
 International Journal of 

Molecular Sciences

Article

Insulin Resistance Is Not Sustained Following Denervation in
Glycolytic Skeletal Muscle

Shawna L. McMillin 1,2,3,4 , Erin C. Stanley 1,2,3,4, Luke A. Weyrauch 1,2,3,4, Jeffrey J. Brault 1,2,3,4,5,6 ,
Barbara B. Kahn 7 and Carol A. Witczak 1,2,3,4,5,6,8,*

����������
�������

Citation: McMillin, S.L.; Stanley,

E.C.; Weyrauch, L.A.; Brault, J.J.;

Kahn, B.B.; Witczak, C.A. Insulin

Resistance Is Not Sustained

Following Denervation in Glycolytic

Skeletal Muscle. Int. J. Mol. Sci. 2021,

22, 4913. https://doi.org/10.3390/

ijms22094913

Academic Editor: Christina Piperi

Received: 19 April 2021

Accepted: 4 May 2021

Published: 6 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Kinesiology, East Carolina University, Greenville, NC 27858, USA;
mcmil318@umn.edu (S.L.M.); erincstanley16@gmail.com (E.C.S.); weyrauchl20@ecu.edu (L.A.W.);
jebrault@iu.edu (J.J.B.)

2 Department of Biochemistry & Molecular Biology, Brody School of Medicine, East Carolina University,
Greenville, NC 27834, USA

3 Department of Physiology, Brody School of Medicine, East Carolina University, Greenville, NC 27834, USA
4 East Carolina Diabetes & Obesity Institute, East Carolina University, Greenville, NC 27834, USA
5 Department of Anatomy, Cell Biology & Physiology, Indiana University School of Medicine,

Indianapolis, IN 46202, USA
6 Indiana Center for Musculoskeletal Health, Indiana University School of Medicine,

Indianapolis, IN 46202, USA
7 Division of Endocrinology, Diabetes & Metabolism, Beth Israel Deaconess Medical Center and Harvard

Medical School, Boston, MA 02215, USA; bkahn@bidmc.harvard.edu
8 Center for Diabetes and Metabolic Diseases, Indiana University School of Medicine,

Indianapolis, IN 46202, USA
* Correspondence: cwitczak@iu.edu

Abstract: Denervation rapidly induces insulin resistance (i.e., impairments in insulin-stimulated
glucose uptake and signaling proteins) in skeletal muscle. Surprisingly, whether this metabolic
derangement is long-lasting is presently not clear. The main goal of this study was to determine
if insulin resistance is sustained in both oxidative soleus and glycolytic extensor digitorum longus
(EDL) muscles following long-term (28 days) denervation. Mouse hindlimb muscles were denervated
via unilateral sciatic nerve resection. Both soleus and EDL muscles atrophied ~40%. Strikingly, while
denervation impaired submaximal insulin-stimulated [3H]-2-deoxyglucose uptake ~30% in the soleus,
it enhanced submaximal (~120%) and maximal (~160%) insulin-stimulated glucose uptake in the EDL.
To assess possible mechanism(s), immunoblots were performed. Denervation did not consistently
alter insulin signaling (e.g., p-Akt (Thr308):Akt; p-TBC1D1 [phospho-Akt substrate (PAS)]:TBC1D1;
or p-TBC1D4 (PAS):TBC1D4) in either muscle. However, denervation decreased glucose transporter
4 (GLUT4) levels ~65% in the soleus but increased them ~90% in the EDL. To assess the contribution
of GLUT4 to the enhanced EDL muscle glucose uptake, muscle-specific GLUT4 knockout mice were
examined. Loss of GLUT4 prevented the denervation-induced increase in insulin-stimulated glucose
uptake. In conclusion, the denervation results sustained insulin resistance in the soleus but enhanced
insulin sensitivity in the EDL due to increased GLUT4 protein levels.
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1. Introduction

Denervation rapidly induces insulin resistance in both oxidative and glycolytic skele-
tal muscles. This has been shown in numerous studies that demonstrated impairments
in insulin-stimulated skeletal muscle glucose uptake 1–3 days after denervation [1–15].
However, whether denervation leads to sustained or permanent insulin resistance in both
oxidative and glycolytic skeletal muscles is surprisingly less clear. Studies performed in
rat mixed gastrocnemius muscle 35–70 days post-denervation, as well as those performed
in human mixed vastus lateralis muscle strips 3–24 years post-spinal cord injury, demon-
strated no change in insulin-stimulated muscle glucose uptake [16,17]. In contrast, work
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performed in oxidative rat soleus muscle showed an ~45% decrease in insulin-stimulated
glucose uptake 28 days post-denervation [18], whereas work in glycolytic mouse extensor
digitorum longus (EDL) muscle demonstrated a robust 150–200% increase in glucose up-
take 28 and 56 days post-denervation [19]. Collectively, these findings may suggest that
denervation leads to a sustained impairment in glucose uptake in oxidative muscle fibers,
but not glycolytic muscle fibers. However, this interpretation should be considered with
caution since these studies were not performed in denervated oxidative and glycolytic
muscles isolated from the same animals or even species of animals. Therefore, the first goal
of this study was to determine whether insulin resistance is sustained following long-term
(28 days) denervation in both oxidative soleus and glycolytic EDL skeletal muscles isolated
from mice.

The rapid impairment in insulin-stimulated glucose uptake following 1–3 days of
denervation has been associated with changes in several key glucometabolic proteins
within skeletal muscle. These changes include: (1) decreases in the insulin-stimulated
phosphorylation/activation of the serine/threonine kinase, Akt [15,20]; (2) increases in the
expression of glucose transporter 1 (GLUT1) [9,12,13,21,22]; (3) decreases in the expression
of the insulin responsive glucose transporter 4 (GLUT4) [8–13,21–24]. Strikingly, at 28 and
56 days post-denervation, work in glycolytic mouse EDL muscle demonstrated an increase
in the basal phosphorylation of Akt, as well as increases in the protein levels of both GLUT1
and GLUT4 [19], suggesting a reversal of the decrements observed in Akt signaling and
GLUT4 expression shortly after denervation. Whether there is reversal in the insulin-
stimulated phosphorylation of Akt signaling and/or expression of other glucometabolic
proteins in either oxidative or glycolytic muscles is presently unknown. Therefore, the
second goal of this study was to determine whether the changes in glucometabolic proteins
observed rapidly following denervation are sustained or reversed in both oxidative soleus
and glycolytic EDL mouse muscles following long-term (28 days) denervation.

2. Results
2.1. Effects of Long-Term Denervation on Skeletal Muscle Insulin Sensitivity

To determine whether denervation induces a sustained, long-lasting impairment
in both oxidative and glycolytic muscle insulin sensitivity, wild-type mice underwent
unilateral resection of a segment of the sciatic nerve to induce hindlimb muscle denervation.
The contralateral leg was sham-operated and served as the control. After 28 days, oxidative
soleus and glycolytic extensor digitorum longus (EDL) muscles were isolated and weighed.
As shown in Figure 1, long-term denervation decreased both soleus and EDL muscle
weights ~40% compared to their sham controls (Figure 1A,B). Immediately after weighing,
all muscles from within a single mouse were incubated in either 0, 0.3 or 50 mU/ml insulin,
and [3H]-2-deoxyglucose uptake was assessed. In the soleus, denervation did not affect
basal or maximal insulin-stimulated glucose uptake; however, it did impair submaximal
insulin-stimulated glucose uptake ~30% compared to the contralateral control (Figure
1C,E). In contrast, in the EDL, denervation enhanced glucose uptake in the absence of
insulin (~60%), as well as in response to both submaximal (~120%) and maximal insulin
(~160%) stimulation compared to their contralateral controls (Figure 1D,F). Thus, these
results demonstrate that denervation induces a sustained impairment in insulin sensitivity
in the oxidative soleus but not the glycolytic EDL muscle.
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the contralateral leg was sham-operated (-). (A) Soleus and (B) EDL muscle weights. (C,D) Ex vivo muscle [3H]-2-deoxy-
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using paired t-tests (Panels A and B; n = 44–46 muscles/group), two-way ANOVAs and Tukey’s post-hoc analysis (C and 

D; n = 7–8 muscles/group), or one-way ANOVAs and Tukey’s post-hoc analysis (E and F; n = 7–8 muscles/group). Signif-

icance is denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/mL INS, and ‘c’ vs. 0.3 mU/mL INS. 

2.2. Long-Term Denervation and Muscle Fiber Type 
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type. Importantly, previous work has demonstrated that, while innervated mouse soleus 

muscles are predominantly comprised of fibers possessing, the highest rates of insulin-

stimulated glucose uptake (i.e., ~80% MHC type I and IIA fibers [25–27]), mouse EDL 
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Figure 1. Long-term denervation (DEN) elicits sustained impairments in insulin sensitivity in soleus but not extensor
digitorum longus (EDL) muscles. In male wild-type mice, hindlimb muscle DEN was induced in one leg for 28 days
while the contralateral leg was sham-operated (-). (A) Soleus and (B) EDL muscle weights. (C,D) Ex vivo muscle [3H]-
2-deoxy-D-glucose uptake was assessed in the presence of 0, 0.3 or 50 mU/ml insulin (INS). (E,F) DEN-induced change
(∆) in muscle glucose uptake relative to the contralateral control muscle. Statistical significance was defined as p < 0.05
and determined using paired t-tests (Panels (A,B); n = 44–46 muscles/group), two-way ANOVAs and Tukey’s post-hoc
analysis (C,D; n = 7–8 muscles/group), or one-way ANOVAs and Tukey’s post-hoc analysis (E,F; n = 7–8 muscles/group).
Significance is denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/mL INS, and ‘c’ vs. 0.3 mU/mL INS.

2.2. Long-Term Denervation and Muscle Fiber Type

Myosin heavy chain (MHC) isoform expression is a key indicator of muscle fiber type.
Importantly, previous work has demonstrated that, while innervated mouse soleus muscles
are predominantly comprised of fibers possessing, the highest rates of insulin-stimulated
glucose uptake (i.e., ~80% MHC type I and IIA fibers [25–27]), mouse EDL muscles are
largely comprised of fibers possessing the lowest rates of insulin-stimulated glucose uptake
(i.e., ~56% MHC type IIB fibers) [25,27]. To determine whether the long-term denervation-
induced changes in muscle insulin sensitivity were due to a switch in fiber type, MHC
isoform immunoblots were performed. In the soleus, denervation decreased the levels of all
MHC isoforms 40–55% (Figure 2A). In the EDL, denervation decreased MHC type I levels
~35%, IIA levels ~35%, and IIB ~95% levels, but increased MHC type IIX levels ~180%
(Figure 2B). Since MHC type IIX fibers exhibit only moderate insulin-stimulated glucose
uptake rates [25], collectively these findings suggest that a change in muscle fiber type is not
responsible for the long-term denervation-induced changes in muscle insulin sensitivity.
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Figure 2. Long-term denervation (DEN) differentially alters myosin heavy chain (MHC) isoform protein levels between 
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Figure 2. Long-term denervation (DEN) differentially alters myosin heavy chain (MHC) isoform protein levels between the
soleus and extensor digitorum longus (EDL) muscles. In male wild-type mice, hindlimb muscle DEN was induced in one
leg for 28 days while the contralateral leg was sham-operated (-). Muscles were excised and MHC isoform content assessed
by immunoblot in the (A) soleus and (B) EDL muscles. Statistical significance was defined as p < 0.05, assessed by paired
t-tests, and denoted by ‘a’ vs. -. n = 6–7 muscles/group.

2.3. Long-Term Denervation and the Insulin-Signaling Cascade

Insulin stimulates muscle glucose uptake via a signaling cascade that involves in-
creases in the phosphorylation of Akt on Thr308, as well as phosphorylation of TBC1D1
and TBC1D4 on phospho-Akt substrate (PAS) motif sites (for review, see reference [28]).
To determine whether the denervation-induced changes in muscle glucose uptake were
caused by alterations in insulin signaling, immunoblot analyses were performed in soleus
(Figure 3A–K) and EDL muscles (Figure 4A–K).

In both the soleus and EDL muscles, long-term denervation did not alter Akt (Thr308)
phosphorylation in the basal state or in response to submaximal insulin, but it did enhance
Akt phosphorylation ~350% in response to maximal insulin (Figures 3B and 4B). Dener-
vation increased Akt protein levels ~230% in the soleus (Figure 3C) and 350% in the EDL
(Figure 4C). When the ratio of Akt phosphorylation to Akt expression (i.e., phosphorylation
status) was examined, this demonstrated that denervation caused an ~45% enhancement
in the maximal insulin-stimulated phosphorylation status of Akt in the soleus (Figure 3D)
but no change in the EDL (Figure 4D).

In both the soleus and EDL, denervation did not alter PAS phosphorylation at 160
kDa in the basal state or in response to submaximal insulin (Figures 3E and 4E). In contrast,
denervation impaired maximal insulin-stimulated PAS phosphorylation at 160 kDa ~65%
in the soleus but did not alter it in the EDL. Denervation decreased TBC1D1 levels ~30%
and TBC1D4 levels ~95% in the soleus (Figure 3F,H) but did not significantly alter either
TBC1D1 or TBC1D4 levels in the EDL (Figure 4F,H). Thus, when PAS phosphorylation
status was examined, it demonstrated the following results: (1) inconsistent changes in
PAS:TBC1D1 in both the soleus and EDL (Figures 3G and 4G); (2) consistent denervation-
induced increases in PAS:TBC1D4 in the soleus (Figure 3I); (3) no effect of denervation
on PAS:TBC1D4 in the EDL (Figure 4I). Since increased signaling via Akt, TBC1D1 and
TBC1D4 is associated with higher rates of muscle glucose uptake [29–31], collectively
these findings suggest that changes in insulin signaling down to TBC1D1/TBC1D4 do
not underlie the opposite effects of long-term denervation on glucose uptake between the
soleus and EDL muscles.
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Figure 3. Effects of long-term denervation (DEN) on insulin signaling in the soleus muscle. In male wild-type mice, 
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muscles were excised and incubated in 0, 0.3 or 50 mU/ml insulin (INS). (A) Representative immunoblots. (B–K) Im-

munoblot band quantification. Statistical significance was defined as p < 0.05, determined using paired t-tests (for pooled 

total proteins; panels C, F, H, J and K; n = 22–23 muscles/group), or two-way ANOVAs and Tukey’s post-hoc analysis 

(panels B, D, E, G and I; n = 6–8 muscles/group), and denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/ml INS, and ‘c’ vs. 0.3 mU/ml INS. 

GLUT = glucose transporter; PAS = phospho-Akt substrate. 
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Figure 3. Effects of long-term denervation (DEN) on insulin signaling in the soleus muscle. In male wild-type mice, hindlimb
muscle denervation was induced in one leg for 28 days while the contralateral leg was sham-operated. Soleus muscles
were excised and incubated in 0, 0.3 or 50 mU/ml insulin (INS). (A) Representative immunoblots. (B–K) Immunoblot band
quantification. Statistical significance was defined as p < 0.05, determined using paired t-tests (for pooled total proteins;
panels (C,F,H,J and K); n = 22–23 muscles/group), or two-way ANOVAs and Tukey’s post-hoc analysis (panels (B,D,E,G
and I); n = 6–8 muscles/group), and denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/ml INS, and ‘c’ vs. 0.3 mU/ml INS. GLUT = glucose
transporter; PAS = phospho-Akt substrate.

2.4. Long-Term Denervation and Muscle Glucose Transporters

In skeletal muscle, basal glucose uptake is thought to be solely mediated by glucose
transporter 1 (GLUT1), while insulin-stimulated glucose uptake is mediated by glucose
transporter 4 (GLUT4) [32]. To determine whether the denervation-induced changes in
muscle glucose uptake were caused by alterations in GLUT protein levels, immunoblots
were performed. Denervation increased GLUT1 protein levels ~70% in the soleus (Figure 3J)
and ~140% in the EDL (Figure 4J). In contrast, while denervation decreased GLUT4 levels
~65% in the soleus (Figure 3K), it increased GLUT4 levels ~90% in the EDL (Figure 4K).
Collectively, these results suggest that changes in GLUT4 levels may be a key factor driving
the sustained effects of denervation on muscle insulin sensitivity.
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Figure 4. Effects of long-term denervation (DEN) on insulin signaling in the extensor digitorum longus (EDL) muscle.
In male wild-type mice, hindlimb muscle DEN was induced in one leg for 28 days while the contralateral leg was sham-
operated (-). EDL muscles were excised and incubated in 0, 0.3 or 50 mU/ml insulin (INS). (A) Representative immunoblots.
(B–K) Immunoblot band quantification. Statistical significance was defined as p < 0.05, determined using paired t-tests
(for pooled total proteins; panels (C,F,H,J and K); n = 17–21 muscles/group), or two-way ANOVAs and Tukey’s post-hoc
analysis (panels (B,D,E,G and I); n = 6–8 muscles/group), and denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/ml INS, and ‘c’ vs. 0.3
mU/ml INS. GLUT = glucose transporter; PAS = phospho-Akt substrate.

2.5. Long-term denervation and muscle-specific GLUT4 knockout mice

To directly assess the contribution of GLUT4 to the long-term denervation-induced
changes in muscle glucose uptake, muscle-specific GLUT4 knockout (mGLUT4 KO) mice
were examined. In both the soleus and EDL, loss of GLUT4 did not affect denervation-
induced atrophy (Figure 5A,B). In both the soleus and EDL, loss of GLUT4 decreased
basal and maximal insulin-stimulated glucose uptake compared to wild-type/controls
(Figure 5C–F). However intriguingly in the EDL, the loss of GLUT4 did not completely pre-
vent the denervation-induced increase in both basal and insulin-stimulated glucose uptake
(Figure 5D,F). Similar results were observed in female mGLUT4 KO mice (Supplemental
Figure S1). Collectively these findings suggest the following conclusions: (1) in the soleus,
denervation results in sustained insulin resistance due to prolonged decreases in GLUT4
expression; (2) in the EDL, sustained denervation leads to a reversal of the initial insulin
resistance due to an increase in GLUT4 protein levels.
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Figure 5. Loss of GLUT4 alters the effects of long-term denervation (DEN) on muscle glucose uptake. In male wild-
type/control (WT/CON) and muscle-specific GLUT4 knockout (mGLUT4 KO) mice, hindlimb muscle DEN was in-
duced in one leg for 28 days while the contralateral leg was sham-operated (-). (A) Soleus and (B) EDL muscle weights.
(C,D) Ex vivo muscle [3H]-2-deoxy-D-glucose uptake was assessed in the presence of 0 or 50 mU/ml insulin (INS).
(E,F) DEN-induced change in muscle glucose uptake relative to the contralateral control muscle. Statistical significance
was defined as p < 0.05 and determined using two-way ANOVAs and Tukey’s post-hoc analysis (Panels A,B: n = 7–11 mus-
cles/group; Panels E,F: n = 3–5 muscles/group), three-way ANOVAs, Two-Way ANOVAs and Tukey’s post-hoc analysis
(C,D: n = 3–5 muscles/group). Significance is denoted by ‘a’ vs. -, ‘b’ vs. 0 mU/ml INS, and ‘c’ vs. WT/CON.

3. Discussion

The major findings from this study demonstrate that while long-term (28 days) den-
ervation results in sustained insulin resistance in oxidative soleus muscles, it results in
enhanced insulin sensitivity in glycolytic EDL muscles. In addition, this study found that
these divergent denervation-induced effects were not caused by differences in the amount
of muscle atrophy; signaling via Akt, TBC1D1 or TBC1D4; or changes in GLUT1 protein
levels. Instead, the results indicate that alterations in GLUT4 expression play a key role in
the insulin-stimulated muscle glucose uptake adaptations.

The rapid impairment in insulin-stimulated glucose uptake following 1–3 days of den-
ervation is associated with decreases in GLUT4 expression in both oxidative and glycolytic
muscles [8–13,21–24]. Strikingly, this study demonstrated that long-term denervation
results in a large (~90%) increase in GLUT4 protein levels in the glycolytic EDL muscle
(Figure 4K), and that the denervation-stimulated increase in insulin-stimulated EDL muscle
glucose uptake was completely impaired in the mGLUT4 KO mice (Figure 5D,E). However,
surprisingly the loss of GLUT4 did not prevent the denervation-stimulated increase in basal
muscle glucose uptake. Despite the denervation-stimulated increase in GLUT1 protein
levels, it is unlikely that GLUT1 is the glucose transporter responsible for this effect. This
interpretation is based on the data demonstrating that long-term denervation increased
GLUT1 protein levels ~70% in the soleus and ~140% in the EDL (Figures 3J and 4J), but
that basal glucose uptake was only increased in the EDL muscle (Figure 1D). Thus, these
results suggest that in response to denervation either GLUT1 is not completely localized
on the cell surface and/or that its transport activity is controlled via one or more post-
translational modifications. Recent work in L6 skeletal muscle myoblasts has shown that
GLUT1 cell surface localization and glucose transport activity is increased by mutation
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of GLUT1 Ser490 to Asp490 [33], suggesting that in skeletal muscle GLUT1-dependent
glucose uptake is regulated by phosphorylation. Future studies will need to determine if
long-term denervation alters GLUT1 phosphorylation levels, and, if so, determine whether
this phosphorylation is critical for its glucose transport activity. In addition, it is possible
that another glucose transporter isoform may also be upregulated in EDL muscle in re-
sponse to denervation. Our recent work has demonstrated an increase in GLUT3, GLUT6
and GLUT10 following functional overload-induced muscle hypertrophy in plantaris mus-
cles from both wild-type/control and mGLUT4 KO mice [34], suggesting a possible role
for these GLUTs in the regulation of skeletal muscle size and metabolic remodeling. Future
studies will also need to determine if long-term denervation alters the expression of any of
these GLUT isoforms to assess whether they could be involved in the opposing effects of
denervation on muscle glucose uptake.

The rapid impairment in insulin-stimulated glucose uptake following 1–3 days of
denervation has also been associated with decreases in insulin signaling via Akt [15,20].
Importantly, the results from this study demonstrated no significant impairment in basal or
insulin-stimulated Akt phosphorylation status following long-term denervation in either
muscle (Figures 3B and 4B). These findings were largely consistent with the data showing
variable effects of long-term denervation on TBC1D1 and TBC1D4 PAS phosphorylation
status (Figure 3G,I and Figure 4G,I) and collectively suggest that denervation does not
result in a sustained impairment in insulin signaling. However, since both TBC1D1 and
TBC1D4 contain numerous phosphorylation sites and are subject to regulation by many
upstream kinases (for review, see references [28,35]), additional studies are needed to fully
assess the possible contribution of these proteins to the long-term denervation-induced
changes in muscle glucose uptake. These future studies should include an examination
of TBC1D1 and TBC1D4 phosphorylation on specific sites (e.g., TBC1D4 Thr642) as well
as TBC1D1 and TBC1D4 Rab-GTPase activity. Unfortunately, due to the small size of the
muscles following 28 days of denervation, we were unable to conduct these studies in
these muscle samples.

Previous work in mice has demonstrated that denervation-induced muscle atrophy
stabilizes 25–30 days post-injury with an ~30–55% loss of muscle weight and cross-sectional
area [19,36]. Consistent with those findings, in this study, 28 days of denervation induced an
~30–40% decrease in soleus and EDL muscle weights from the male and female, wild-type,
control and muscle-specific GLUT4 KO mice (Figures 1 and 5 and Supplemental Figure S1).
The lack of a difference in muscle atrophy response between the wild-type/control and
mGLUT4 KO mice was initially surprising since muscle-specific loss of GLUT4 led to a
slight (~10%), but non-significant, decrease in body weight in male mice (Figure 5A) and
an ~20% decrease in body weight in female mice (Supplemental Figure S1A), suggesting a
connection between muscle glucose uptake and the regulation of muscle mass. However,
it is consistent with our previous work demonstrating that muscle GLUT4 expression is
not required for overload-induced muscle hypertrophic growth [34]. Thus, taken together
these results demonstrate that long-term denervation induces muscle atrophy independent
of differences in muscle metabolic/fiber-type, gender, and GLUT4 expression.

4. Materials and Methods
4.1. Animals

Experiments were performed in accordance with the East Carolina University Institu-
tional Animal Care and Use Committee (protocols: P066a approved on 28 July 2014 and
P066b approved on 19 May 2017) and the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. Male CD-1 mice (6–7 weeks old) were obtained
from Charles River Laboratories (Raleigh, NC, USA). GLUT4 LoxP mice were generated
as described [37]. GLUT4 loxP mice (mixed FVB, 129, C57BL/6 background strain) were
bred with muscle creatine kinase Cre recombinase transgenic mice (MCK-Cre+; mixed
C57BL/6N and C57BL/6J background strain; The Jackson Laboratory, Bar Harbor, ME,
USA) to generate the following: wild-type (WT), GLUT4 loxP+/- and loxP+/+ mice (con-
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trol), MCK-Cre+ (control), and muscle-specific GLUT4 knockout (mGLUT4 KO) mice. For
these studies both male and female, mGLUT4 KO mice and their wild-type and control
littermates (11–12 weeks old) were utilized. All mice were housed in cages at 21–22 ◦C
with a 12 hr light/dark cycle. A standard chow diet (Prolab® RMH3000, cat#5P75*, PMI
Nutritional International, St. Louis, MO, USA) and water were available ad libitum.

4.2. Unilateral Denervation Surgery

Hindlimb muscle denervation was induced by the unilateral resection of a segment of
the sciatic nerve using methods previously described [26]. Briefly, mice were anesthetized
with isoflurane gas (2–3%) and an ~10 mm incision made mid-thigh. Following blunt
dissection, the sciatic nerve was visualized and an ~5 mm segment removed. A sham
surgery was performed on the contralateral leg. Mice recovered for 28 days prior to muscle
collection. After 28 days, mice were fasted overnight, anesthetized with pentobarbital
sodium (90–100 mg/kg body weight) for 40 min and euthanized by cervical dislocation.
Muscles were excised and weighed to ±0.1 mg using an analytical balance (model XS105,
Mettler-Toledo, Columbus, OH, USA), prior to additional experimental perturbations as
described below.

4.3. Muscle [3H]-2-Deoxyglucose Uptake

[3H]-2-Deoxyglucose uptake was assessed in isolated muscles using methods previ-
ously described by our lab [24,32]. For insulin-stimulated glucose uptake, muscles were
incubated in continuously gassed (95% O2, 5% CO2), 37 ◦C Krebs-Ringer-Bicarbonate (KRB)
buffer containing: 117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, and 24.6 mM NaHCO3 supplemented with 2 mM pyruvate for 60 min, prior to
the addition of insulin (0.3 or 50 mU/ml; cat#11376497001, Sigma-Aldrich, St. Louis, MO,
USA) for 20 min. To assess glucose uptake, muscles were incubated in continuously gassed,
30 ◦C KRB buffer supplemented with 1.5 µCi/ml [3H]-2-deoxy-D-glucose (cat#NET54900,
Perkin Elmer, Waltham, MA, USA), 1 mM 2-deoxy-D-glucose, 0.45 µCi/ml [14C]-mannitol
(cat#NEC314, Perkin Elmer, Waltham, MA, USA), and 7 mM mannitol for 10 min. Muscles
were frozen in liquid nitrogen. Frozen muscles were weighed, solubilized in 1.0 N NaOH
at 80 ◦C for 15 min, and the solution neutralized with 1.0 N HCl. Aliquots were removed
for liquid scintillation counting of the [3H] and [14C] labels, and the extracellular and
intracellular spaces calculated to determine [3H]-2-deoxyglucose uptake.

4.4. Immunoblot Analyses

To assess myosin heavy chain isoforms, muscles were homogenized in buffer contain-
ing: 100 mM Tris-HCl pH 7.5, 40 mM dithiothreitol, 5 mM EDTA, 0.0015 mM aprotinin,
3 mM benzamidine, 0.01 mM leupeptin, 1 mM phenylmethylsulfonylfluoride, and 10%
sodium dodecyl sulfate. Samples were rotated end-over-end at 21–22 ◦C for 60 min and
centrifuged at 13,000× g for 30 min.

To assess insulin signaling and glucose transporter levels, muscles were pre-incubated
in continuously gassed 37◦C Krebs buffer supplemented with 2 mM pyruvate for 60 min,
prior to the addition of insulin (0.3 or 50 mU/ml) for 20 min. Muscles were frozen in
liquid nitrogen. Frozen muscles were homogenized in buffer containing: 20 mM Tris-
HCl pH 7.5, 5 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 2 mM NaVO4, 0.0015 mM
aprotinin, 0.01 mM leupeptin, 3 mM benzamidine, 1 mM phenylmethylsulfonylfluoride,
and 1% IGEPAL®CA-630. Samples were rotated end-over-end at 4 ◦C for 60 min and
centrifuged at 14,000× g for 30 min. Lysate protein concentrations were determined
via the Bradford method using protein assay dye (cat#5000006, Bio-Rad Laboratories,
Hercules, CA, USA). Immunoblot analyses were performed using standard methods
as described by our laboratory [34,38,39]. Lysates were subjected to SDS-PAGE, and
proteins transferred onto nitrocellulose membranes. MemCode Reversible Protein stain
(cat#PI24580, Fisher Scientific, Waltham, MA, USA) or Ponceau S solution (cat#P7170,
Sigma-Aldrich, St. Louis, MO, USA) was utilized to assess equal protein loading and
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transfer. Immunoblotting conditions were as described in Table 1. Densitometric analysis
of immunoblots was performed using a ChemiDoc XRS+ imager and Image Lab™ software
(BioRad Laboratories, Hercules, CA, USA).

Table 1. Immunoblotting conditions.

Antigen Blocking 1◦ Antibody 1◦ Antibody
RRID 2◦ Antibody ECL

Reagent

Akt
(11E7) 5% BSA 1:2000 in 5% BSA, cat#4685, lot#6, Cell Signaling

Technology, Danvers, MA, USA AB_2225340 1:2000
Rabbit-HRP

Western
Lightning™

p-Akt
(Thr308) 5% BSA 1:2000 in 5% BSA, cat#9275, lot#20, Cell

Signaling Technology, Danvers, MA, USA AB_329828 1:2000
Rabbit-HRP

Western
Lightning™

p-Akt
Substrate

(PAS)
5% BSA 1:2000 in 5% BSA, cat#9611, lot#11, Cell

Signaling Technology, Danvers, MA, USA AB_330302 1:2000
Rabbit-HRP

Western
Lightning™

GLUT1 5% milk 1:4000 in 5% BSA, cat#07-1401, lot#2956779,
Millipore, St. Louis, MO, USA AB_1587074 1:2000

Rabbit-HRP
Western

Lightning™

GLUT4 5% BSA 1:2000 in 5% BSA, cat#07-1404, lot#2890837 and
2987632, Millipore, St. Louis, MO, USA AB_1587080 1:2000

Rabbit-HRP
Western

Lightning™

MHC
Type I 5% BSA

1:500 in 5% BSA, cat#BA-F8, lot#
N/A,Developmental Studies Hybridoma Bank,

University of Iowa, Iowa City, IA, USA
AB_10572253 1:5000

Mouse-HRP

EDL: Western
Lightning™

Soleus: Super
Signal™

MHC
Type IIA 5% milk

1:500 in 5% BSA, cat#SC-71-S, lot# N/A,
Developmental Studies Hybridoma Bank,

University of Iowa, Iowa City, IA, USA
AB_2147165 1:5000

Mouse-HRP
Western

Lightning™

MHC
Type IIB 5% BSA

1:100 in 5% BSA, cat#BF-F3, lot# N/A,
Developmental Studies Hybridoma Bank,

University of Iowa, Iowa City, IA, USA
AB_2266724 1:5000

Mouse-HRP

EDL: Super
Signal™
Soleus:

Western
Lightning™

MHC
Type IIX 5% BSA

1:500 in 5% BSA, cat#6H1, lot# N/A,
Developmental Studies Hybridoma Bank,

University of Iowa, Iowa City, IA, USA
AB_1157897 1:5000

Mouse-HRP
Western

Lightning™

TBC1D1
(V796) 5% BSA 1:2000 in 5% BSA, cat#4629, lot#1, Cell Signaling

Technology, Danvers, MA, USA AB_1904162 1:2000
Rabbit-HRP Super Signal™

TBC1D4 5% BSA 1:1000 in 5% BSA, cat#07-741, lot#1962662,
Millipore, St. Louis, MO, USA AB_492639 1:2000

Rabbit-HRP
Western

Lightning™

Antibodies and blotting conditions utilized in the immunoblotting analyses. All
bovine serum albumin (BSA) and non-fat dry milk solutions were made by dissolving
the reagent in a 1x Tris-buffered saline (TBS)+0.1% Tween-20 solution. Information on the
primary antibodies utilized including dilution, solution diluted in, company name or de-
veloper, catalog number, lot number, and associated Research Resource Identifiers (RRIDs)
are indicated in the table. The species and dilution factor for the horseradish peroxidase
(HRP)-conjugated secondary antibodies are indicated in the table. All HRP-conjugated
secondary antibodies were diluted in a 5% BSA, 1× TBS+0.1% Tween-20 solution. The
mouse-HRP antibody was cat#12-349, lot#1785864 and lot#2365945 from Millipore (Burling-
ton, MA, USA). The rabbit-HRP antibody was cat#PI31460, lot# QG221919 and SH253595
from Fisher Scientific (Waltham, MA, USA). The enhanced chemiluminescence (ECL) sub-
strate reagents utilized were either the Western Lightning™ Plus-ECL, cat# NEL105001EA
from Perkin Elmer Life Sciences (Waltham, MA, USA), or the Super Signal™ West Femto
Chemiluminescent Substrate, cat# PI34096, from Thermo Fisher Scientific (Waltham, MA,
USA). GLUT = glucose transporter; MHC = myosin heavy chain.
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4.5. Statistical Analyses

Data sets were screened once for outliers defined as data points whose value exceeded
the mean ± 2× standard deviation for that treatment group. Any identified outliers were
removed prior to graphing or assessment of statistical significance. Data were graphed
using GraphPad Prism v8 software (GraphPad Software Inc., San Diego, CA, USA) and
are presented as scatter plots and include the mean ± standard deviation. Statistical
significance was defined as p < 0.05 and assessed using SigmaPlot v12 software (Systat
Software Inc., San Jose, CA, USA). Tests performed are indicated in the figure legends and
included: paired t-tests, one-way ANOVA, two-way ANOVA, and/or three-way ANOVA,
and Tukey’s post hoc analysis. The number of mice or muscles utilized to determine
significance is indicated in the figure legends.

5. Conclusions

In conclusion, this study demonstrates that long-term denervation results in sustained
insulin resistance in oxidative skeletal muscles but enhanced insulin sensitivity in glycolytic
muscles. It further shows that these opposing effects on insulin-stimulated muscle glucose
uptake are due to the protein levels of glucose transporter 4 (GLUT4). Future studies are
focused on elucidating the mechanism(s) underlying the denervation-induced changes in
GLUT4 expression as they could lead to novel insights towards preventing and/or treating
skeletal muscle insulin resistance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22094913/s1, Supplemental Figure S1. Loss of GLUT4 expression differentially alters
the effects of long-term denervation on skeletal muscle glucose uptake. In female wild-type/control
(WT/CON) and muscle-specific GLUT4 knockout (mGLUT4 KO) mice hindlimb muscle denervation
(DEN+) was induced in one leg for 28 days while the contralateral leg was sham-operated (DEN-).
(A) Soleus muscle weights. (B) Soleus muscle ex vivo [3H]-2-deoxy-D-glucose uptake in the absence
of insulin (INS-) or in the presence of 50 mU/ml insulin (INS+). (C) DEN-induced change in soleus
muscle glucose uptake rates relative to the contralateral control muscle. (D) Extensor digitorum
longus (EDL) muscle weights. (E) EDL muscle ex vivo [3H]-2-deoxy-D-glucose uptake with INS
or INS+. (F) DEN-induced change in EDL muscle glucose uptake rates relative to the contralateral
control muscle. Statistical significance was defined as P < 0.05, determined using Three-Way ANOVAs
and/or Two-Way ANOVAs and Tukey’s post-hoc analysis, and denoted by ‘a’ vs. Sham, ‘b’ vs. INS-
, and ‘c’ vs. WT/CON. (Panels A & D: N = 12–15 muscles/group; Panels B, C, E &F: N = 6–9
muscles/group).
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Abbreviations

DEN Denervation
EDL Extensor digitorum longus
GLUT Glucose transporter
INS Insulin
KRB Krebs-Ringer Bicarbonate
mGLUT4 KO Muscle-specific glucose transporter 4 knockout
MHC Myosin heavy chain
PAS Phospho-Akt substrate
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
WT/CON Wild-type/control

References
1. Buse, M.G.; Buse, J. Glucose uptake and response to insulin of the isolated rat diaphragm: The effect of denervation. Diabetes

1959, 8, 218–225. [CrossRef] [PubMed]
2. Burant, C.F.; Lemmon, S.K.; Treutelaar, M.K.; Buse, M.G. Insulin resistance of denervated rat muscle: A model for impaired

receptor-function coupling. Am. J. Physiol. 1984, 247, E657–E666. [CrossRef] [PubMed]
3. Smith, R.L.; Lawrence, J.C., Jr. Insulin action in denervated rat hemidiaphragms. Decreased hormonal stimulation of glycogen

synthesis involves both glycogen synthase and glucose transport. J. Biol. Chem. 1984, 259, 2201–2207. [CrossRef]
4. Turinsky, J. Dynamics of insulin resistance in denervated slow and fast muscles in vivo. Am. J. Physiol. 1987, 252, R531–R537.

[CrossRef] [PubMed]
5. Turinsky, J. Glucose and amino acid uptake by exercising muscles in vivo: Effect of insulin, fiber population, and denervation.

Endocrinology 1987, 121, 528–535. [CrossRef] [PubMed]
6. Davis, T.A.; Karl, I.E. Resistance of protein and glucose metabolism to insulin in denervated rat muscle. Biochem. J. 1988, 254,

667–675. [CrossRef]
7. Sowell, M.O.; Dutton, S.L.; Buse, M.G. Selective in vitro reversal of the insulin resistance of glucose transport in denervated rat

skeletal muscle. Am. J. Physiol. 1989, 257, E418–E425. [CrossRef]
8. Henriksen, E.J.; Rodnick, K.J.; Mondon, C.E.; James, D.E.; Holloszy, J.O. Effect of denervation or unweighting on GLUT-4 protein

in rat soleus muscle. J. Appl. Physiol. 1991, 70, 2322–2327. [CrossRef]
9. Coderre, L.; Monfar, M.M.; Chen, K.S.; Heydrick, S.J.; Kurowski, T.G.; Ruderman, N.B.; Pilch, P.F. Alteration in the expression

of GLUT-1 and GLUT-4 protein and messenger RNA levels in denervated rat muscles. Endocrinology 1992, 131, 1821–1825.
[CrossRef]

10. Megeney, L.A.; Michel, R.N.; Boudreau, C.S.; Fernando, P.K.; Prasad, M.; Tan, M.H.; Bonen, A. Regulation of muscle glucose
transport and GLUT-4 by nerve-derived factors and activity-related processes. Am. J. Physiol. 1995, 269, R1148–R1153. [CrossRef]
[PubMed]

11. Megeney, L.A.; Neufer, P.D.; Dohm, G.L.; Tan, M.H.; Blewett, C.A.; Elder, G.C.; Bonen, A. Effects of muscle activity and fiber
composition on glucose transport and GLUT-4. Am. J. Physiol. 1993, 264, E583–E593. [CrossRef]

12. Handberg, A.; Megeney, L.A.; McCullagh, K.J.; Kayser, L.; Han, X.X.; Bonen, A. Reciprocal GLUT-1 and GLUT-4 expression and
glucose transport in denervated muscles. Am. J. Physiol. 1996, 271, E50–E57. [CrossRef] [PubMed]

13. Elmendorf, J.S.; Damrau-Abney, A.; Smith, T.R.; David, T.S.; Turinsky, J. Phosphatidylinositol 3-kinase and dynamics of insulin
resistance in denervated slow and fast muscles in vivo. Am. J. Physiol. 1997, 272, E661–E670. [CrossRef]

14. Turinsky, J.; Damrau-Abney, A.; Loegering, D.J. Blood flow and glucose uptake in denervated, insulin-resistant muscles. Am. J.
Physiol. 1998, 274, R311–R317. [CrossRef] [PubMed]

15. Wilkes, J.J.; Bonen, A. Reduced insulin-stimulated glucose transport in denervated muscle is associated with impaired Akt-alpha
activation. Am. J. Physiol. Metab. 2000, 279, E912–E919. [CrossRef]

16. Aksnes, A.K.; Hjeltnes, N.; Wahlstrom, E.O.; Katz, A.; Zierath, J.R.; Wallberg-Henriksson, H. Intact glucose transport in
morphologically altered denervated skeletal muscle from quadriplegic patients. Am. J. Physiol. 1996, 271, E593–E600. [CrossRef]
[PubMed]

17. Pak, K.; Shin, M.J.; Hwang, S.-J.; Shin, J.-H.; Shin, H.K.; Kim, S.J.; Kim, I.J. Longitudinal Changes in Glucose Metabolism of
Denervated Muscle after Complete Peripheral Nerve Injury. Mol. Imaging Biol. 2016, 18, 741–747. [CrossRef]

18. Nunes, W.M.S.; Mello, M.A.R.D. Glucose metabolism in rats submitted to skeletal muscle denervation. Braz. Arch. Biol. Technol.
2005, 48, 541–548. [CrossRef]

19. Callahan, Z.J.; Oxendine, M.; Wheatley, J.L.; Menke, C.; Cassell, E.A.; Bartos, A.; Geiger, P.C.; Schaeffer, P.J. Compensatory
responses of the insulin signaling pathway restore muscle glucose uptake following long-term denervation. Physiol. Rep. 2015, 3.
[CrossRef]

20. Turinsky, J.; Damrau-Abney, A. Akt1 kinase and dynamics of insulin resistance in denervated muscles in vivo. Am. J. Physiol.
1998, 275, R1425–R1430. [CrossRef]

http://doi.org/10.2337/diab.8.3.218
http://www.ncbi.nlm.nih.gov/pubmed/13652752
http://doi.org/10.1152/ajpendo.1984.247.5.E657
http://www.ncbi.nlm.nih.gov/pubmed/6437249
http://doi.org/10.1016/S0021-9258(17)43338-2
http://doi.org/10.1152/ajpregu.1987.252.3.R531
http://www.ncbi.nlm.nih.gov/pubmed/3826414
http://doi.org/10.1210/endo-121-2-528
http://www.ncbi.nlm.nih.gov/pubmed/3297648
http://doi.org/10.1042/bj2540667
http://doi.org/10.1152/ajpendo.1989.257.3.E418
http://doi.org/10.1152/jappl.1991.70.5.2322
http://doi.org/10.1210/endo.131.4.1396328
http://doi.org/10.1152/ajpregu.1995.269.5.R1148
http://www.ncbi.nlm.nih.gov/pubmed/7503304
http://doi.org/10.1152/ajpendo.1993.264.4.E583
http://doi.org/10.1152/ajpendo.1996.271.1.E50
http://www.ncbi.nlm.nih.gov/pubmed/8760081
http://doi.org/10.1152/ajpendo.1997.272.4.E661
http://doi.org/10.1152/ajpregu.1998.274.2.R311
http://www.ncbi.nlm.nih.gov/pubmed/9486286
http://doi.org/10.1152/ajpendo.2000.279.4.E912
http://doi.org/10.1152/ajpendo.1996.271.3.E593
http://www.ncbi.nlm.nih.gov/pubmed/8843756
http://doi.org/10.1007/s11307-016-0948-7
http://doi.org/10.1590/S1516-89132005000500006
http://doi.org/10.14814/phy2.12359
http://doi.org/10.1152/ajpregu.1998.275.5.R1425


Int. J. Mol. Sci. 2021, 22, 4913 13 of 13

21. Block, N.E.; Menick, D.R.; Robinson, K.A.; Buse, M.G. Effect of denervation on the expression of two glucose transporter isoforms
in rat hindlimb muscle. J. Clin. Investig. 1991, 88, 1546–1552. [CrossRef]

22. Jones, J.P.; Tapscott, E.B.; Olson, A.L.; Pessin, J.E.; Dohm, G.L. Regulation of glucose transporters GLUT-4 and GLUT-1 gene
transcription in denervated skeletal muscle. J. Appl. Physiol. 1998, 84, 1661–1666. [CrossRef]

23. Fogt, D.L.; Slentz, M.J.; Tischler, M.E.; Henriksen, E.J. GLUT-4 protein and citrate synthase activity in distally or proximally
denervated rat soleus muscle. Am. J. Physiol. 1997, 272, R429–R432. [CrossRef]

24. Zhou, M.; Vallega, G.; Kandror, K.V.; Pilch, P.F. Insulin-mediated translocation of GLUT-4-containing vesicles is preserved in
denervated muscles. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E1019–E1026. [CrossRef]

25. Cartee, G.D.; Arias, E.B.; Yu, C.S.; Pataky, M.W. Novel single skeletal muscle fiber analysis reveals a fiber type-selective effect of
acute exercise on glucose uptake. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E818–E824. [CrossRef] [PubMed]

26. Roseno, S.L.; Davis, P.R.; Bollinger, L.M.; Powell, J.J.; Witczak, C.A.; Brault, J.J. Short-term, high-fat diet accelerates disuse atrophy
and protein degradation in a muscle-specific manner in mice. Nutr. Metab. 2015, 12, 39. [CrossRef] [PubMed]

27. Bloemberg, D.; Quadrilatero, J. Rapid determination of myosin heavy chain expression in rat, mouse, and human skeletal muscle
using multicolor immunofluorescence analysis. PLoS ONE 2012, 7, e35273. [CrossRef] [PubMed]

28. Cartee, G.D. Roles of TBC1D1 and TBC1D4 in insulin- and exercise-stimulated glucose transport of skeletal muscle. Diabetologia
2015, 58, 19–30. [CrossRef] [PubMed]

29. Izumiya, Y.; Hopkins, T.; Morris, C.; Sato, K.; Zeng, L.; Viereck, J.; Hamilton, J.A.; Ouchi, N.; LeBrasseur, N.K.; Walsh, K.
Fast/Glycolytic muscle fiber growth reduces fat mass and improves metabolic parameters in obese mice. Cell Metab. 2008, 7,
159–172. [CrossRef]

30. Kramer, H.F.; Witczak, C.A.; Taylor, E.B.; Fujii, N.; Hirshman, M.F.; Goodyear, L.J. AS160 regulates insulin- and contraction-
stimulated glucose uptake in mouse skeletal muscle. J. Biol. Chem. 2006, 281, 31478–31485. [CrossRef] [PubMed]

31. An, D.; Toyoda, T.; Taylor, E.B.; Yu, H.; Fujii, N.; Hirshman, M.F.; Goodyear, L.J. TBC1D1 regulates insulin- and contraction-
induced glucose transport in mouse skeletal muscle. Diabetes 2010, 59, 1358–1365. [CrossRef] [PubMed]

32. Zisman, A.; Peroni, O.D.; Abel, E.D.; Michael, M.D.; Mauvais-Jarvis, F.; Lowell, B.B.; Wojtaszewski, J.F.; Hirshman, M.F.;
Virkamaki, A.; Goodyear, L.J.; et al. Targeted disruption of the glucose transporter 4 selectively in muscle causes insulin resistance
and glucose intolerance. Nat. Med. 2000, 6, 924–928. [CrossRef]

33. Andrisse, S.; Patel, G.D.; Chen, J.E.; Webber, A.M.; Spears, L.D.; Koehler, R.M.; Robinson-Hill, R.M.; Ching, J.K.; Jeong, I.; Fisher,
J.S. ATM and GLUT1-S490 phosphorylation regulate GLUT1 mediated transport in skeletal muscle. PLoS ONE 2013, 8, e66027.
[CrossRef]

34. McMillin, S.L.; Schmidt, D.L.; Kahn, B.B.; Witczak, C.A. GLUT4 Is Not Necessary for Overload-Induced Glucose Uptake or
Hypertrophic Growth in Mouse Skeletal Muscle. Diabetes 2017, 66, 1491–1500. [CrossRef] [PubMed]

35. Espelage, L.; Al-Hasani, H.; Chadt, A. RabGAPs in skeletal muscle function and exercise. J. Mol. Endocrinol 2020, 64, R1–R19.
[CrossRef] [PubMed]

36. Pigna, E.; Renzini, A.; Greco, E.; Simonazzi, E.; Fulle, S.; Mancinelli, R.; Moresi, V.; Adamo, S. HDAC4 preserves skeletal muscle
structure following long-term denervation by mediating distinct cellular responses. Skelet. Muscle 2018, 8, 6. [CrossRef]

37. Abel, E.D.; Kaulbach, H.C.; Tian, R.; Hopkins, J.C.; Duffy, J.; Doetschman, T.; Minnemann, T.; Boers, M.E.; Hadro, E.; Oberste-
Berghaus, C.; et al. Cardiac hypertrophy with preserved contractile function after selective deletion of GLUT4 from the heart. J.
Clin. Investig. 1999, 104, 1703–1714. [CrossRef] [PubMed]

38. Hinkley, J.M.; Ferey, J.L.; Brault, J.J.; Smith, C.S.; Gilliam, L.A.A.; Witczak, C.A. Constitutively active CaMKKalpha stimulates
skeletal muscle glucose uptake in insulin resistant mice in vivo. Diabetes 2014, 63, 142–151. [CrossRef] [PubMed]

39. Ferey, J.L.; Brault, J.J.; Smith, C.A.; Witczak, C.A. Constitutive Activation of CaMKKalpha Signaling is Sufficient but Not Necessary
for mTORC1 Activation and Growth in Mouse Skeletal Muscle. Am. J. Physiol. Endocrinol. Metab. 2014, 307, E686–E694. [CrossRef]

http://doi.org/10.1172/JCI115465
http://doi.org/10.1152/jappl.1998.84.5.1661
http://doi.org/10.1152/ajpregu.1997.272.1.R429
http://doi.org/10.1152/ajpendo.2000.278.6.E1019
http://doi.org/10.1152/ajpendo.00289.2016
http://www.ncbi.nlm.nih.gov/pubmed/27600826
http://doi.org/10.1186/s12986-015-0037-y
http://www.ncbi.nlm.nih.gov/pubmed/26539241
http://doi.org/10.1371/journal.pone.0035273
http://www.ncbi.nlm.nih.gov/pubmed/22530000
http://doi.org/10.1007/s00125-014-3395-5
http://www.ncbi.nlm.nih.gov/pubmed/25280670
http://doi.org/10.1016/j.cmet.2007.11.003
http://doi.org/10.1074/jbc.M605461200
http://www.ncbi.nlm.nih.gov/pubmed/16935857
http://doi.org/10.2337/db09-1266
http://www.ncbi.nlm.nih.gov/pubmed/20299473
http://doi.org/10.1038/78693
http://doi.org/10.1371/journal.pone.0066027
http://doi.org/10.2337/db16-1075
http://www.ncbi.nlm.nih.gov/pubmed/28279980
http://doi.org/10.1530/JME-19-0143
http://www.ncbi.nlm.nih.gov/pubmed/31627187
http://doi.org/10.1186/s13395-018-0153-2
http://doi.org/10.1172/JCI7605
http://www.ncbi.nlm.nih.gov/pubmed/10606624
http://doi.org/10.2337/db13-0452
http://www.ncbi.nlm.nih.gov/pubmed/24101676
http://doi.org/10.1152/ajpendo.00322.2014

	Introduction 
	Results 
	Effects of Long-Term Denervation on Skeletal Muscle Insulin Sensitivity 
	Long-Term Denervation and Muscle Fiber Type 
	Long-Term Denervation and the Insulin-Signaling Cascade 
	Long-Term Denervation and Muscle Glucose Transporters 
	Long-term denervation and muscle-specific GLUT4 knockout mice 

	Discussion 
	Materials and Methods 
	Animals 
	Unilateral Denervation Surgery 
	Muscle [3H]-2-Deoxyglucose Uptake 
	Immunoblot Analyses 
	Statistical Analyses 

	Conclusions 
	References

