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The role of skeletal muscle Akt in the regulation
of muscle mass and glucose homeostasis
N. Jaiswal 1, M.G. Gavin 1, W.J. Quinn III 1, T.S. Luongo 1, R.G. Gelfer 1, J.A. Baur 1,2, P.M. Titchenell 1,2,*
ABSTRACT

Objective: Skeletal muscle insulin signaling is a major determinant of muscle growth and glucose homeostasis. Protein kinase B/Akt plays a
prominent role in mediating many of the metabolic effects of insulin. Mice and humans harboring systemic loss-of-function mutations in Akt2, the
most abundant Akt isoform in metabolic tissues, are glucose intolerant and insulin resistant. Since the skeletal muscle accounts for a significant
amount of postprandial glucose disposal, a popular hypothesis in the diabetes field suggests that a reduction in Akt, specifically in skeletal
muscle, leads to systemic glucose intolerance and insulin resistance. Despite this common belief, the specific role of skeletal muscle Akt in
muscle growth and insulin sensitivity remains undefined.
Methods: We generated multiple mouse models of skeletal muscle Akt deficiency to evaluate the role of muscle Akt signaling in vivo. The effects
of these genetic perturbations on muscle mass, glucose homeostasis and insulin sensitivity were assessed using both in vivo and ex vivo assays.
Results: Surprisingly, mice lacking Akt2 alone in skeletal muscle displayed normal skeletal muscle insulin signaling, glucose tolerance, and
insulin sensitivity despite a dramatic reduction in phosphorylated Akt. In contrast, deletion of both Akt isoforms (M-AktDKO) prevented down-
stream signaling and resulted in muscle atrophy. Despite the absence of Akt signaling, in vivo and ex vivo insulin-stimulated glucose uptake were
normal in M-AktDKO mice. Similar effects on insulin sensitivity were observed in mice with prolonged deletion (4 weeks) of both skeletal muscle
Akt isoforms selectively in adulthood. Conversely, short term deletion (2 weeks) of skeletal muscle specific Akt in adult muscles impaired insulin
tolerance paralleling the effect observed by acute pharmacological inhibition of Akt in vitro. Mechanistically, chronic ablation of Akt induced
mitochondrial dysfunction and activation of AMPK, which was required for insulin-stimulated glucose uptake in the absence of Akt.
Conclusions: Together, these data indicate that chronic reduction in Akt activity alone in skeletal muscle is not sufficient to induce insulin
resistance or prevent glucose uptake in all conditions. Therefore, since insulin-stimulated glucose disposal in skeletal muscle is markedly
impaired in insulin-resistant states, we hypothesize that alterations in signaling molecules in addition to skeletal muscle Akt are necessary to
perturb glucose tolerance and insulin sensitivity in vivo.
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1. INTRODUCTION

Insulin is a potent anabolic hormone that is critical for the systemic
regulation of protein, lipid, and glucose metabolism. In response to a
meal, insulin promotes muscle growth and leads to a robust in-
crease in skeletal muscle glucose uptake accounting for 30e35% of
total glucose disposal. The remaining glucose is taken up by the
liver, brain, adipose, and other tissues in lesser amounts. Under
hyperinsulinemic-clamp conditions, the role of skeletal muscle is
more pronounced, accounting for w80% of total glucose disposal
[2e6]. Notably, in insulin-resistant and type II diabetic individuals,
there is a significant reduction in insulin-stimulated glucose uptake
into skeletal muscle, contributing to feeding-associated hypergly-
cemia [7]. As a result, there has been considerable interest in
defining the downstream signaling mechanisms responsible for
coordinating insulin’s control of skeletal muscle glucose uptake with
the goal of identifying a cellular defect in insulin signaling that is
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responsible for the reduction of insulin-stimulated glucose uptake
in vivo.
Over the last several decades, accumulating evidence has implicated the
serine/threonine kinase Akt (protein kinase B) as a central regulator of
insulin action [8]. Insulin binds to the insulin receptor resulting in trans-
auto phosphorylation and activation of insulin receptor substrate (IRS)
proteins. IRS proteins recruit phosphoinositide-3-kinase (PI3K), which
phosphorylates PIP2 to PIP3 resulting in downstream activation of Akt. Akt
exists in three isoforms inmammals Akt 1e3 (also known asPKBa,b,g),
encoded by three different genes. Akt1 is ubiquitously expressed in all
tissues, Akt2 is selectively expressed inmetabolic tissues suchasmuscle,
adipose and liver, andAkt3 is enriched in brain and testis [9,10]. In support
of Akt’s tissue-specific expression pattern, whole-body knockout mice of
Akt1 are growth retarded but have no metabolic abnormalities [11,12].
Akt2 null mice are glucose intolerant and display systemic insulin resis-
tance [13,14]. Akt3 knockout mice have reduced brain size but normal
glucose homeostasis [10]. Combined deletion of Akt isoforms results in
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perinatal or early postnatal lethality suggesting some degree of
compensation between theAkt isoforms [9]. In addition, deletion ofAkt1 in
the liver of Akt2whole-body or liver-specific knockout mice leads tomore
profound glucose intolerance and insulin resistance then Akt2 alone [15].
Given Akt’s essential role in insulin signaling, several groups have re-
ported a defect in insulin-stimulated Akt activity in skeletal muscle from
mice and humans with insulin resistance and type II diabetes correlating
with a reduction in insulin-stimulated glucose uptake [16e23,74]. In
support of this observation, Akt2 whole-body knockout mice show a
reduction in total glucose disposal and a reduction in skeletal muscle
specific glucose uptake at submaximal insulin concentrations [13]. Acute
treatment with small molecule inhibitors of PI3K such as wortmannin or
Akt inhibitors decrease insulin-stimulated glucose uptake in muscle
[24,25]. Downstream of Akt, AS160 (TBC1D4) and its paralog TBC1D1
have been identified as Akt substrates involved in glucose uptake and
Glut-4 translocation [26e30]. Therefore, a prevailing hypothesis in the
field suggests that a reduction in insulin-stimulated Akt activation in
skeletal muscle decreases glucose uptake and Glut-4 translocation
leading to hyperglycemia and systemic insulin resistance.
Attempts to selectively reduce skeletal muscle insulin signaling have
shown no effect on insulin resistance as mice lacking the insulin receptor
(IR) and/or insulin like growth factor 1- receptor (IGF1-R) have normal
glucose tolerance and insulin sensitivity [31]. Paradoxically, loss of IR/
IGF1-R in skeletal muscle upregulates Akt and AMPK activity, which
correlates with increased glucose uptake failing to functionally reduce
skeletal muscle insulin signaling. As a result, a common hypothesis in the
T2DM field, that insulin resistance results from a defect in insulin
mediated activation of Akt in skeletal muscle per se, is not yet experi-
mentally tested. To directly assess the role of skeletal muscle Akt on
muscle growth and glucose homeostasis, we deleted Akt2, which ac-
counts forw90% of the Akt in muscle or both Akt1 and Akt2 specifically
in the skeletal muscles of mice from birth or in adulthood. While mice
bearing an Akt2 deletion alone show no effect on muscle growth and
whole-body glucose metabolism because of the compensatory role of
Akt1, congenital deletion of both the Akt isoforms results in a drastic
reduction in muscle mass accompanied with a mild defect in glucose
tolerance. Surprisingly, despite the complete loss of downstream Akt
signaling, M-AktDKO muscle display normal insulin-stimulated glucose
uptake and glucose transporter expression that is independent of the
canonical Akt-pThr642 AS160 pathway. We performed similar experi-
ments in mice lacking both Akt isoforms in adult skeletal muscle using a
tamoxifen inducible system. Here, we demonstrate that Akt has a time-
dependent effect on insulin sensitivity as short-term Akt deletion results
in insulin resistance, while a more chronic deletion leads to the normal-
ization of insulin sensitivity similar to congenital M-AktDKO mice.
Mechanistically, we determined that prolonged loss of Akt results in
mitochondrial dysfunction and activation of AMPK, which we show is
required for insulin-stimulated glucose uptake in the absence of Akt.
Together, these data provide in vivo evidence that Akt is required for in-
sulin/IGF-1-mediated skeletal muscle growth in vivo. Additionally, these
data suggest Akt is not an obligate intermediate for insulin-stimulated
glucose uptake in skeletal muscle in vivo under all conditions. Lastly,
this work uncovered amolecular crosstalk between Akt and AMPK for the
non-canonical regulation of skeletal muscle glucose uptake by insulin.

2. RESULTS

2.1. Skeletal muscle Akt1 functionally compensates for the
absence of Akt2 to preserve insulin signaling
To examine the specific role of Akt in skeletal muscle growth and
function, mice harboring the human skeletal actin (HSA)-CRE
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recombinase transgene were crossed with mice containing either
Akt2loxp/loxp and/or Akt1loxp/loxp;Akt2loxp/loxp to generate mice with
skeletal muscle-specific congenital deletion of Akt2 (M-Akt2KO), the
predominant Akt expressed in both mouse and human muscle [9,32],
or both Akt1 and Akt2 (M-AktDKO). Combined cardiac and skeletal
muscle-specific deletion of Akt1 alone, which accounts for less than
10% of the Akt expressed in skeletal muscle, has been previously
reported and does not affect muscle growth or glucose homeostasis
[12,33]. M-Akt2KO and M-AktDKO mice were born at the expected
Mendelian ratio. Gastrocnemius and soleus muscles isolated from M-
Akt2KO and M-AktDKO male mice were examined for the presence
Akt2 protein by western blotting. Akt2 and total Akt protein were
significantly reduced in muscle fibers from both M-Akt2KO and M-
AktDKO mice confirming that Akt2 accounts for a majority of the Akt
expressed in skeletal muscle (Figure 1A). Isolated muscles also
contain vascular cells, fibroblasts, blood cells, and satellite cells
which are rich in Akt1, suggesting that the low levels of protein that
were detected in the M-AktDKO muscles are likely ascribable to the
contamination of these other cell types (Figure 1A). Western blot of
other metabolic tissues confirmed the specificity of the HSA-Cre
transgene as there was no reduction of Akt protein in liver, heart,
or adipose tissue in the M-AktDKO mice (Supplementary Figure 1A).
Akt3, which is highly expressed in brain tissue, is not detectable in
skeletal muscle or upregulated in the absence of Akt1 and Akt2
(Supplemental Figure 1B).
Surprisingly, M-Akt2KO mice had normal body weight despite the fact
that Akt2 accounts for approximately 90% of the total muscle Akt. On
the other hand, M-AktDKO mice displayed a significant reduction
(w15%) in body weight (Figure 1B). Next, the mass of several
different muscle groups in the hind leg were measured to determine if
Akt signaling is required for muscle growth in vivo. M-AktDKO
muscle, unlike M-Akt2KO, exhibit w40% reduction in the muscle
mass from multiple muscle depots (Figure 1C,D). This reduction in
muscle mass was accompanied by a significant reduction in the
cross-sectional area as measured by WGA staining (Supplemental
Figure 2A). Notably, there were no significant differences in tibia
length in M-AktDKO mice compared to control (data not shown).
Consistent with the data generated in male mice, female M-AktDKO
mice have reduced body weight and muscle mass (Supplemental
Figures 3A and 3B).
To determine the effects of Akt deletion on the insulin signaling
pathway, control, M-Akt2KO, and M-AktDKO mice were injected with
insulin and muscles were harvested 20 min later and subjected to
western blot analysis. Consistent with normal muscle size, M-Akt2KO
mice activated well-known targets of Akt such as PRAS40 and
mTORC1 (as determined by S6 and 4EBP1 phosphorylation) in
response to a bolus of insulin. These canonical targets of Akt were
phosphorylated to a similar extent as in muscle from control animals.
This signaling occurred despite a dramatic reduction in pAkt473/474
(an antibody that recognizes all Akt isoform phosphorylation by insulin)
and pAkt474 (an Akt2-phospho specific antibody), suggesting residual
Akt1 is sufficient to signal to downstream Akt-dependent pathways in
the absence of Akt2 (Figure 1E). Consistent with this notion, insulin
failed to activate direct Akt substrates including PRAS40, and mTORC1
signaling in M-AktDKO mice despite normal activation of the insulin
receptor (Figure 1E, Supplemental Figure 1C). Moreover, M-Akt2KO
mice heterozygous for Akt1 led to a w50% reduction in downstream
signaling as compared to both control and M-Akt2KO mice (Figure 1E).
These data indicate that Akt1 functionally compensates in the absence
of Akt2, and minimal amounts of phosphorylated Akt are required to
activate downstream signaling cascades in skeletal muscle. In
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Figure 1: Skeletal muscle Akt1 functionally compensates in the absence of Akt2 to preserve insulin signaling in skeletal muscles. (A) Western Blot of Akt2 and total Akt
in soleus and gastrocnemius muscle from mice with specific deletion of Akt2 and both Akt1 and Akt2. (B) Body weight of control and experimental mice (n ¼ 34 for control, 5 for
M-Akt2KO and 12 for M-AktDKO mice). (C) Muscle weight from different muscle depots of control and experimental mice (n ¼ 22 for control, n ¼ 8 for M-Akt2KO and n ¼ 24 for
M-AktDKO mice). (D) Representative image of skeletal muscles isolated from control and M-AktDKO mice. (E) Western Blot for phosphorylation of Akt, Akt2, PRAS40, S6, 4EBP1
and HSP90 in Gastrocnemius muscle from control and experimental mice either unstimulated or stimulated with insulin (2 U/kg) for 20 min following an overnight fast. (*p < 0.05,
****p < 0.0001 vs. control).
addition, deletion of both Akt1 and Akt2 is required to prevent the
activation of downstream Akt substrates by insulin in skeletal muscle.

2.2. M-AktDKO mice display modest abnormalities in glucose
homeostasis
Several groups have reported defects in insulin-stimulated Akt activity
in the insulin resistant and diabetic human and rodent skeletal muscle
that correlate with a reduction in insulin-stimulated glucose uptake
[16e23,74]. To determine if loss of Akt signaling specifically in
skeletal muscle alters glucose uptake and systemic metabolism,
several metabolic measurements in M-Akt2KO and M-AktDKO mice
were performed. Consistent with normal insulin signaling in the
skeletal muscle of M-Akt2KO mice, M-Akt2KO mice have normal ad
libitum blood glucose and insulin levels and exhibit normal glucose
tolerance and insulin sensitivity (Figure 2AeD). Despite a dramatic
reduction in skeletal muscle insulin signaling in the M-AktDKO mice,
M-AktDKO mice have normal glucose and insulin levels (Figure 2A).
When subjected to a glucose or insulin tolerance test, M-AktDKO
displayed mild glucose intolerance and near normal insulin tolerance
(Figure 2BeD). Similar effects on glucose homeostasis were observed
in female M-Akt2KO and M-AktDKO mice as compared to male ani-
mals (Supplemental Figures 4A and 4B).
To assess insulin sensitivity directly, hyperinsulinemic-euglycemic
clamps in control and M-AktDKO mice were performed. During the
hyperinsulinemic portion of the clamp, M-AktDKO mice displayed a
small but significant reduction in the glucose infusion rate (Figure 3A)
and total insulin-dependent glucose disposal (Figure 3B). When
normalized to total lean mass as determined by MRI, no apparent dif-
ference in glucose infusion or whole body turnover were observed
(Figure 3C,D). In addition, insulin’s ability to suppress hepatic glucose
production was similar in both control andM-AktDKOmice (Figure 3E,F).
Surprisingly, the rate of C14-2-deoxyglucose measured in the gastroc-
nemius, EDL, and soleus muscles during the hyperinsulinemic-
euglycemic portion of the clamp suggested that the rate of glucose
uptake per gram of muscle is comparable to control mice in all three
MOLECULAR METABOLISM 28 (2019) 1e13 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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skeletal muscle depots examined (Figure 3G). In summary, complete
inhibition of skeletal muscle Akt signaling results in modest defects in
whole-body glucose disposal as compared to M-Akt2KO mice, which
have normal whole-body glucose homeostasis and insulin sensitivity.
Moreover, the reduced glucose utilization in M-AktDKO mice is mainly
attributable to the reduction in total muscle mass rather than a cell-
autonomous defect in skeletal muscle glucose uptake.

2.3. Insulin stimulates muscle glucose uptake in M-AktDKO mice
ex vivo
Given the mild effects on glucose homeostasis in M-AktDKO, we
further evaluated the cell autonomous effect of insulin on skeletal
muscle glucose uptake ex vivo. Consistent with the in vivo findings,
insulin-stimulated glucose uptake from both EDL and soleus muscle
from M-AktDKO were similar to control muscle (Figure 4A,B). Notably,
this effect was dependent on intact PI3K signaling, as pretreatment
with wortmannin completely prevented insulin’s ability to stimulate
glucose uptake in both the EDL and soleus muscles isolated from
control and M-AktDKO mice (Figure 4A,B). This induction of glucose
uptake by insulin was associated with normal levels of the glucose
transporters, Glut-1 and Glut-4, as biochemical analysis indicated
similar Glut-1 and Glut-4 protein levels in whole cell lysates and
plasma membrane fractions from muscle of insulin-injected control
and M-AktDKO mice (Figure 4C; Supplemental Figures 5AeC). Addi-
tionally, no significant change in either triglyceride or glycogen levels in
ad libitum fed state in quadricep muscles of M-AktDKO were observed
(Supplemental Figures 6A and 6B).
To gain further mechanistic insight into the regulation of glucose up-
take, we investigated the phosphorylation and expression status of
AS160 (TBC1D4) and TBC1D1, both of which are implicated in the
regulation of Glut-4 translocation by insulin in muscle and adipose
tissue [29]. In control muscles, insulin treatment stimulated phos-
phorylation of the 160 kDa band recognized by a phospho-Akt sub-
strate antibody (PAS-160) and Thr642 of AS160 (Thr649 in mouse), a
well-described Akt substrate known to regulate Glut-4 translocation
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Figure 2: M-AktDKO mice display modest abnormalities in glucose homeostasis. (A) Blood glucose and plasma insulin level (n ¼ 11 for control, 5 for M-Akt2KO and 7 for M-
AktDKO mice) in ad libitum state. (B) Intraperitoneal glucose tolerance test (2 g/kg) (n ¼ 17 for control, 6 for M-Akt2KO and n ¼ 11 for M-AktDKO mice). (C) Plasma Insulin level in
fasted or 15 min after insulin injection (n ¼ 5e13). (D) Insulin tolerance test (0.75 U/kg) (n ¼ 10 for control, 5 for M-Akt2KO and 7 for M-AktDKO mice) (***p < 0.001,
****p < 0.0001 vs. control).

Figure 3: M-AktDKO mice have reduced whole-body glucose turnover and normal insulin-stimulated uptake in skeletal muscle. Hyperinsulinemic-euglycemic clamps
were performed in control and M-AktDKO mice following 5 h fasting using a 2.5 mU/kg/min infusion of insulin. (A) Steady state glucose infusion rate, (B) rate of glucose disposal,
(C) glucose infusion rate normalized to lean mass, (D) glucose disposal rate normalized to lean mass, (E) hepatic glucose production during basal and insulin portion of the clamp,
(F) hepatic glucose production normalized to lean mass, and (G) in vivo glucose uptake in skeletal muscle during hyperinsulinemic-euglycemic clamp (n ¼ 4e9). (**p < 0.01, ***p
< 0.001 vs. controls, ****p < 0.0001 vs. control).

Original Article
(Figure 4D; Supplemental Figures 5D and 5E). These effects of insulin
on PAS-160 and pThr 642 AS160 were not observed in M-AktDKO,
consistent with AS160 being a direct phosphorylation substrate of Akt
(Figure 4D; Supplemental Figures 5D and 5E). In contrast, the protein
expression of AS160’s paralog, TBC1D1, was significantly reduced in
M-AktDKO mice independent of insulin treatment, an effect also
observed in the IR/IGF1-R skeletal muscle double knockout mice
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(Figure 4D; Supplemental Figure 5F) [31]. Collectively, these genetic
loss-of-function experiments indicate that Akt signaling in skeletal
muscle is not an obligate intermediate for insulin-stimulated glucose
uptake in vivo under all conditions. Moreover, these data suggest the
functional contribution of a PI3K-dependent, Akt-independent pathway
for the regulation of skeletal muscle glucose uptake and Glut-4
translocation by insulin.
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Figure 4: Skeletal muscle from M-AktDKO mice exhibit normal PI3K-dependent insulin stimulated glucose uptake. (AeB) Ex vivo insulin-stimulated glucose uptake was
measured in EDL (A) or soleus (B) from control and M-AktDKO mice with/without pretreatment of wortmannin (1 mM) (n ¼ 7e13). (C) Western blot of Glut1 and Glut4 protein from
plasma membrane fraction of hind limb and whole cell Lysate (WCL) of gastrocnemius muscles from control and M-AktDKO mice stimulated with insulin (2 U/kg) for 20 min. (D)
Western Blot analysis of phosphorylated AS160, PAS-160 and TBC1D1 in gastrocnemius muscle from control and M-AktDKO mice fasted overnight and treated with BSA or insulin
(2 U/kg) for 20 min (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control).

Figure 5: Inducible deletion of Akt in adult skeletal muscle have time responsive effect on glucose tolerance and insulin sensitivity. (A) Western Blot for Akt2 in
Quadriceps of M-indAktKO 2 and 4 week post tamoxifen. (B) Western blot for phosphorylation of Akt, Akt2, pPRAS40, phosphorylation of S6, S6 and HSP90 in Gastrocnemius
muscle from M-indControl and M-indAktDKO animals either unstimulated or stimulated with insulin (2 U/kg) for 20 min after overnight fasting. (C) Muscle weight from different
muscle depots of M-indControl and M-indAktDKO mice (n ¼ 50e60 for M-indControl and n ¼ 20e24 for M-indAktDKO mice). (DeE) Intraperitoneal glucose tolerance test (2 g/kg)
(n ¼ 22 for M-indControl and n ¼ 20 for M-indAktDKO) and Insulin tolerance test (0.75 U/kg) (n ¼ 22 for M-indControl and n ¼ 19 for M-indAktDKO) 2 week post tamoxifen. (FeG)
Intraperitoneal glucose tolerance test (2 g/kg) (n ¼ 11 for M-indControl and n ¼ 7 for M-indAktDKO mice) and Insulin tolerance test (0.75 U/kg) (n ¼ 11 for M-indControl n ¼ 8 for
M-indAktDKO mice) 4 week post tamoxifen. (**p < 0.01, ****p < 0.0001 vs. control).
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2.4. Inducible deletion of Akt in adult muscle leads to time
dependent effects on insulin sensitivity
The ability of insulin to stimulate glucose uptake and induce Glut-4
translocation in M-AktDKO mice seems contradictory to the pub-
lished studies that demonstrate an inhibitory effect of acute, small
molecule inhibition of Akt on insulin-stimulated glucose uptake in
skeletal muscle [24,34]. One explanation for this apparent discrepancy
between acute inhibition vs long-term genetic deletion of Akt could be
the presence of a developmental compensatory pathway that is
upregulated in the absence of Akt. To address this possibility directly,
we generated an inducible model of total Akt deficient skeletal muscle
by crossing mice that contain Akt1loxp/loxp;Akt2loxp/loxp to mice con-
taining the CRE recombinase-estrogen receptor fusion protein under
the control of the human skeletal actin promoter (HSA-ESR-CRE) to
induce an acute deletion of Akt1 and Akt2 (M-indAktDKO) in adult
skeletal muscle [35]. Adult 8e12 week old mice containing floxed Akt
alleles lacking the HSA-ESR-CRE transgene (M-indControl) or con-
taining the transgene (inducible knockouts) were injected for 5
consecutive days with tamoxifen and experiments were performed 2
and 4 weeks later, following the end of tamoxifen injection. Western
blot analysis in quadricep muscles from M-indAktDKO male mice
examined at 2 week and 4 week post tamoxifen demonstrates com-
plete loss of Akt2 at both these time points (Figure 5A). Further, similar
to M-AktDKO mice, inducible deletion of both Akt isoforms in adult
skeletal muscle prevented the activation of canonical Akt targets such
PRAS40 and mTORC1 in response to insulin (Figure 5B). In addition, M-
indAktDKO have a small but significant reduction in the gastrocnemius
muscle mass as compared to the normal weight of the TA, EDL, and
soleus muscles (Figure 5C).
Given the inducible nature of this mouse model, the temporal effect of
Akt deletion on insulin sensitivity can be monitored over time. Two
Figure 6: M-indAktDKO mice display a fiber type specific effect on glucose uptake. (
indControl and M-indAktDKO mice with/without pretreatment of wortmannin (1 mM) (n ¼
protein and HSP90 in Plasma membrane fraction of hind limb and whole cell lysate of gas
(2 U/kg) for 20 min after overnight fast. (D) Western Blot analysis of phosphorylated AS16
mice fasted overnight and treated with BSA or insulin (2 U/kg) for 20 min (*p < 0.05, **
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weeks post tamoxifen injections, M-indAktDKO mice display normal
glucose tolerance with a significant reduction in insulin sensitivity as
measured by an insulin tolerance test (Figure 5D,E). However, at 4
weeks post tamoxifen, M-indAktDKO displayed normal rates of glucose
and insulin tolerance (Figure 5F,G) suggesting a more prolonged in-
hibition of Akt in adult skeletal muscle does not affect insulin sensi-
tivity, mimicking the insulin sensitivity of the congenital deletion of Akt.
Next, we determined if this inducible deletion of Akt (4 weeks post
tamoxifen) in adult skeletal muscle affects skeletal muscle glucose
uptake by insulin. Similar to the congenital M-AktDKO mice, insulin
stimulated glucose uptake in a PI3K-dependent manner in both control
and M-indAktDKO mice in the EDL muscle (Figure 6A). In soleus
muscles, glucose uptake trended to increase in response to insulin in
M-indAktDKO; however, this was significantly reduced compared to
control mice (Figure 6B). Consistent with congenital knockout of Akt,
the levels of glucose transporters at the plasma membrane and in
whole cell lysates from the muscle of insulin-injected mice were
normal in M-indAktDKO (Figure 6C; Supplemental Figures 7AeC) with
a non-significant trend for 50% higher glycogen levels in quadriceps
muscles from M-indAktDKO mice 4-week post tamoxifen
(Supplemental Figure 8). In addition, the effect on glucose transport
was independent of Thr642 (Thr649 in mouse) AS160, as this site was
only induced in control mice by insulin (Figure 6D; Supplemental
Figure 7D). On the other hand, there was a significant reduction in
TBC1D1 protein content in M-indAktDKO mice (Figure 6D;
Supplemental Figure 7E), recapitulating the effects of congenital
deletion of Akt. Collectively, these data indicate relatively acute deletion
of Akt in skeletal muscle results in abnormalities in insulin tolerance
while a more chronic inhibition of Akt, either from birth or in adulthood,
has minimal effects on systemic insulin sensitivity and skeletal muscle
glucose uptake.
AeB) Ex vivo insulin-stimulated 2-deoxyglucose uptake in EDL (A) or soleus (B) from M-
20 for control and insulin, n ¼ 4 for wortmannin). (C) Western blot of Glut1 and Glut4
trocnemius muscles from M-indControl and M-indAktDKO mice stimulated with insulin
0, TBC1D1 and HSP90 in gastrocnemius muscle from M-indControl and M-indAktDKO
p < 0.01, ****p < 0.0001 vs. control; #p < 0.05 vs control insulin injected).
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2.5. Chronic deletion of Akt induces mitochondrial dysfunction and
activates AMPK, which is required for insulin-stimulated glucose
uptake
AMP activated protein kinase (AMPK) is a sensor of cellular energy
state and is activated under conditions of reduced mitochondrial en-
ergy production [36]. AMPK is known to be an important regulator of
glucose transport and utilization in the contracting muscle [37e40].
Similar to Akt, a reduction in AMPK activity is observed in skeletal
muscle from insulin-resistance humans and rodents [36,41e44].
Classic studies suggest that the AMPK pathway for glucose uptake is
independent of the canonical insulin signaling pathway in muscle, as
contraction and/or AICAR treatment (both potent activators of glucose
transport) do not stimulate Akt activity [24,25,38,45]. However, acti-
vators of AMPK such as exercise and AICAR are known to potentiate
insulin-stimulated glucose uptake in skeletal muscle [46e48]. In
addition, inhibition of AMPK with compound C can prevent insulin-
stimulated glucose uptake under conditions of cellular stress in
muscle cells [49e51].
To determine if the activation of AMPK was contributing to the regu-
lation of glucose uptake by insulin in the absence of Akt, we assessed
the quantity and function of mitochondria following chronic Akt ablation
in muscle. TOM20 protein content was reduced in whole cell lysates
from the gastrocnemius muscle of M-AktDKO mice, suggesting
reduction in total mitochondrial content (Figure 7A; Supplemental
Figure 9A). Additionally, PGC1alpha, a known transcriptional co-
activator involved in mitochondrial biogenesis, was significantly
reduced in muscle from M-AktDKO mice (Figure 7B). To determine if
mitochondrial function was also reduced independent of content, we
purified mitochondria from control and M-AktDKO mice and measured
oxygen consumption utilizing a high-capacity respirometer. A signifi-
cant reduction in the complex I-dependent mitochondrial respiration
(State 2/3) rate was observed in mitochondria of M-AktDKO mice as
compared to control (Figure 7C). These functional changes resulted in
a reduction in total levels of ATP in the skeletal muscle of M-AktDKO
mice (Figure 7D). These changes in cellular energetics coincided with
the activation of AMPK in M-AktDKO mice, as confirmed by an increase
Figure 7: Akt deletion induces mitochondrial dysfunction and activates AMPK, whi
TOM20 and HSP90 from whole cell lysates of gastrocnemius muscle. (B) mRNA express
capacity respirometer analysis of isolated mitochondria from control and M-AktDKO gas
gastrocnemius muscle of control and M-AktDKO mice (n ¼ 4 control and n ¼ 5 M-AktDK
AktDKO gastrocnemius muscle. (FeG) Ex vivo insulin-stimulated 2-deoxyglucose uptake i
compound C (20 mM) (n ¼ 6 for control, 7 for insulin and 7 for compound C). (*p < 0.0
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in the phosphorylation status of Thr 172 (Figure 7E; Supplemental
Figure 9B). Consistent with a functional increase in AMPK activity,
pretreatment with a AMPK inhibitor, compound C, prevented insulin-
stimulated glucose uptake in M-AktDKO mice but not in control EDL
and soleus muscles ex vivo (Figure 7F,G). The absence of an effect of
compound C in control muscle is consistent with previous reports in
isolated muscle [38]. Given the known off-target effect of compound C
to inhibit other kinases [52], we performed additional ex vivo glucose
uptake assays in muscles from control and M-AktDKO using a recently
described AMPK inhibitor, SBI-0206965, which has improved selec-
tively and potency toward AMPK compared to compound C [53].
Consistent with our compound C data, SBI-0206965 was found to
suppress insulin-stimulated glucose uptake specifically in M-AktDKO
muscles without affecting control muscles (Supplementary Figure 9C).
Collectively, these data support the notion that prolonged ablation of
Akt activates AMPK, which in turn becomes an important determinant
of insulin-stimulated glucose uptake in skeletal muscle.

3. DISCUSSION

In humans, skeletal muscle is the primary site of insulin-dependent
glucose disposal; therefore, resistance of skeletal muscle to insulin
action is considered an early step in the development of type 2 dia-
betes [7,54]. Mechanistically, several studies have reported defects in
insulin signaling via Akt in skeletal muscle during the progression of
metabolic disease and have correlated these defects with a failure of
insulin to stimulate glucose uptake and glycogen synthesis (reviewed
in [54]). Despite this popular belief, there is no in vivo evidence to
support the causal role of reduced skeletal muscle insulin signaling via
Akt to the development of systemic glucose intolerance. Mice with
skeletal muscle specific deletion of the IR and/or IGF1-R have normal
glucose tolerance and insulin sensitivity [31]. The potential explanation
for this discrepancy was hyper-activation of Akt and normal activation
of Akt substrates (due to significant upregulation of Akt protein content)
which correlated to an increased basal and insulin-stimulated glucose
uptake. Although reducing IR/IGF1-R clearly prevents direct insulin
ch is required for insulin-stimulated glucose uptake. (A) Western blot analysis for
ion from quadricep muscle (n ¼ 7 control and n ¼ 7 M-AktDKO). (C) Oroborus high-
trocnemius muscle (n ¼ 7 control and n ¼ 7 M-AktDKO). (D) relative ATP levels in
O). (E) Western blot analysis of phosphorylated AMPK and AMPK from control and M-
n soleus (F) or EDL (G) from control and M-AktDKO mice with/without pretreatment of
5, **p < 0.01, ***p < 0.001****p < 0.0001 vs. control).
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binding in skeletal muscle, downstream signaling via Akt is still active
in this model. In addition, knockout of the insulin receptor substrates
proteins in muscle using the muscle creatine kinase (MCK)-CRE results
in lethality at 2e3 weeks of age due to cardiac abnormalities pre-
cluding detailed assessment of glucose homeostasis without the
complication of IRS deletion in the heart [55]. Lastly, inhibition of class I
PI3K’s regulatory subunit p85, reduces Akt activity and glucose uptake;
however, these mice lack the minor isoforms of p85 throughout the
whole body and all p85 isoforms in heart since the MCK-Cre was used
[56]. Therefore, in the present study, we directly tested the common
hypothesis that inhibition of insulin signaling via Akt in skeletal muscle
per se causes systemic metabolic dysfunction. Our data demonstrate
that a significant reduction in phosphorylated Akt in muscle alone does
not affect whole-body metabolism as M-Akt2KO exhibit normal
glucose tolerance and insulin sensitivity. We also made the unexpected
observation that insulin can stimulate glucose uptake in the absence of
Akt, suggesting Akt is not an obligate intermediate in insulin’s actions
to control glucose uptake in vivo under all conditions. This is incon-
sistent with the prevailing molecular model of insulin-regulated
glucose transport and the molecular basis for insulin resistance.
Althoughw90% of the Akt protein in skeletal muscle is represented by
the Akt2 isoform, M-Akt2KO mice are indistinguishable from control
mice both in terms of growth and metabolism (Figures 1 and 2). The
robust activation of all the well-known Akt targets in spite of the
dramatic reduction in pAkt protein in these mice clearly indicates the
capacity of residual Akt1 to compensate under these conditions. This
suggests only a small fraction of total muscle Akt phosphorylation is
required to convey skeletal muscle insulin signaling in vivo. This
observation is consistent with data in L6 myotubes where insulin had a
maximal effect on Glut-4 translocation at doses where ~10% of Akt
was phosphorylated supporting the notion that only a small fraction of
Akt needs to be phosphorylated for its substrates to be maximally
activated [75,76]. In contrast, M-AktDKO mice exhibit a reduction in
body mass and a further reduction in muscle mass (Figure 1) similar to
the phenotype observed in MIGIRKO mice (combined deletion of IR and
IGF-1R in skeletal muscle) [31,57]. Moreover, M-AktDKO mice display
mild glucose intolerance and a reduction in whole-body glucose
turnover despite normal insulin-stimulated glucose uptake and glucose
transporter expression in skeletal muscle. This effect is recapitulated in
mice lacking Akt in the adult muscle for 4 weeks, as M-indAktDKO
mice have normal insulin sensitivity in vivo in addition to normal insulin
stimulated glucose uptake in EDL muscle (Figures 5 and 6). Of note,
short-term inhibition of Akt in adult muscle resulted in insulin resis-
tance as assessed by insulin tolerance test (Figure 5), which is
consistent with the acute effects of small molecule Akt inhibitors on
insulin-stimulated glucose uptake [24]. Collectively, these data indi-
cate that Akt has a time-dependent effect on muscle insulin sensitivity
such that acute inhibition of Akt signaling either pharmacological or
genetically is necessary for insulin sensitivity, while a more chronic
reduction of Akt activity leads to the activation of a non-canonical
pathway for insulin-stimulated glucose uptake in Akt-deficient skel-
etal muscle.
It is worth noting that despite normal insulin sensitivity in vivo, M-
indAktDKO mice have a partial inhibition of glucose uptake in the
soleus but not EDL muscle ex vivo. This is dissimilar to M-AktDKO
mice, which display normal insulin-responsive glucose uptake
regardless of muscle depot. The reason for this fiber type specific
effect in the M-indAktDKO mice is unknown. Analysis from mixed
muscle of M-indAktDKO mice indicate normal levels of Glut-1 and Glut-
4 at the plasma membrane and in whole cell lysates of insulin injected
mice (Figure 6C). In addition, total levels of Glut-4 were
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indistinguishable in the soleus muscle from control and M-indAktDKO
mice (Supplemental Figure 7). However, we cannot exclude the pos-
sibility that in the soleus muscle of M-indAktDKO mice there is a
specific requirement for Akt for Glut-4 translocation that may
contribute to this partial decrease in glucose uptake. Nevertheless, this
modest reduction in glucose uptake in the soleus is not sufficient to
alter systemic glucose or insulin tolerance.
AMPK is a heterotrimeric serine/threonine kinase, activated in
response to low cellular energy and physical exercise. This increase in
AMPK activity is suggested to regulate glucose uptake in response to
exercise in an insulin-independent manner [36]. However, several lines
of evidence imply that prior AMPK activation regulates skeletal muscle
insulin sensitivity independently of changes in proximal insulin Akt
signaling [46,58]. Therefore, we hypothesized that AMPK activity is
required for insulin-stimulated glucose uptake independent of the
canonical Akt-AS160 pathway. Our data reveal that chronic ablation of
Akt induces mitochondrial dysfunction and subsequent activation of
AMPK. In the absence of Akt, AMPK becomes a dominant regulator of
insulin sensitivity in skeletal muscle. This is supported by the fact that
acute inhibition of AMPK with compound C or SBI-0206965 selectively
prevented insulin-stimulated glucose uptake in M-AktDKO but not in
control muscles (Figure 7 and Supplemental Figure 9C). Notably, a
series of physiological studies have also demonstrated the role of
glycogen availability on AMPK activity [59e61]. However, since
glycogen levels were not reduced in either M-AktDKO or M-indAktDKO
mice (Supplemental Figures 6 and 8), we believe that enhanced AMPK
activity in M-AktDKO muscles is a result of mitochondrial dysfunction
rather than glycogen depletion.
Activation of Akt and AMPK cause redistribution of the insulin-sensitive
glucose transporter isoform Glut-4 from intracellular storage vesicles
to the plasma membrane. The canonical model suggests that Akt
serves as an essential signaling molecule to regulate the process by
phosphorylating and inhibiting the Rab-GTPase-activating protein,
AS160, triggering the activation of Rab small GTPases that are required
for the translocation of Glut-4 to the plasma membrane [29]. Similarly,
Akt phosphorylates TBC1D1 (paralog of AS160), promoting Glut-4
translocation to the plasma membrane [62]. Phosphorylation of
AS160 is important for the trafficking of Glut-4 to the plasma mem-
brane as mice with a AS160/TBC1D4-Thr649Ala knock-in mutation
show a partial inhibition of glucose uptake in skeletal muscle yet
normal rates of glucose uptake in adipose tissue [28]. In both the
congenital and inducible models of Akt deficiency, pThr642 AS160 is
not phosphorylated by insulin in the absence of Akt (Figures 4D and
6D). Despite a lack of pThr642 phosphorylation, insulin was capable
of stimulating glucose uptake and this correlated with normal amounts
of Glut-4 expression and localization at the plasma membrane
(Figures 4 and 6). On the other hand, both M-AktDKO and M-
indAktDKO mice exhibit a significant reduction in the protein expres-
sion of TBC1D1, which is a negative regulator of Glut-4 translocation
(Figures 4D and 6D) [31]. Therefore, this reduction in TBC1D1 may
contribute to increased glucose uptake in M-AktDKO; however, this
reduction in total TBC1D1 protein alone is unlikely to be the only
mechanism since we do not see further reduction TBC1D1 protein
content upon insulin stimulation in Akt deficient muscles. In addition to
the Akt-dependent sites on AS160, AMPK activity is required for the
phosphorylation of AS160 at Ser 711 in response to insulin and Ser
231 of TBC1D1 in response to contraction [36]. Mechanistically,
activation of AMPK by prior contraction enhances insulin sensitivity in
part through Ser711 phosphorylation on AS160 [46]. Future studies
will be focused on defining the role of additional known and unknown
phosphorylation sites on AS160 and TBC1D1 to define the distal
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mechanisms linking this non-canonical activation of AMPK following
chronic Akt deficiency to the stimulation of glucose uptake and Glut-4
translocation by insulin.
In addition to the Rab GTPase-activating proteins AS160/TBC1D1, the
Rho GTPases, in particular Rac1, are involved in insulin-stimulated
glucose uptake and Glut-4 translocation in skeletal muscle [63].
Rac1 is activated by insulin in a PI3K-dependent manner [64]. Several
studies have reported both pharmacological inhibition and genetic
deletion of Rac1 attenuates insulin-stimulated Glut-4 translocation and
glucose uptake in response to insulin [64e66]. Mechanistically, Rac1
is thought to be involved in insulin-stimulated actin remodeling via
PAK-dependent and independent pathways [67,68]. Work from Sylow
and Klip et al. have suggested that Rac1 and Akt mediate insulin-
stimulated glucose uptake via parallel signaling mechanisms, as in-
hibition of Rac1 inhibits glucose uptake without affecting Akt activity
[64,66]. Sylow et al. report that inhibition of Akt with MK2206 prevents
insulin-stimulated Rac1 activation in both EDL and soleus muscle and
combined chemical inhibition of Akt and Rac1 had an additive effect on
reducing insulin-stimulated glucose uptake [64]. However, when
investigating the Akt-Rac1 interplay in the insulin-resistant whole-body
Akt2 knockout mice, the authors report a tissue specific effect on Rac1
activity by Akt, as insulin fails to stimulate Rac1 in the EDL but not
soleus muscles from Akt2 knockout mice [64]. In addition, acute
knockdown experiments for Akt2 performed by the Satoh group have
suggested Rac1 lies downstream of the PI3K-Akt signaling in the
regulation of glucose uptake by insulin in gastrocnemius muscle [69e
71]. Therefore, the molecular hierarchy and potential interplay between
Akt and Rac1 in skeletal muscle remain ill-defined. It will be of interest
to further define the functional role for Rac1 signaling acting down-
stream or in parallel to Akt and AMPK in the regulation of insulin-
stimulated glucose uptake in both normal and Akt-deficient muscle.
Collectively, the present study confirms that Akt signaling is required
for the anabolic effects of insulin on muscle growth in vivo. In addition,
we demonstrate that following chronic Akt ablation, AMPK activity is
induced in response to energetic stress, which serves as an important
regulator of insulin sensitivity in skeletal muscle. Since insulin-
stimulated glucose disposal in skeletal muscle is markedly impaired
in insulin-resistant states, these data imply that alterations in Akt
signaling alone are not sufficient to inhibit insulin-stimulated glucose
uptake in skeletal muscle in vivo. The cellular crosstalk between Akt
and AMPK in the regulation of muscle insulin sensitivity is of significant
interest and future work will be aimed at defining its role in the
physiological responses to insulin in skeletal muscle during normal and
insulin-resistant conditions.

3.1. Experimental procedures

3.1.1. Mice
The Akt2loxP/loxP mice and Akt1loxP/loxP, Akt2loxP/loxP were previously
described [15]. Floxed mice were crossed with mice carrying the Cre
recombinase driven by a skeletal muscle actin promoter, ACTA1-Cre
(Jackson Laboratory, stock number 006149) to generate knockout
mice and littermate controls that lack the HSA transgene. Male mice
between the age of 8e12 weeks were used for all experiments, except
for those as indicated. For skeletal muscle Akt deficiency in adult mice,
floxed mice were crossed to mice containing the Cre recombinase-
estrogen receptor fusion protein under the control of human ACTA-1
(HSA-ESR-CRE) (Jackson Laboratory, stock number 031934), allow-
ing tamoxifen-inducible Cre-mediated recombination. Floxed AKT mice
(8e12 weeks of age) for the indicated genotype that lack the HSA-
ESR-CRE transgene (M-indControl) or mice positive for the transgene
MOLECULAR METABOLISM 28 (2019) 1e13 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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(M-indAktDKO) were injected with tamoxifen IP (100 mg/kg) for 5
consecutives days to induce knockout. Experiments were performed 2
and 4 weeks later following the 5th day of tamoxifen. All mice ex-
periments were reviewed and approved by the University of Pennsyl-
vania IACUC in accordance with NIH guidelines.

3.1.2. Metabolic measurement
Ad libitum fed mice were used for measurements of blood
glucose using a glucometer (OneTouch Ultra, Lifescan). Insulin
measurements (Ultra-Sensitive Rat Insulin ELISA kit, Crystal Chem,
Inc.) were performed on plasma collected from mice ad libitum
fed or after an overnight fast and 15 min following a glucose
injection.

3.1.3. Muscle lysate and western blotting
Muscles frozen in liquid nitrogen were powdered on dry ice, then
transferred to cold RIPA buffer supplemented with protease inhibitor
cocktail tablets (Roche), and phosphatase inhibitor cocktail I and II
(Sigma). Cell lysates were homogenized using tissue homogenizer
(Fisherbrand� 150), incubated for 10 min on ice and centrifuged at
13,600 g for 30 min at 4 �C. Cleared lysates were then used to
determine total protein levels (BCA Protein Assay, Pierce). After dilution
with sample buffer, equal protein amounts were loaded onto SDS gels.
The antibodies used for blotting are as follows: From Cell Signaling:
Phospho-Akt (Ser473/474), pAMPK (Thr 172), AMPK, Akt (pan),
Phospho-Akt2 (Ser474), P-(S/T) Akt Substrate, Akt2, Akt3, S6 Ribo-
somal Protein, Phospho-S6 Ribosomal Protein (Ser240/244), Phospho-
PRAS40 (Thr 246), Phospho-4E-BP1 (Thr37/46), Phospho-Insulin Re-
ceptor (Tyr1150/1151), TOM20, Glut-4, Insulin receptor, Phospho-
AS160 (Thr642), AS160, HSP90; From Millipore: Glut-4; From
Abcam: Glut-1.

3.1.4. mRNA isolation and real time PCR
Total RNA was isolated from the frozen muscles using the RNeasy Plus
kit from Qiagen. cDNA was generated using MeMuLV reverse tran-
scriptase and quantitated for the relative expression of genes of in-
terest by real time PCR using the SYBR Green Dyeebased assay.

3.1.5. Glucose tolerance and insulin tolerance test
For glucose tolerance test, mice were fasted overnight and injected
with glucose IP (2 g/kg). Blood glucose was monitored by tail bleeding
at 0, 15, 30, 60, 120 min after glucose injection. For insulin tolerance
test, mice were fasted for 5 h then injected IP with insulin (0.75 U/Kg
body weight). Blood glucose levels were monitored by tail bleeding at
0, 15, 30, 45 and 60 min.

3.1.6. Hyperinsulinemiceeuglycemic clamp
Hyperinsulinemiceeuglycemic clamps were performed at the Mouse
Phenotyping, Physiology and Metabolism Core of the Diabetes
Research Center at the University of Pennsylvania School of Medicine
as previously described [72]. Human insulin was infused at the rate of
2.5 mU kg/min and blood glucose was maintained between 120 mg/dL
and 140 mg/dL by infusing 20% glucose at various rate. For in vivo
glucose uptake, mice were administered [14C]2-deoxyglucose during
the final 40 min of the hyperinsulinemic-euglycemic clamp and
muscles were harvested to determine the [14C] levels incorporated.

3.1.7. Ex vivo muscle glucose uptake
Glucose uptake was measured in EDL and soleus strips as previously
described [25]. Briefly, mice were fasted for 5 h following which EDL
and soleus muscles were incubated with resting tension in the KHB
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buffer containing 0.1% bovine serum albumin (BSA), 32 mM mannitol,
and 8 mM glucose with continuous gas supply (95% O2/5% CO2). For
inhibitor experiments, 1 mM wortmannin, 20 mM of compound C, or
1 mM SBI-0206965 were added to the incubation media for the last
30 min of pre-incubation. Following pre-incubation, muscles were
incubated under basal (BSA) or insulin-stimulated (15 mU/ml) for
15 min with the addition of [3H]-2-deoxyglucose (2DG) for the last
20 min. Following the wash step in the incubation media, muscles
were finally frozen in liquid nitrogen and were used for measurement
of 2DG transport.

3.1.8. Membrane fractionation
Plasma membrane fractionation of skeletal muscle was performed
using previously described technique [73]. Briefly, hindlimb muscles
were dissected, combined and minced in ice cold PBS with 10 mM
EDTA and 0.05% trypsin for 5 min, washed 3 times with PBS plus
10 mM EDTA and then homogenized in M1 buffer (0.25 M Sucrose,
1 mM EDTA, 10 mM TriseHCl (pH 7.4), with protease (Roche) and
phosphatase inhibitors (Sigma) using a tissue grinder (Thomas Sci-
entific). Homogenate was centrifuged at 1000 �g to remove nuclei
and unbroken cells and then at 16,000 �g to pellet mitochondria and
plasma membranes (F1). F1 was then resuspended in 0.5 mL of M1
buffer and loaded on 5e25% linear Ficoll gradient and centrifuged for
30 min at 28,000 rpm (SW. 55 rotor). The upper band containing the
plasma membrane was removed, diluted and washed 3 times with M1
buffer and re-centrifuged at 16,000.

3.1.9. WGA staining
Muscles frozen in tissue freezing O.C.T. Compound (Electron Micro-
scopy Sciences) in liquid nitrogen-cooled isopentane were cut into
10 mm cross-sections. Cross-sections were blocked in 4% BSA/PBS
for 60 min, and incubated with WGA for 30 min at 37 �C. Slides were
closed with Prolong without DAPI.

3.1.10. Mitochondrial respiration
Isolated mitochondria (150 mg) from gastrocnemius muscles were
resuspended in MiR05 respiration medium (110 mM mannitol, 0.5 mM
EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 60 mM K lac-
tobionate, 0.3 mM DTT, and 0.1% BSA [fatty acid free], adjusted to pH
of 7.1 with KOH) and oxygen consumption was measured using an
Oroboros Oxygraph-2k high-resolution respirometer. Real-time mito-
chondrial oxygen consumption rates were collected at 37 �C with
constant stirring. To measure state 2 respiration, 10 mM pyruvate and
5 mM malate was added. For state 3 respiration, 2 mM ADP was
added. To inhibit complex V after state 3 respiration, 1 mg/ml Oligo-
mycin was added.

3.1.11. ATP measurement
ATP levels were measured by the Metabolomics Core of the Diabetes
Research Center at the University of Pennsylvania as previously
described [72]. Briefly, frozen tissue samples were weighed and
ground at liquid nitrogen temperature with a Cryomill (Retsch,
Newtown, PA); samples were then extracted by adding 40:40:20
acetnitrile:methanol:water at �20 �C with 0.5% formic acid to the
powder and incubated at �20 �C for 10 min, followed by addition of
15% NH4HCO3 in H2O and centrifugation at 16,000 �g for 30 min at
4 �C. The supernatant was transferred to another tube and centri-
fuged at 16,000 �g for 30 min at 4 �C. The supernatant was taken
for LC-MS analysis. LC separation was achieved using a Vanquish
UHPLC system (Thermo Fisher Scientific, San Jose, CA) and an
Xbridge BEH Amide column (150 � 2 mm, 2.5 mm particle size;
10 MOLECULAR METABOLISM 28 (2019) 1e13 � 2019 The Authors. Published by Elsevier GmbH. T
Waters, Milford, MA) using two different solvents, Solvent A con-
sisting of water: acetonitrile (95:5) with 20 mM ammonium acetate
and 20 mM ammonium hydroxide at pH 9.4, and solvent B as
acetonitrile to form the gradient at 0 min, 90% B; 2 min, 90% B;
3 min, 75% B; 7 min, 75% B; 8 min, 70% B, 9 min, 70% B; 10 min,
50% B; 12 min, 50% B; 13 min, 25% B; 14 min, 25% B; 16 min, 0%
B, 21 min, 0% B; 21.5 min, 90% B; 25 min, 90% B and was allowed
to run for 25 min at a flow rate of 150 mL/min. For all experiments,
5 mL of extract was injected with column temperature at 25 �C. The
Q-Exactive Plus mass spectrometer was operated in both negative
and positive mode scanning m/z 70e1000 with a resolution of
140,000 at m/z 200. MS parameters were as follows: sheath gas flow
rate, 28 (arbitrary units); aux gas flow rate, 10 (arbitrary units); sweep
gas flow rate, 1 (arbitrary unit); spray voltage, 3.3 kV; capillary
temperature, 320 �C; S-lens RF level, 65; AGC target, 3E6 and
maximum injection time, 500 ms. Data analyses were performed
using MAVEN software which allowed for sample alignment, feature
extraction and peak picking. Extracted ion chromatogram for each
metabolite was manually examined to obtain its signal, using a
custom-made metabolite library.

3.1.12. Muscle glycogen analysis
Quadricep muscles from ad libitum fed mice were ground in liquid
nitrogen and total glycogen was extracted from 100 mg of muscle by
digesting tissue samples in KOH followed by digestion with amylo-
glucosidase at 40 �C for 2 h. The resulting free glycosyl units were
assayed spectrophotometrically using a hexokinase based glucose
assay kit (Sigma) as described previously [72].

3.1.13. Muscle triglyceride measurement
Quadricep muscles from ad libitum control or M-AktDKO mice were
homogenized in cell lysis buffer (CLB) and then diluted with CLB
resulting in homogenate at 25 mg/ml 20 ml of the sample was then
solubilized with 20 ml of 1% deoxycholate and incubated at 37 �C for
10 min. For triglyceride measurements, 200 ml of reagent (Infinity
triglyceride reagent, Thermo Scientific) was added and incubated for
10 min at 37 �C. The triglyceride content was determined using a
standard curve generated with triglyceride standard (Pointe Scientific)
as described previously [72].

3.2. Statistical analysis
All data are presented as means � S.E.M. The statistical analysis with
oneeway ANOVA was performed when more than two groups of data
were compared, with twoeway ANOVA when two conditions were
involved, and with student’s tetest when only two groups of data were
concerned. P < 0.05 was deemed to be significant.
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