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Abstract

Type 2 diabetes (T2D) has become a major health problem worldwide. Skeletal muscle
(SKM) is the key tissue for whole-body glucose disposal and utilization. New drugs aimed at
improving insulin sensitivity of SKM would greatly expand available therapeutic options. -
arrestin-1 and -2 (Barr1 and Barr2, respectively) are two intracellular proteins best known
for their ability to mediate the desensitization and internalization of G protein-coupled recep-
tors (GPCRs). Recent studies suggest that Barr1 and Barr2 regulate several important met-
abolic functions including insulin release and hepatic glucose production. Since SKM
expresses many GPCRs, including the metabolically important 3,-adrenergic receptor, the
goal of this study was to examine the potential roles of Barr1 and Barr2 in regulating SKM
and whole-body glucose metabolism. Using SKM-specific knockout (KO) mouse lines, we
showed that the loss of SKM Barr2, but not of SKM Barr1, resulted in mild improvements in
glucose tolerance in diet-induced obese mice. SKM-specific Barr1- and Barr2-KO mice did
not show any significant differences in exercise performance. However, lack of SKM Barr2
led to increased glycogen breakdown following a treadmill exercise challenge. Interestingly,
mice that lacked both Barr1 and Barr2 in SKM showed no significant metabolic phenotypes.
Thus, somewhat surprisingly, our data indicate that SKM -arrestins play only rather subtle
roles (SKM Barr2) in regulating whole-body glucose homeostasis and SKM insulin
sensitivity.

Author summary

Type 2 diabetes (T2D) has become a major health problem worldwide. The key feature of
T2D is that blood glucose levels are elevated above the normal range. When blood glucose
levels rise, insulin is released from the pancreas, triggering the rapid removal of glucose
from the blood. Because of the large mass of skeletal muscle tissue (SKM), insulin-stimu-
lated glucose uptake into SKM is essential for maintaining normal blood glucose levels. In
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T2D, insulin-stimulated glucose uptake by SKM is significantly impaired. Recent research
has shown that two intracellular proteins known as -arrestin-1 and -2 (Barrl and Barr2,
respectively) play important roles in regulating blood glucose levels. In this study, we
investigated the potential roles of SKM Barr1/2 in maintaining normal blood glucose lev-
els. We generated and analyzed several mutant mice that lacked either Barrl or Barr2 or
both Barrl and Barr2 selectively in SKM. Surprisingly, we found that SKM B-arrestins
play only rather subtle roles (SKM Barr2) in regulating blood glucose levels and the
responsiveness of SKM to insulin. These findings are important for developing novel anti-
diabetic drugs that act by promoting glucose uptake into SKM.

Introduction

Worldwide, more than 400 million adults are predicted to suffer from type 2 diabetes (T2D),
indicating that T2D has become a growing health threat in both industrialized and developing
countries [1]. T2D is characterized by increased blood glucose levels due to impairments in
insulin release from pancreatic B-cells and insulin resistance, which is defined as decreased
action of insulin on insulin-sensitive tissues like skeletal muscle (SKM), adipose tissue, and
liver [2]. The major driver behind the current epidemic in T2D is the steady increase in the
number of obese individuals, due to changes in lifestyle and diet [3, 4]. Since long-lasting
weight loss is difficult to achieve, novel antidiabetic drugs with increased efficacy and reduced
side effects are urgently needed.

SKM is the key tissue for whole-body glucose disposal and utilization, being responsible for
nearly 70% of insulin-stimulated glucose clearance [5]. Moreover, SKM insulin resistance is
considered to be the primary defect in the onset of T2D [2]. Thus, a better understanding of
mechanisms that lead to SKM insulin resistance may lead to the development of novel antidia-
betic drugs that act by improving SKM insulin sensitivity. Such drugs are not available at
present.

Arrestin 2 and 3, also known as B-arrestin-1 and B-arrestin-2 (Barrl and Barr2, respec-
tively), are two ubiquitously expressed intracellular proteins involved in the regulation of
many important physiological functions [6-12]. Barrl and Barr2 are well known for their role
in mediating G protein-coupled receptor (GPCR) desensitization and internalization [13].
One of the best characterized GPCR-B-arrestin interactions is the Barr2-mediated desensitiza-
tion and internalization of the B,-adrenergic receptor (8,-AR) [13, 14], a GPCR that plays a
key role in regulating SKM glucose fluxes [15, 16]. However, accumulating evidence suggests
that B-arrestins can also act as signaling molecules in their own right [17-20].

Recent studies with global Barr1 and Barr2 knockout (KO) mice indicated that -arrestins
play important roles in the regulation of whole-body glucose homeostasis [7, 8, 12]. For exam-
ple, Barr1 is predicted to have a protective role in the development of diet-induced obesity [8,
21], while Barr2 can ameliorate insulin resistance through an AKT-dependent mechanism [7].
Since the two B-arrestins are widely expressed, it is difficult to delineate the cellular mecha-
nisms underlying the metabolic phenotypes displayed by the global Barrl and Barr2 KO mice.

By generating and analyzing conditional, cell type-specific Barrl- and Barr2-KO mice, we
recently elucidated the roles of the two B-arrestins in several metabolically relevant tissues/cell
types including adipocytes [22], hepatocytes [10], and pancreatic B-cells [11, 23]. At present,
little is known about the metabolic roles of Barrl and Barr2 expressed by SKM, despite the cen-
tral importance of SKM in maintaining whole-body glucose homeostasis. To address this ques-
tion, we generated SKM-specific Barrl- and Barr2-KO mice and subjected these mutant mice
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to a series of metabolic tests. Somewhat surprisingly, our data indicate that SKM B-arrestins
(Barr2) play only rather subtle roles in regulating whole-body glucose homeostasis.

Results

SKM-specific deletion of Barrl in mice has no effect on whole-body glucose
homeostasis

Both Barr1 and Barr2 are ubiquitously expressed in mouse tissues showing high mRNA levels
in skeletal muscles (SKM) like quadriceps and gastrocnemius (S1A Fig). Studies with whole-
body Barr1-KO mice have shown that Barrl protects against diet-induced obesity and related
metabolic impairments [8]. However, the contribution of SKM to this phenotype remains
unknown. To study the potential role of SKM Barr1 in regulating whole-body glucose homeo-
stasis, we generated mice lacking Barr] selectively in SKM (SKM-Barr1-KO mice). This was
accomplished by crossing floxed Barr1 mice (Barr1VM) [24] with mice that harbored the
HSA-Cre(ER™) transgene [25]. Barrl deletion in SKM was induced by tamoxifen treatment of
HSA-Cre(ER"™)-positive Barr1™™ adult mice. Tamoxifen-injected Cre-negative Barr1™® litter-
mates served as control mice throughout all experiments. Experiments were initiated one
week after the last tamoxifen injection.

The induction of Cre activity resulted in a robust and SKM-specific reduction of Barr1l
mRNA (S1B Fig) and protein (S1C Fig). The remaining Barrl mRNA expression in isolated
SKM tissues (S1B Fig) is most likely due to other cell types (e.g. fibroblasts) that are present in
SKM. After the ablation of Barrl protein in SKM had been confirmed (S1C Fig), mice
(SKM-Barr1-KO mice) were subjected to several metabolic tests.

Interestingly, SKM-Barr1-KO mice kept on standard chow showed no differences in body
weight (Fig 1A), fasting and fed blood glucose levels (Fig 1B), and glucose and insulin tolerance
(Fig 1C and 1D), as compared to their control littermates. To metabolically challenge the mice,
we maintained them on a high-fat diet (HFD) for a period of 8 weeks. SKM-Barr1-KO mice
and control littermates showed similar weight gain when consuming the HFD (Fig 1E). More-
over, the lack of Barrl in SKM had no significant effect on fed and fasting blood glucose levels
(Fig 1F) and glucose and insulin tolerance (Fig 1G and 1H).

SKM-specific deletion of Barr2 results in minor improvements in glucose
tolerance in HFD mice

Barr2 action in hepatocytes [7, 10] and pancreatic B-cells [11] is essential for maintaining
proper glucose homoeostasis. At present, it remains unclear whether Barr2 expressed by SKM
cells is involved in regulating glucose homoeostasis and insulin sensitivity. To address this
issue, we generated mice that lacked Barr2 selectively in SKM (SKM-Barr2-KO mice) by
employing the same strategy as described above for the generation of the SKM-Barr1-KO ani-
mals. Barr2 mRNA was selectively reduced in SKM tissues (S1D Fig). The absence of Barr2
protein in SKM was also confirmed by western blotting analysis (S1E Fig).

Like the SKM-Barr1-KO mice, chow-fed SKM-Barr1-KO mice showed unchanged body
weight (Fig 2A), fasting and fed blood glucose levels (Fig 2B), and glucose and insulin tolerance
(Fig 2C and 2D), as compared to their control littermates. To induce obesity and obesity-asso-
ciated metabolic deficits such as impaired glucose tolerance and reduced insulin sensitivity,
SKM-Barr2-KO mice and their control littermates were maintained on a HFD for at least 8
weeks. Although the two groups of mice showed similar body weights (Fig 2E), fasting and fed
blood glucose (Fig 2F) and plasma insulin levels (Fig 2I), SKM-Barr2-KO mice displayed
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Fig 1. Loss of Barrl in SKM has no impact on glucose and insulin tolerance in mice. All experiments were carried out with SKM-Barr1-KO mice and their
control littermates (adult males) maintained on regular chow (A-D) or a high-fat diet (HFD) for at least 8 weeks (E-H). (A, E) Body weights. (B, F) Fasting and
fed blood glucose levels. (C, G) Lp. glucose tolerance test (ipGTT). (D, H) Insulin tolerance test (ITT). Initial blood glucose levels were set to 100% (actual basal

blood glucose levels were (in mg/dl): 134 + 8 vs. 128 + 6 (D) and 180 + 9 vs. 196 + 11 (H) for control vs. SKM-Barr1-KO mice, respectively). Data are shown as
mean + SEM (9-12 mice per group).

https://doi.org/10.1371/journal.pgen.1008424.9001

significantly improved glucose tolerance (Fig 2G) and a trend towards enhanced insulin sensi-
tivity (Fig 2H) and glucose-stimulated insulin secretion (GSIS; Fig 2]).

To examine whether Barr2 affected insulin signaling in SKM, we injected obese
SKM-Barr2-KO and control mice with either saline or insulin (0.75 IU/kg i.p.) and isolated
quadriceps muscles for western blotting studies. Interestingly, the lack of Barr2 in SKM
enhanced insulin-induced AKT phosphorylation at S473 (Fig 2K-2M). This result is consistent
with enhanced insulin signaling in SKM and the observed improvements in glucose and insu-
lin tolerance in the obese SKM-Barr2-KO mice (Fig 2G and 2H).

Since metabolic improvements displayed by the SKM-Barr2-KO mice were rather mild (Fig
2G and 2H), we carried out a hyperinsulinemic-euglycemic clamp study as a more robust
method to assess insulin sensitivity. Surprisingly, clamp studies with obese SKM-Barr2-KO mice
and their control littermates showed that blood glucose levels and glucose infusion rates (GIR;
Fig 3A and 3C), whole-body glucose clearance (Rd; Fig 3D), and insulin-mediated suppression
of hepatic glucose production (hGP; Fig 3E) during the steady state of the insulin clamp were
not affected by SKM-Barr2 deficiency. Similarly, we did not observe any changes in glycolysis
and glycogen storage rates between the two groups of mice (Fig 3F and 3G, respectively). To
measure in vivo glucose uptake into different tissues, we injected obese SKM-Barr2-KO mice
and their control littermates with a 10 pCi bolus of [*C]2-DG at the end of the clamp. Twenty-
five min later, tissues were collected and analyzed. However, no differences in glucose uptake
could be detected in SKM and other tissues between the two groups of mice (Fig 3H-3P).

SKM-specific deletion of Barr2 enhances exercise-mediated glycogen
breakdown

B-arrestins are recruited by activated GPCRs, leading to GPCR desensitization and internaliza-
tion [26]. In SKM, the B,-adrenergic receptor (B,-AR) is expressed at particularly high levels
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Fig 2. HFD SKM-Barr2-KO mice show improved glucose tolerance. All experiments were carried out with SKM-Barr2-KO mice and their control littermates (adult
males) maintained on regular chow (A-D) or a high-fat diet (HFD) for at least 8 weeks (E-M). (A, E) Body weights. (B, F) Fasting and fed blood glucose levels. (C, G) I.
p. glucose tolerance test (ipGTT). (D, H) Insulin tolerance test (ITT). Initial blood glucose levels were set to 100% (actual basal blood glucose levels were (in mg/dl):
144 £ 6 vs. 137+ 9 (D) and 165 + 7 vs. 177 = 7 (H, upper panel) and 183 + 30 vs. 222 + 16 (H, lower panel) for control vs. SKM-Barr2-KO mice, respectively). (I)
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TU/kg). Quadriceps muscles were isolated 10 min later, and protein lysates were used for western blotting studies. (L, M) Quantification of the Western blotting data
shown in (K). Data are presented as mean + SEM. #P < 0.01 (2-way-ANOVA). Ns, no statistically significant difference (2-way-ANOVA).

https://doi.org/10.1371/journal.pgen.1008424.9002

[27]. Exercise is known to activate the sympathetic nervous system, leading to norepinephrine
(epinephrine)-mediated activation of SKM B,-AR and the rapid catabolism of energy reserves
like glycogen [16, 28].

To study whether SKM B-arrestins regulate the function of SKM f3,-ARs, we challenged the
SKM-specific B-arrestin KO mice consuming regular chow with a treadmill exercise.
SKM-Barr1-KO, SKM-Barr2-KO and their respective control mice that had been fasted over-
night were run on a treadmill with increasing speed until the point of exhaustion. Both groups
of KO mice displayed similar treadmill performance as their control littermates, showing no
significant differences in total running distance, running time, maximum speed reached, com-
pleted work, and pre- and post-exercise blood glucose levels (S2 Fig and S3 Fig). To examine
whether SKM B-arrestin deficiency altered glucose tolerance following an exercise challenge,
mice that had been fasted for 4 h were run on a treadmill for 1 h using the protocol shown in
Fig 4A. Blood glucose levels were determined following i.p. injection of a glucose bolus (2 g/
kg). While glucose tolerance was not altered in SKM-Barr1-KO mice (S2G Fig), SKM-Barr2-
KO mice showed significantly impaired glucose tolerance under these experimental conditions
(Fig 4B).
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https://doi.org/10.1371/journal.pgen.1008424.9004

Western blotting studies showed that AKT phosphorylation was not affected by the lack of
Barr2 in SKM after exercise testing (quadriceps muscle; Fig 4C). In contrast, the phosphorylation
of CREB (cAMP response element-binding protein) was significantly enhanced in SKM lacking
Barr2, indicative of increased signaling through the cAMP signaling cascade (Fig 4D).

Since glycogen is the main fuel source during short-term exercise [29] and activation of B,-
ARs promotes glycogenolysis [15], we measured glycogen levels in mice that were run on a
treadmill for 1 h and received a glucose bolus afterwards. We found that glycogen levels were
significantly reduced in SKM (quadriceps muscle) of SKM-Barr2-KO, as compared to SKM
from control mice (Fig 4E). Enhanced glycogenolysis results in high intracellular levels of glu-
cose-6-phosphate, leading to the inhibition of hexokinase and impaired glucose uptake into
SKM due to a decreased glucose gradient across the membrane [15, 30]. Thus, the observation
that glycogen breakdown was enhanced in SKM lacking Barr2 (Fig 4E) may explain why
SKM-Barr2-KO displayed impaired glucose tolerance after the treadmill exercise (Fig 4B).

Improvement in glucose tolerance following chronic f,-AR stimulation is
B-arrestin independent
Chronic administration of B,-AR agonists, such as clenbuterol, results in beneficial effects on

whole-body glucose homeostasis [31]. It has been proposed that these effects may be mediated
by B,-ARs expressed by SKM [31-35]. To examine the potential role of SKM B-arrestins in

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008424  October 17,2019 7117


https://doi.org/10.1371/journal.pgen.1008424.g004
https://doi.org/10.1371/journal.pgen.1008424

o ®
@ ’ PLOS ‘ GENETICS Skeletal muscle-specific deletion of beta-arrestins

A B Cc

400 .o coritol __ 400 &~ control 400 -o- control
& 3 | ;| 5 -o- SKM-Barr1&2-KO
% —e SKM-Barr1-KO g —-o— SKM-Barr2-KO % arr i
£ 300 E 300 £ 300
[ 2 @ »
2 2 500l A—E . &/ TEEER
g 200 g 200 5 § g 200
© o N © —
g 100 g 107 /0 T g 100 ST e
S S g - control (clenb) i ] 4
s -~ control (clenb) a 0 o SKM-Barr2-KO (dlenb o - control (clenb)

0 -o- SKM-Barr1-KO (clenb) ( ) 0 -e- SKM-Barr1&2-iKO (clenb)
0 15 30 45 60 90 120 0 15 30 45 60 90 120 0 15 30 45 60 90 120
time (min) time (min) time (min)

Fig 5. SKM B-arrestins are not required for clenbuterol-mediated improvements in glucose tolerance. Glucose tolerance tests were carried out with male adult
mutant mice and their control littermates. Mice were treated with the selective B,-AR agonist clenbuterol (clenb) by adding clenb (30 mg/l) to the drinking water
for 5 days (red lines). Mice consuming regular drinking water are represented by the black lines. (A) SKM-Barr1-KO and control mice. (B) SKM-Barr2-KO mice
and control mice. (C) SKM-Barr1&2 double KO and control mice. Data are shown as mean + SEM (8-12 mice per group). iKO, inducible KO.
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modulating the beneficial metabolic effects of B,-AR agonists, we treated SKM-Barr1-KO and
SKM-Barr2-KO mice and their respective control littermates with clenbuterol drinking water
(30 mg/) for 5 days. Strikingly, clenbuterol-treated control mice showed a dramatic improve-
ment in glucose tolerance (Fig 5A-5C). Interestingly, knockdown of Barrl or Barr2 in SKM
had no significant effect on this metabolic phenotype (Fig 5A and 5B), indicating that B-arrest-
ins do not play a major role in modulating the beneficial metabolic effects of chronic ,-AR
stimulation (note that residual Barr1/2 expression may still be present).

Since B-arrestins show a high degree of sequence and structural similarity, both isoforms
significantly overlap in their function [14]. We therefore wondered whether functional redun-
dancy of the two B-arrestin isoforms might account for the rather mild phenotypes observed
with the SKM-specific B-arrestin single KO mice. Hence, we generated mice that lacked both
Barrl and Barr2 selectively in SKM throughout development (SKM-Barr1&2-cKO mice). We
also generated mice in which we inactivated both B-arrestins in a tamoxifen-inducible fashion
in adult mice (SKM-Barr1&2-iKO mice). Systematic phenotyping studies showed that neither
lean nor obese SKM-Barr1&2-iKO and -cKO mice showed any significant metabolic changes,
as compared to their corresponding control littermates (Fig 5C, S4 Fig and S5 Fig, respec-
tively). Taken together, these data suggest that SKM B-arrestins do not play a major role in
whole-body glucose homeostasis and insulin sensitivity.

Discussion

Recent studies have shown that B-arrestins play important roles in maintaining glucose and
energy homeostasis by regulating the activity of several metabolically important tissues or cell
types, including fat, liver, or B-cells [7, 8, 10-12, 21-23]. In the current study, we focused on
the potential metabolic roles of Barrl and Barr2 expressed by SKM. Studies with SKM-specific
Barr1-KO mice showed that lack of Barrl in SKM had no significant impact on glucose toler-
ance and insulin sensitivity in lean and diet-induced obese mice (Fig 1). These results indicate
that the metabolic impairments displayed by global Barr1-KO mice [8] do not involve SKM
Barr1 but are most likely the result of increased adiposity caused by the absence of Barr1 in
other tissues or cell types.

Interestingly, a recent study showed that chronic clenbuterol treatment stimulated hyper-
trophic and contractile responses in SKM of WT mice, but not in mice lacking Barrl [24].
This finding suggests a novel role for Barrl in mediating B,-AR-stimulated SKM growth and
strength. On the other hand, we found that SKM Barr1 deficiency did not result in an increase
of treadmill exercise capacity in untreated mice (S2A-S2D Fig). However, our in vivo data are
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in agreement with the observation that muscle mass and ex vivo muscle force did not differ
between WT and global Barr1-KO mice in mice that had not been treated with clenbuterol
[24].

Consistent with a previous report [31], we found that treatment of WT mice with clenbu-
terol for 5 days greatly improved glucose tolerance (Fig 5). This clenbuterol effect did not
require the presence of Barrl in SKM (Fig 5A). This observation clearly indicates that the
Barrl-dependent increase in SKM hypertrophy observed after clenbuterol treatment of WT
mice for 2—-4 weeks [24] involves a mechanism that is distinct from that causing clenbuterol-
mediated improvements in glucose tolerance. In agreement with this notion, we found that
treatment of WT mice with clenbuterol for 5 days did not cause any changes in SKM mass
(lean body mass; Dr. Oksana Gavrilova, personal communication). Like SKM-Barr1-KO mice,
SKM-Barr2-KO mice and SKM-Barr1&2 double KO mice showed clenbuterol-induced
improvements in glucose tolerance that were similar in magnitude to those displayed by their
control littermates (Fig 5). These data clearly indicate that SKM B-arrestins do not modulate
the beneficial metabolic effects of 8,-AR agonists on glucose homeostasis in mice. This finding
is surprising since B-arrestins are known to play essential roles in ,-AR desensitization and
internalization [13].

In contrast to SKM-Barr1-KO mice, SKM-Barr2-KO mice consuming a HFD showed mild
improvements in glucose and insulin tolerance (Fig 2G and 2H). However, in hyperinsuline-
mic-euglycemic clamp studies, HFD SKM-Barr2-KO mice and their control HED littermates
showed similar insulin sensitivity and glucose fluxes (Fig 3). Although the hyperinsulinemic-
euglycemic clamp is considered the gold standard in assessing insulin sensitivity [36], this sur-
gically invasive procedure introduces additional stressors and uses non-physiological supra-
maximal insulin concentrations that might mask small effects in tissue responses to insulin.
Moreover, while the clamp work was carried out with mice that had been fasted for only 5 h,
the improved glucose tolerance displayed by the HFD SKM-Barr2-KO mice was observed
after an overnight (15 h) fast. Prolonged fasting periods increase insulin sensitivity in mice
[37], providing a possible explanation for the observation that HFD SKM-Barr2-KO mice did
not display any metabolic phenotype in the clamp studies.

While chronic B,-AR stimulation with clenbuterol did not require SKM Barr2 to improve
glucose tolerance (Fig 5B), the exercise-induced activity of endogenous SKM f3,-ARs appeared
increased in SKM-Barr2-KO mice (Fig 4D), as indicated by increased phosphorylation of
CREB, a downstream target of B,-AR stimulation [24, 28]. Moreover, SKM-Barr2-KO mice
displayed decreased glycogen levels following the treadmill exercise (Fig 4E). Taken together,
these data support the concept that lack of Barr2 in SKM increases endogenous 3,-AR signal-
ing and promotes glycogenolysis. However, under our experimental conditions, these changes
in B,-AR activity had no significant effect on the performance of the SKM-Barr2-KO mice on
the treadmill (S3A-S3D Fig). Nevertheless, our data do not exclude the possibility that the lack
of SKM Barr2 may affect exercise capacity under different experimental conditions.

We found that the lack of Barr2 in SKM increased insulin-mediated phosphorylation of
AKT in SKM of obese mice (Fig 2K and 2L). In contrast, a study carried out with global
Barr2-KO mice reported a decrease in insulin-stimulated AKT phosphorylation in liver, SKM,
and adipose tissue [7]. This discrepancy is most likely a consequence of the different mouse
models used, and potentially, differences in the genetic background of the mice that were ana-
lyzed. In contrast to studies with global Barr2-KO mice, the use of SKM-Barr2-KO mice
makes it possible to assess the effect of Barr2 on SKM insulin signaling in an unambiguous
fashion. Thus, the impairments in SKM insulin signaling observed with global Barr2-KO mice
[7] are most likely caused by the lack of Barr2 in other metabolically relevant tissues that affect
SKM insulin signaling in an indirect fashion. Similarly, we recently demonstrated that the
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liver-specific loss of Barr2 did not affect insulin signaling in the liver [10], in contrast to data
obtained with global SKM-Barr2 KO mice [7].

In conclusion, while B-arrestins play key metabolic roles in regulating the function of vari-
ous metabolically important cell types, including adipocytes [22], hepatocytes [10] and pancre-
atic B-cells [11, 23], the lack of Barr1 or Barr2 or the combined lack of Barrl and Barr2 in
mouse SKM causes no significant (Barrl) or only relatively minor metabolic phenotypes
(Barr2). This is a surprising observation, given the key role of B-arrestins in regulating GPCR
function and initiating G protein-independent signaling.

SKM Barr1&2 double KO mice (S4 and S5 Figs) failed to display the moderate metabolic
improvements exhibited by SKM Barr2 single KO mice (Fig 2G and 2H). Previous studies
have shown that Barr]l and Barr2 can have opposing functional roles in the same tissue or cell
type [14], providing a possible explanation for this surprising observation.

Interestingly, the lack of Barr2 in SKM promoted insulin-induced AKT phosphorylation
(Fig 2K and 2L). It is likely that enhanced SKM AKT activity is responsible for the improve-
ment in glucose tolerance displayed by the obese SKM-Barr2 KO mice. SKM AKT activity is
predicted to play an important role in numerous SKM functions under both physiological and
pathophysiological conditions, including SKM atrophy, aging, and cancer [38]. Thus, it should
be of particular interest to explore the potential roles of SKM Barr2 in SKM cell differentiation,
growth, proliferation, and apoptosis in future studies.

Materials and methods
Ethics statement

All animal studies were carried out according to the US National Institutes of Health Guide-
lines for Animal Research and were approved by the NIDDK Institutional Animal Care and
Use Committee.

Materials

All common chemicals were obtained from Sigma-Aldrich, unless stated otherwise.

Mouse maintenance and diet

All mice were fed ad libitum and kept on a 12-h light, 12-h dark cycle. Mice were maintained
either on a standard mouse chow (7022 NIH-07 diet, 15% kcal fat, energy density 3.1 kcal/g,
Envigo Inc.) or a high-fat diet (HFD, 35.5% (w/w) fat content; # F3282, Bioserv) for at least 8
weeks.

Generation of SKM-specific Barrl- and/or Barr2-KO mice

To selectively inactivate Barrl and Barr2 in SKM, floxed Barr1 [24] and floxed Barr2 mice
[39], in which exon 2 was flanked by two loxP sites, were used (Barrlﬂ/ﬂ and Barr2"1 mice,
respectively). These mice were crossed with HSA-Cre(ER") mice [25] to obtain the HSA-Cre
(ER"™) Barr1"™ and HSA-Cre(ER"?) Barr2™™ mice used for experimentation. To generate
tamoxifen-inducible SKM-specific Barrl and Barr2 double-knockout (HSA-Cre(ER™)
Barr1"1&Barr2%) mice, HSA-Cre(ER™?) Barr2® mice were crossbred with Barr1?" mice.

To exclude developmental changes, Cre recombinase activity was induced in 7-8 week-old
HSA-Cre(ER™?)-positive Barr1™™, Barr2™, Barr1"&Barr2™™ mice and their Cre-negative lit-
termates (control mice) by intraperitoneal (i.p.) injection with tamoxifen (2 mg per day dis-
solved in corn oil) for 5 consecutive days.
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To generate constitutive SKM-specific Barrl and Barr2 double-knockout mice
(SKM-Barr1&2 cKO mice), Barr1"&Barr2™™ mice were crossbred with mice that express
HSA-Cre recombinase constitutively (The Jackson Laboratory, B6.Cg-Tg(ACTA1-cre)79]me/
J). Cre-positive Barr1V1&Barr2"" and their Cre-negative Barr1V&Barr2®1 littermates (con-
trol mice) were used for metabolic studies.

All mice used in the present study were backcrossed to the C57BL/6 strain background for
at least 5 generations.

In vivo metabolic studies

All metabolic tests were performed with male littermates (age range: 10-30 weeks) using stan-
dard protocols. For i.p. glucose tolerance tests (ipGTT), mice were fasted overnight for 15 h,
and blood glucose levels were measured before (0 min) and at defined time points after i.p.
injection of normal saline containing glucose (2 g/kg for mice consuming normal chow; 1 g/kg
for mice on HFD). For insulin tolerance tests (ITT), mice were fasted for 4 h, and blood glu-
cose levels were measured before (0 min) and at indicated time points after i.p. injection of
human insulin (0.75 IU/kg or 1 IU/kg as indicated; Humulin R, Eli Lilly). Blood glucose levels
were determined using an automated blood glucose meter (Glucometer Elite Sensor; Bayer).
To study glucose-stimulated insulin secretion (GSIS), mice were fasted overnight for 15 h, and
blood samples were collected in heparinized capillary tubes (Fisher Scientific) before (0 min)
and 5, 15, and 30 min following the i.p. injection of glucose (2 g/kg or 1 g/kg as indicated).
Samples were centrifuged (5,000 g, 10 min, 4°C) for plasma collection, and plasma insulin lev-
els were determined using an ultra-sensitive mouse insulin ELISA kit (Crystal Chem, Inc).

Chronic clenbuterol administration

Glucose tolerance tests (ipGTTs) were performed with control and the indicated KO mice as
described above. Two days later, mice started to consume drinking water containing clenbu-
terol (30 mg/l). After 5 days on clenbuterol water, mice were subjected to another ipGTT.

Quantitative gene expression analysis

Multiple tissues from control and SKM-specific KO mice were harvested and homogenized in
TRIzol (ThermoFisher Scientific). Total RNA was isolated using the RNeasy Mini Kit (Qia-
gen), and RNA quantity was measured with a spectrophotometer (Nanodrop ND 1000; Nano-
Drop Products, Wilmington, DE). For quantitative real-time PCR (qQRT-PCR), 1 pg of total
RNA was reversely transcribed (SuperScript III Reverse Transcriptase, Invitrogen) using oligo
(dT) primers. qRT-PCR was performed using SYBR Green Master Mix (Applied Biosystems)
according to the manufacturer’s instructions. The following primers were used: mouse Barrl:
forward, 5-AAGAAGGCAAGCCCCAAT-3’; reverse 5-CGCAGGTCAGTGTCACGTAG-3%
mouse Barr2: forward, 5-AAGTCGAGCCCTAACTGCAA-3’; reverse, 5-ACAGGGTCCA
CTTTGTCCAG-3’; mouse B,-microglobulin: forward, 5- GCTATCCAGAAAACCCCTCAA
A-3’; reverse, 5- GGCGGGTGGAACTGTGTTA-3.

Data were expressed as ACt values normalized to the expression of B,-microglobulin.

Western blotting experiments

Tissues were isolated quickly, frozen in liquid nitrogen and stored at -80°C until use. For west-
ern blotting studies, frozen tissues were homogenized in ice-cold RIPA buffer (Sigma Aldrich),
and protein concentrations were determined using a BCA protein assay (Thermo Fisher Scien-
tific). Protein extracts were separated on 4-12% NuPAGE gels (Thermo Fisher Scientific) and
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blotted onto nitrocellulose membranes (Bio-Rad). Membranes were blocked for 1 h at room
temperature in TBS-T (0.1%) containing 5% BSA. Membranes were then incubated with pri-
mary antibodies overnight at 4°C. Following three washing steps in TBS-T (0.1%), membranes
were then incubated with HRP-conjugated secondary antibodies for 1 h at room temperature.
After washing, proteins were visualized with SuperSignal West Dura Extended Duration Sub-
strate (Thermo Fisher Scientific) on the c600 Imaging System Imager (Azure Biosystems).
Immunoreactive bands were quantified using Image J Software (NIH). Uncropped images of
the blots are shown in S6 Fig.

The following primary antibodies were used: pAKT (S473) rabbit mAb (#4060; Cell Signal-
ing Technology), pAKT (T308) rabbit mAb (#2965; Cell Signaling Technology), total AKT
rabbit mAb (#9272; Cell Signaling Technology), and GAPDH rabbit mAb (HRP-linked,
#3683; Cell Signaling Technology), pCREB (#9198; Cell Signaling Technology), tCREB (#9197;
Cell Signaling Technology), pGS (#3819; Cell Signaling Technology), tGS (#3886; Cell Signal-
ing Technology). Anti-rabbit IgG (HRP-linked) from Cell Signaling Technology (#7074) was
used as the secondary antibody. To detect both Barrl and Barr2, we used a rabbit polyclonal
antibody (F431) [40].

Hyperinsulinemic-euglycemic clamp

Clamp experiments were performed as described previously [41, 42], with minor modifica-
tions. Briefly, 5 days prior to the experiment, the left common carotid artery and the right jug-
ular vein of obese male SKM-Barr2-KO and control mice were catheterized under isoflurane
anesthesia. Following a 5-h fast, clamps were performed using unrestrained, conscious mice.
The clamp procedure consisted of a 120-min tracer equilibration period (-120 to 0 min), fol-
lowed by a 120-min clamp period (0 to 120 min). A 1.2-uCi bolus of [3-;H]glucose (Perkin
Elmer) was given at -120 min, followed by a 0.04 pCi/min infusion for 2 h at a pump rate of

1 pl/min (CMA Microdialysis). The insulin clamp was started at 0 min with an infusion of
human insulin (4 mU/kg/min) (Humulin R; Eli Lilly) delivered at a pump rate of 0.4 pl/min.
Euglycemia (blood glucose: ~120-160 mg/dl) was maintained during clamps by measuring
blood glucose every 10 min and adjusting as necessary an infusion rate of the mix of 40 uCi
[*H]-glucose in 600 pl of 45% glucose (hot glucose infusion or HOT GINF). The clamp steady
state was achieved within 60-70 min. Blood samples were then collected every 10 min from 80
to 120 min and processed to determine blood glucose-specific activity. Mice also received
saline-washed erythrocytes from donors throughout the clamp period (3.5 ul/min) to compen-
sate for the loss of blood during the clamp. To estimate insulin-stimulated glucose fluxes in tis-
sues, 2-deoxy-d-[1-14C]glucose (Perkin Elmer) was administered as a bolus (10 uCi) at 120
min. Blood samples were collected 2, 5, 10, 15 and 25 min after the bolus injection. At the end
of the clamp, animals were anesthetized with sodium pentobarbital (50 mg/kg i.v.), and tissues
were isolated immediately and frozen in liquid nitrogen for analysis.

To determine [3-;H]glucose-dependent variables, plasma samples were deproteinized
using barium hydroxide and zinc sulfate. Rates of glucose production and disappearance were
determined using Steele’s non-steady-state equations [43]. Clamp hepatic endogenous glucose
production rate (hGP) was determined by subtracting the glucose infusion rate (GIR) from
total glucose turnover (Rd). The glucose uptake by tissues and glycogen synthesis rates were
calculated as described previously [44].

Treadmill exercise capacity test

Exercise capacity of overnight fasted mice was tested using a Columbus Instruments rodent
treadmill (Model Eco-6M), set at a 10° incline. Total exercise time, distance, maximum speed
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and work expended were recorded at the time of exhaustion which was defined as the moment
the mouse was unable to continue running without repeatedly falling back onto the shock grid
at the back end of the treadmill belt. The testing protocol was as follows: 10 min at 10 m/min,
then 12 m/min for 5 min. At 15 min, the belt speed was increased to 15 m/min for 3 min and
then increased by 1.8 m/min every 3 min until the mouse became exhausted.

Metabolic studies after exercise testing

Mice were fasted for 4 h and run on a treadmill for 1 h, using the following protocol: 5 min at
10 m/min, 50 min at 15 m/min, and then 5 min at 18 m/min. At the end of the running proto-
col, a glucose tolerance test was performed. One week later the experiment was repeated, but
mice were euthanized 15 min after the i.p. injection of glucose (2 g/kg). SKM tissues were iso-
lated and snap frozen in liquid nitrogen for measurement of glycogen content and western
blotting analysis. Glycogen levels were determined using a glycogen assay kit (Cayman
Chemical).

Statistics

Data are expressed as mean = SEM for the indicated number of observations. Data were
assessed for statistical significance by 2-way-ANOVA (repeated measure) tests, followed by the
indicated post hoc tests, or by using a two-tailed unpaired Student’s t-test, as appropriate. A P
value of less than 0.05 was considered statistically significant. The specific statistical tests that
were used are indicated in the figure legends.

Supporting information

S1 Fig. Analysis of Barrl and Barr2 mRNA and protein expression levels. (A, B, D) Barrl
and Barr2 mRNA levels were quantitated by qRT-PCR. In (A), mRNA was prepared from sev-
eral SKM tissues and other non-SKM tissues of WT mice. Barrl and Barr2 transcript levels are
expressed as ACt values following normalization to the expression of f2-microglobulin. (B, D)
Selective knockdown of Barr1 (B) or Barr2 (D) mRNA in SKM tissues of SKM-Barr1-KO and
SKM-Barr2-KO mice, respectively. (C, E) Representative Western blots demonstrating the loss
of SKM Barr1 (C) or Barr2 (E) protein in SKM of SKM-Barr1-KO and SKM-Barr2-KO mice,
respectively. Data are shown as mean + SEM (3 adult male mice per group). **P<0.01,
**P<0.001 (2-way-ANOVA). Quad, quadriceps muscle; GCM, gastrocnemius muscle; TA,
tibialis anterior muscle; Sol, soleus muscle; WAT, white adipose tissue.

(TIF)

S2 Fig. Treadmill exercise capacity of SKM-Barr1-KO mice. SKM-Barr1-KO and control
mice consuming regular chow that had been fasted overnight were run on a treadmill as
described under Methods. (A) Total exercise distance. (B) Running time until exhaustion. (C)
Maximum speed. (D) Work expended. (E) Body weight. (F) Blood glucose levels before exer-
cise and at the time of exhaustion. (G) Glucose tolerance test performed after an exercise chal-
lenge (see Methods and Fig 4A for details). Mice received an i.p. bolus of 2 g/kg glucose at time
‘0. Data are presented as mean + SEM (n = 7 mice per group; adult male littermates).

(TTF)

S3 Fig. Treadmill exercise capacity of SKM-Barr2-KO mice. SKM-Barr2-KO and control
mice consuming regular chow that had been fasted overnight were run on a treadmill as
described under Methods. (A) Total exercise distance. (B) Running time until exhaustion. (C)
Maximum speed. (D) Work expended. (E) Body weight. (F) Blood glucose levels before exer-
cise and at the time of exhaustion. Data are shown as mean + SEM (n = 5 or 6 mice per group;
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adult male littermates).
(TIF)

S4 Fig. Metabolic characterization of inducible SKM-Barr1&2-KO mice. Barr1?" &Barr2™™
mice harboring the HSA-Cre(ER"?) transgene were injected with tamoxifen, as described
under Methods, resulting in the deletion of both Barr1 and Barr2 in SKM (SKM-Barr1&2-iKO
mice). Cre-negative littermates served as control animals. (A) Representative Western blot
confirming the relative lack of Barrl and Barr2 protein in SKM- Barr1&2-iKO mice. (B-I)
Metabolic analysis of SKM-Barr1&2-iKO mice and control littermates maintained on normal
chow (B-E) or a HFD for at least 8 weeks (F-I). (B, F) Body weights. (C, G) Fasting and fed
blood glucose levels. (D, H) Glucose tolerance tests. (E, I) Insulin tolerance tests (0.75 IU/kg i.
p-)- Initial blood glucose levels were set to 100% (actual basal blood glucose levels were (in mg/
dl): 129 £ 7vs. 139 £ 5 (E) and 160 + 6 vs.177 £ 6 (I) for control vs. SKM-Barrl&2-iKO mice,
respectively). Data are shown as mean + SEM (n = 10-12 mice per group; adult male litter-
mates). iIKO, inducible KO. Two-way-ANOV A repeated measure tests showed no significant
differences between control and SKM-Barr1&2-iKO mice in any of the metabolic tests.

(TIF)

S5 Fig. Metabolic characterization of constitutive SKM-Barr1&2-KO mice. Barr1™"

&Barr2! mice carrying the HSA-Cre transgene (SKM-Barr1&2-cKO mice) and their Cre-
negative control littermates were subjected to a series of in vivo metabolic tests. (A-H) Meta-
bolic analysis of SKM-Barr1&2-cKO mice and control littermates maintained on normal chow
(A-D) or a HED for at least 8 weeks (E-H). (A, E) Body weights. (B, F) Fasting and fed blood
glucose levels. (C, G) Glucose tolerance tests. (D, H) Insulin tolerance tests (0.75 IU/kg i.p.).
Initial blood glucose levels were set to 100% (actual basal blood glucose levels were (in mg/dl):
157 £ 6 vs. 154 £ 9 (D) and 212 + 17 vs. 205 + 18 (H) for control vs. SKM-Barr1&2-cKO mice,
respectively). Data are presented as mean = SEM (n = 6-9 mice per group; adult male litter-
mates). cKO, constitutive KO. Two-way-ANOVA repeated measure tests showed no signifi-
cant differences between control and SKM-Barr1&2-cKO mice in any of the metabolic tests.
(TIF)

$6 Fig. Uncropped western blot images and Barr1/2 antibody ‘calibration curves’. (A-D)
Original blots for Fig 2K (A), Fig 4C (B), Fig 4D (C) and S1C, S1E and S4A Figs (D). A rabbit
polyclonal antibody (F431) was used to detect both Barrl and Barr2. (E) Barrl/2 Western blot
from S6D Fig was repeated including defined amounts of purified Barrl and Barr2 proteins as
loading controls. Protein concentrations of quadriceps muscle samples were determined using
a BCA protein assay, and 7.5 ug of protein were loaded per lane. (F) Barr1 and Barr2 calibra-
tion curves were generated by loading increasing amounts of purified Barrl and Barr2 pro-
teins. The blot clearly shows that the F431 Barr1/2 antibody recognizes Barr2 with significantly
greater sensitivity than Barrl.

(TIF)
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