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Protein kinase C (PKC)d has been shown to be in-
creased in liver in obesity and plays an important role
in the development of hepatic insulin resistance in both
mice and humans. In the current study, we explored the
role of PKCd in skeletal muscle in the control of insulin
sensitivity and glucose metabolism by generating mice
in which PKCd was deleted specifically in muscle using
Cre-lox recombination. Deletion of PKCd in muscle im-
proved insulin signaling in young mice, especially at low
insulin doses; however, this did not change glucose
tolerance or insulin tolerance tests done with pharma-
cological levels of insulin. Likewise, in young mice,
muscle-specific deletion of PKCd did not rescue high-
fat diet–induced insulin resistance or glucose intoler-
ance. However, with an increase in age, PKCd levels in
muscle increased, and by 6 to 7 months of age, muscle-
specific deletion of PKCd improved whole-body insulin
sensitivity and muscle insulin resistance and by 15
months of age improved the age-related decline in
whole-body glucose tolerance. At 15 months of age,
M-PKCdKO mice also exhibited decreased metabolic
rate and lower levels of some proteins of the OXPHOS
complex suggesting a role for PKCd in the regulation of
mitochondrial mass at older age. These data indicate an
important role of PKCd in the regulation of insulin sen-
sitivity and mitochondrial homeostasis in skeletal mus-
cle with aging.

Protein kinase C (PKC) is a family of serine/threonine
kinases that play important roles in many cellular
signaling events, including cell growth, differentiation,
apoptosis, and hormonal responses. PKCs are classified
into three major categories: conventional PKCs (a, bI, bII, g),

novel PKCs (d, e, n, u), and atypical PKCs (z, i, l) (1–3). A
number of PKC isoforms have been implicated in both
insulin action (4,5) and insulin resistance (6,7). Activation
of conventional and novel PKCs by insulin, hyperglyce-
mia, and lipids, especially diacylglycerol, has been shown
to lead to insulin resistance (7–9). PKCd is a member of
the novel family of PKC proteins and is involved in many
pathological conditions, including ischemic heart disease
(10,11) and cancer (12).

PKCd has also been implicated in insulin action and
insulin resistance (4,5,13–16). While in vitro studies have
suggested that PKCd plays a positive role in insulin-
stimulated glucose uptake in muscle (4,5), animal studies,
especially those focusing on liver, have indicated that PKCd
is a major contributor to hepatic insulin resistance (17).
In previous studies using genome-wide scanning to com-
pare the diabetes/obesity-prone C57BL/6J (B6) mice and
diabetes/obesity-resistant 129S6/Sv (129) mice, we identi-
fied PKCd as strongly linked to the development of in-
sulin resistance (15). Mice with liver-specific reduction
in PKCd gene expression display increased hepatic insulin
sensitivity, improved glucose tolerance, and reduced hepatic
lipid accumulation, while mice with liver-specific overexpres-
sion of PKCd develop hepatic insulin resistance, fatty liver,
and glucose intolerance (17). However, the contribution of
muscle-derived PKCd in the development of insulin resis-
tance in vivo has not been explored.

Skeletal muscle is the predominant site of insulin-
stimulated glucose uptake in the postprandial state.
Insulin resistance in muscle is one of the characteristic
features of type 2 diabetes and has been shown to exist in
genetically susceptible individuals years prior to the onset
of clinical diabetes (18). As noted above, in vitro studies
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have suggested a positive role of PKCd in insulin-stimulated
glucose uptake performed in skeletal muscle cells (4,5).
Aging is associated with many metabolic changes including
lipid accumulation and the development of insulin resis-
tance (19,20). These changes lead to increased prevalence
of diabetes and metabolic syndrome beginning in middle-
aged individuals and increasing thereafter. In the current
study, we explored the role of PKCd on muscle insulin
sensitivity in relation to diet and age by generating mice
in which the PKCd gene has been specifically deleted in
skeletal muscle using Cre-lox recombination. We found
that while PKCd does not appear to play a role in muscle
insulin resistance associated with diet-induced obesity,
PKCd does play a role in the onset of insulin resistance
in muscle as the mice enter middle age. Thus, PKCd levels
in muscle increase with age, and muscle-specific deletion of
PKCd improves whole-body insulin sensitivity, reverses
whole-body glucose intolerance, and improves muscle in-
sulin signaling in middle-aged mice. Hence, PKCd is a com-
ponent of insulin resistance as mice mature/age, suggesting
its potential as a therapeutic target for type 2 diabetes.

RESEARCH DESIGN AND METHODS

Animals
PKCd-floxed (control) and muscle creatine kinase–Cre
transgenic (M-PKCdKO) mice have been previously described
(17,21). All mice were housed in a 20–22°C temperature-
controlled room on a 12-h light and dark cycle and were
allowed ad libitum access to water and food. Animals were
maintained on a standard chow diet (CD) containing 22%
calories from fat (Mouse Diet 9F 5020; PharmaServ), or
given a high-fat diet (HFD) containing 60% calories from
fat (OpenSource Diet D 12492; Research Diets). All animal
studies were performed according to protocols approved by
the Institutional Animal Care and Use Committee (Joslin
Diabetes Center).

Metabolic Studies
For the glucose tolerance test, mice were fasted overnight
and injected with glucose (2 g/kg body wt i.p.). In-
traperitoneal insulin tolerance tests were performed in
the mice after 4 h fasting, and insulin was given (1 mU/g
body wt i.p.). Glucose levels were measured in blood
collected from the tail at the indicated times using Infinity
glucose monitors and strips (US Diagnostics). Serum insulin
levels were assessed by ELISA according to the manufac-
turer’s recommendation (Crystal Chem).

Body Composition and Metabolic Analysis
Body composition was measured using DEXA scanning (Lunar
PIXImus2 densitometer; GEMedical Systems) after anesthesia
using Avertin (tribromoethanol:tert-amyl alcohol, 0.015 mL/g
i.p.). Mice were housed individually and assessed for metabolic
activities using an OPTO-M3 sensor system (Comprehensive
Laboratory Animal Monitoring System [CLAMS]; Columbus
Instruments, Columbus, OH). Food intake, spontaneous activ-
ity, volume of oxygen consumption, and volume of CO2 pro-
duction were measured over a 48-h light and dark cycle.

Mitochondrial Isolation and Oxygen Consumption Rate
Analysis
Mitochondria were isolated and purified from hindlimb
muscle using a protocol modified from one previously
described (22). Briefly, 0.5 g hindlimb skeletal muscle was
excised and digested in a buffer containing dispase (1 mg/g
muscle weight) and trypsin (10 mg/g muscle weight) for
10 min on ice. The tissue pieces were homogenized using
a Potter-Elvehjem homogenizer and centrifuged at 600g
for 10 min at 4°C. The supernatant containing the mi-
tochondrial fraction was filtered through cheese cloth
and centrifuged at 14,000g for 10 min at 4°C. The pellet
was resuspended and washed two more times in wash
buffer (100 mmol/L KCl, 50 mmol/L Tris HCl, 1 mmol/L
MgCl2, 0.2 mmol/L EDTA, and 0.2 mmol/L ATP, pH 7.4)
to get the final mitochondrial pellet. Isolated mitochon-
dria were diluted in the Mitochondrial Assay Solution
(70 mmol/L sucrose, 220 mmol/L mannitol, 10 mmol/L
KH2PO4, 5 mmol/L MgCl2, 2 mmol/L HEPES, 1.0 mmol/L
EGTA, and 0.2% fatty acid–free BSA, pH 7.2) supplied
with 10 mmol/L pyruvate/2 mmol/L malate or 40 mmol/L
palmitoyl-carnitine/0.5 mmol/L malate. Oxygen consump-
tion rate (OCR) was measured using a Seahorse Bioscience
XF24 analyzer in the absence (basal) or presence (state 3)
of 400 mmol/L ADP. ADP-independent respiration activity
(state 4) was measured in the presence of 2 mmol/L oligo-
mycin. Protein concentrations were measured using the
Bradford method (Bio-Rad).

Hyperinsulinemic-Euglycemic Clamp
Insulin sensitivity was measured in the mice at 6 months
of age by performing hyperinsulinemic-euglycemic clamp
coupled with D-[3-3H]glucose and 14C-deoxyglucose infu-
sions as previously described (23). Whole-body insulin sen-
sitivity and muscle-specific glucose uptake were measured
using a continuous insulin infusion dose of 5 mU/kg/min
and a constant level of blood glucose at 100 mg/dL during
the clamp. Whole-body insulin sensitivity was expressed as
GIR, which was determined by the level of exogenous glu-
cose infusion to maintain blood glucose levels as the initial
levels during the clamp. Insulin-stimulated glucose uptake
into the muscle was assessed during the final 45 min of the
hyperinsulinemic-euglycemic clamp.

In Vivo Insulin Signaling, Western Blot, and Reactive
Oxygen Species/Reactive Nitrogen Species Assay
After 6 h of fasting, mice were anesthetized using Avertin
(240 mg/kg body wt) and injected with regular human
insulin (Novolin) at the doses of either 200 units/kg body
wt or 20 units/kg body wt via the inferior vena cava.
Muscles were dissected 10 min after the insulin bolus and
frozen in liquid nitrogen. For Western blot analysis,
muscles were homogenized in RIPA buffer (Thermo Scien-
tific) supplemented with phosphatase inhibitor and pro-
tease inhibitor cocktail (Sigma-Aldrich). Antibodies against
phospho-Akt, phospho–extracellular signal–related kinase
(ERK), phospho-insulin receptor (IR)b, Akt, ERK, and voltage-
dependent anion channel (VDAC) were purchased from
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Cell Signaling Technology. Antibodies against PKCd, IRb, and
GAPDH were purchased from Santa Cruz Biotechnology.
The phospho–insulin receptor substrate (IRS)-1 antibody
was purchased from Invitrogen, antibody against IRS-1
was purchased from BD Biosciences, and antibodies against
OXOPHOS proteins (mitochondrial complex I, II, and IV)
were from Abcam. For muscle fractionation, cytoplasmic
and membrane protein was collected from skeletal muscle
using a plasma membrane protein extraction kit (ab65400;
Abcam). Muscle oxidative levels were determined by a spec-
trofluorimetric method using the OxiSelect in vitro ROS/
RNS Assay kit (STA-347; Cell Biolabs).

Ex Vivo Glucose Uptake
Muscle glucose uptake was measured as previously described
(24,25). Briefly, extensor digitorum longus (EDL) and soleus
muscles were dissected from 7-month-old control and
M-PKCdKO mice and incubated in Krebs-Ringer bicarbonate
buffer that contains 2 mmol/L pyruvate for 1 h in the pres-
ence or absence of 2.5 mU/mL insulin. Muscles were then
transferred to transport solution in Krebs-Ringer bicarbon-
ate buffer with 7 mmol/L 14C-D-mannitol and 1 mmol/L
[3H]2-deoxyglucose (2-DG) with or without insulin. Accu-
mulation of [3H]2-DG was determined, and rates of up-
take were calculated as described previously (24).

Exercise Capacity and Muscle Grip Strength Tests
Maximal exercise tolerance was measured in 7-month-old
mice using a treadmill running protocol, modified from
the previously described assay (26). In brief, mice were
given 30 min to acclimate to the treadmill (Columbus
Instruments, Columbus, OH). They then exercised at
5 m/min at 0° incline for 5 min, and after each interval
(5 min) the speed was increased by 5 m/min until reach-
ing 20 m/min with 0° incline. The slope was then in-
creased 5 degrees every 5 min while maintaining the speed
at 20 m/min until the last mouse reached the exhaus-
tion point. Maximal exercise tolerance was determined by
the cumulative amount of work (kJ) that each mouse
performed, calculated as body weight (kg) 3 vertical dis-
tance covered (m) 3 9.81. Muscle strength of the forelimbs
of each mouse was measured using a Grip Strength Meter
(Columbus Instruments) as described previously (27). In brief,
each mouse was held from the tip of its tail and the front
paws grasped the grid. The grip was released when the mouse
was pulled back gently. Hindlimbs were kept free during the
test. Each animal was tested three times with a 5-min break
between each measurement.

Muscle Fiber Purification
Mice were perfused with saline via the left ventricle. Single
tibialis anterior (TA) muscle fibers were isolated with fine
forceps under a bright-field microscope after perfusion. Isolated
fibers were homogenized and processed as described above,
and PKCd protein expression was measured by Western blot.

Gene Expression Analysis
Total RNA was extracted from tissues using Trizol. RNA
(1 mg) was reverse transcribed using a high-capacity

complementary DNA reverse transcription kit (Applied
Biosystems) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed in 5 mL of the
resulting cDNA after a 10-fold dilution in the presence of
the SYBR Green PCR Master Mix (Applied Biosystems)
and 300 nmol/L primers. PCR reactions were run in du-
plicate in the ABI Prism 7700 Sequence Detection System,
and Ct values were normalized to GAPDH gene levels.
PKCd primer sequence is as follows: F, 59-CAGCCTTT
CTGTGCTGTGAA-39; R, 59-CTGGATAACACGGCCTTCAT-39.
GAPDH primer sequence is as follows: F, 59-TGTCGTGGAG
TCTACTGGTGTCTT239; R, 59-TCTCGTGGTTCACACCCATC
ACAA-39.

Statistics
Data are expressed as mean 6 SEM. Differences were
analyzed using an unpaired Student t test, one-way
ANOVA, or two-way ANOVA. One-way ANOVA was fol-
lowed by the Tukey multiple comparison post hoc test,
and two-way ANOVA was performed using the Bonferroni
multiple comparison posttest. Statistical calculations were
performed using the GraphPad Prism software (Graph-
Pad, San Diego, CA). A probability value of ,0.05 was
considered significantly different.

RESULTS

Muscle PKCd Expression Increases in B6 Mice as They
Age but Not in Response to HFD
Aging and obesity are two major causes of insulin
resistance and diabetes (28). We first assessed whether
PKCd expression was regulated in mice by dietary insult
or during aging. PKCd protein levels in muscle increased
significantly in an age-dependent manner, increasing to
165% and 170% of the 10-week-old level at 8 months and
15 months of age, respectively (Fig. 1A). In contrast to
our previous studies, which showed increased hepatic
PKCd expression in response to HFD (17), muscles from
mice challenged with an HFD for 10 weeks displayed a re-
duction in PKCd protein levels by 50% (Fig. 1B and C).

Mice With Muscle-Specific PKCd Deletion Display
Improved Insulin Signaling at 10 Weeks of Age
Previous in vitro studies suggested an important role for
PKCd in insulin-stimulated glucose uptake in muscle (4,5),
while in vivo studies indicated a role for PKCd in liver
leading to insulin resistance (14,16,17). To assess the true
metabolic role of PKCd in muscle in vivo, we generated
a mouse in which the PKCd gene was deleted specifically
in muscle by breeding mice in which exon 2 of PKCd was
flanked with loxP sites with mice carrying the Cre recom-
binase gene driven by the muscle creatine kinase pro-
moter (17,29). The resultant M-PKCdKO mice exhibited
remarkable decreases of PKCd mRNA levels in TA (74%),
quadriceps (82.6%), gastrocnemius (79%), and EDL (65%)
muscles (all P, 0.05) (Fig. 2A). Likewise, a 70% reduction
of PKCd protein levels was observed in TA muscle fibers
purified from M-PKCdKO mice (Fig. 2B). At 10 weeks of
age, M-PKCdKO mice did not show differences in body
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weight or body composition (i.e., fat and lean mass) as
assessed by DEXA compared with control littermates
(Supplementary Fig. 1A). Furthermore, at sacrifice, no dif-
ferences in body weight or muscle weights were observed
(data not shown). Muscle fiber size (data not shown) and
gene expression of myosin—proteins that define fiber
type—remained unchanged (Supplementary Fig. 1B). In-
traperitoneal glucose tolerance tests (GTTs) performed at
10 weeks of age revealed no difference between the M-
PKCdKO and control mice with the exception of a small,
but significant, decrease in glucose levels at 60 min in M-
PKCdKO mice (Fig. 2C and Supplementary Fig. 1C). Like-
wise, intraperitoneal insulin tolerance tests demonstrated
no difference in the insulin-mediated reduction of glucose
levels between knockout and control mice (Supplementary
Fig. 1D), and plasma insulin levels in both the fasted and
fed states were unchanged (Supplementary Fig. 1E).

However, insulin signaling, especially at low insulin
doses, was improved in M-PKCdKO mice. Thus, after in-
jection of insulin (20 units/kg body wt) into the vena cava
of 10-week-old mice, phosphorylation of IR in TA muscle
was increased by 2.1-fold in M-PKCdKO mice compared
with control (Fig. 2D and E). Likewise, insulin-stimulated

phosphorylation of AKT and ERK was increased by 1.5-fold
and 1.4-fold in M-PKCdKO mice compared with controls.
Interestingly, when insulin was injected at a higher dose
(200 units/kg body wt), no difference was observed between
control and M-PKCdKO mice, suggesting saturation of in-
sulin receptor signaling (Supplementary Fig. 1F and G) at
the high dose.

HFD-Induced Glucose Intolerance and Muscle Insulin
Resistance Are Not Prevented by PKCd Deletion in
Muscle
Previous studies have shown that PKCd is increased in the
liver of HFD-induced obese mice and that PKCd plays an
important role in liver in HFD-induced insulin resistance
(17). To assess the role of PKCd in muscle on HFD-induced
insulin resistance, we placed 5-week-old M-PKCdKO and
control mice on either an HFD (60% fat by calories) or

Figure 1—Effect of aging and HFD on PKCd muscle expression in
wild-type B6 mice. A: PKCd protein content in triceps muscle of
10-week-old, 8-month-old, and 15-month-old wild-type B6 mice
as measured by Western blot analysis (n = 8 per group). PKCd
mRNA expression (B) and protein content (C) in TA muscle of
3-month-old wild-type B6 mice fed either a CD or an HFD for
10 weeks. A representative Western blot is shown in Fig. 3C.
Data are mean 6 SEM. n = 8. *P < 0.05 vs. 10 weeks by one-way
ANOVA; ‡P < 0.05 vs. CD by Student t test. M, month; W, week.

Figure 2—Glucose tolerance and muscle insulin signaling are nor-
mal in muscle-specific PKCd knockout mice at 10 weeks of age. A:
PKCd mRNA expression in TA, quadriceps (Quad), gastrocnemius
(Gastro), EDL, and soleus muscles from Lox and M-PKCdKO mice.
B: Representative Western blots and densitometric quantification of
PKCd in the purified TA muscle fibers of Lox and M-PKCdKO
mice with quantification below. C: Intraperitoneal glucose toler-
ance tests were performed in Lox and M-PKCdKO mice. D: Western
blot analysis of insulin signaling pathway in skeletal muscle of Lox and
M-PKCdKO mice after insulin injection (20 units/kg body wt i.v.).
E: Densitometric analysis of IR, IRS-1, AKT, and EKR phosphorylation
from D after insulin stimulation. □, Lox mice; ■, M-PKCdKO mice.
Data are means 6 SEM. n = 6–8 per group in panels A–C, and n = 4
per group for panels D and E. ‡P < 0.05 by Student t test.
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CD (22% fat by calories) and followed them for 10 weeks.
During this time, control mice on CD gained 52% above
their starting body weight, and those on HFD gained al-
most twice as much (Fig. 3A). Body composition as
assessed by DEXA at the end of the diet period revealed
that the M-PKCdKO mice on CD had a tendency to have
a greater lean mass than controls (Supplementary Fig. 2A),
but this did not quite reach statistical significance. After 10
weeks of HFD, both control and M-PKCdKOmice had a sim-
ilar twofold increase in fat mass (Supplementary Fig. 2B).

To determine whether this difference in body weight
and composition was associated with a change in energy
balance, we monitored the metabolic activities of the
M-PKCdKO and control mice using metabolic cages.
M-PKCdKO mice displayed food intake similar to that

of control mice (Supplementary Fig. 2C) but showed
a trend toward increased spontaneous activity during
the light phase (Supplementary Fig. 2D). The OCR and
respiratory exchange ratio were not different between
M-PKCdKO and control mice (Supplementary Fig. 2E
and F). Despite the higher spontaneous activity,
M-PKCdKO mice showed no difference in the expression
of genes that mark muscle fiber type (myosin IIa, myosin
IIx, and myosin IIb) or differentiation (myoD1 and myf5)
on both CD and HFD (Supplementary Fig. 2G).

Fasting plasma glucose levels were unchanged between
control and M-PKCdKO mice on either CD or HFD (Sup-
plementary Fig. 3A). Control mice fed an HFD for 10
weeks showed a twofold increase in plasma insulin levels,
and insulin levels were further increased by ;40% in
M-PKCdKO mice on both chow and HFD diet compared
with control (Fig. 3B). Both control and M-PKCdKO mice
showed impaired glucose tolerance on HFD (Supplemen-
tary Fig. 3B) and higher levels of glucose throughout the
insulin tolerance test (Supplementary Fig. 3C) with no
differences between control and M-PKCdKO mice. As
expected, HFD challenge in control mice resulted in re-
duced muscle insulin signaling with decreased levels of
IRS-1 tyrosine phosphorylation and AKT serine phosphor-
ylation (Fig. 3C), even when stimulated with insulin at
a dose of 200 units/kg body wt. The reduction in insulin
signaling, however, was not affected by PKCd deletion in
muscle. Consistent with the data shown in Fig. 1, Western
blot analysis revealed that PKCd expression in muscle was
reduced by HFD treatment by 50% in control mice. Since
PKCd activation is associated with translocation to cell
membranes (30), we determined the amount of PKCd pro-
tein associated with the membrane fraction in muscle of
control and M-PKCdKO mice on both diets. The ratio of
membrane to cytosolic fraction of PKCd was increased by
54% on HFD in control mice, consistent with the increased
activation of PKCd by HFD. Compared with control,
M-PKCdKO mice demonstrated a 56% decrease in the ratio
of membrane to cytosolic fraction of PKCd on CD and a 70%
decrease in the ratio on HFD (Fig. 3D). No differences were
found in the levels of the reactive oxygen species (ROS) and
reactive nitrogen species (RNS) between M-PKCdKO and
control mice on CD or HFD (Supplementary Fig. 3D).

Insulin Sensitivity and Glucose Tolerance Are
Improved in M-PKCdKO Mice at 6–7 Months of Age
This increase was associated with a trend toward in-
creased uptake of 14C-deoxyglucose in the skeletal muscles
(TA, EDL, soleus, and quadriceps) of the M-PKCdKO mice
(Fig. 4B). When insulin-stimulated glucose uptake was
assessed ex vivo in soleus and EDL muscle strips, the
M-PKCdKO mice also displayed a trend to increased glu-
cose uptake, with 44–47% increases of insulin-stimulated
[3H]2-DG uptake into isolated EDL and soleus muscles
(Supplementary Fig. 4A and Fig. 4C). This was associated
with significant 21–25% reductions in glucose levels at 60
and 90 min during intraperitoneal GTT in 7-month-old

Figure 3—Muscle-specific knockout of PKCd does not alleviate HFD-
induced muscle insulin resistance. A: Body weight changes of Lox and
M-PKCdKO mice fed either a CD or an HFD from 5 to 16 weeks (wks)
of age (n = 10 per group). B: Insulin levels were measured in 4-month-
old Lox and M-PKCdKO mice fed either a CD or an HFD (n = 6–8 per
group). C: Western blot analysis of insulin signaling in TA muscle of Lox
and M-PKCdKO after insulin injection (200 units/kg body wt i.v.). D:
Western blot of PKCd protein in cytoplasmic (cyto) and membrane
(MEM) fractions of gastrocnemius muscle from Lox and M-PKCdKO
mice fed either a CD or an HFD. □, Lox mice; ■, M-PKCdKOmice.
Data are means 6 SEM. *P < 0.05 by two-way ANOVA in A (CD-
treated control vs. HFD-treated control mice) and B.
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M-PKCdKO mice (Fig. 4D and Supplementary Fig. 4B).
Insulin secretion at 0, 15, and 30 min during GTT was
unchanged in M-PKCdKO mice (Fig. 4E), and intraperito-
neal insulin tolerance tests demonstrated no difference
in the insulin-mediated reduction of glucose levels be-
tween M-PKCdKO and control mice (Supplementary
Fig. 4C). Assessment of maximal exercise capacity and
forelimb grip strength revealed no differences between
age-matched control and M-PKCdKO mice (Supplemen-
tary Fig. 5A and B).

Glucose Intolerance and Insulin Resistance Are
Alleviated by Muscle-Specific PKCd Deletion at
15 Months of Age
At 15 months of age, muscle-specific PKCd deletion led to
a marked improvement of glucose tolerance with a 28%
decrease in AUC (P , 0.05) (Fig. 5A). As in the younger
animals, this improved glucose tolerance was not associ-
ated with changes in serum insulin levels in the fasted or
fed state (Supplementary Fig. 7A). To determine whether
the improvement of glucose tolerance was related to im-
proved muscle insulin sensitivity in old M-PKCdKO mice,
we measured insulin signaling in the TA muscle from
older control and M-PKCdKO mice at 15 months of age.
At this age, after high-dose (200 units/kg body wt i.v.)

insulin injection, phosphorylation of AKT on serine 473
was increased by 3.5-fold, with parallel changes in ERK
phosphorylation in M-PKCdKO muscle compared with
controls (Fig. 5B and C).

To determine whether deletion of PKCd in muscle
could prevent the age-related decline in insulin signaling,
we compared insulin-medicated AKT and ERK phosphor-
ylation in muscle from control and M-PKCdKO mice at
different ages. Compared with 10-week-old mice, control
mice at 15 months of age exhibited a 68% reduction in
insulin-stimulated AKT serine 473 phosphorylation,
which was prevented in M-PKCdKO mice (Fig. 5D and
E). This correlated with increased protein levels of PKCd
in muscle as the mice aged (Supplementary Fig. 6). Thus,
compared with control mice, M-PKCdKO mice exhibited
age-dependent decreases in PKCd protein levels, de-
creasing by 30% and 75% at 4 and 15 months of age,

Figure 4—Muscle-specific knockout of PKCd improves whole-
body insulin sensitivity and glucose tolerance at 6 to 7 months
of age. GIR (A) and insulin-stimulated 14C-deoxyglucose up-
take (B) were measured during hyperinsulinemic-euglycemic
clamps in 6-month-old M-PKCdKO mice (n = 3–7). C: Rates
of [3H]2-DG uptake into soleus muscles in the presence or ab-
sence of 2.5 mU/mL insulin (n = 4–5). Intraperitoneal GTT (D),
and insulin secretion during GTT (E ) at 0, 15, and 30 min (n = 5).
□, Lox mice;■, M-PKCdKOmice. Data are mean6 SEM. ‡P< 0.05
by Student t test.

Figure 5—Glucose tolerance and muscle insulin signaling are im-
proved in M-PKCdKO mice at 15 months of age. A: Intraperitoneal
GTTs were performed in 15-month-old Lox and M-PKCdKO mice
(n = 12 per group), and area under the curve was measured. B:
Insulin signaling was analyzed in TA muscle of 15-month-old Lox
and M-PKCdKO mice by Western blot after insulin injection
(200 units/kg body wt i.v.). C: Insulin-stimulated phosphorylation
of the insulin receptor, AKT, and ERK after insulin stimulation
were quantified by densitometric analysis. D: Representative West-
ern blot of insulin signaling from TA muscles of Lox and M-PKCdKO
mice at 10 week, 4 months, and 15 months of age. E: Densitometric
analysis of insulin-stimulated AKT and ERK phosphorylation at
10 weeks and 15 months of age. □, Lox mice; ■, M-PKCdKO mice.
Data are mean 6 SEM. ‡P < 0.05 by Student t test; *P < 0.05 by
two-way ANOVA. M, month; W, week.
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respectively. The residual protein levels PKCd may repre-
sent an incomplete rearrangement of the floxed alleles in
a small subset of myofibers or, more likely, the presence
of other cells types such as satellite cells, adipocytes, en-
dothelial cells, and fibroblasts (21). Indeed, isolated endo-
thelial cells exhibited 15-fold higher levels of PKCd mRNA
expression compared with skeletal muscle (Supplemen-
tary Fig. 6B and C) when normalized to GAPDH. This
high level of PKCd expression in endothelial cells likely
accounts for the residual expression of PKCd observed in
both the whole tissue lysates and the isolated muscle
fibers.

Impact of Muscle-Specific PKCd Deletion on Body
Composition and Energy Expenditure at 15 Months of
Age
Metabolic assessment was performed in M-PKCdKO and
control mice at 15 months of age. While the total body
and muscle weight did not change (data not shown),
DEXA analysis at this age revealed that M-PKCdKO
mice had 10% less total fat and 9% less visceral fat com-
pared with control mice (Fig. 6A and B). Furthermore, M-
PKCdKO mice had a 16.5% increase in the ratio of lean
mass to fat mass compared with control mice (Fig. 6C).

Gene expression of muscle fiber type markers and
markers of differentiation indicated that there was no
change in the characteristics of muscle from older M-
PKCdKO mice (Supplementary Fig. 7B). CLAMS meta-
bolic cage analysis revealed that while M-PKCdKO mice
showed food intake and activity similar to those of con-
trol mice (Supplementary Fig. 7C and D), oxygen con-
sumption and CO2 production normalized to lean body
mass in older M-PKCdKO mice were reduced signifi-
cantly by 10% and 11%, respectively, during the light
cycle. A similar trend was also observed during the
dark cycle (Fig. 6D and E). Respiratory exchange ratio
was not different between the two genotypes (Supple-
mentary Fig. 7E).

To investigate the mechanism by which muscle-
specific PKCd deletion leads to decreased oxygen con-
sumption, we isolated mitochondria from 15-month-old
M-PKCdKO and control mice and measured their met-
abolic capacity using different substrates in the absence
(basal) or presence of ADP (state 3). In the presence of
pyruvate/malate (PDH and complex I substrate), the
addition of ADP increased the OCR by 1.6-fold over
basal in mitochondria isolated from older control
mice, and mitochondria of age-matched M-PKCdKO
mice displayed a similar change (Supplementary Fig.
7F). Likewise, in the presence of palmitoyl-carnitine/
malate (b-oxidation substrate), both control and M-
PKCdKO mice displayed a 2.2-fold increase in the
OCR in state 3 compared with the basal state (Supple-
mentary Fig. 7G). The respiratory control ratio (state 3/
state 4), an index of mitochondrial coupling, was also
similar between control and M-PKCdKO mice in the
presence of either pyruvate/malate or palmitoyl-carnitine/
malate (Supplementary Fig. 7H). Protein levels of the
VDAC were decreased by 80% and levels of complex I
subunit also trended to be decreased in 15-month-old
M-PKCdKO mice compared with control littermates
(Supplementary Fig. 8A and B). Compared with 10-
week-old mice, the ROS and RNS levels in muscle
were significantly increased by 19% in 15-month-old
control mice (Fig. 6F). Together, these data suggest
a role for PKCd in the regulation of mitochondrial ho-
meostasis at older age.

DISCUSSION

We previously demonstrated an important role of PKCd
in the regulation of hepatic insulin sensitivity and hepato-
steatosis in both mice and humans (17). Indeed, PKCd
levels in liver are higher in strains of mice that are
susceptible to diet-induced obesity and insulin re-
sistance. Overexpression of PKCd in liver of mice in-
creases insulin resistance, and liver-specific knockout
of PKCd in mice challenged with HFD improves insulin
sensitivity and glucose tolerance. On the other hand,
previous studies with myoblasts and myotubes in vitro
indicate that PKCd may play a different role in muscle
serving as a positive regulator of insulin signaling

Figure 6—Impact of muscle-specific deletion of PKCd on body
composition and energy expenditure at 15 months of age. Total
fat and lean mass (A), percentage of visceral fat (VS) and subcuta-
neous fat (SQ) per body weight (B), and ratio of lean mass to fat
mass (C) were assessed by DEXA in 15-month-old Lox and M-
PKCdKO mice (n = 12 per group). Oxygen consumption (D) and CO2

production (E ) measured in Lox and M-PKCdKO mice over 48 h in
CLAMS metabolic cages (n = 12 per group). F: ROS and RNS were
measured in TA muscles of Lox and M-PKCdKO mice at 10 weeks
and 15 months of age. □, control mice; ■, M-PKCdKO mice. Data
are mean 6 SEM. ‡P < 0.05 by Student t test. *P < 0.05 by two-
way ANOVA. M, month; hr, hour; W, week.
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(4,5,31). Moreover, overexpression of PKCd in primary
muscle cells has been shown to increase GLUT4 trans-
location and glucose uptake in the basal state, and phar-
macological inhibition of PKCd caused downregulation
of insulin-induced GLUT4 translocation and glucose up-
take (5). In cultured muscle cells, insulin stimulation has
also been shown to lead to a direct association of PKCd
with the insulin receptor, with enhanced insulin-induced
tyrosine phosphorylation and insulin receptor inter-
nalization (31). In Psammomys obesus, exercise also in-
creases PKCd levels in muscle and insulin receptor
phosphorylation (32,33).

In the current study, we investigated the role of
PKCd in skeletal muscle insulin action and whole-body
insulin sensitivity by creating an M-PKCdKO mouse.
We found that at a young age, muscle insulin signaling
was improved in M-PKCdKO mice when stimulated
with a low dose of insulin of 20 units/kg body wt but
was not changed at maximal doses (200 units/kg body
wt), consistent with improved insulin sensitivity with
no change in maximal response. Despite the increased
signaling in M-PKCdKO muscle at the lower dose, de-
creased PKCd level in muscle had no effect on whole-
body glucose tolerance in mice placed on either CD or
HFD. However, at 6 months of age M-PKCdKO mice
demonstrated an improvement in whole-body insulin
sensitivity as measured during a hyperinsulinemic-
euglycemic clamp. At 15 months of age, muscle-specific
deletion of PKCd in mice improved muscle insulin sig-
naling and resulted in a significant improvement in
glucose tolerance. The improvement in insulin sensitiv-
ity and glucose tolerance was also accompanied by
a shift toward a “leaner” body composition in the older
M-PKCdKO mice with less fat, especially visceral fat,
and a higher ratio of lean to fat mass. Since the accu-
mulation of visceral fat is an important contributor to
the development of diabetes and insulin resistance
(18,28), it is possible that the decreased visceral fat
observed in old M-PKCdKO mice plays a role in the
improved insulin sensitivity and glucose tolerance.
These data also suggest a crosstalk between muscle
and fat, similar to that previously observed when the
insulin receptor was deleted from muscle (MIRKO
mouse) but in the opposite direction; i.e., in MIRKO
mice, fat mass is increased (34). One reason for the
different responses observed in M-PKCdKO mice at dif-
ferent ages is the increase in PKCd expression in muscle
as the mice progressed in age. Indeed, PKCd protein
levels in muscle increase by 70% as the mice mature
from 10 weeks to 15 months of age. Many previous in
vitro studies have shown that upon exposure to ROS,
PKCd is upregulated and activated to initiate important
cellular responses (35,36). Indeed, at 15 months of age
mice demonstrated a 19% increase of ROS/RNS levels
in skeletal muscle compared with younger cohorts, sug-
gesting that the accumulation of ROS during the aging
process may contribute to the increased levels of PKCd.

Previous studies have shown that PKCd plays impor-
tant roles in the regulation of mitochondrial mass and
mitochondrial metabolism (37–39). Indeed, markers of
mitochondrial mass, such as VDAC protein and mitochon-
drial complex I protein, were decreased in 15-month-old
M-PKCdKO mice. M-PKCdKO mice also displayed a 10%
reduction in oxygen consumption at the whole-body level
compared with controls. To see whether loss of PKCd
impairs mitochondrial function, we determined OCRs in
isolated mitochondria from M-PKCdKO and control mice
at 15 months of age. Surprisingly we observed no differ-
ences in basal or ADP-dependent mitochondrial oxidative
capacity when using two different substrates and normal-
ized to mitochondrial protein. These data suggest PKCd
may play an important role in the maintenance of mito-
chondrial mass in skeletal muscle but does not have as
great an impact on mitochondrial function.

We previously showed that liver-specific reduction of
PKCd in HFD-treated obese mice improved glucose toler-
ance and insulin sensitivity by decreasing IRS-1 serine
phosphorylation and increasing Akt phosphorylation
(17). We hypothesized that similar mechanisms might
contribute to HFD-induced insulin resistance in muscle
and that muscle-specific PKCd deletion may rescue
HFD-induced insulin resistance. Indeed, several previous
studies have shown that diacylglycerol accumulation in
muscle can activate novel PKCs, such as PKCu, and impair
muscle insulin action (40). However, our results show
that in contrast to liver-specific PKCd deletion, PKCd de-
letion in muscle is not sufficient to rescue the HFD-
induced glucose intolerance and muscle insulin resistance.
These opposite observations may be explained by the op-
posing expression patterns of PKCd in the two tissues
when exposed to HFD. Hepatic PKCd expression was in-
creased by .50% in the HFD-treated B6 mice compared
with the CD group. However, muscle PKCd expression
was decreased by 50% in mice placed on HFD compared
with those on CD, indicating differences in PKCd regula-
tion in these tissues. While the mechanism of the HFD-
induced differences in PKCd expression in liver and muscle
is unclear, activation of other PKC isoforms in muscle, such
as PKCu and e, may contribute to the impairment of
insulin signaling in muscle and overcome the protective
effect of PKCd deletion in the muscle of mice with diet-
induced obesity (41–43).

In summary, the role of PKCd in muscle is different
depending on the etiology of insulin resistance. While the
role of PKCd in elderly animals remains to be determined,
PKCd levels are increased in skeletal muscle of middle-
aged mice, and muscle-specific deletion of PKCd improved
the middle-age–related decline in glucose tolerance and
whole-body insulin resistance. It also improved the ratio
of lean to fat mass. In HFD-induced obesity, PKCd levels
were decreased in skeletal muscle, and deletion of PKCd
did not rescue HFD-induced insulin resistance and glu-
cose intolerance. The distinct pattern of regulation in
muscle and liver sheds new light on how PKCd functions
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in different insulin-responsive tissues and the therapeutic
potential of PKCd as a target for the tissue-specific im-
provement in insulin resistance.
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