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Abstract

Background Type 2 diabetes and obesity are often seen concurrently with skeletal muscle wasting, leading to further
derangements in function and metabolism. Muscle wasting remains an unmet need for metabolic disease, and new ap-
proaches are warranted. The neuropeptide urocortin 2 (UCN2) and its receptor corticotropin releasing factor receptor 2
(CRHR2) are highly expressed in skeletal muscle and play a role in regulating energy balance, glucose metabolism, and
muscle mass. The aim of this study was to investigate the effects of modified UCN2 peptides as a pharmaceutical ther-
apy to counteract the loss of skeletal muscle mass associated with obesity and casting immobilization.
Methods High-fat-fed mice (C57Bl/6J; 26 weeks old) and ob/ob mice (11 weeks old) were injected daily with a
PEGylated (Compound A) and non-PEGylated (Compound B) modified human UCN2 at 0.3 mg/kg subcutaneously
for 14 days. A separate group of chow-fed C57Bl/6J mice (12 weeks old) was subjected to hindlimb cast immobilization
and, after 1 week, received daily injections with Compound A. In vivo functional tests were performed to measure pro-
tein synthesis rates and skeletal muscle function. Ex vivo functional and molecular tests were performed to measure
contractile force and signal transduction of catabolic and anabolic pathways in skeletal muscle.
Results Skeletal muscles (extensor digitorum longus, soleus, and tibialis anterior) from high-fat-fed mice treated with
Compound A were ~14% heavier than muscles from vehicle-treated mice. Chronic treatment with modified UCN2 pep-
tides altered the expression of structural genes and transcription factors in skeletal muscle in high-fat diet-induced obe-
sity including down-regulation of Trim63 and up-regulation of Nr4a2 and Igf1 (P < 0.05 vs. vehicle). Signal
transduction via both catabolic and anabolic pathways was increased in tibialis anterior muscle, with increased phos-
phorylation of ribosomal protein S6 at Ser235/236, FOXO1 at Ser256, and ULK1 at Ser317, suggesting that UCN2 treat-
ment modulates protein synthesis and degradation pathways (P < 0.05 vs. vehicle). Acutely, a single injection of
Compound A in drug-naïve mice had no effect on the rate of protein synthesis in skeletal muscle, as measured via
the surface sensing of translation method, while the expression of Nr4a3 and Ppargc1a4 was increased (P < 0.05 vs.
vehicle). Compound A treatment prevented the loss of force production from disuse due to casting. Compound B treat-
ment increased time to fatigue during ex vivo contractions of fast-twitch extensor digitorum longusmuscle. Compound A
and B treatment increased lean mass and rates of skeletal muscle protein synthesis in ob/ob mice.
Conclusions Modified human UCN2 is a pharmacological candidate for the prevention of the loss of skeletal muscle
mass associated with obesity and immobilization.
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With the advent of western diets rich in saturated fat and a
greater incidence of sedentary lifestyles, the incidence of
obesity in the world population is reaching unprecedented
levels.1 Obesity can lead to several co-morbidities such as in-
sulin resistance, type 2 diabetes mellitus, hypertension, car-
diovascular disease, osteoarthritis, and certain cancers.
Retention of lean muscle mass is crucial for the maintenance
of insulin sensitivity and overall metabolic health.2,3 A
co-morbidity of long-term obesity is the loss of skeletal mus-
cle mass, which points to the importance of lean muscle mass
for maintenance of metabolic health.4 While controversial,
loss of muscle mass in obesity can be prevented and perhaps
reversed with medicine and/or lifestyle changes such as diet
and exercise. Whether due to a lack of compliance or lack
of mobility amongst the morbidly obese, lifestyle interven-
tions are unlikely to succeed as a long-term strategy against
the loss of skeletal muscle mass, requiring suitable pharma-
cological interventions.

During obesity and related muscle atrophy disorders, skele-
tal muscle mass and its metabolic and functional properties
are impaired. Numerous mechanisms have been implicated
in skeletal muscle wasting associated with disease, including
neuronal,5 hormonal,6 nutritional,7 lack of physical activity,8

and low-grade inflammation.9 Muscle wasting is characterized
by decreases in fiber size, concomitant with a fiber type
switch, and preferential loss of type II glycolytic fibers. Reduc-
tions in protein synthesis and mitochondrial function, as well
as intramuscular contractile dysfunction, are also features of
this condition.4,5 Nonetheless, a modest gain in skeletal mus-
cle mass has a vast impact on whole-body metabolism and
prevents the development of insulin resistance and
obesity.4,10

Members of the corticotropin releasing factor (CRF) family
[CRF, urocortin (UCN) 1, 2, and 3]11 signal through two
different G protein-coupled receptors (CRHR1 and 2).12 These
38–41 amino acid peptides are structurally related and are
differentially expressed throughout the central nervous sys-
tem and peripheral tissues,11,12 where they play a role in
modulating the hypothalamic–pituitary–adrenal axis.13

CRHR2 is activated by UCN1, 2, and 3, while CRHR1 is acti-
vated by CRF and UCN1. CRHR2 and its ligand, UCN2, are
highly expressed in skeletal muscle.14–16 UCN2 and CRHR2
play a role in modulating skeletal muscle growth and metab-
olism. CRHR2 expression is increased in skeletal muscle of
high-fat-fed mice,17 while CRHR2-knockout mice are resistant
to high-fat diet (HFD)-induced fat accumulation and insulin
resistance.18 Recent data have shown that UCN3 transgenic
mice have increased skeletal muscle mass with myocyte hy-
pertrophy and are protected from obesity.19 Loss of skeletal
muscle mass and function from nerve damage, corticoste-
roids, or disuse is prevented by sauvagine, a selective CRHR2
agonist, or human UCN2 in rodents.20–22 Furthermore, in lean
rodents, human UCN2 administration causes skeletal muscle
hypertrophy.20,21 The CRHR2 receptor is also involved in

modulating skeletal muscle growth in chronic muscle wasting
disorders. Treating mdx mice (a model for Duchenne muscu-
lar dystrophy) with a CRHR2 agonist prevents the progressive
degeneration of diaphragm muscle,23 while treatment with
CRHR2 agonists in models of aging or chronic heart failure
in rats and emphysema in hamsters improves skeletal muscle
mass and power output.24 Activating CRHR2 modulates hy-
pertrophy and skeletal muscle function in a variety of models
with acute or chronic pathologies. The effects of chronic acti-
vation of CRHR2 on skeletal muscle function, growth, and
metabolism in obesity are unknown.

We have reported that treatment of insulin-resistant
obese mice with a PEGylated peptide of human UCN2 re-
sulted in a 10% loss of body weight and improved
whole-body glucose homeostasis.25 This was attributed to a
direct insulin sensitizing effect of UCN2 on skeletal muscle.25

Given that UCN2 peptides and CRHR2 agonists modulate skel-
etal muscle metabolism and hypertrophy, we hypothesized
that UCN2 treatment will increase skeletal muscle mass and
functional properties in models of insulin resistance and obe-
sity. We investigated the effects of two modified UCN2 pep-
tides in the regulation of skeletal muscle mass and function
in diet-induced obesity and leptin-deficient ob/ob mice, as
well as in preserving muscle function during casting
immobilization.

Methods

Peptide synthesis

Modified human UCN2 peptides (Compounds A and B) are
based on the previously reported Compound 826 and syn-
thesized using established solid-phase peptide synthesis
protocols as described.25,26 While Compound B corresponds
to the Compound 8, Compound A has a further modifica-
tion, with a cystine residue at position 29, where a polyeth-
ylene glycol (PEG) 20 000 is attached through an
acetamide-base linker. Formulated aliquots of the peptides
in phosphate-buffered saline were stored at �20°C. Work-
ing solutions were freshly prepared from thawed stock ali-
quots diluted with 0.5% Lactoalbumin/0.9% sterile isotonic
NaCl.

Pharmacokinetics

The pharmacokinetic properties of Compound A have
been described25 and have a half-life of 22.3 h. The pharma-
cokinetic properties of Compound B have been described26

and result in a considerably shorter half-life of ~30 min.
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Animal care and husbandry

All animal studies have been approved by the appropriate
ethics committee and have been performed in accordance
with the ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments. Experiments were
approved by the Stockholm North Animal Ethical Committee
or the Eli Lilly Institutional Animal Care and Use Committee.
Male mice (C57Bl/6J) were purchased from Charles River
Laboratories (Sulzfeld, Germany) or Envigo (Somerset, USA)
at 5 weeks of age. Mice were maintained under a 12 h
light/dark cycle in humidity and temperature-controlled envi-
ronment and had free access to water and standard rodent
chow (4% kcal from fat, R34; Lantmännen, Kimstad,
Sweden). At 6 weeks of age, mice were either placed on a
standard rodent chow or HFD (60% kcal from fat, TD.06414,
Harlan Laboratories) ad libitum for 20 weeks. Mice were sin-
gle housed after 19 weeks on HFD. After 20 weeks on HFD,
mice received daily subcutaneous injections of vehicle,
Compound A, or Compound B at 0.3 mg/kg of body weight
for 14 days before the onset of the dark period. Injections
were performed in the intrascapular region and hind leg on
alternating days to minimize discomfort. Total lean mass
was assessed in conscious mice using the EchoMRI-100
system (Echo Medical Systems). Separate experiments were
conducted using male ob/ob mice (B6.V-Lepob/ob/JRj;
Janvier Labs, Le Genest St. Isle, France) at 10 weeks of age.
Ob/ob mice exhibit loss of skeletal muscle mass and are a
model of hyperinsulinemia, insulin resistance, and morbid
obesity due to leptin deficiency.27,28 Mice were group
housed (three per cage) and had free access to standard
rodent chow (3.36% kcal from fat, CRM, Special Diet
Services). At 11 weeks of age, mice received daily
subcutaneous injections of vehicle, Compound A, or
Compound B at 0.3 mg/kg of body weight for 14 days. Total
fat and lean mass was assessed using the EchoMRI-100
before the start of injections and at Day 12 of the injections.

Free wheel running

After 19 weeks on HFD, mice were randomized into seden-
tary and wheel running groups as described,25 for 14 days
during the treatment period.

In vivo protein synthesis

Surface sensing of translation (SUnSET) was performed to
assess Compound A-induced and B-induced protein synthesis
in vivo as described.29 Drug-naïve 20-week-old mice on a
standard rodent chow diet received a single subcutaneous in-
jection of vehicle, Compound A, or Compound B at 0.3 mg/kg
of body weight. Mice were injected intraperitoneally with

0.04 μmol/g body weight of puromycin (Sigma-Aldrich) dis-
solved in phosphate-buffered saline 3.5 h after Compound
A injection or 30 min after Compound B and vehicle injections
(Figure 4A). These times were chosen based on the time to
maximal plasma concentration of the drug after subcutane-
ous injection. Food was removed from all mice once
Compound A was injected (4 h fast all together). Tissues were
collected 30 min after the puromycin injection and directly
snap frozen. Tissue homogenates were prepared in lysis
buffer, and 15 μg of protein was used for western blot analy-
sis with an anti-puromycin antibody (12D10; Millipore). Pro-
tein synthesis rates were estimated by puromycin
incorporation into protein determined by quantifying the im-
munoreactive bands for each sample, normalized to the
ponceau stain. In a separate analysis, SUnSET was also per-
formed in ob/ob mice. Mice underwent 14 days of treatment
with vehicle, Compound A, and Compound B as described
earlier. On Day 14 of the treatment, mice received a final sub-
cutaneous injection and subsequently an intraperitoneal in-
jection of 0.04 μmol/g body weight of puromycin 3.5 h
after the Compound A injection or 30 min after the Com-
pound B and vehicle injections. Food was removed from all
mice once Compound A was injected (4 h fast in total). Tis-
sues were collected 30 min after puromycin injection and
snap frozen.

Hindlimb cast immobilization

Male C57Bl/6J mice were purchased at 10 weeks of age from
Harlan (Indianapolis, USA). Mice were maintained under a
12 h light/dark cycle in humidity and temperature-controlled
environment and had free access to water and standard
rodent chow (Diet 2014 with 0.95% Ca and 0.67% P, Teklad,
Madison, WI). At 12 weeks of age, mice were placed under
isoflurane anesthesia, one hindlimb was shaved, and casting
was placed on the lower limb in the plantarflexed position
(Vet-Lite casting; Jorgensen Laboratories, Loveland, CO). At
this time, sham animals were briefly anesthetized and
shaved. All mice were individually housed, and casts were
replaced every 7 days to ensure continual immobilization.

In situ skeletal muscle function after casting

After 1 week of hindlimb cast immobilization, the mice
received daily subcutaneous injection of vehicle or
Compound A as described earlier for 14 days. After the treat-
ment on Day 15, non-fasted mice were anesthetized with
isoflurane, the cast was removed and hindlimb shaved, the
knee was clamped with a blunted set screw, and the foot
was secured in a foot pedal using the 807B In situ Large Ro-
dent/Small Animal Apparatus (Aurora, ON, Canada). Gastroc-
nemius muscle contractions were induced by directly
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stimulating the tibial nerve with two electrodes. To deter-
mine the optimal resting length of the muscle (L0), single
twitches were applied at different muscle lengths. Thereafter,
experimental tetanic/twitch protocols were performed, the
force of the contracting muscle was recorded, and strength
and fatigue were measured. Mice were then killed, and
muscles dissected and weighed.

Gene expression analysis after casting

In a separate cohort of mice, the hindlimb was cast
immobilized for 14 days; thereafter, the mice received a
single dose of 0.3 mg/kg Compound A or vehicle adminis-
tered subcutaneously. Six hours later, non-fasted mice were
sacrificed, and tissues were harvested and snap frozen in
liquid nitrogen. RNA was extracted from frozen muscle
tissues as described in the succeeding text. qPCR was
performed with TaqMan Fast Advance Master Mix (Thermo
Fisher Scientific) with the ABI Prism 7900HT system (Applied
Biosystems). The Taqman primer probes are listed in
Supporting Information, Table S1 (Thermo Fisher Scientific).

Contraction-induced glucose uptake

Mice were fed with HFD for 19 weeks and then single housed
for 1 week prior to randomization into the following treat-
ment groups: vehicle (n = 10), Compound A (n = 10), or Com-
pound B (n = 10) treatment. Vehicle-treated mice fed with a
standard chow diet (n = 6) were included as a control for the
HFD. At the end of the 14 day treatment period, basal and
contraction-induced glucose uptake was assessed in
extensor digitorum longus (EDL) muscle as described.30 Mice
were fasted for 4 h and anesthetized via an intraperitoneal in-
jection of 2.5% Avertin [2,2,2-tribromo ethanol and tertiary
amyl alcohol (16 μL/g body weight)]. Paired EDL muscles
were placed at resting passive tension (4–5 mN) for 20 min
in contraction chambers (Muscle Strip Myograph System;
Danish Myo Technology, Denmark) containing pre-
oxygenated (95% O2/5% CO2) Krebs–Henseleit buffer
supplemented with 5 mM glucose, 15 mM mannitol,
0.3 mM palmitate, and 4% fatty acid-free bovine serum
albumin. Then fatigue-inducing contractions were produced
by electrical stimulation with 100 Hz (0.2 ms pulse duration,
20 V) at a rate of 0.2 s contraction every 2 s for 10 min, while
contralateral EDL muscles were kept under resting passive
tension conditions. Raw data were extracted from LabChart
files containing recordings of the contraction experiments.
After the contraction protocol, EDL muscles were immedi-
ately transferred to new vials containing pre-oxygenized
Krebs–Henseleit buffer supplemented with 19 mM mannitol,
1 mM 2-deoxy-D-glucose, 2.5 μCi/mL [3H]2-deoxy-D-glucose
(American Radiolabeled Chemicals), and 0.7 μCi/mL [14C]

mannitol (Moravek Biochemicals) and incubated for 20 min
to assess glucose uptake as described.31 All in vitro skeletal
muscle testing was performed at 30°C. Results are expressed
as μM glucose × mg protein�1 × 20 min�1.

Biochemical analysis

Glycogen content in the tibialis anterior (TA) muscle was
measured in 4 h fasted mice using a Glycogen Assay Kit
(ab65620; Abcam) according to the manufacturer’s protocol.
Protein was extracted using lysis buffer [20 mM Tris·HCl
pH 7.8, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl, 10 mM
NaF, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 0.5 mM
NaVO3, 1 mM PMSF, 1× Protease Inhibitor Cocktail
(Millipore)], and concentration was determined using a
Pierce™ BCA Protein Assay Kit (#23225, Thermo Fisher
Scientific).

RNA extraction and gene expression analysis

RNA was extracted from the tissues using the
Trizol-chloroform method (Invitrogen). cDNA was produced
from 1 to 2 μg of RNA using a High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). RT–qPCR was per-
formed in duplicate with the use of Fast SYBR Green
Master Mix (Thermo Fisher Scientific) with 15 ng cDNA in a
10 μL reaction with a ViiA 7 Real-Time PCR System (Thermo
Fisher Scientific). Gene expression was quantified with the
ΔΔCt method using the geometric mean of two housekeep-
ing genes as control. Primer details are reported in Table S1.

Western blot analysis

Western blot analysis was performed as described.32 Equal
amounts of protein (15–20 μg) were separated by sodium do-
decyl sulfate–polyacrylamide gel electrophoresis using Crite-
rion XT Precast gels (Bio-Rad) and transferred to
polyvinylidene difluoride membrane (Immobilon-P, Millipore;
Billerica, MA). Primary antibodies are reported in Table S2.
Bands were quantified using Quantity One 1-D analysis
software (Bio-Rad) and normalized to total protein staining
with Ponceau S (Sigma Aldrich, St. Louis, MO).

Statistics

Data are presented as box and whiskers plots; the box
extends from the 25th to 75th percentiles with the median
indicated; and the whiskers and outliers are plotted using
the Tukey method. Normality was verified using the Sha-
piro–Wilk test. When data were normally distributed, a
one-way analysis of variance with Dunnett’s multiple
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comparison test was used. For data not normally distributed,
the Kruskal–Wallis test with Dunn’s multiple comparison was
used. Two-way or two-way repeated measures analysis of
variance with Sidak’s multiple comparison was also used
when necessary. Chow-fed mice were excluded from statisti-
cal analysis as they only served as a control for the HFD.
Comparisons were considered significant at P< 0.05. Analyses
were performed using GraphPad 8 (GraphPad Software Inc.).

Results

Chronic treatment with modified UCN2 peptides
increases skeletal muscle mass in high-fat diet-
induced obesity

Skeletal muscle hypertrophy is enhanced by UCN2 treatment
in different models of disuse and immobilization.33 We
assessed total lean mass and skeletal muscle mass in
HFD-fed mice after a 14 day treatment with modified UCN2
peptides with or without free access to running wheels. Mice
fed a HFD for 20 weeks developed obesity, with
hyperinsulinemia, glucose intolerance, and skeletal muscle in-
sulin resistance25 and reduced skeletal muscle weight
relative to body weight (Table S3). Total lean mass tended
to increase with Compound A treatment (Figure 1A) and
was significantly increased with both Compound A and B
treatment when expressed as a percentage of total body
weight (Figure 1B). Skeletal muscle mass expressed as either
absolute value or a percentage of final body weight was
consistently increased in response to Compound A treatment
(Figure 1). Specifically, the mass of EDL (Figure 1C and 1D)
(primarily glycolytic fibers), soleus (Figure 1E and 1F) (primar-
ily oxidative fibers), and TA (Figure 1G and 1H) (mixed fiber
type) was increased in Compound A-treated HFD-fed mice.
The mass of soleus muscle was also increased in Compound
B-treated HFD-fed mice when expressed as a percentage of
final body weight (Figure 1F). Compound A treatment de-
creased fat mass expressed as either absolute values25 or per-
centage of final body weight (37.83 ± 1.11 vs. 28.39 ± 1.31 g
for vehicle vs. Compound A treatment, respectively,
P < 0.05). Similarly, Compound B treatment decreased fat
mass expressed as either absolute values (18.86 ± 0.89 vs.
16.81 ± 0.97 g for vehicle vs. Compound B treatment, respec-
tively, P < 0.05) or percentage of final body weight
(37.83 ± 1.11 vs. 34.93 ± 1.36 for vehicle vs. Compound B
treatment, respectively, P < 0.05).

To examine the synergistic interaction between UCN2
treatment and physical activity on skeletal muscle mass,
HFD-fed mice were given free access to running wheels over
the duration of the 14 day treatment period. In
vehicle-treated mice, wheel running had no effect on total
lean mass and skeletal muscle mass as compared with

vehicle-treated sedentary mice (Figure 1A–1H). Skeletal mus-
cle mass of EDL, soleus, and TA was increased in Compound A
versus vehicle-treated mice given free access to running
wheels (Figure 1C–1H). Furthermore, there was a synergistic
effect between wheel running and Compound A treatment
to increase soleus muscle weight as compared with sedentary
Compound A-treated mice (Figure 1E and 1F). Wheel running
increased soleus mass in Compound B-treated mice as com-
pared with vehicle-treated mice, but only when expressed
as a percentage of body weight (Figure 1F). Furthermore,
there was a synergistic effect between wheel running and
Compound B treatment to increase EDL (Figure 1D) and
soleus (Figure 1F) muscle weight as compared with sedentary
Compound B-treated mice. The average running distance
over the 14 day treatment period was unaltered by either
Compound A or Compound B (4369 ± 984, 3117 ± 738, and
3993 ± 854 m per night for vehicle, Compound A, and
Compound B treatment, respectively, not significant). These
results indicate a 14 day treatment of HFD-fed mice with
modified UCN2 peptides increases skeletal muscle mass in
glycolytic, oxidative, and mixed muscle fiber types.

Chronic treatment with modified UCN2 peptides
alters the expression of structural genes and
transcription factors in skeletal muscle in high-fat
diet-induced obesity

We next sought to identify the molecular mechanisms for the
increase in skeletal muscle mass with UCN2 treatment by
analysing relevant mediators of anabolic and catabolic
pathways. The TA muscle was chosen for this analysis as it
is a mixed fiber type and was frozen immediately after dissec-
tion, whereas the EDL and soleus were incubated ex vivo and
used to assess force production and glucose metabolism.25

mRNA analysis of genes associated with muscle function
and growth suggests that Compound A treatment resulted
in a fiber type transformation, with decreased expression of
Myh2 [which codes for myosin heavy chain (MHC) 2A] and
a trend for decreased Myh7 (MHCβ), associated with oxida-
tive characteristics, and a concomitant increase in Myh1
(MHC2X) expression, and a trend for increased Myh4
(MHC2B) expression, associated with glycolytic fast-twitch fi-
bers (Figure 2A). While the ‘gold standard’ of measuring fiber
type composition (histological staining) was not performed in
this study, gene expression analysis is suggestive of a fiber
type switch from oxidative to glycolytic fibers in the TA from
Compound A-treated mice. Furthermore, Compound B treat-
ment decreased the expression of Trim63, which codes for
MuRF1, an E3 ubiquitin ligase important for skeletal muscle
remodelling (Figure 2B), whereas both Compound A and B
treatment increased expression of the growth factor Igf1
(Figure 2C). In addition, Compound A treatment increased
Nr4a2 expression, and Compound B treatment
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Figure 1 UCN2 treatment increases skeletal muscle mass in HFD-fed mice. High-fat diet (HFD)-fed mice were either sedentary or had access to free
wheel running (FWR) and treated with vehicle, Compound A, or Compound B for 14 days. Lean mass was assessed with EchoMRI and expressed as (A)
absolute values and (B) a percentage of body weight. Absolute weight of the (C) extensor digitorum longus (EDL) and (D) presented as a percentage of
body weight. Absolute weight of the (E) soleus and (F) presented as a percentage of body weight. Absolute weight of the (G) tibialis anterior (TA) and
(H) presented as a percentage of body weight. Dotted line indicates mean of chow vehicle mice. n = 9–10 mice per group.

α
Main effect for Compound

A treatment. βMain effect for Compound B treatment. ‡P< 0.05 main effect for wheel running. *Compared with vehicle of same condition. ¤Compared
with corresponding sedentary of same treatment as assessed via two-way analysis of variance with Sidak’s post hoc analysis.

UCN2 improves skeletal muscle mass and function in insulin resistance 1237

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1232–1248
DOI: 10.1002/jcsm.12746



down-regulated expression of the lipid accumulation protec-
tive gene Ucp3 (Figure 2C). These results collectively suggest
that UCN2 treatment triggers a change in fiber type composi-
tion in skeletal muscle, with down-regulation of Trim63 and
up-regulation of Nr4a2 and Igf1.

Chronic treatment with modified UCN2 peptides
affects proteins that are mediators of skeletal
muscle hypertrophy and degradation in high-fat
diet-induced obesity

To further elucidate the molecular mechanisms for increased
skeletal muscle mass after UCN2 treatment, we analysed the
abundance and phosphorylation status of proteins involved
in pathways controlling catabolic and anabolic processes.
While Compound B was without effect, western blot analysis
revealed a trend for increased AKT phosphorylation at Ser473

and total AKT abundance (Figure 3A) in skeletal muscle from
Compound A-treated mice. Phosphorylation of ribosomal
protein S6 at Ser235/236 was increased with levels restored
to normal chow levels (Figure 3B), suggesting that Compound
A treatment increases mRNA translation. FOXO1 phosphory-
lation at Ser256 was increased by both Compound A and B
treatment (Figure 3C), suggesting that its transcriptional
activity would be inhibited, resulting in suppressed

expression of pro-atrophic E3 ubiquitin ligases.34 Surprisingly,
content of MAFbx was increased after Compound A
treatment and restored to normal chow levels (Figure 3C).
Furthermore, phosphorylation of ULK1 at Ser317 was increased
above both chow and HFD vehicle levels after Compound A
treatment, while AMPKα phosphorylation at Thr172 tended
to increase (Figure 3D), indicating the activation of autophagy.
Collectively, these results suggest that UCN2 treatment
modulates protein synthesis and degradation pathways,
ultimately resulting in increased skeletal muscle mass.

Modified UCN2 peptides acutely increase
transcriptional activity in skeletal muscle from
chow-fed mice

Our results provide a snapshot of gene transcription and pro-
tein signaling events in skeletal muscle ~16 h after the last
treatment with UCN2 peptides. We next sought to
directly measure rates of protein synthesis and gene
transcription after a single injection of Compound A or B. Pro-
tein synthesis was measured by analysing the amount of pu-
romycin incorporated into newly synthesized proteins using
the SUnSET method29 (Figure 4A). Neither Compound A nor
B injection acutely altered the rates of protein synthesis in
the EDL, soleus, or TA muscle (Figure 4B).

Figure 2 UCN2 treatment affects genes that are mediators of skeletal muscle hypertrophy and degradation in HFD-fed mice. Effects of Compound A or
B treatment on relative mRNA expression of key mediators in pathways regulating muscle mass. Gene expression data were assessed via qPCR analysis
of mRNA from the tibialis anterior (TA) after high-fat feeding and 14 days of Compound A or B treatment. (A) Genes of thick filaments and structural
proteins. (B) Genes and transcription factors involved in protein degradation. (C) Genes and transcription factors involved in hypertrophy. Dotted line
indicates the mean of chow vehicle mice. Results are expressed relative to chow vehicle-treated mice and normalized to the geometric mean of B2M
and Tbp. n = 8–10 mice per group. §P < 0.05 effect as assessed via one-way analysis of variance or Kruskal–Wallis test, *P < 0.05 versus vehicle as
assessed via post hoc analysis.
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Acute injection of Compound A or B did not alter the
expression of structural protein genes in TA muscle
(Figure 4C), whereas a decrease in pro-atrophy Fbxo32
(MAFbx) and an increase in Trim63 (MuRF1) were observed

with acute Compound A injection (Figure 4D). While
Compound B was without effect, acute Compound A injection
increased the expression of Ppargc1a (PGC1α), Ppargc1a4
(PGC1α4), Nr4a2, Nr4a3, Ucp3, and Myog, genes also regu-
lated by exercise (Figure 4E). These results in TA muscle were
largely recapitulated in the EDL and soleus (Figure S1) and
highlight the global effect of acute activation of CRHR2 on
skeletal muscle gene transcription regardless of the fiber type
composition. Interestingly, Compound B acutely increased
the expression of the oxidative MyHC Myh6 and Myh7 only
in slow-twitch soleus muscle (Figure S1), and not glycolytic
TA or EDL. Collectively, these results show that in chow-fed
lean mice, UCN2 treatment acutely induces the expression
of exercise-responsive genes involved in hypertrophy
and metabolism.

Chronic treatment with a modified UCN2 peptide
preserves muscle function during casting
immobilization

UCN2 treatment modulates a range of genes and proteins
that mediate hypertrophy to ultimately increase skeletal
muscle mass. We next determined whether these com-
pounds protect against inactivity-induced skeletal muscle
wasting and loss of strength. Lean chow-fed mice were sub-
jected to hindlimb cast immobilization, and force production
of the gastrocnemius muscle was assessed in vivo after a
14 day treatment with Compound A. Casting decreased
maximum force (Figure S2A) and specific force (Figure S2B)
produced by gastrocnemius muscle in vehicle-treated mice.
Conversely, Compound A treatment increased maximum
force (Figure S2A) and specific force (Figure S2B) produced
by gastrocnemius muscle in cast-immobilized mice, which
was accompanied by an increase in muscle mass
(Figure S2C and S2D). These results highlight the efficacy of
UCN2 treatment to preserve skeletal muscle function and
prevent disuse-induced atrophy.

To assess the effects of UCN2 on gene expression following
casting, mice were subjected to the same casting protocol as
described earlier, but they were only acutely dosed with
Compound A or vehicle 6 h prior to sacrifice. Consistent
with the acute UCN2 gene data (Figure 4), acute treatment
with Compound A after casting had similar effects on gene
expression in both gastrocnemius and soleus muscles (Figure
S2E and S2F). Acute treatment with UCN2 significantly in-
creased the expression of Ppargc1a, Nr4a2, Nr4a3, and
Trim63 (MuRF1) mRNA in both muscle types. In addition,
acute treatment with Compound A also increased expression
of Cdkn1, Fkbp5, Hbegf, and Ifrd1 genes that are involved in
cell cycle and muscle growth or inhibition of atrophic path-
ways. These data confirm that acute treatment with UCN2 ac-
tivates muscle growth pathways while blocking atrophic
pathways.

Figure 3 UCN2 treatment affects proteins that are mediators of skeletal
muscle hypertrophy and degradation in HFD-fed mice. Effects of Com-
pound A or B treatment on protein content and phosphorylation of key
mediators in pathways regulating muscle mass assessed via western blot
analysis of tibialis anterior (TA) after high-fat feeding and 14 days of Com-
pound A or B. (A) Upstream mediators in muscle mass regulation. (B) Pro-
teins involved in hypertrophy and protein synthesis. (C) Proteins involved
in ubiquitin-proteasome system for protein breakdown. (D) Proteins in-
volved in autophagy regulation and inflammation. Results calculated rel-
ative to ponceau stain and expressed relative to HFD vehicle-treated
mice. n = 8–10 mice per group. §P < 0.05 effect as assessed via
one-way analysis of variance or Kruskal–Wallis test, *P < 0.05 versus ve-
hicle as assessed via post hoc analysis.
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Chronic treatment with modified UCN2 peptides
improves muscle function in high-fat diet-induced
obesity

We next determined whether the increase in skeletal muscle
mass in the UCN2 peptide-treated obese mice improves
skeletal muscle function. EDL muscle was excised from
Compound A-treated or Compound B-treated HFD-fed mice
and subjected to fatigue-inducing contractions ex vivo. De-
spite greater skeletal muscle mass (Figure 1), contraction
force curves of EDL muscle during fatigue-inducing

stimulation were similar between Compound A-treated and
vehicle-treated mice (Figure 5A and 5B). Time to fatigue
(Figure 5C) and maximum force production (Figure 5D) of
EDL and glycogen content of TA muscle (Figure 5E) were
unaltered despite the increased muscle mass between
Compound A-treated and vehicle-treated mice. Conversely,
muscles from Compound B-treated mice showed functional
changes in force generation. Contraction force curves of
EDL muscle from Compound B-treated mice were greater dur-
ing fatigue-inducing contractions, when expressed as either
absolute force or percentage of starting force as compared
with vehicle-treatedmice (Figure 5A and 5B). EDL muscle from

Figure 4 UCN2 acutely increases transcription factors mediating hypertrophy while rates of protein synthesis remain unchanged in skeletal muscle. (A)
Schematic of acute injection experiments. Mice were fasted from 0 to 4 h. (B) In vivo muscle protein synthesis determined by puromycin-labeled pro-
teins in chow-fed lean mice after acute Compound A or B injection assessed via the SUnSET method. Gene expression data were assessed via qPCR
analysis of mRNA from the tibialis anterior (TA) after acute Compound A or B injection, (C) structural protein genes, (D) pro-degradation genes, and
(E) pro-hypertrophy genes. Results are expressed relative to vehicle-injected mice and normalized to the geometric mean of Hprt and Tbp. n = 6 mice
per group. §P < 0.05 effect as assessed via one-way analysis of variance or Kruskal–Wallis test, *P < 0.05 versus vehicle as assessed via post hoc
analysis.
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Compound B-treated mice was more fatigue resistant, with
greater time to fatigue (Figure 5C) and a trend for increased
maximal force production (Figure 5D), as compared with EDL
from vehicle-treated mice. This ‘fatigue resistance’ may be
due to increased substrate availability, given that glycogen
content in TA muscle was greater in Compound B-treated
versus vehicle-treated mice (Figure 5E). Phosphorylation of
glycogen synthase (Figure 5F) was unchanged, while GLUT4
abundance was increased by similar amounts with both Com-
pound A and B treatment (Figure 5H).

Chronic treatment with modified UCN2 peptides
does not alter contraction-induced glucose uptake

Immediately following fatigue-inducing contractions, glucose
uptake was determined in EDL muscle from Compound
A-treated or Compound B-treated HFD-fed mice. Contractions
per se increased glucose uptake in EDL muscle from all mice,
but there was no further increase in response to
Compound A or B treatment (Figure 6A). AMPK signaling is a
possible mediator of CRHR2 activation.35,36 We found that

Figure 5 UCN2 treatment leads to improved skeletal muscle function during ex vivo contractions in HFD-fed mice. At the end of 14 days of compound
treatment in HFD-fed mice, the EDL muscle was excised and subjected to electrical stimulation and contracted with a fatigue-inducing protocol for
10 min for measurement of (A) absolute force and (B) relative force production during ex vivo contractions (electrical stimulation with 100 Hz, 0.2
ms pulse duration, 20 V at a rate of 0.2 s contraction every 2 s, while contralateral muscles were kept under resting passive tension conditions).
β
Main effect for Compound B treatment.

†
Main effect for time.

#
Interaction. *Compound B versus vehicle control as assessed via two-way repeated

measures analysis of variance with Sidak’s post hoc analysis. (C) Time to 50% fatigue and (D) maximum force produced in EDL. (E) Glycogen content, (F)
glycogen synthase phosphorylation at Ser641, and (G) total GLUT4 protein content in tibialis anterior (TA). Dotted line indicates the mean of chow ve-
hicle mice. n = 9–10 HFD-fed mice per group. §P < 0.05 effect as assessed via one-way analysis of variance or Kruskal–Wallis test, *P < 0.05 versus
vehicle as assessed via post hoc analysis.
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phosphorylation of AMPKα (Figure 6B and 6C) and ACC, a
downstream target of AMPK (Figure 6D), was unchanged in
skeletal muscle from either Compound A-treated or B-treated
mice. The Rab-GTPase-activating proteins TBC1D1 and
TBC1D4 play critical roles in GLUT4 translocation and
glucose transport in skeletal muscle.37,38 Phosphorylation
status of TBC1D1 and TBC1D4 was assessed after
fatigue-inducing contractions. Phosphorylation of TBC1D1
was increased under basal conditions in skeletal muscle from
either Compound A-treated or B-treated mice as compared
with vehicle-treated controls and was further increased by
contractions in EDL muscle from Compound B-treated mice
(Figure 6E). Although not reaching significance, a trend for

increased TBC1D4 phosphorylation was observed in skeletal
muscle from either Compound A-treated or B-treated mice
as compared with vehicle-treated controls (Figure 6F). Collec-
tively, these results suggest that both Compound A and B
treatment increases TBC1D1 phosphorylation.

Chronic treatment with modified UCN2 peptides
improves lean mass and skeletal muscle protein
synthesis in ob/ob mice

We determined the effects of Compound A or B treatment
for 14 days on skeletal muscle mass and protein synthesis

Figure 6 UCN2 treatment does not alter contraction-induced glucose transport but increases TBC1D1 phosphorylation. Immediately following
fatigue-inducing contractions, glucose uptake and signaling was determined in EDL muscle. (A) Contraction-induced glucose uptake assessed with ra-
dioactive labeled glucose. (B) Representative western blots. Quantification of (C) p-AMPKα Thr

172
, (D) p-ACC Ser

79
, (E) TBC1D1 phosphorylation at

Ser237, and (F) TBC1D4 phosphorylation at Ser318, n = 5 chow-fed and n = 9–10 HFD-fed mice per group. αP < 0.05 main effect for Compound A treat-
ment. βMain effect for Compound B treatment. †P < 0.05 main effect for contraction. #P < 0.05 interaction. *Compared with vehicle of same condi-
tion. ¤Compared with basal of the same treatment as assessed via two-way repeated measures analysis of variance with Sidak’s post hoc analysis.
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in the ob/ob mouse, a leptin-deficient mouse model that de-
velops severe obesity, and aggravated the loss of skeletal
muscle mass.27 Vehicle-treated ob/ob mice gained
2.16 ± 0.26 g of body weight over the 14 day treatment pe-
riod, while Compound A-treated mice lost 1.95 ± 0.29 g of
body weight. Conversely, Compound B-treated mice gained
2.85 ± 0.22 g of body weight (Figure 7A). Based on these

notable changes in body weight, the magnetic resonance
imaging results are expressed as the change over the treat-
ment period as a percentage of total body weight. Compound
A-treated and Compound B-treated ob/ob mice lost fat mass
over the treatment period (Figure 7B), while gaining lean
mass (Figure 7C). While the ob/ob mice have severe skeletal
muscle atrophy as compared with wild-type mice

Figure 7 UCN2 treatment increases lean mass and skeletal muscle protein synthesis in ob/ob mice. ob/ob mice were treated with vehicle, Compound
A, or Compound B for 14 days. Wild-type (WT) mice were treated with vehicle. (A) Change in body weight over the 14 day treatment period. Change in
(B) fat mass and (C) lean mass over the 14 day treatment period expressed as a percentage of body weight, assessed with EchoMRI. Absolute weight of
(D) extensor digitorum longus (EDL), (E) soleus, and (F) tibialis anterior (TA) muscles. Skeletal muscle weights expressed as percentage of body weight
for (G) EDL, (H) soleus, and (I) TA muscles. In vivo muscle protein synthesis determined by puromycin-labeled proteins in WT and ob/ob mice after the
final compound injection, as assessed via the SUnSET method in 4 h fasted mice. (J) Representative western blots and (K) quantification of puromycin-
labelled proteins. n = 6 WT, n = 9 Veh, n = 9 Comp. A, n = 11 Comp. B. *P < 0.05 compared with vehicle as assessed via one-way analysis of variance or
Kruskal–Wallis test.
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(Figure 7D–7I), skeletal muscle weight was not altered after
the treatment protocol when expressed as either absolute
weights (Figure 7D–7F) or percentage of body weight (Figure
7G–7I). Compound A increased in vivo protein synthesis in
EDL, but not soleus or TA muscle of ob/ob mice (Figure 7J
and 7K).

Discussion

We have previously demonstrated that Compound A treat-
ment reduces body weight and improves whole-body
glucose metabolism by increasing skeletal muscle insulin
sensitivity in diet-induced obesity.25 In the present report,
we studied high-fat-fed mice (C57Bl/6J; 26 weeks old) and
ob/ob mice (11 weeks old), as well as a separate group of
chow-fed C57Bl/6J mice (12 weeks old) subjected to
hindlimb cast immobilization. In all three models, we pro-
vide evidence that modified UCN2 peptides preserve skele-
tal muscle mass and function in diet-induced obese and
leptin-deficient ob/ob mice, as well as during casting immo-
bilization. Here, we show that treatment of high-fat-fed
mice for 14 days with Compound A increases skeletal mus-
cle mass relative to body weight, with a potential fiber type
transformation favoring fast-twitch, glycolytic fibers, and an
activation of both anabolic (p-S6) and catabolic (MAFbx,
p-ULK) pathways. A single Compound A injection increases
the expression of a range of genes that are also increased
with exercise, while Compound A treatment prevents
in vivo skeletal muscle force production loss from disuse
due to casting. Conversely, Compound B treatment increases
skeletal muscle mass only when combined with free wheel
running, concomitant with increased glycogen storage and
muscle function improvements including skeletal muscle
fatigue resistance during ex vivo contractions. The distinct
pharmacokinetic properties of the compounds may account
for the differences in these treatment outcomes. We
also show that both Compound A and B treatment in ob/ob
mice prevents the loss of skeletal muscle mass, whereas
Compound A treatment increases skeletal muscle protein
synthesis. Based our previous data regarding the potencies
of the compounds,25 we speculate that the differences
between the compounds are based on half-life and
receptor affinity, with the PEGylated compound (Compound
A) having a greater capacity to generate cAMP than the
non-PEGylated one (Compound B). These results establish
modified human UCN2 peptides as viable pharmaceuticals
in the treatment of musculoskeletal disorders present in
obesity.

The beneficial effects of physical activity are varied and in-
clude maintaining healthy metabolism via proper glycemic
control and preserving muscle strength to ensure appropriate
musculoskeletal function.10 Unfortunately, exercise can be

impractical or inefficient for those with reduced functional
capacity. Here, we show a pharmacological means to simulta-
neously improve skeletal muscle insulin sensitivity25 and skel-
etal muscle function. A plethora of hormones and growth
factors can drive skeletal muscle hypertrophy. Signaling
through IGF-1 to activate the PI3K–AKT pathway leads to
muscle hypertrophy and increased glucose uptake.39–41 As
such, Igf1 expression is up-regulated in skeletal muscle after
chronic UCN2 treatment, leading to increased basal S6 activa-
tion. UCN2 peptides also directly induce basal and
insulin-stimulated AKT and mTOR phosphorylation ex vivo,25

suggesting signal transduction via the PI3K–AKT–mTOR path-
ways. Although the exact signaling pathway downstream of
CRHR2 is unknown, skeletal muscle mass is not increased in
response to sauvagine (UCN1 orthologue that binds to both
CRHR1 and CRHR2) after denervation in CRHR2-knockout
mice, indicating that CRHR2 signaling is required for gains in
skeletal muscle mass.22 CRHR2 signaling also appears to in-
crease cAMP,22 which through PKA could increase
insulin-stimulated AKT phosphorylation, while directly induc-
ing mTOR phosphorylation in the absence of insulin.25 Fur-
thermore, UCN2 acutely up-regulated the splice isoform
PGC1α4, which is induced by resistance exercise and in-
creases Igf1 to promote hypertrophy of skeletal muscle.42 Ad-
ditionally, NR4a2 and NR4a3 were induced acutely in skeletal
muscle by UCN2. These members of the nuclear receptor
superfamily can be induced by a single exercise bout43 and
via mTOR signaling leads to skeletal muscle hypertrophy.44

Modified UCN2 peptides increase the expression of a range
of genes that lead to PI3K–AKT–mTOR pathway activation
and skeletal muscle hypertrophy, although the physiological
importance of these different molecular triggers warrants
further investigation.

Signaling through the PI3K–AKT–mTOR axis is pivotal for
skeletal muscle differentiation and growth. For example, con-
stitutively active AKT is sufficient to induce skeletal muscle
hypertrophy.45,46 Treating mice with Compound A increases
AKT protein abundance in EDL muscle25 and sustains basal
activation of phosphorylated S6 in TA muscle, suggesting
increased protein synthesis rates. Compound A treatment
did not acutely affect in vivo protein synthesis as assessed
via SUnSET, an unexpected result given the long-term gains
in skeletal muscle mass and activation signaling to protein
synthesis after 14 days of treatment. These effects may either
represent a difference in temporal signaling through CRHR2
or suggest that any long-term changes in protein synthesis
may be caused by the acute transcriptional network activa-
tion, which seems likely given that a 14 day Compound A
treatment increased protein synthesis in skeletal muscle of
ob/ob mice. Furthermore, viral delivery of UCN2 reduced
protein synthesis in liver,47 while producing a metabolic fa-
vorable phenotype. We also observed that the abundance
of the pro-atrophy MAFbx was restored to the levels in
chow-fed mice, concomitant with activation of FOXO1, which
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would normally switch off its expression.34,48 MAFbx is essen-
tial for tissue remodelling in skeletal muscle hypertrophy.49

The expression of Trim63 (MuRF1) was reduced with Com-
pound B treatment, which can cause muscle atrophy through
Titin degradation.50 These mild effects could contribute to
the increased skeletal muscle mass with UCN2 treatment.
Furthermore, ULK1 was activated in skeletal muscle after
UCN2 treatment, which is beneficial for hypertrophy by
inhibiting apoptosis and promoting normal autophagy.51 Sig-
naling through IGF-1 and AKT leads to increased expression
of myogenin (MYOG), a transcription factor specific to skele-
tal muscle, which is an important marker of differentiation.52

Myog mRNA was increased in response to acute UCN2 injec-
tion. Modified UCN2 peptides activate a range of transcrip-
tional pathways that mediate both skeletal muscle protein
synthesis and degradation, highlighting the complex mecha-
nism of UCN2-induced skeletal muscle hypertrophy.

Obesity is often characterized by preferential atrophy of
glycolytic type II muscle fibres,5,53 which can be rescued with
exercise training.54 Here, we suggest that a 14 day treatment
with UCN2 peptides in obese mice results in a fiber type
transformation from oxidative to glycolytic fibers. This fiber
type transformation is not entirely unexpected, as CRHR2 ac-
tivation through global UCN3 overexpression in mice exhibit
a shift towards type II glycolytic fibers.19 Intriguingly, a similar
change is also observed in NR4a3 transgenic mice, where a
shift from type I and type IIb towards type IIa and type IIx fi-
bers occurs,55 while PGC1-α4 transgenic mice show hypertro-
phy and a fiber type switch from IIb to IIa and IIx fibers.42

Conversely, skeletal muscle-specific IGF-1 transgenic mice ex-
hibit hypertrophy of the EDL muscle, with a shift from type IIa
to type IIb fibers.56 The fatigue-resistant NR4a3 transgenic
mice are also characterized by improvements in skeletal mus-
cle autophagy and hypertrophy through mTOR signaling.44

Although the experiments included in the present study were
not conducted in aged mice, they were carried out in obese,
insulin-resistant mice. Given that aging is associated with in-
sulin resistance,4 the modified UCN2 peptides used in this
study may also be effective in aged, obese mice. Notably,
we confirmed the therapeutic nature of UCN2 peptides
to mitigate the loss of skeletal muscle mass associated
with obesity.27

We have previously shown that insulin-stimulated glucose
uptake is increased in skeletal muscles from Compound
A-treated mice.25 This metabolic response did not translate
into an increase in glycogen storage, suggesting enhanced
glucose oxidation. Compound B treatment increased glyco-
gen content, which is also evident in skeletal muscle of
UCN3 transgenic mice.19 Increased glycogen synthesis and
storage is a characteristic feature of many mouse models, in-
cluding IGF-1 treatment57 and UCN3 overexpression,19 which
also phenocopies UCN2 peptide-treated mice. Furthermore,
overexpression of IGF-1 in skeletal muscle results in a prefer-
ence for glycolytic metabolism,58 which can increase insulin

sensitivity and improve body composition.4,10 While the dis-
crepancies between Compound A and B treatment are diffi-
cult to explain, different ligands signaling through the same
G protein-coupled receptor may have distinct downstream
effects. Signalling through CRHR1 or 2 by UCN1 leads to phos-
phorylation of MAP-kinase and CREB, whereas the binding of
CRF does not.59,60 Different ligands can fine-tune down-
stream signaling to mediate specific effects on growth and
metabolism.

Exercise training programmes in individuals with
sarcopenic obesity are beneficial to reduce frailty and pre-
serve lean mass.4,61 Physiological loss of skeletal muscle mass
and force production that occurs in models of chronic disease
and disuse can be prevented by treating mice systemically
with UCN2.20,23,24 In the current study, Compound B treat-
ment of obese mice increased the time to fatigue in the
EDL muscle without altering its mass, while Compound A
treatment increased skeletal muscle mass and preserved
force production after casting in chow-fed mice. The greater
muscle mass of the EDL did not translate to increased time
to fatigue in Compound A-treated mice. This may be due to
higher glycogen levels in skeletal muscle from Compound
B-treated mice, potentially increasing substrate availability
for the contracting fast-twitch type IIx fibers. Furthermore,
changes in mitochondrial density do not appear to account
for the fatigue resistance, as citrate synthase (a proxy for mi-
tochondrial density) was unchanged by UCN2 treatment
(data not shown). Differences in bioenergetics between Com-
pound A and Compound B treatment may be methodologi-
cally accounted for by differences in diet (normal chow vs.
HFD), the mode of contraction stimulation (in vivo tibial nerve
stimulation vs. ex vivo direct electrical stimulation), and the
specific electrical protocol used (force/frequency curve vs.
fatigue-inducing stimulation). UCN2 peptide treatment has
numerous beneficial effects on the functional properties of
skeletal muscle.

Exercise/muscle contractions increase glucose uptake by
an insulin-independent manner and are considered an impor-
tant physiological process to promote glucose uptake in
insulin-resistant skeletal muscle.4,10 We have previously
reported that Compound A increased insulin-stimulated
glucose uptake in skeletal muscle of HFD-fed mice.25 Here,
we investigated if UCN2 treatment could also increase
contraction-induced glucose uptake in skeletal muscle from
obese, insulin-resistant mice. While contractions per se in-
creased glucose transport in skeletal muscle, UCN2 treatment
did not elicit any further effect. We used a fatigue-inducing
contraction protocol, which may have masked more subtle
changes in metabolic properties as the muscles are in high
energy demand and different contraction protocols can affect
the rates of glucose uptake.62 Furthermore, UCN2 treatment
increased TBC1D1 phosphorylation, a key component of
contraction-induced GLUT4 translocation,38 in EDL muscle
studied under basal conditions and in response to
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contraction, suggesting an overall improvement in the com-
ponents governing GLUT4 translocation and glucose uptake.
TBC1D1/TBC1D4 phosphorylation is necessary but not suffi-
cient for GLUT4 translocation.63 We also found that
Compound A and Compound B treatment increased total
GLUT4 abundance in EDL muscle. We have previously re-
ported that Compound A increases GLUT4 trafficking to the
sarcolemma membrane.25 Different pools of GLUT4 vesicles
respond selectively to insulin or muscle contraction,64

such that contraction depletes GLUT4 from transferrin
receptor-positive endosomes that are not affected by
insulin,65,66 while GLUT4 trafficking to the membrane is addi-
tive in response to a combined stimulation with insulin and
contraction.67,68 An increase in total abundance of GLUT4
may not translate to an increase in either insulin or
contraction-induced glucose uptake.

The vast beneficial effects of exercise are often unattain-
able for frail and elderly individuals, as well as for individuals
with obesity, and as such, there is growing interest to identify
and develop specific compounds that activate different cellu-
lar targets induced by exercise to improve functional proper-
ties of skeletal muscle. While we report positive effects of
UCN2 peptides on muscle mass and function, future studies
are warranted to ascertain whether the compounds will act
identically in older wild-type mice. Our results indicate that
UCN2 peptides improve muscle mass and function, making
UCN2 peptides durable candidates for the treatment of mus-
culoskeletal disorders.
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