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Abstract

Aims/hypothesis—Athletes exhibit increased muscle insulin sensitivity, despite increased
intramuscular triacylglycerol content. This phenomenon has been coined the ‘athlete’s paradox’
and is poorly understood. Recent findings suggest that the subcellular distribution of sn-1,2-
diacylglycerols (DAGS) in the plasma membrane leading to activation of novel protein kinase Cs
(PKCs) is a crucial pathway to inducing insulin resistance. Here, we hypothesised that regular
aerobic exercise would preserve muscle insulin sensitivity by preventing increases in plasma
membrane sm-1,2-DAGs and activation of PKCe and PKCO despite promoting increases in muscle
triacylglycerol content.

Methods—C57BL/6J mice were allocated to three groups (regular chow feeding [RC]; high-
fat diet feeding [HFD]; RC feeding and running wheel exercise [RC-EXE]). We used a

novel LC-MS/MS/cellular fractionation method to assess DAG stereoisomers in five subcellular
compartments (plasma membrane [PM], endoplasmic reticulum, mitochondria, lipid droplets and
cytosol) in the skeletal muscle.

Results—We found that the HFD group had a greater content of sr-DAGs and ceramides
in multiple subcellular compartments compared with the RC mice, which was associated
with an increase in PKCe and PKC® translocation. However, the RC-EXE mice showed, of
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particular note, a reduction in PM sr+1,2-DAG and ceramide content when compared with HFD
mice. Consistent with the PM sr-1,2-DAG-novel PKC hypothesis, we observed an increase

in phosphorylation of threoninel150 on the insulin receptor kinase (IRKT1150) and reductions

in insulin-stimulated IRK Y1162 phosphorylation and IRS-1-associated phosphoinositide 3-kinase
activity in HFD compared with RC and RC-EXE mice, which are sites of PKCe and PKC®6 action,
respectively.

Conclusions/interpretation—These results demonstrate that lower PKCO/PKCe activity and
sr-1,2-DAG content, especially in the PM compartment, can explain the preserved muscle insulin
sensitivity in RC-EXE mice.

Keywords
Athlete’s paradox; Insulin resistance; Physical exercise; PKCe; PKC8; Skeletal muscle

Introduction

Insulin resistance in skeletal muscle plays a critical role in the pathogenesis of

type 2 diabetes and cardiometabolic disease and is strongly correlated with increased
intramyocellular lipid (IMCL) content in sedentary individuals, which has been postulated
to play a major role in causing insulin resistance [1-6]. However, contrary to these findings,
athletes have been shown to maintain high skeletal muscle insulin sensitivity despite having
similarly high levels of IMCL content [7, 8], a phenomenon coined the “athlete’s paradox’.

Novel isoforms of protein kinase C (nPKC) have been suggested as important players in
lipid-induced insulin resistance [9-12]. In skeletal muscle, our group and others have shown
that novel protein kinase C (PKC) isoforms PKC6 and PKCe are associated with lipid-
induced insulin resistance in humans and rodents [8, 13-17]. In recent studies, we found
that increases in plasma membrane (PM) sr+-1,2-diacylglycerol (DAG) were responsible for
mediating lipid-induced insulin resistance in the liver, skeletal muscle and white adipose
tissue (WAT) through activation of PKCe in all of these tissues as well as PKCB8 in sleletal
muscle, which in contrast to the other tissues is abundant in skeletal muscle [14, 18, 19].
We went on to demonstrate that PM sr-1,2-DAG-induced PKCe activation promotes insulin
resistance in these tissues through phosphorylation of threoninel150 on the insulin receptor
kinase (IRK; that is, IRKT1150) ‘which in turn leads to inhibition of IRK activity, whereas
PM sr1,2-DAG-induced PKCB activation further contributes to insulin resistance in skeletal
muscle by causing reductions in insulin-stimulated IRS-1-associated phosphoinositide 3-
kinase (PI3-kinase) activity [15].

We therefore hypothesised that the paradoxical effects of physical exercise on muscle
triacylglycerol (TAG) content and muscle insulin sensitivity could be explained by
differences in PM sr-1,2-DAG content, and PKCe/PKCB8 activation in the skeletal muscle.
To address this hypothesis, we applied a novel LC-MS/MS method to assess the different
stereoisomers of DAGs and ceramides in five intracellular compartments along with
PKCe/PKC® activity and insulin signalling/insulin action.
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All animal studies were approved by the Yale University Institutional Animal Care and
Use Committee and were performed in accordance. Male C57BL6 mice (10-12 weeks)
acquired from The Jackson Laboratory (USA) were housed in the Yale Animal Resources
Center in individual cages at 23°C under 12 h light (7:00 hours to 19:00 hours)/12 h dark
cycles (19:00 hours to 7:00 hours). The mice were fed ad libitum with free access to water.
To address the hypothesis, we studied three groups: (1) regular chow feeding (RC); (2)
high-fat diet feeding (HFD); (3) RC feeding and running wheel (Columbus Instruments,
USA) voluntary exercise (RC-EXE). The experimental period was 6 weeks.

After 6 h of fasting, a single dose of 1 g/kg dextrose was administered via gavage, and blood
samples were collected from the tail vein at 0, 15, 30, 45, 60 and 120 min to measure plasma
glucose and insulin levels.

Plasma and tissue biochemical measurement

Plasma glucose was measured by YSI Glucose Analyzer (Xylem, USA). Plasma insulin
was measured by the Yale Diabetes Research Center Radioimmunoassay Core using
radioimmunoassay. Plasma NEFA was measured using the enzymatic colorimetric method
by Wako reagents (FUJIFILM; Wako Diagnostics, USA). TAG was measured by Sekisui’s
Triglyceride-SL Reagent (Sekisui Diagnostics, USA). Skeletal muscle and liver TAGs were
extracted with cold 2:1 chloroform:methanol (vol./vol.). Samples were then mixed with
sulfuric acid (1 mol/l) and centrifuged to achieve phase separation. The organic phase was
measured by Sekisui’s Triglyceride-SL Reagent.

Mouse hyperinsulinaemic—euglycaemic clamp

The surgery for the hyperinsulinaemic—euglycaemic clamp was performed under isoflurane
anaesthesia (5% for induction and 2.5% for maintenance). Jugular venous catheters were
placed 6-7 days before the studies. Only mice that recovered to >90% of their pre-operative
weight were studied. After 6 h of fasting, awake mice under tail restraint received a 120

min infusion of [3-3H]glucose (1.800 Bg/min) to measure basal glucose turnover. The

blood sample was collected by tail bleeding at the end of basal infusion to determine

plasma glucose, insulin, NEFAs and 3H-glucose specific activity. Following basal infusion,
a 140 min hyperinsulinaemic—euglycaemic clamp was performed with a continuous infusion
of insulin at the dose of 2.5 (mU kg~ min~1) to raise plasma insulin concentrations

to simulate postprandial insulin levels. Dextrose (20%) was infused at variable rates to
maintain euglycaemia (plasma glucose 5.6—-6.7 mmol/l). The dextrose was enriched with
[3-3H]glucose to measure insulin-stimulated glucose turnover. A bolus (370.000 Bq) of
2-[1-14C]deoxyglucose (2-DOG) was injected at 85 min to determine the rate of muscle-
specific glucose uptake under insulin stimulation. During the clamp, blood samples were
collected at 10-25 min intervals for immediate determination of plasma glucose levels. After
2-DOG injection, extra plasma was collected for measuring plasma 4C-glucose specific
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activity. At the end of the clamp, plasma was collected to measure plasma glucose, insulin,
NEFAs and 3H/24C-glucose specific activity [20, 21].

DAG subcellular fractionation

The subcellular fractionation protocol has been previously described [18, 19]. Briefly,
gastrocnemius tissues (~100 mg) were homogenised in cold (4°C) TES buffer (250 mmol/I
sucrose, 10 mmol/l Tris-pH 7.4, 0.5 mmol/l EDTA) with a Dounce homogeniser. The
homogenate was centrifuged (at 17,000 g, SS-34 rotor, 15 min, 4°C) to separate pellet A and
supernatant A.

Pellet A was resuspended in TES buffer and centrifuged (at 17,000 g with SS-34 rotor, 20
min, 4°C). After that, pellet A was resuspended in TES buffer and layered on top of a 1.12
mol/l sucrose buffer. The samples were centrifuged (at 105,000 g with TLS-55 rotor, 20
min, 4°C) to separate pellet B, interface B and supernatant B. Pellet B was collected as
the mitochondrial fraction. Interface B was collected and resuspended in TES buffer and
centrifuged (at 60,000 g with TLA100.2 rotor, 9 min, 4°C) to obtain pellet C. Pellet C was
resuspended in TES buffer and centrifuged (at 60,000 g with TLA100.2 rotor, 9 min, 4°C)
and was used as the PM fraction.

Supernatant A was centrifuged (at 390,000 g with Ti-70.1 rotor,75min,4°C) to separate
pellet D and supernatant D. The top lipid layer was collected as the lipid droplet (LD)
fraction. Supernatant D was collected as the cytosol fraction, while pellet D was collected
as the endoplasmic reticulum (ER) fraction. Figure 1 shows the separation of the five
subcellular compartments in gastrocnemius.

DAGs were extracted from the five fractions and measured by LC-MS/MS as described
previously [18, 19].

Western blotting

Gastrocnemius lysates were prepared in RIPA buffer with protease inhibitors (cOmplete
MINI; Roche, Switzerland) and phosphatase inhibitors (PhosSTOP; Roche, Switzerland).
Protein concentration was determined by the Bradford method (Bradford Reagent; Thermo
Scientific, USA). Protein was loaded and resolved by SDS-PAGE using 4-12% gradient
gels (Life Technologies, USA) and proteins were transferred to PVDF membranes
(MilliporeSigma, USA) by semidry transfer. Membranes were blocked in 5% BSA for 1

h at room temperature and probed overnight at 4°C with primary antibodies (1:1000). The
antibody list can be found in detail in the electronic supplementary material (ESM). Films
were developed within the linear dynamic range of signal intensity and then were scanned
for digital analysis.

IRS-1-associated PI3-kinase activity

IRS-1-associated P13-kinase activities were measured in gastrocnemius samples after
immunoprecipitation with IRS-1 antibody (BD Biosciences, USA). The incorporation of
32p into phosphatidylinositol to yield phosphatidylinositol-3-monophosphate was measured
to determine the IRS-1-associated PI13-kinase activity, as previously described [22].
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PKC, CD36 and lipoprotein lipase translocation

Gastrocnemius samples were homogenised in buffer A (20 mmol/l Tris-HCI, pH 7.4, 1
mmol/l EDTA, 0.25 mmol/l EGTA, 250 mmol/l sucrose, and protease and phosphatase
inhibitors). The lysate was centrifuged (60 min, 100,000g, 4°C), and the supernatant was
collected as the cytosolic fraction. The pellet was resuspended in buffer B (250 mmol/I
Tris-HCI, pH 7.4, 1. mmol/ EDTA, 0.25 mmol/l EGTA, 2% Triton X-100, and added
protease and phosphatase inhibitors) by sonication, and incubated at 4°C for 45 min to
solubilise membrane proteins. Next, samples were centrifuged (60 min, 100,000g, 4°C), and
the supernatant was saved as the membrane fraction. The protein samples were subjected

to western blot analysis as described above. The ratio of membrane fraction to cytosolic
fraction was calculated as an index of protein translocation.

Glycogen measurements

Statistics

Results

To assess the glycogen content, gastrocnemius samples were homogenised in 0.6 mol/l
perchloric acid. Part of the homogenate was saved to measure as free glucose. Another part
of the homogenate was neutralised by 1 mol/l KHCO3 and digested with amyloglucosidase
(2 mg/ml) dissolved in acetate buffer (0.4 mol/l, pH 4.8) for 2 h at 37-40°C. Glucose

levels were analysed in free glucose samples and after the amyloglucosidase digestion (total
glucose) to calculate total glycogen content [19].

Data are presented as the mean + SEM. Data normality was analysed by the Shapiro-Wilk
W test. For the data with normal distribution, one-way ANOVA followed by Tukey’s post
hoc test was used. Kruskal-Wallis nonparametric test was used for non-normal data. Two-
way ANOVA and the Tukey post hoc test were adopted to compare all groups in pairs for
the OGTT analyses. Differences were considered significant if p<0.05. *p<0.05, **p<0.01,
**x 50,001 vs RC mice and Tp<0.05, T1p<0.01, 1 p<0.001 vs HFD mice. GraphPad Prism
9.4.1 (https://www.graphpad.com/scientific-software/prism/, GraphPad Software, USA) was
used for the construction of the graphs and for statistical analysis.

Baseline characteristics of mice

We first evaluated the body composition of mice after 6 weeks of HFD, RC or RC-EXE
[20]. As designed, the final body weight was higher in HFD mice compared with RC and
RC-EXE mice (Table 1). HFD mice had significantly increased fat mass and a reduction in
lean body mass compared with the other two groups (Table 1). No difference was observed
in the muscle glycogen content among the three groups at baseline (Table 1).

Exercised mice have normal glucose tolerance despite similar muscle TAG content

The weekly and cumulative running distances were calculated from the running wheels
during the 6 weeks of running wheel exercise for the RC-EXE mice and demonstrated that
the RC-EXE mice ran voluntarily a mean of ~43 km per week and a total distance of ~260
km over 6 weeks prior to the study (Fig. 2a). Consistent with this voluntary exercise, RC-
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EXE mice had a slightly increased V0, rate (V0,..) (0=0.08) as well as having a higher

speed and time of exhaustion on a graded treadmill test when compared with HFD and

RC mice (ESM Fig. 1). We next assessed in direct calorimetry in our experimental model
[20]. Under basal conditions, RC and RC-EXE mice exhibited slightly increased rates of
V0, and energy expenditure than the HFD mice in the dark cycle (ESM Fig. 2). Compared
with HFD mice, carbon dioxide production and the respiratory exchange ratio were higher
in the RC and RC-EXE mice without prominent differences in the activity counts (ESM

Fig. 2). In addition, HFD mice showed significantly increased concentrations of TAGs in the
gastrocnemius and quadriceps muscles compared with RC mice but not when compared with
RC-EXE (Fig. 2b, ESM Fig. 1). Conversely, RC-EXE mice demonstrated lower NEFA and
TAG levels in the liver when compared with both RC and HFD mice (ESM Fig. 1). Lastly,
to better understand the effects of IMCL on glucose metabolism in our model, we performed
OGTTs in the three groups of mice. Despite no significant differences in muscle TAG
between HFD and RC-EXE mice, the RC-EXE mice manifested normal glucose tolerance
and normal plasma insulin concentrations during an OGTT, while the HFD mice showed
impaired glucose tolerance and markedly higher plasma insulin concentrations (Fig. 2c,d).

Exercised mice manifest normal insulin sensitivity in muscle despite no significant
differences in muscle TAG content compared with HFD mice

We next evaluated whole-body and skeletal muscle insulin sensitivity in these mice.
Consistent with the OGTT results the HFD mice exhibited whole-body insulin resistance
during the hyperinsulinaemic—euglycaemic clamp, as reflected by a lower glucose infusion
rate (GIR) required to maintain euglycaemia during the clamp, while the RC-EXE mice
showed normal insulin sensitivity compared with the RC mice (Fig. 3a,b,c). Glucose
disposal rate (Ry) in the RC-EXE mice was comparable to the RC mice while being lower in
the HFD mice than in RC-EXE (Fig. 3d). Skeletal muscle insulin-stimulated glucose uptake
was higher in the RC-EXE mice compared with the HFD mice (Fig. 3e). In addition, no
difference was observed in the endogenous glucose production (EGP); however, RC-EXE
mice showed a greater suppression of plasma NEFA levels (p=0.08) by insulin during the
hyperinsulinaemic—euglycaemic clamp compared with the HFD mice (Fig. 3f,g).

Exercised mice have lower PKCe/PKCB8 activation and IRKT1150 phosphorylation in skeletal
muscle compared with HFD mice

Previous studies have demonstrated that lipid-induced skeletal muscle insulin resistance is
mediated by PKCe/PKCB activation in humans and rodents [1, 9]. Consistent with these
studies, HFD mice had higher activation compared with the RC mice, while the RC-EXE
mice exhibited reduced PKCO and PKCe activation compared with the HFD mice (Fig.
4a). No changes were found in PKCa, PKCp and PKCS translocation (ESM Fig. 3). PKCe
has been shown to phosphorylate IRK at IRK 1150 jn rodents (IRKT1160 in humans) which
in turn leads to reduced IRK activity [14, 18, 19]. Consistent with this model, IRKT1150
phosphorylation was also higher in the HFD mice compared with the RC group, while the
RC-EXE mice maintained a low level of IRKT1150 phosphorylation in the skeletal muscle
(Fig. 4b). Furthermore RC-EXE mice manifested increased insulin-stimulated IRK Y1162
phosphorylation and IRS-1-associated PI3-kinase activity when compared with the HFD
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mice (Fig. 4c,e). Next, we measured insulin-stimulated Akt phosphorylation, which was
reduced in HFD mice compared with RC mice (Fig. 4d). We also assessed Akt translocation
and p-PKCC 10 in our experimental model. However, no differences among the groups
were observed in Akt translocation or PKC( 410 phosphorylation (ESM Fig. 3).

sn-DAG and ceramide compartmentation is different in exercised mice compared with HFD

mice

Increased concentrations of PM sr-1,2-DAGs have been demonstrated to be the key
mediators of lipid-induced insulin resistance in several tissues through activation of nPKCs
[9, 14, 19]. Consistent with these prior observations, we found that HFD mice had ~twofold
higher levels of sr+1,2-DAGs in the PM of skeletal muscle compared with the RC mice
(Fig. 5a). We also found higher levels of s/+1,2-DAGs in the LD, mitochondria (Mito)

and cytosol of skeletal muscle in HFD mice compared with the RC mice (Fig. 5a). On

the other hand, the RC-EXE mice maintained lower levels of sr-1,2 DAGs in the PM but
no differences were observed in the other cellular compartments compared with the HFD
mice (Fig. 5a). Strikingly, compared with RC mice, HFD mice showed similar increases

in the other two DAG stereoisomers (Fig. 5b,c). Conversely, RC-EXE mice manifested
lower levels of s7-1,3-DAGs in the PM and Mito compartments when compared with HFD
mice (Fig. 5b,c). We also assessed ceramides in the same five compartments. Compared
with RC, the HFD mice manifested increased ceramide content in the PM, LD and cytosol
compartments (Fig. 5d). However, the RC-EXE mice had lower ceramide levels in the PM
and ER when compared with HFD mice (Fig. 5d). Finally, we analysed the content of
different species of ceramides and observed higher C16:0, C18:0 and C22:0 ceramides in
the PM of HFD mice (ESM Fig. 4). HFD mice also had greater C18:0 levels in the LD

and cytosol compartments compared with RC mice (ESM Fig. 4). In contrast, the RC-EXE
mice demonstrated reductions in C16:0, C18:0, C20:0 and C22:0 ceramides in the PM as
well as a lower C18:0 ceramide in the ER and Mito when compared with HFD mice (ESM
Fig. 4). Since sn-DAG content and PKCe activation can be altered by changes in the fed
(insulin-stimulated state) and fasted states [23], we used different sets of mice for each
study. Thus, it was not possible to determine the correlation between nPKC activation and
insulin signalling.

Exercised mice increased DGAT1 and CD36 in skeletal muscle

To examine the potential mechanism responsible for increased TAG accumulation in the
skeletal muscle of RC-EXE mice and HFD mice, we evaluated several key enzymes
responsible for fatty acid uptake and TAG synthesis. Expression of diacylglycerol
acyltransferase-1 (DGAT1) was higher in the RC-EXE mice compared with the other
groups, whereas expression of diacylglycerol acyltransferase-2 (DGAT2) was higher in the
HFD mice compared with the other two groups (Fig. 6a). RC-EXE mice showed a higher
CD36 protein content compared with both RC and HFD mice (Fig. 6a). We did not observe
any differences in lipoprotein lipase (LPL) expression and translocation in these mice (Fig.
6b, ESM Fig. 5). On the other hand, HFD mice showed lower CD36 translocation compared
with the RC mice, while the CD36 translocation was higher in exercised mice than in

HFD mice (Fig. 6¢). In contrast, we did not observe any differences in adipose triglyceride
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lipase (ATGL) or hormone-sensitive lipase (HSL) phosphorylation (ESM Fig. 5) among the
groups.

Discussion

Increased IMCL content is strongly associated with muscle insulin resistance in sedentary
individuals and is likely a biomarker for related lipid metabolites (e.g. DAGSs, ceramides,
etc.) that mediate insulin resistance [5]. However, an important exception to this relationship
occurs in athletes who typically manifest increased IMCL content despite maintaining
normal or increased muscle insulin sensitivity, a phenomenon coined the athlete’s paradox
[24-26]. In this regard, recent studies have demonstrated that specific increases in sn-1,2-
DAGs in the PM lead to increased nPKC activation and insulin resistance in the liver, WAT
and skeletal muscle [14, 18, 19] independent of changes in TAG content.

To test this hypothesis in our model, we measured the translocation of PKCs/nPKCs, and
the activation of key steps of the insulin signalling pathway as well as PM s-1,2, DAG
content, key activators of nPKC translocation [27, 28]. Here we show that despite similar
TAG levels in skeletal muscle of HFD and RC-EXE mice, RC-EXE mice manifested lower
levels of especially PM s1-1,2-DAG content, which was associated with reduced PKCe and
PKC® translocation compared with the HFD mice. Strikingly, HFD mice showed increases
in sn-DAG isoforms and ceramides in multiple subcellular compartments which were not
observed in the RC-EXE group. Further, we observed that this protection from lipid-induced
muscle insulin resistance in the RC-EXE mice was associated with a reduction in IRKT1150
phosphorylation and increases in insulin-stimulated IRK Y1162 phosphorylation consistent
with the s7-1,2-DAG—PKCe—IRKT1150 phosphorylation pathway of lipid-induced insulin
resistance [14, 18, 19].

In contrast to our findings, Perreault et al did not observe an association between
sarcolemma s7-1,2-DAG content and insulin resistance [8]. These different results may be
due to technical differences in the methods used to isolate skeletal muscle in the two studies.
The muscle biopsy procedure used by Perreault et al (2018), which included extramuscular
fat dissection, might result in some degree of warm ischaemia and breakdown of s/+DAGS.
In our study, we performed in situ freeze-clamping of skeletal muscle with aluminium

tongs precooled in liquid nitrogen to minimise DAG hydrolysis due to warm ischaemia.
Furthermore, in contrast to the study by Perreault et al, we also assessed the effects of
exercise and high-fat feeding on insulin signalling IRK Y1162 phosphorylation and IRS-1-
associated P13-kinase. In addition we also assessed IRKT1150 phosphorylation, a direct target
of PKCe and PKC® translocation, which has been shown to mediate s/+1,2-DAG-induced
muscle insulin resistance at the level of IRS-1-associated P13-kinase [14, 22].

Alterations in muscle lipid storage have also been observed in individuals with type 2
diabetes, who were found to store lipids in the subsarcolemmal, in larger LDs, especially

in type 1l fibres [7]. On the other hand, athletes predominately store lipids in type I fibres,
in the intramyofibrillar region, but a higher number of LDs [7]. Most recently, Sarabhai

et al (2022) showed that a single meal containing safflower oil and palm oil induced
whole-body and hepatic insulin resistance in healthy volunteers [29]. In the skeletal muscle,
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the lipid meal led to an increase in DAG species in the membrane as well as in the LD
compartment [29]. Interestingly, PKCB® translocation was increased in both the safflower
and palm oil groups, whereas PKCe translocation increased in the palm oil-fed group
and tended to increase in the safflower group [29]. The palm oil group also showed an
increase in ceramides associated with greater PKC( translocation and phosphatase 2A
(PP2A) expression [29].

We also observed that the ceramide species C16:0 and C18:0 were higher in the

HFD mice compared with the RC-EXE mice. Ceramide inhibitory action on insulin
signalling is thought to occur further downstream of insulin signalling at the level of Akt
phosphorylation, which may occur particularly through impairments in Akt translocation,
dephosphorylation of Akt by protein PP2A or by PKCC phosphorylation [19, 30, 31]. In our
study, we did not observe any difference in Akt translocation and PKC( phosphorylation
among the groups, whereas the HFD mice showed lower p-AktS473 compared with RC mice.
The alterations in ceramide content could also have contributed to the observed changes

in insulin resistance in these mice, but cannot explain the observed changes in insulin-
stimulated IRK Y1162 phosphorylation, IRS-1-associated P13-kinase activity or IRKT1150
phosphorylation.

In addition to translocation/activation of the nPKC isoforms, we also assessed translocation
of the classical PKC isoforms in this study. We did not observe any differences in

the classical PKC isoforms among the groups. In contrast with our findings, Jani and
collaborators [30] evaluated PKC$ translocation in the soleus, extensor digitorum longus
(EDL) and epitrochlearis muscles after 8 weeks of HFD. They observed that PKC§
translocation was increased in the soleus and EDL muscles, which was associated with
increased accumulation of both DAG and ceramide content in those tissues [30]. Since the
sr-1,3-DAGs are mostly derived from TAG lipolysis and are not able to activate nPKCs [31],
our results suggested that the PM sr+1,2-DAGs are responsible for mediating the differences
in insulin sensitivity in our models through the activation of nPKCs, as previously described
[27, 28].

In order to understand potential mechanisms by which HFD and exercise might lead to
differences in DAG and ceramide cellular compartmentation, we also analysed expression

of DGAT1 and DGAT2, which are critical enzymes in the re-esterification pathway. We
found that RC-EXE mice showed increases in DGAT1 protein content when compared

with RC and HFD mice. On the other hand, compared with the other groups, HFD mice
showed increased DGAT?2 protein levels. A previous study reported that exercised mice had
increased muscle diacylglycerol acyltransferase (DGAT) activity and that overexpression of
DGAT1 in skeletal muscle increased the muscle TAG and protected mice from HFD-induced
insulin resistance, reproducing the athlete’s paradox phenomenon [32]. Six weeks of running
wheel access was also able to increase TAG levels in the skeletal muscle of female

mice [33]. In contrast, overexpression of DGAT? in skeletal muscle was associated with
increased lipid content and consequently glucose intolerance [34]. Further, in agreement
with our studies, a single bout of or chronic physical exercise can induce increases in

CD36 expression in skeletal muscle [35-37]. Interestingly, CD36 knockout mice have
attenuated aerobic exercise capacity, which indicates that CD36 is a crucial molecule for

Diabetologia. Author manuscript; available in PMC 2024 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gaspar et al.

Page 10

maintaining endurance running capacity [38—40]. Taken together, these data suggest that
increased expression of CD36 in RC-EXE mice may contribute to increased muscle fatty
acid uptake as reflected by reductions in the plasma NEFA levels. Further, increased DGAT1
expression in RC-EXE mice may promote increased muscle TAG content and reduced PM
sr-1,2-DAG content in the mice by a pull mechanism.

In summary, our data demonstrate that despite TAG content in skeletal muscle, voluntary
exercise in mice resulted in: (1) normal muscle insulin sensitivity in the RC-EXE mice
compared with the HFD mice; (2) reductions in PM s7+1,2-DAG content and PKCe and
PKC6 translocation/activation in skeletal muscle of the RC-EXE mice compared with

the HFD mice; (3) reductions in PKCe translocation associated with reduced IRK 1150
phosphorylation in the RC-EXE mice compared with the HFD mice; (4) reductions in
PKCe and PKC® translocation/activation in skeletal muscle of RC-EXE mice compared
with HFD mice, leading to increased insulin-stimulated IRK Y1162 phosphorylation and
IRS-1-associated P13-kinase activity; and (5) lower ceramide content in RC-EXE mice
compared with HFD mice, although no differences were observed among the groups for Akt
translocation or PKCC 410 phosphorylation, which are thought to mediate ceramide-induced
insulin resistance. Taken together, these data suggest that lower PM sr-1,2-DAG content
and lower PKCe/PKCB activity in skeletal muscle could provide an explanation for the
preserved insulin sensitivity in exercised mice despite their intramuscular TAG content.
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Research in context
What is already known about this subject?

. Athletes exhibit increased muscle insulin sensitivity, despite increased
intramuscular triacylglycerol (TAG) content, which has been implicated in
the pathogenesis of type 2 diabetes

. Recent findings suggest that the subcellular distribution of s7-1,2-
diacylglycerols (DAGS) in the plasma membrane is a crucial pathway to
induce insulin resistance

What is the key question?

. Does aerobic exercise preserve muscle insulin sensitivity, despite increasing
intramuscular TAG content, by preventing increases in plasma membrane
sn-1,2-DAGs and activation of novel PKCs (Pkcoe and PKCO)?

What are the new findings?

. Despite similar muscle TAG content, wheel-running mice (RC-EXE)
manifested preserved muscle insulin sensitivity compared with high-fat diet-
fed (HFD) mice

. HFD mice manifested increased plasma membrane sr-1,2-DAG content
compared with the regular chow-fed (RC) mice and RC-EXE mice, which
was associated with an increase in PKCe and PKC® translocation

. HFD mice also manifested an Increase in IRK11°0 phosphorylation (a target
of pkce) and decreased insulin-stimulated IRS-I-associated PI13-kinase activity
(a target of PKCO) and IRK Y1162 phosphorylation, compared with RC and
RC-EXE mice

How might this impact on clinical practice in the foreseeable future?

. These results provide additional support for the hypothesis that the plasma
membrane sr-1,2-pDAc—pPKce/PkcO pathway causes lipid-induced muscle
insulin resistance, which in turn represents a potential therapeutic target to
treat muscle insulin resistance
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Fig. 1.
Separation of five subcellular compartments in gastrocnemius measured by western blot.
Cyto, cytosol; VDAC, voltage-dependent anion channel
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Fig. 2.

Exercised mice have normal glucose tolerance despite similar muscle TAG content to HFD
mice. Data are mean + SEM. (a) Distance evolution on running wheels over 6 weeks. (b)
Gastrocnemius TAG content. (c) Plasma glucose levels and OGTT glucose AUC. (d) Plasma
insulin levels and OGTT insulin AUC. After data normality analysis ANOVA was used to
identify the statistical differences. *p<0.05 and **p<0.01 vs RC mice; p<0.05 and '7p<0.01

vs HFD mice. In (a), 7=7 mice. In (b), /=10-12per group.
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Fig. 3.

Exercised mice manifest normal insulin sensitivity in muscle despite no significant
differences in muscle TAG content compared with HFD mice. Data are mean + SEM, /=6
mice per group. (a) Plasma glucose. (b) GIR. (c) Mean GIR during the hyperinsulinaemic—
euglycaemic clamp. (d) Mean glucose Ry. (e) Gastrocnemius 2-DOG uptake. (f) EGP. (g)
Plasma NEFA concentrations during basal and clamp periods. After data normality analysis
ANOVA was used to identify the statistical differences. *p<0.05vsRCmice; Tp<0.05 and

1 p<0.01 vs HFD mice
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= p-AKtS72

Akt total

Exercised mice have lower PKCe/PKC® activation and IRKT1150 phosphorylation in skeletal
muscle compared with HFD mice. Data are mean + SEM. (a) PKC6 and PKCe translocation
(membrane/cytosol). (b) IRKT1159/IRK total. (c) IRKY1162/|RK total. (d) AktS473/Akt total.
(e) IRS-1-associated P13-kinase activity. After data normality analysis ANOVA was used to
identify the statistical differences. *p<0.05, **<0.01 and ***<0.001 vs RC mice; Tp<0.05
and T7p<0.01 vs HFD mice. In (a) and (b), 7=8. In (c—e), RC /=4, HFD =5 and RC-EXE

=5 mice. In (f), 7=4 basal and 7=6 clamp. AU, arbitrary units
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Fig. 5.

SIEDAG and ceramide compartmentation is different in exercised mice compared with
HFD mice. Data are mean £ SEM, 7=11-12 mice per group. (a) Gastrocnemius s-1,2-
DAG. (b) Gastrocnemius s1-1,3-DAG. (c) Gastrocnemius sr+2,3-DAG. (d) Gastrocnemius
ceramide concentrations. After data normality analysis ANOVA was used to identify the
statistical differences. *p<0.05, **p<0.01 and ***p<0.001 vs RC mice; Tp<0.05, TTp<0.01
and "1 p<0.001 vs HFD mice
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Fig. 6.
Exercised mice had increased DGAT1 and CD36 in skeletal muscle. Data are mean +

SEM (RC =4, HFD =5 and RC-EXE /=5 mice). (a) DGAT1/GAPDH, DGAT2/GAPDH
and CD36/GAPDH. (b) LPL translocation (membrane/cytosol). (c) CD36 translocation
(membrane/cytosol). After data normality analysis ANOVA was used to identify the
statistical differences. *p<0.05 and **p<0.01 vs RC mice; Tp<0.05, 17p<0.01 and

11 p<0.001 vs HFD mice
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Table 1

Baseline characteristics of mice

Characteristic RC HFD RC-EXE

Initial BW (g) 27.6+2 269+17 27.8+0.8

Final BW (g) 288+12 333+25" 278+11777

Fat mass (%) 23+09 102454  29+067

Lean mass (%) 763+24 667+59° 733:287

Muscle glycogen (umol/g) 185+ 4.6 17.7+5.7 19.7+3.1

Data are mean + SEM

=6-8 mice per group

*:

A
p<0.001 vs RC mice

7Lp<0.05 and

fﬁp<0.001 vs HFD mice

BW, body weight
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