A (n Z 10). (D) Fasting serum lipid profile

after 16-day treatment shown in Panel A (n Z 10). dHDL: direct high-density lipoprotein; NEFA: nonesterified fatty acids. (E) Representative

histology of the liver from at least three mice after 16-day treatment shown in Panel A. Scale barZ 100 mm. All data are mean � SEM except for

Panel B, in which error bars were removed to enhance the view of the data. *P < 0.05, **P < 0.01, ***P < 0.001.
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FGF21 was first identified as a novel metabolic regulator during
a search for factors enhancing glucose uptake in adipocytes at Eli
Lilly in 200520. Because of the high expression of its obligatory
receptor Klb in adipocytes, most, if not all, FGF21’s metabolic
benefits were initially assigned to its adipose tissue action. Many
studies highlighted a cell-autonomous role of FGF21 in white and
brown adipocytes21,34,37e39. However, later studies established the
role of the central nervous system in FGF21’s effect on weight
loss40e42. These studies revealed that FGF21 activated a sympa-
thetic neuronal signal from the brain to the adipose tissue to promote
thermogenesis and weight loss40. It is noteworthy that functional
adipose tissue is still needed for FGF21’s weight-loss effect34,43.

Based on these studies and our observations of a synergistic
effect of danegaptide and FGF21 treatment, we believe FGF21
regulates thermogenesis and weight loss in a coordinated manner,
engaging the central nervous system to generate a sympathetic
signal to promote thermogenesis and the thermogenic adipose
tissue to assimilate glucose to fuel the thermogenic respiration.
Simply overexpressing b-Klotho in adipose tissue is sufficient to
reduce the weight-gain of mice fed a HFD44, suggesting endog-
enous FGF21 action on adipose tissue is limited by the availability
of its receptor/co-receptor complexes and its ability to activate
them. Coupling adipocytes with Cx43 gap junctions most likely
allows more efficient exchange of downstream signaling mole-
cules to improve both FGF21’s direct intracellular effects and
indirect effects downstream of the sympathetic system. And
enhancing adipose tissue substrate combustion via adipocyte Cx43
gap junctions can enhance FGF21’s overall efficacy.
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An increase of BAT tyrosine hydroxylase content in Cx43 TG
mice, which is likely a reflection of more sympathetic neuronal
fibers in the tissue, is of particular interest. Given FGF21 sends a
sympathetic signal from the brain to the adipose tissue, more
sympathetic neuronal fiber would allow more inputs of FGF21
signal from the brain to the adipose tissue. However, additional
work is needed to understand the molecular mechanism leading to
the increase of tyrosine hydroxylase by Cx43 overexpression and
whether a similar increase in the BAT tyrosine hydroxylase levels
can be observed after danegaptide treatment.

Additionally, a decrease in the scatter, i.e., thevariance ofHOMA-
IR, in FGF21 and FGF21 þ danegaptide treatment groups, is espe-
cially intriguing. Physiologically, reducing HOMA-IR’s variance
could bemore effective than decreasing themeanHOMA-IR to allow
a targeted population of subjects with widely dispersed HOMA-IR
values to meet a HOMA-IR threshold. Thus, the reduction in the
variance of HOMA-IR in FGF21 and FGF21 þ danegaptide treated
groups may have big clinical implications, suggesting a larger num-
ber of individuals would reach their target HOMA-IR and hence their
HbA1C levels with those treatments.

5. Conclusions

In light of these data, we believe connecting adipocytes via Cx43
gap junctions allows a more effective exchange of signaling mol-
ecules, and it primes adipose tissue to pharmacological in-
terventions. Particularly, the simple combination of danegaptide and
mirabegron may enable patients to fully benefit from mirabegron at
lower, non-toxic doses and may pave the way for b3 adrenergic
agonists back into the clinic. Future efforts will need to be targeted
toward a better understanding of the identity of molecules that pass
through the gap junctions and how they effectuate the enhanced
metabolic benefits.
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