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The athlete’s paradox states that intramyocellular triglyceride accumulation associates with insulin resistance in
sedentary but not in endurance-trained humans. Underlying mechanisms and the role of muscle lipid distribution
and composition on glucose metabolism remain unclear. We compared highly trained athletes (ATHL) with seden-
tary normal weight (LEAN) and overweight-to-obese (OVWE) male and female individuals. This observational
study found that ATHL show higher insulin sensitivity, muscle mitochondrial content, and capacity, but lower ac-
tivation of novel protein kinase C (nPKC) isoforms, despite higher diacylglycerol concentrations. Notably, seden-
tary but insulin sensitive OVWE feature lower plasma membrane-to-mitochondria sn-1,2-diacylglycerol ratios. In
ATHL, calpain-2, which cleaves nPKC, negatively associates with PKCe activation and positively with insulin sensi-
tivity along with higher GLUT4 and hexokinase Il content. These findings contribute to explaining the athletes’
paradox by demonstrating lower nPKC activation, increased calpain, and mitochondrial partitioning of bioactive
diacylglycerols, the latter further identifying an obesity subtype with increased insulin sensitivity (NCT03314714).

INTRODUCTION

Surplus intramyocellular triglycerides (IMCT) are one of the stron-
gest predictors of skeletal muscle insulin resistance in sedentary
humans with or without obesity or type 2 diabetes and have been
attributed to a mismatch between delivery and oxidation of fatty
acids (1-3). Nevertheless, these triglycerides do not consistently re-
late to muscle insulin resistance (4) as endurance athletes (ATHL)
maintain high insulin sensitivity despite a frequently observed eleva-
tion of IMCT (5, 6). This conundrum has been termed the “athlete’s
paradox” Several mechanisms have been proposed to explain this
conundrum, including improved mitochondrial oxidative capacity.
However, although reduced mitochondrial oxidative capacity may
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contribute to lipid-induced insulin resistance by an imbalance
between fatty acid delivery and oxidation (7-10), other studies
reported a dissociation between muscle insulin sensitivity and oxi-
dative capacity (11, 12).

Insulin resistance is also associated with low-grade inflamma-
tion, which can be reduced by exercise training (13). Independent of
total skeletal muscle lipid content, diacylglycerols (DAG), and ce-
ramides have been reported as key mediators of insulin resistance in
sedentary humans (14-16). In human skeletal muscle, increased sn-
1,2-DAG stereoisomer content is associated with activation of the
novel protein kinase C (nPKC) isoforms, PKCO and PKCe, with sub-
sequent inhibition of insulin signaling by serine-1101 phosphoryla-
tion of insulin receptor substrate 1 (17, 18) and threonine-1160
phosphorylation of the insulin receptor, respectively (12, 15). Ce-
ramides have also been associated with muscle insulin resistance in
humans (16, 19) via decreasing insulin-stimulated protein kinase B
(AKT) translocation (20).

One study reported the highest total muscle ceramide content in
obese individuals but higher total muscle DAG in endurance-trained
volunteers when compared to sedentary normal weight and obese
humans (21). Recent studies, however, indicate that rather than total
concentrations in skeletal muscle, the subcellular distribution of the
stereoisomer, sn-1,2-DAG, is relevant for inducing insulin resistance
in humans and animal models (22-25). Partitioning of DAG away
from the plasma membrane into lipid droplets prevented nPKC ac-
tivation in the liver and maintained hepatic insulin sensitivity in a
murine model (23). Likewise, sn-1,2-DAG accumulation in the plas-
ma membrane of livers of individuals with hepatic insulin resistance
and metabolic dysfunction-associated steatotic liver disease was
associated with nPKCe activation and inhibitory threonine-1160
phosphorylation of the insulin receptor kinase (25). Higher skeletal
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muscle sn-1,2-DAG ratios in the mitochondrial/endoplasmic reticu-
lum fraction positively correlated with insulin sensitivity in humans
(24). Muscle ceramide species have been associated with insulin
resistance also in some (16, 24) but not all studies (18, 26, 27). It
still remains unclear, however, how endurance-trained individuals
maintain high insulin sensitivity in light of potentially elevated
intramyocellular DAG. By comprehensive phenotyping of indi-
viduals with a broad range of insulin sensitivity and physical fitness,
we provide an alternative perspective on this long-standing question.

This observational study aimed at (i) comparing composition
and subcellular localization of lipid mediators in different subcellu-
lar compartments and their possible association with insulin sensi-
tivity in a cohort comprising endurance-trained ATHLs, sedentary
healthy normal weight (LEAN), and overweight-to-obese (OVWE)
individuals; (ii) thus assess alternative mechanisms to study the ath-
lete’s paradox; and (iii) explore the possible role of lipid mediators
for subtyping individuals with obesity regarding the degree of insu-
lin resistance.

RESULTS

ATHL with higher cardiorespiratory fitness have higher
whole-body insulin sensitivity than untrained LEAN and
OVWE humans

Of 116 enrolled, a total of 110 volunteers completed this study (fig.
S1). ATHL and LEAN were of similar age, while OVWE were older
than LEAN (P < 0.01; Table 1). Female representation was 36, 38, and
52% in OVWE, ATHL, and LEAN, respectively. As per group alloca-
tion, OVWE had highest BMI and also % body fat of all groups (both
P < 0.01; Table 1). Hyperinsulinemic-euglycemic clamp tests re-
vealed that whole-body insulin sensitivity (M value), mainly reflect-
ing skeletal muscle insulin sensitivity (28), was 34 and 60% higher in
ATHL than LEAN and OVWE, respectively (both P < 0.01; Table 1).
Insulin-stimulated glucose oxidation and nonoxidative glucose

disposal were higher in ATHL and LEAN compared to OVWE (all
P < 0.01; Fig. 1A). The Anonoxidative glucose disposal (NOXGD),
i.e.,, the increase in glucose disposed but not oxidized under clamp
conditions, was also higher in ATHL than in OVWE (P < 0.01; Fig.
1A). Respiratory exchange ratio (RER) was not different at baseline
(0.83 + 0.07 for ATHL, 0.83 + 0.06 for OVWE, and 0.82 + 0.07 for
LEAN) but higher in ATHL than in OVWE (0.94 + 0.07 versus
0.89 + 0.06, P = 0.003) but not in LEAN (0.94 + 0.06) during the
clamp (Fig. 1B). The ARER, as a proxy of the so-called metabolic flex-
ibility (29), was higher in ATHL and LEAN compared to OVWE
(P < 0.05; Fig. 1C). Insulin-mediated suppression of endogenous glu-
cose production (iEGP), reflecting hepatic insulin sensitivity, was
higher in ATHL compared to OVWE (P < 0.01; Fig. 1D). As per pre-
selection, maximal aerobic capacity (VO,max) was higher in ATHL
by 55% and by 40% compared to OVWE and LEAN, respectively (all
P < 0.01; Table 1). Accounting for body composition differences,
peak power output per lean mass was highest in ATHL, followed by
LEAN and OVWE (all P < 0.01, Table 1). Fasting blood glucose and
fasting plasma insulin were highest in OVWE (all P < 0.01 versus
ATHL and LEAN; Table 1). None of the participants had diabetes
according to current criteria (30). Fasting plasma triglycerides were
lower in ATHL than in OVWE (P < 0.01), whereas fasting plasma
non-esterified fatty acids (NEFAs) were higher in LEAN compared to
ATHL (P < 0.05; Table 1). Of note, high-sensitivity C-reactive pro-
tein, a marker for systemic low-grade inflammation, was highest in
OVWE compared to LEAN and ATHL (P < 0.01; Table 1).

ATHLs showed higher mitochondrial oxidative capacity and
contacts with the lipid fraction as compared to

OVWE humans

High-resolution respirometry was performed for ex vivo measure-
ment of energy metabolism in biopsies of vastus lateralis muscle
(31). Mitochondrial oxidative phosphorylation (OXPHOS) capaci-
ty, maximal respiratory capacity, i.e., oxygen consumption in the

Table 1. Participants characteristics of LEAN, OVWE, and ATHL. Data are means + SD. Significant differences by one-way ANOVA denoted *P < 0.05,
*##P < 0.01, compared with LEAN; AP < 0.05, AAP < 0.01 compared with OVWE; 'P < 0.05, "P < 0.01, compared with ATHL; hsCRP, high sensitivity C-reactive

protein; OGIS, oral glucose insulin sensitivity index.
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Fig. 1. Peripheral and hepatic insulin sensitivity, glucose oxidation, and metabolic flexibility. Oxidative and nonoxidative glucose disposal during insulin-stimulated
conditions (A) and RER (B) during a hyperinsulinemic-euglycemic clamp as well as ARER from basal to clamped conditions as marker for metabolic flexibility (C); hepatic
insulin sensitivity as iEGP (D). For (A), LEAN n =19, OVWE n = 51, ATHL n = 34; for (B) and (C), LEAN n = 14, OVWE n = 48, ATHL n = 34; for (D), LEAN n = 21, OVWE n = 54,
ATHL n = 34. Data are presented as means + SEM; significant differences by one-way analysis of variance (ANOVA); *P < 0.05, **P < 0.01; for (A), ** compares oxidative
glucose disposal and §§ nonoxidative glucose disposal; circles represent females and squares represent males; LEAN, normal weight, sedentary individuals; OVWE,
overweight-to-obese; ATHL, athletes; RER, respiratory exchange ratio; iEGP, insulin-mediated suppression of endogenous glucose production.

noncoupled state at optimum uncoupler concentration, as well as
fatty acid oxidation capacity per muscle wet weight, were highest in
ATHL compared to the other groups (all P < 0.01; Fig. 2, A to C).
The respiratory control ratio (RCR), as a proxy of mitochondrial
coupling efficiency (32), as well as the leak control ratio (LCR), a
proxy of mitochondrial proton leakage and coupling control (33),
were not different between groups (fig. S2, A and B). Muscle citrate
synthase activity (CSA), a surrogate marker of mitochondrial mass
(34), was highest in ATHL compared to LEAN and OVWE (Fig.
2D). Likewise, mitochondrial (mt) DNA, another marker of mito-
chondrial content (34, 35) was elevated in ATHL compared to
LEAN and OVWE (fig. S2C). On the other hand, protein levels
of peroxisome proliferator-activated receptor-gamma coactivator
1 alpha (PGC-1a), a key transcriptional regulator of mitochondrial
biogenesis (36), were not different between groups (fig. S2D).
Using '"H-magnetic resonance spectroscopy (MRS) for in vivo
measurement of total IMCT in vastus lateralis muscle (37) revealed
32% higher IMCT content in ATHL and OVWE compared to LEAN
(both P < 0.01; Fig. 3A), confirming the athlete’s paradox. Likewise,
in vitro transmission electron microscopy (TEM) performed in a
representative subgroup (table S1) revealed higher lipid droplet
volume density in ATHL than in LEAN (P < 0.05; Fig. 3B). More
mitochondria had direct contact with lipid droplets (IMCT/
mitochondrial juxtaposition) in ATHL than in OVWE (P < 0.05;

Pesta et al., Sci. Adv. 11, eadr8849 (2025) 1 January 2025

Fig. 3C). Figure S3 shows examples of TEM images from all groups.
Furthermore, type I fiber fraction was highest in ATHL, while type
II fiber fraction (the fiber fraction not stained as type I fibers) of the
vastus lateralis muscle was lowest in ATHL compared to the other
groups (all P < 0.01; Fig. 3D).

ATHLs feature higher sequestration of DAG into the
mitochondrial compartment
Using liquid chromatography tandem mass spectrometry (LC-MS/
MS) methodology (38) revealed that sn-1,2-DAG accounted for ~64%
of total DAG with the remainder consisting of about 15% of 2,3- and
20% of sn-1,3-DAG across all groups when summing up the five com-
partments. Purity of the subcellular fractions was assessed by Western
blotting (fig. S4). Unexpectedly, ATHL had higher total sn-1,2-DAG,
sn-1,3-DAG, and total DAG compared to OVWE and LEAN (all
P <0.01; Fig. 4A). Total ceramides were not different between groups
(Fig. 4A). These comparisons were adjusted for age and sex.
Subcellular content of the various lipid species was analyzed in
muscle samples upon fractionation by differential centrifugation
(38). In the mitochondrial and endoplasmic reticulum compart-
ment, sn-1,2-DAG were highest in ATHL compared to the other
groups (all P < 0.01). Upon normalization to CSA, mitochondrial
sn-1,2-DAG were higher in LEAN compared to ATHL (P < 0.05)
but not different from OVWE. Cytosolic (P < 0.01) sn-1,2-DAG
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Fig. 2. Skeletal muscle mitochondrial function and content. In vitro OXPHOS capacity (A), maximal respiratory capacity (B), fatty acid oxidation capacity (C) assessed
per wet weight (W,,) in permeabilized muscle fibers and expressed per W,y and CSA (D). For (A) to (C), LEAN n =20, OVWE n = 54, ATHL n = 34. For (D), LEAN n = 18, OVWE
n =48, ATHL n = 27. All muscle samples were obtained in the basal condition. Data are presented as means + SEM; significant differences by one-way ANOVA; *P < 0.05,

*##P < 0.01; circles represent females, squares represent males.

were higher in ATHL when compared to OVWE, plasma membrane
sn-1,2-DAG were higher in LEAN compared to OVWE (P < 0.01),
while lipid-droplet sn-1,2-DAG were not different among the three
groups (Fig. 4B). Of note, ATHL had also higher sn-1,3-DAG in the
mitochondrial, endoplasmic reticulum, and cytosolic compart-
ments compared to LEAN and OVWE (all P < 0.05) and higher
sn-1,3-DAG in lipid droplets than LEAN (P < 0.05, fig. S5A). The
intracellular distribution of sn-2,3-DAG was not different between
groups (fig. S5B). Plasma membrane ceramides were lower in LEAN
compared to OVWE (P < 0.01), and cytosolic ceramides were high-
er in ATHL compared to OVWE (P < 0.05) (fig. S5C).

Ratios of DAG between different intracellular compartments
provide information on their subcellular distribution: ATHL and
OVWE featured lower plasma membrane/mitochondrial sn-1,2-
DAG than LEAN (P < 0.01; Fig. 4C), suggesting preferential shift of
these lipids from plasma membrane toward mitochondrial com-
partments. Similar results were found for sn-1,3-DAG and sn-2,3-
DAG ratios (Fig. 4C). Other ratios were not different among groups
for sn-1,2-DAG, sn-1,3-DAG, and sn-2,3-DAG (fig. S5, D to F). All
above comparisons were adjusted for age and sex.

Certain ratios of subcellular lipid species associate with
parameters of insulin sensitivity

In the OVWE, sn-1,2-DAG ratios of plasma membrane/mitochondrial
(f = —0.28; P < 0.05) associated with whole-body insulin sensitivity
(Fig. 4D). This was also true for plasma membrane/lipid droplet
(p=—0.20; P < 0.05), plasma membrane/cytosol (f = —0.20; P < 0.05),
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and plasma membrane/endoplasmic reticulum (f = —0.27; P < 0.05)
ratios, which all associated negatively with whole-body insulin sensi-
tivity (fig. S5, G and H) in OVWE. To further test the previously re-
ported positive correlation of sn-1,2-DAG ratios in the mitochondrial/
endoplasmic reticulum fraction with insulin sensitivity (24), we per-
formed a subgroup analysis of OVWE group according to the upper
75th and lower 25th percentiles of the median of the plasma membrane/
mitochondrial sn-1,2-DAG ratios. This allowed detecting pheno-
typic differences, with those exhibiting the lowest plasma membrane/
mitochondrial sn-1,2-DAG ratios having higher whole-body insulin
sensitivity, RCR and hexokinase IT (HK II) protein content, but lower
BMI, body fat content, and fasting NEFAs (Table 2). In addition, there
was a trend (P < 0.1) toward higher physical fitness and lower PKCO
activation in this group. When using physical fitness (VO,max) as the
dependent variable, no associations were observed with DAG or
ceramide species or their localization. Insulin sensitivity was
positively associated with VO,max only in the group with the highest
sn-1,2-DAG ratio. Although cytosolic C16:0 and C18:0 ceramides have
been associated with insulin resistance (16, 24, 39), we did not find
these ceramide species to be different between the groups (Table 2).

ATHLs show an increase in skeletal muscle modulator
proteases along with lower PKCO activation but increased
insulin signaling and intracellular glucose handling

PKCO and PKCe are the predominant nPKC isoforms expressed in
skeletal muscle. PKCB translocation from cytosol to plasma mem-
brane, reflecting its activation (40), was lower in ATHL than in
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Fig. 3. Intramyocellular lipids and skeletal muscle morphology and fiber type. Intramyocellular lipids determined by "H-MRS (A) and lipid area fraction assessed by
TEM from the vastus lateralis muscle (B) as well as contact sites between lipid droplets and mitochondria (C) and histologically determined skeletal muscle fraction of type
1 fibers in the vastus lateralis muscle (D). For (A), LEAN n = 16, OVWE n = 24, ATHL n = 28; for (B), LEAN n = 6, OVWE n = 7, ATHL n = 9; for (C) to (D), LEAN n = 20, OVWE
n =54, ATHL n = 34. All muscle samples were obtained in the basal condition. Data are presented as means + SEM; significant differences by one-way ANOVA; *P < 0.05,
#*P < 0.01; circles represent females, squares represent males; IMCT, intramyocellular triglycerides; AU, arbitrary units.

OVWE (P < 0.01; Fig. 5A). There was also a trend for lower PKCe
activation in ATHL compared to OVWE (P = 0.08; Fig. 5B). In
ATHL, PKCe translocation was negatively associated with whole-
body insulin sensitivity (r = —0.61, P = 0.01) and plasma mem-
brane C18:0,C16:0 sn-2,3-DAG (r = —0.62, P < 0.05). In ATHL,
PKCO translocation correlated negatively with insulin sensitivity
(r=-0.42, P < 0.05) (fig. S6, A to C).

The Ca**-dependent proteases, calpain 1 and calpain 2, can
cleave nPKCs. Of note, calpain 2 was higher in both ATHL and
LEAN (all P < 0.05; Fig. 5C) and calpain 1 tended to be higher in
ATHL when compared to OVWE (P = 0.08) (fig. S7A). While in-
sulin sensitivity correlated positively with calpain 1 (r = 0.48, P =
0.007) and calpain 2 (r = 0.39, P = 0.03) in ATHL, PKCe correlated
negatively with calpain 2 (r = —0.58, P = 0.02). No such correlation
was found in LEAN or OVWE (Fig. 5, D and E, and table S2). Serine-
473 phosphorylation of AKT as a readout of distal insulin signal
transduction was higher in ATHL than in both LEAN and OVWE
(both P < 0.05; Fig. 5F). Protein expression of glucose transporter
4 (GLUT4) was higher in ATHL compared to OVWE and LEAN
(both P < 0.05; Fig. 5G), while GLUT4 translocation as assessed
from membrane-to-cytosol ratios was not different between groups.
Protein content of HK II, the isoform regulated by insulin, was high-
est in ATHL and lower in both LEAN and OVWE (P < 0.01; Fig.
5H). The same was true for HK I, the other relevant isoform in hu-
man skeletal muscle (fig. S7B). In ATHL, HK II further correlated
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with whole-body insulin sensitivity (r = 0.51, P = 0.04). Images of
the blots are available in the Supplementary materials (fig. S8).

Insulin resistance can be associated with activation of inflamma-
tory pathways, specifically nuclear factor « light-chain enhancer of
activated B cells (NF-kB) (41). However, protein levels of muscle
NEF-kB and phosphorylated NF-kB did not differ between the groups
(fig. S7, Cand D).

Although this study was not designed to assess sex-specific dif-
ferences, sex-based analyses for the main endpoints are provided in
Table 3 and Fig. 6, A to H. Exploratory assessment of sex-specific
differences revealed a higher percent body fat and lower maximal
aerobic capacity in female participants. Further, high sensitivity C-
reactive protein (hsCRP) was higher in female compared to male
OVWE, and whole-body insulin sensitivity was lower in female
compared to male ATHL (Table 3). There were no other differences
for other outcomes of this study (Fig. 6, A to H).

DISCUSSION

This observational study demonstrates that the ATHLs higher insu-
lin sensitivity, despite their greater IMCT content, associates with
lower nPKCO activation. Lower nPKC activation may result from
preferential partitioning of bioactive DAG to the mitochondria rela-
tive to other subcellular compartments but also from the observed
increased intracellular calpain proteases, which can cleave nPKC
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despite the presence of DAG in the plasma membrane and positive-
ly relate to insulin sensitivity and negatively to nPKC activation.
Further, the highly regulated metabolic environment in ATHLs’
myocytes such as higher oxidative metabolism per se and greater
protein abundance of myocellular GLUT4 and HK 1I likely contrib-
ute to the higher insulin sensitivity of athletes, independent of in-
creased lipid availability (42). Moreover, lower plasma membrane/
mitochondrial 1,2-DAG ratio identifies a subtype of overweight/
obesity with higher insulin sensitivity, which may help for precision
medicine in obesity and further underlines relative distribution of
DAG within intracellular compartments instead of absolute cellular
levels of DAG.

We compared baseline data of three groups composing of indi-
viduals covering a wide range of insulin sensitivity and physical fit-
ness. We carefully selected these groups, which can be discriminated
not only by their maximal aerobic capacity but also by their peak
power output normalized to lean mass. OVWE showed notable im-
pairments of skeletal muscle and hepatic insulin sensitivity (43, 44).
The majority of the whole body-insulin resistance of OVWE could
be attributed to an ~60% reduction in insulin-stimulated nonoxida-
tive glucose disposal and to a minor extent to a decrease in glucose
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oxidation. In contrast, ATHLs can maintain elevated nonoxidative
capacity for muscle glycogen synthesis even under conditions of ex-
cessive lipid availability, e.g., by intravenous lipid infusion (45). Key
components of the insulin signaling cascade and glucose uptake
pathway were up-regulated in skeletal muscle of ATHL as compared
to OVWL and LEAN. The increase in serine-473 phosphorylation
of AKT is in line with observations upon acute or short-term exer-
cise and long-term endurance training in humans (46, 47), while
lower serine-473 phosphorylation of AKT has been frequently de-
scribed in adipose tissue and skeletal muscle of insulin-resistant
states like type 2 diabetes and obesity (48-50).

Using two independent methods, this study confirms the previ-
ously reported higher IMCL for both ATHL and OVWE than in
LEAN (5, 21, 51, 52). The simultaneous absence of insulin resistance
in ATHL underlines that cellular neutral lipid content or absolute
cellular levels of DAG are not primarily responsible for inhibiting
insulin signaling. Impaired mitochondrial oxidative capacity likely
plays a key role for regulating ectopic lipid deposition, bioactive
lipid metabolites, and organ-specific insulin resistance, as dimin-
ished mitochondrial fatty acid oxidative capacity can favor intracel-
lular buildup of bioactive lipid metabolites and adversely affect
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Table 2. Subgroups of OVWE with lowest and highest plasma membrane/mitochondrial sn-1,2-DAG ratios. Data are means + SD. Significant differences
by unpaired t test denoted *P < 0.05, **P < 0.01, compared with highest 1,2-DAG PM/MT.

Parameter Lowest 1,2-DAG PM/MT (n = 15) Highest 1,2-DAG PM/MT (n = 15)
Age (years) 35+7 38+ 11
Sex (M/F) e T s 9/6 BN
BMI (kg/m ) OSSOSO Soaar s 351i39** JE
Bodyfat (%) OSSOSO Soraas
VOzmax (mlmln kg' ) """""" 283+99 : 240+52
Mvalue (mg mm kg ) OO asais 31 +1 7* S
Fast|ng blood glucose (mM) e 49406 47+04
HbA1c(%) [mmol/mol] 51 +04[32+4‘ .
Fastlng |nsu||n (pM) """""" 64.6 + 36.8 . 86.1 +52.9
g hsCRP o OO RSO PR ooaieo 381 i286
T 3003401 2 ‘‘‘‘‘‘‘‘‘‘‘‘‘
C761+131
F|B 4(AU) e oe3aone ."065+016
OXPHOS capaaty (pmols . mg'1) """""" 690+168 mm742+236
Fatty ac|d o . b T O O R IR saraios S
CSA (nmol hln rﬁé" proteln) """""" 141.31484 """"""" W1698+91 3
RCR T o OSSOSO aiaio .,...‘26+09**
09+04
Calpaln 1 protem content (AU) """""" 09+0.3 0.8+0.3
Calpa|n2prote|n content (AU) S 07+04 07103
e Tosos BN
Total cytosolic ceramides (hmol/g) 313+78 317250
Qytosolic C16:0 ceramides (nmolig) 002+001 “oo2x001
Cytosolic C18:0 ceramides (nmollg) 0064002 006+002

glucose homeostasis (12, 53). In this context, lipid droplets and mi-
tochondria form a functional organelle pair to maintain cellular en-
ergy homeostasis, also during exercise training, serving to improve
mitochondrial fatty acid oxidation (54). ATHL showed more lipid-
mitochondrial contact sites than OVWE, as reported for myocytes
of active and athletic populations (55), along with greater fatty acid-
oxidative capacity. Higher exercise-induced utilization of intramyo-
cellular lipids may therefore protect against DAG-induced insulin
resistance in physically active individuals (42, 56, 57). Both longitu-
dinal training studies (58) as well as cross-sectional studies (59) also
indicate a shift toward type I fibers or a more oxidative phenotype
after endurance training. As type II fibers have generally lower oxi-
dative capacity and enzyme activity, the distinct prevailing fiber type
profile of our cohorts potentially relates to their metabolic pheno-
type (60). Of note, the immune histology approach did not allow to
further distinguish between type Ila and IIx fibers. It still remains
largely unclear, however, whether endurance-trained ATHLs simply
have more mitochondria or whether intrinsic mitochondrial differ-
ences set these individuals apart from their untrained counterparts.
We find that both CSA and mtDNA, two established markers for
mitochondrial content, to be highest in the ATHL group, which
aligns with existing literature (61-63). Here, we show that mito-
chondrial coupling efficiency, as determined from RCRs and LCRs,
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was comparable, indicating that this parameter is not related to en-
ergetic capacity. These findings align with previous observations
made in trained and untrained individuals (64). In the present study,
PGC-1a expression reflecting mitochondrial biogenesis was not in-
creased in ATHL, which might be due to the timing of the muscle
biopsy at least 48 hours after the last exercise bout. While rapidly
up-regulated after acute exercising (65), PGC-1la transcript levels
remain elevated for only about 24 hours and decline substantially
after 48 hours (66). Nevertheless, the present comprehensive study
underlines the concept of quantitative rather than qualitative mito-
chondrial adaptations to endurance training.

The similarly higher IMCT in both ATHL and OVWE draws the
attention to subcellular localization and distribution of bioactive lip-
ids to explain the difference in insulin sensitivity between these
groups. Several studies identified higher membrane DAG (18, 67) but
lower (67), similar (68), or higher (18) cytosolic DAG to be associated
with acute experimental or chronic common insulin resistance. The
present study used advanced protocols now allowing for separation of
five instead of only two subcellular compartments (25). Previously
only used in liver samples to elucidate the connection of hepatic plas-
ma membrane DAG species and hepatic insulin resistance via activat-
ing PKCe (25), this technique has now been adapted for skeletal
muscle tissue (69). Of note, the “membrane” fraction used in earlier
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Fig. 5. Increased myocellular insulin signaling and intracellular glucose handling as well as elevated modulator proteases elucidate the clinical phenotype. PKCO
(A) and PKCe (B) translocation derived from the membrane-to-cytosol ratio, calpain 2 (C), association of calpain 2 with M value (D) as well as calpain 2 with PKCe for the
ATHL group (E), serine-473 phosphorylation of AKT (F), total GLUT4 protein (G), and HK I protein (H). For (A) and (B), LEAN n = 14, OVWE n = 17, ATHL n = 23; for (C), LEAN
n =19, OVWE n = 40, ATHL n = 30; for (D), n = 30; for (E), n = 17; for (F) to (H), LEAN n = 18, OVWE n = 40, ATHL n = 30. For (A), (B), and (G), muscle samples were obtained
in the basal condition; for (C), (F), and (H), muscle samples were obtained during insulin-stimulated conditions. Data are presented as means + SEM; significant differ-
ences by one-way ANOVA; *P < 0.05, **P < 0.01; GLUT, glucose transporter; Ser-Px-serine phosphorylation; circles represent females and squares represent males.
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Table 3. Participants' characteristics and main outcomes of LEAN, OVWE, and ATHL, stratified according to sex. Data are means + SD. Significant

differences by one-way ANOVA denoted *P < 0.05, **P < 0.01, compared with LEAN female; AP < 0.05, AAP < 0.01 compared with OVWE female; P < 0.05,
"P < 0.01, compared with ATHL female; ®P < 0.05, ®®P < 0.01, compared with LEAN male, *P < 0.05, #P < 0.01 compared with OVWE male, P < 0.05, >P < 0.01,

compared with ATHL male.

Parameter LEAN female LEAN male OVWE female OVWE male ATHL female ATHL male
(n=11) (n=10) (n=20) (n =35) (n=13) (n=21)

Age (years) 296 294 34+6 3912 29:6 3210

BMI(kg/mz) e 21 7 i 2 1 ST 22 3 . 1 2 e +40 s 32 2 L 48 e s g 22 6 R ] 6 B

Body fat (%) 325+106@@ 219+52** 471+63## 339+58/\/\ 280+44°% 214+38’

VO;max 27.1+23@@ 386+ 5.5%* 20+42% 27.0 £ 5.07 484+ 40% 589+ 54"

(ml kg mln 1)

Fastlng blood 45+0.2 44+03 46+0.03 49+0.5 43+0.3 44+04

glucose (mM)

studies consists of plasma, mitochondrial, endoplasmic reticulum,
Golgi, and other endomembranes, rendering interrogations of precise
DAG compartmentation difficult (23). By using this advanced ap-
proach (69), the present study showed that bioactive sn-1,2-DAG
species are preferentially sequestered into the mitochondrial com-
partment in skeletal muscle of ATHL. These differences in DAG
concentration likely arise from increased mitochondrial content in
ATHL. The reason for the preferential sequestration into the mito-
chondrial compartment goes beyond the scope of this study and war-
rants further investigation in future studies. Lower ratios of plasma
membrane/mitochondrial sn-1,2-DAG in ATHL support the concept
of relative distribution of DAG within intracellular compartments
that is metabolically significant, whereas the higher total DAG likely
provide increased substrates for fatty acid oxidation. Accordingly,
fatty acid oxidation was increased in ATHL. Likewise, subanalysis of
the OVWE group uncovered that sedentary OVWE individuals with
the lowest sn-1,2-DAG ratios in the plasma membrane/mitochondrial
compartment also show advantageous metabolic characteristics
including better insulin sensitivity, body composition, lipid meta-
bolism, and mitochondrial coupling control. Although the sex
distribution is skewed toward males in the low sn-1,2-DAG ratio
group, it is unlikely that this affects the conclusions, as the exploratory
analysis revealed no sex-specific differences with regard to this out-
come. When setting physical fitness (VO,max) as the dependent vari-
able, no associations were found for DAG and ceramide species and
localization. Insulin sensitivity was only positively associated with
VO,max in the highest sn-1,2-DAG ratio group. A compilation of
these traits likely contributes to an improved metabolic phenotype
seen in this subgroup. These results are building on earlier findings of
subtypes of individuals with diabetes and prediabetes (70, 71). The
phenotypic signature of the subtypes of type 2 diabetes comprises
those with severe insulin-deficient diabetes, severe insulin-resistant
diabetes, mild obesity-related diabetes, and mild age-related diabetes,
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FastinghsCRP (M)  333+143 86295  5243495" 200+ 124MF 57148 57476
Mvalue(mgkg 56+06 83116 28+1.0 3.8+20 7.7 +1.9% 1M5+27"
mln )

OGIS (ml/minperm?) 4540+ 89.9 498.5 + 82.2 4282 +57.1 391.6 + 88.9 5389+ 57.7 549.5 + 55.5

which differ in the degree of insulin resistance and cardiometabolic
risk factors (70, 71). Cytosolic C16:0 and C18:0 ceramides, previously
being associated with insulin resistance (16, 24, 39), were not different
in our subgroups. In conclusion, partitioning of bioactive lipids away
from the plasma membrane into the mitochondrial compartment as-
sociates with features of higher insulin sensitivity.

The present study reports higher activation of PKCB and PKCe in
OVWE than in the other groups. As the DAG-nPKC pathway may
not fully explain the athlete’s paradox, we examined innovative
alternative mechanisms, particularly the role of the intracellular
modulator proteases, calpain 1 (p-calpain) and 2 (m-calpain). The
cysteine proteases, calpain 1 and calpain 2, are involved in Ca**-
dependent remodeling of myocellular proteins (72) but also in de-
grading different PKC isoforms (73). The conventional isoform,
PKCa, colocalizes with calpain 1 in the membrane of rabbit skeletal
muscle (74) and calpain inhibition by antisense oligonucleotides in-
creases PKCS concentrations in cultured myoblasts (75). The key
finding that calpain cleaves PKC subspecies in the presence of phos-
pholipids and DAG (76) suggests that DAG-activated PKCs are pref-
erentially targeted for proteolysis and may help to explain the lower
PKCO translocation despite higher DAG in ATHL of the present
study. The increase in calpain may result from augmented sarcoplas-
mic Ca”" release in myocytes, as reported for chronic endurance
training (77), which would activate the Ca®*-dependent calpain.
The positive association of calpain 2 with insulin sensitivity and its
negative association with nPKC activation in ATHL support this
concept. These findings provide an insightful mechanistic advance-
ment for how chronic exercise training potentially prevents activa-
tion of PKCs by recruiting modulator proteases to remodel the
intracellular environment.

In the muscle, C18 ceramides have previously been associated
with insulin resistance (16, 24), but the present study did not detect
any association of ceramides with insulin resistance. The absence of
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Fig. 6. Sex-specific comparison of glucose disposal, mitochondrial function, intramyocellular lipids, calpain 2, and GLUT4 protein content. Oxidative and non-
oxidative glucose disposal during insulin-stimulated conditions (A); in vitro mitochondrial OXPHOS capacity (B); intramyocellular lipids determined by "H-MRS (C); ratios
in subcellular compartments of PM-to-MT sn-1,2-DAG (D), sn-1,3-DAG (E), and sn-2,3-DAG (F), calpain 2 (G), and total GLUT4 protein content (H). For (A), LEAN fn =9, LEAN
mn=12; OVWE f n = 19; OVWE m n = 32; ATHL f n = 13; ATHL m n = 21. For (B), LEAN f n = 10; LEAN m n = 10; OVWE f n = 16; OVWE m n = 32; ATHL f n = 10; ATHL m
n=18.For(C),LEANfn=7;LEANm n=9; OVWE fn=11; OVYWE m n = 13; ATHL f n = 10; ATHL m n = 18. For (D) to (F), LEANfn=3; LEAN m n =9; OVWE f n = 13; OVWE
mn=28; ATHLfn=9; ATHL m n = 15. For (G) and (H), LEAN f n = 10; LEAN m n = 9; OVWE fn = 13; OVWE m n = 27; ATHL f n = 12; ATHL m n = 18. All muscle samples were
obtained in the basal condition. Data are presented as means + SEM; significant differences by one-way ANOVA; §§P < 0.01 for nonoxidative glucose disposal; f, female;
m, male; DAG, diacylglycerol.
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a relationship of this putative mediator of insulin resistance is in line
with other studies in healthy lean persons, insulin-resistant obese
individuals, and obese humans with type 2 diabetes (78). This is in
contrast to other findings reporting an association of ceramides and
other sphingolipids, in particular, muscle C18 ceramides, with insu-
lin resistance (16, 24). These divergent findings may be related to the
fact that samples were not fractionated (16) or assayed in different
subcellular fractions (24). Of note, activation of inflammatory path-
ways such as NF-kB, which have been related to ceramide-mediated
insulin resistance (79), was also not found in the present study. Nev-
ertheless, the relevance of the NF-«B pathway in mediating obesity-
induced insulin resistance remains a matter of debate (80).

Here, ATHL featured higher muscle GLUT4 content, likely re-
flecting their higher cellular glucose transport. Glucose transport
activity has been established as the rate-controlling step in insulin-
stimulated muscle glycogen synthesis in humans (81). ATHL gen-
erally feature higher abundance of GLUT4 protein than sedentary
individuals (82). In the present study, ATHL also showed higher
muscle HK II content, which positively associated with whole-
body insulin sensitivity. Increased HK II activity indicates im-
proved glucose phosphorylation capacity, which allows for higher
muscle glucose disposal (45) and also contributes to control of gly-
cogen synthetic rates (81). In this context, bed rest-induced insulin
resistance has been related to lower amounts of the muscle proteins
involving glucose transport, phosphorylation, and storage, includ-
ing GLUT4 and HK II levels (83). The above studies, along with the
role of HK II protein for exercise endurance (84), may help to ex-
plain the operation of multiple mechanisms underlying the higher
insulin sensitivity of ATHL aside from changes in cellular lipid dis-
tribution.

Some limitations of this study require attention. The relatively large
cohort size for a study aiming at comprehensive phenotyping still may
not account for the inherent biological variability, as reflected by the
rather small effect sizes, which may also limit the generalizability of
within-group correlations. In addition, this study was not designed
and powered to assess sex-specific differences; an exploratory
sex-based analysis of the main study outcomes revealed higher body
fat content and lower aerobic capacity in females than in males, a high-
er hsCRP in female than in male OVWE, and lower whole-body insu-
lin sensitivity in female than in male ATHL, whereas the remainder of
metabolic outcomes did not reveal sex-specific differences. Further,
despite the slightly younger age of the LEAN than the OVWE group,
the differences in features of glucose metabolism cannot be explained
by this age difference as age-adjusted statistical analyses are negligible.
This confirms previous analyses, which also found no age-related dif-
ferences in glucose tolerance between young and middle-aged cohorts
(85). Of note, this cross-sectional study in humans does not allow
to derive direct causal relationships. Moreover, the relatively small
amount of available muscle tissue has limited the analyses to the main
aims of the study, e.g., myocellular acylcarnitine concentrations, also
associated with lipid-mediated insulin resistance by some (86), but not
others (78), were not measured in the present study. Last, limitations in
fractionation quality apply as human biopsy samples cannot undergo
in situ freeze-clamping due to ethical and safety reasons, which would
likely enable cleaner compartment isolation. In addition, limited tissue
availability prevented further validation across additional markers
in all participants.

In conclusion, this observational study provides alternative
explanations of the athlete’s paradox by demonstrating that higher
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insulin sensitivity in ATHL tightly associates with relative distri-
bution of DAG within intracellular compartments toward the
mitochondrial compartment and by skeletal muscle calpain, which
contributes to lower nPKC activation despite increased absolute
myocellular lipid content. Further analyses allowed to identify a
subgroup of highly insulin-sensitive overweight/obese people with
lower plasma membrane/mitochondrial ratio of sn-1,2-DAG, which
also feature lower cardiometabolic risk factors and could thereby
contribute to precision medicine in obesity.

MATERIALS AND METHODS

Study participants

Participants aged 18 to 69 years were recruited via social media or
advertisements in local newspapers between April 2017 and January 2023
for this observational study reporting baseline data and not report-
ing any result of an interventional clinical trial. A total of 165 indi-
viduals were assessed for eligibility, of whom 49 were excluded
because of not meeting the inclusion criteria. The remaining 116
individuals were enrolled in this observational study and received
compensation for taking part in the study. After enrollment, six in-
dividuals were excluded, of whom five declined to further partici-
pate and one due to pregnancy (see STROBE Diagram fig. S1). After
obtaining informed consent, a total of 110 individuals comprising
young male and female LEAN (n = 21) individuals (BMI < 25),
OVWE (n = 55) individuals (BMI > 25), and endurance-trained
ATHLs participating in cycling, running, or triathlon events (ATHL,
n = 34) were included in the present study. OVWE and ATHL were
matched by IMCT levels obtained via 'H-MRS. They consented to
the trial protocol (ClinicalTrials.gov registration no. NCT03314714),
which was approved by the ethics board of Heinrich-Heine University
Diisseldorf (ref. number 5722R) as well as the ethics board of
Maastricht University Medical Center (Medical Ethics Review Com-
mittee ref. number 173021) and carried out in accordance with the
current (2013) version of the Declaration of Helsinki. Inclusion cri-
teria for ATHL were VO,max > 60 ml kg_1 min~! & and > 45 ml
kg_1 min~! @, while LEAN and OVWE were inactive (structured
exercising <1 hour/week) healthy individuals with VO,max < 40 ml
kg™ min~". Exclusion criteria for all participants were smoking;
acute or chronic diseases including cancer, diabetes or prediabetes,
and kidney and cardiovascular diseases; or pregnancy. None of the
participants were taking medications, and the participants were
weight stable throughout the study. The participants were examined
on two nonconsecutive days within 2 weeks. Body weight was mea-
sured during screening and before the clamp test to ensure stability.
Weight stability was also confirmed via self-report during the initial
phone interview and before study inclusion, with only those report-
ing stable weight in the preceding 6 months being included.

Study design

This observational, noninterventional study focused on analysis of
baseline metabolic parameters. From the three parts of original
study protocol, we performed only the first observational subproject
and report its baseline results here. This study does not report any
result of an interventional clinical trial. The primary objectives of
this study were to assess insulin sensitivity and its association to in-
tramyocellular lipid content in three groups with different degrees
of insulin sensitivity and physical fitness. The examinations were
carried out at the German Diabetes Center, Diisseldorf, Germany,
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and at the Maastricht University Medical Center, Maastricht, The
Netherlands. All volunteers underwent screening including medical
history, clinical examination, 12-lead electrocardiogram, and an-
thropometric measurements including height and weight and rou-
tine laboratory analyses (see below). Persons with elevated routine
laboratory parameters (>twofold upper reference values) were ex-
cluded. All participants underwent a 75-g oral glucose tolerance test
(OGTT) to exclude dysglycemia (30). Three individuals of the
OVWE group presented with impaired glucose tolerance (2-hour
glucose concentration during the OGTT >140 mg/dl). All partici-
pants performed an incremental exhaustive exercise test on a cycle
ergometer (Viasprint 200, Ergoline, Bitz, Germany) to obtain their
VO,max, and exhaustion was defined according to the guidelines on
cardiopulmonary exercise testing (87).

Upon inclusion, all participants were examined on two noncon-
secutive days within a 2-week period after an overnight fast and
ATHL abstained from exercise training for at least 48 hours before
the examinations. On the first day, 'H-MRS of the m. vastus lateralis
of the left leg was performed in the fasted state, followed by bio-
impedance analysis for estimating fat mass (FM), percent fat mass
and fat-free mass (BioElectrical Impedance Analyzer System, RJL
Systems, Detroit, MI). On the second day, a hyperinsulinemic-
euglycemic clamp was performed in conjunction with muscle biop-
sies during fasting and at 30 min of insulin stimulation. Blinding
was used whenever possible. This included blinding the investigator
to the individual being studied with regard to group allocation and
blinding the investigator who assessed and analyzed the data with
regard to group allocation.

Laboratory analyses

Routine laboratory tests were analyzed at the Biomedical Laborato-
ry of the German Diabetes Center Diisseldorf as described before
(88). The fibrosis index (FIB-4), as an estimate of liver fibrosis, was
calculated from routine laboratory parameters using the equation
age X aspartate aminotransferase/platelet count X square root (ala-
nine aminotransferase) (89).

Hyperinsulinemic-euglycemic clamp test

After an overnight fast, a hyperinsulinemic-euglycemic clamp with
infusion of D-[6,6-*H,] glucose and total duration of 240 min was
performed as described before to measure insulin sensitivity (45).
Briefly, the examination was started at —120 min by a primed/
continuous infusion of p-[6,6-"H,] glucose (0.04 mg kg™' min™"),
at 0 min a bolus/continuous insulin infusion (40 mud/m” - body
surface area/min; human regular insulin, Inhuman Rapid, Sanofi,
Frankfurt, Germany) commenced and continued until 120 min.
Blood glucose concentration was measured every 5 min using a
glucometer (EKF Boise, Hiamm, Germany) and maintained at fast-
ing glucose levels by adapting the glucose infusion rate using 20%
glucose (B. Braun AG, Melsungen, Germany) enriched with 2%
D- [6,6—2H2]glucose. Insulin sensitivity (M value) was assessed from
mean glucose infusion rates during the last 30 min of the clamp
and glucose space correction was applied. All blood samples
were collected at timed intervals.

Whole-body glucose disposal was calculated as disappearance
rate Rd. during clamp steady-state from atom percent enrich-
ments of “H in plasma glucose (90) using Steele’s steady-state
equations (91). During insulin-stimulated clamp conditions, he-
patic insulin sensitivity was assessed from the suppression of
EGP, calculated as 100 — (mean clamp steady state EGP *100)/
(pre-basal EGP at 0 min), respectively (92).
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Indirect calorimetry

During the last 30 min before and during the clamp steady state,
indirect calorimetry was performed using a ventilated hood on a
Vmax Encore 29n machine (SensorMedix; Cardinal Health Germany,
Norderstedt, Germany) equipped with a variable mass flow, an
infrared CO, sensor, and an electrochemical O, sensor (93), accord-
ing to the recommended best practice guidelines (94, 95). After a
resting period of 10 min, a canopy was positioned over the partici-
pant’s head and the measurement was started with an initial 10-min
accommodation and equilibration period. The initial period was
followed by a 20-min recording period, while the person remained
under strict resting conditions. Data readout (i.e., VCO, and VO,)
was set at the highest available frequency (three readouts/min), and
subsequent calibration with normalization was performed as de-
scribed (93). Metabolic flexibility and substrate utilization then were
calculated according to Peronnet et al. (96). Validated formulas (93)
were used to calculate glucose oxidation (GOX) and lipid oxidation
(LOX), while NOXGD was assessed from the difference between
Rd. and GOX.

MRS and MRI

All MRS and magnetic resonance imaging (MRI) measurements
were performed on a 3-T whole-body MR scanner (Achieva X-series,
Philips Healthcare, Best, The Netherlands). Clinical T2-weighted
turbo spin-echo images were obtained in the transverse plane of the
left leg for localization and repositioning of the voxels used for IMCT
quantifications. "H-MRS was performed for measuring IMCT con-
tent using point-resolved spectroscopy sequence (repetition time/echo
time = 2000/29 ms) in a volume of interest of 15 mm 12 mm15 mm
within the m. vastus lateralis muscle. IMCT content was calculated
from the peak area of IMCT-CH,- (methylene) at 1.3 parts per
million with respect to the water peak area and was corrected for T1
and T2 relaxation effects as suggested previously (97). Quantification
was performed when the spectra yielded a clearly visible spectral
separation of IMCT methylene signals following consensus recom-
mendation (97).

Skeletal muscle biopsy

Muscle biopsies at the mid-thigh level of the m. vastus lateralis were
taken in the overnight fasted state and 30 min into the clamp test
under insulin stimulated conditions in line with previous studies of
our group (18). Under local anesthesia, a modified Bergstrom nee-
dle with suction was used to retrieve around 500 mg of muscle tissue
(78). The biopsy site was treated with wound closure strips, a plaster,
and bandage. Muscle samples were immediately blotted free of ex-
tramyocellular tissue or blood, weighted, frozen in liquid nitrogen,
and stored at —80°C for further analysis (mitochondrial content and
bioactive lipids in the overnight fasted state, Western blotting both
in the overnight fasted state and under insulin-stimulated condi-
tions). A part of the sample taken in the overnight fasted state was
either embedded for TEM histochemical analysis or used fresh for
mitochondrial respiration measurements.

Transmission electron microscopy

Skeletal muscle tissue from m. vastus lateralis was fixed for 2 hours
at room temperature (RT) by immersion in 2.5% glutaraldehyde in
0.19 M sodium cacodylate buffer at pH 7.4, postfixed in 1% reduced
osmium tetroxide in aqua bidest for 60 min, and subsequently
stained with 2% uranyl acetate in maleate buffer (pH 4.7). The spec-
imens were dehydrated in graded ethanol and embedded in epoxy
resin (98). Ultrathin sections were picked up onto formvarcarbon-
coated grids, stained with lead citrate, and viewed and recorded by a
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transmission electron microscope (TEM 910; Zeiss Elektronenmik-
roskopie, Oberkochen, Germany). Morphometric evaluation of mi-
tochondrial volume density and lipid droplet volume density were
performed via Image] [National Institutes of Health (NIH), Bethesda,
MD, USA] using the point-counting method as previously described
by Weibel (99).

Histochemical analysis

For immunofluorescence analysis of fiber types of the m. vastus late-
ralis, 7-pm-thick cryosections were cut and mounted on glass slides
as described (100). The sections were air-dried for 15 min at RT and
fixed thereafter with 3.7% formaldehyde in phosphate-buffered sa-
line (PBS) for 30 min at 4°C. The sections were permeabilized with
0.25% Triton X-100 in PBS for 30 min at RT and incubated for
60 min at RT with antibodies against myosin heavy chain 1 (A4.840;
Dev. Hybr. Bank, Iowa, USA) and laminin (L9393; Sigma-Aldrich,
Zwijndrecht, The Netherlands). Subsequently, the sections were in-
cubated for 90 min with the appropriate secondary antibodies con-
jugated with Alexa Fluor 555 and Alexa Fluor 350 (D3922; Thermo
Fisher Scientific, Landsmeer, The Netherlands) at RT. Last, the sec-
tions were mounted with Mowiol and analyzed with a Nikon E800
fluorescence microscope (Nikon, Amsterdam, The Netherlands),
coupled to a Nikon DS-Filc color CCD camera. All sections were
individually assessed using Image] (NIH, Bethesda, MD, USA)
(101) to distinguish muscle fiber types. Positive staining for major
histocompatibility complex 1 identified type I muscle fibers, while
unstained fibers were counted as type II fibers.

Mitochondrial function and content

Mitochondrial respiration was assessed by high-resolution respi-
rometry using the Oxygraph 2 k (O2k, Oroboros instruments,
Innsbruck, Austria) in permeabilized muscle fibers as described
earlier after applying a sequential substrate-uncoupler-inhibitor
protocol (31). In brief, skeletal muscle biopsy samples were permea-
bilized chemically with saponin for 30 min and transferred to the
O2k chambers in duplicate. Defined respiratory states were obtained
after applying malate (2 mM) and octanoylcarnitine (0.2 mM) to
induce LEAK respiration followed by adenosine diphosphate (ADP,
2.5 mM) to support B-oxidation-linked respiration. This was fol-
lowed by titrating glutamate (10 mM), succinate (10 mM), and ADP
(5 mM) to obtain OXPHOS capacity and subsequent titration of
oligomycin (2.5 pM) and stepwise (0.025 pM steps) titration of car-
bonyl cyanide-p-trifluoromethoxyphenylhydrazone to reach maxi-
mal respiratory capacity. The RCR was calculated as the ratio of
mitochondrial respiration supporting adenosine triphosphate syn-
thesis to that necessary to compensate for proton leak (32). The LCR
as an indicator of mitochondrial proton leakage and coupling con-
trol was calculated using leak respiration divided by maximal respi-
ratory capacity (33). CSA was assessed spectrophotometrically from
a separate piece of muscle using a commercial kit (Citrate Synthase
Assay Kit; Sigma-Aldrich, St. Louis, MO) and used as a marker for
mitochondrial content. For analysis of mtDNA, DNA was extracted
from muscle tissue using DNeasy Blood & Tissue kit (Qiagen,
Disseldorf, DE) following the manufacturer’s instructions. Briefly,
15 mg of muscle tissue was lysed using ATL plus buffer and proteinase
K at 56°C for 2 hours. Later, DNA was purified using DNeasy mini
spin column and dissolved in 40 pl AE buffer. Last, DNA concen-
tration and purity was determined by nanoplate reader (Tecan,
Minnedorf, CH) and diluted to 5 ng/pl using polymerase chain reaction
(PCR)-grade H,O. Mitochondrial DNA copy number was quantified
with StepOne Plus PCR system (Applied Biosystems, Foster City,
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USA) using primers for nuclear gene lipoprotein lipase (LPL)
(forward primer: CGAGTCGTCTTTCTCCTGATGAT reverse
primer: TTCTGGATTCCAATGCTTCGA) and mitochondrial
gene NADH dehydrogenase subunit 1 (ND1) (forward primers:
CCCTAAAACCCGCCACATCT reverse primers: GAGCGATG-
GTGAGAGCTAAGGT). DNA copy number for each gene was de-
termined by comparing log-linear standard curves created using
plasmid for LPL and ND1 (OriGene, Maryland, USA). Mitochon-
drial DNA copy number was expressed as the logarithm of mito-
chondrial to nuclear DNA ratio as previously described (102). A
melting curve was created to ensure primer specificity. Each sample
was measured in duplicate. Inter-run calibrator was used to account
for between-run differences.

Five-compartment ultracentrifugation fractionation and DAG
stereoisomer separation and quantitation

Tissue was homogenized and fractionated into five compartments as
described earlier (38). As reported previously (103), subcellular frac-
tion purity of vastus lateralis muscle samples was evaluated by im-
munoblotting for the following marker proteins (fig. S3): Na-K
adenosine triphosphatase (ATPase) (sarcolemma) antibody, Abcam,
#ab7671; citrate synthase (mitochondria) antibody, Santa Cruz Bio-
technology, #sc-390693; calnexin (endoplasmic reticulum) antibody,
Abcam, #ab22595; perilipin (lipid droplet) antibody, Cell Signaling
Technology, #9349; and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (cytosol) antibody, Cell Signaling Technology, #5174.
Chiral analysis of DAG were performed by LC-MS/MS using elec-
trospray ionization on an AB Sciex Qtrap 6500 interfaced to Shimadzu
UFLC with 2 LC-20 AD pumps (and degassers), SIL-20 AC xR
autosampler. Chromatographic separation was performed using
Luna 5u Silica (100 A, 250 mm by 2.0 mm) and LUX 5u Cellulose-1
(250 mm by 4.6 mm) columns connected in series with an isocratic
solvent of hexane:isoproponal (300:7) with a flow rate of 0.6 ml/min.
Triacylglycerols (TAG) elute between ~4 and 8 min, and DAG elute
between ~11 and 17 min. For DAG with the same fatty acid com-
position, the order of elution was 1,3-DAG - > 2,3-DAG - > 1,2-
DAG. For any specific stereoisomer (i.e., 1,2-DAG, 2,3-DAG, or
1,3-DAG) the order of elution generally increases with the degree of
unsaturation. For example, C18:1 C18:1 - > C18:1 C18:2 - > C18:2
C18:2. Standards were used to establish retention times, matrix ef-
fects, and response relative to the internal standard (C17, C17-DAG).
However, the position of the fatty acids on the DAG have not been
established. For example, for the 1,2-DAG assigned as C18:0 C16:0,
C16:0 could be on either the 1 or the 2 positions. In the process of
optimization, it was found that the use of cartridges (e.g., DiOH) or
silica thin-layer chromatography plates to preseparate the DAG from
TAG results leads to intramolecular transesterification (e.g., the pre-
separation of a 1,2-DAG, will produce a mixture of 1,2-, 2,3-, and
1,3-DAG). Thus, no additional separation steps following centrifu-
gation to obtain cellular fraction were done b LC-MS/MS analysis.
Western blotting

Expression levels of proteins of interest were assessed by Western
blot (104). Proteins were extracted from approximately 30 mg of fro-
zen skeletal muscle and homogenized in 300 pl of lysis buffer (25 mM
tris-HCl, 1 mM EDTA, 150 mM NaCl, and 0.20% NP-40) with
protease (cOmplete Tablets, EASYpack, Roche Diagnostics) and
phosphatase (PhosSTOP, EASYpack, Roche Diagnostics) inhibitors
for extraction of total soluble proteins. The samples were shaken
three times for 1 min at 20 Hz in a Tissue Lyzer and centrifuged
(13,000 rpm for 15 min at 4°C) to pellet insolubilized material.
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GLUT4 protein content was assessed from lysate, and as a marker
of activation, PKCO and PKCe activities were assessed from the
ratios of the respective protein contents in membrane and cytosol
fractions upon differential centrifugation. The tissue was homoge-
nized in 300 pl of lysis buffer with protease and phosphatase inhibi-
tors. The homogenate was centrifuged (100,000¢ for 1 hour at 4°C),
and the supernatant containing the cytosolic fraction was trans-
ferred to a fresh tube and frozen at —80°C, while the pellet was
dissolved in 110 pl of buffer B (250 mM tris-HCL, 1 mM EDTA,
0.25 mM EGTA, and 2% Triton X-100) using a homogenizer. A
second centrifugation step (100,000¢ for 1 hour at 4°C) was per-
formed, and the supernatant (membrane fraction) was collected and
stored at —80°C as well.

The concentration of the extracted proteins was determined in
the supernatant using the bicinchoninic acid assay kit. Aliquots of
30 pg of total proteins, as well as cytosolic and membrane fractions,
were diluted four times with the loading buffer [0.35 M tris-HCl
(pH 6.8), 10% SDS, 30% glycerol, 0.6 M dithiothreitol, and 0.175 mM
bromophenol blue) and then loaded onto an SDS-PAGE (4 to
20% Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad, CA,
USA). Following electrophoresis, a semidry blotting to a polyvinyli-
dene difluoride membrane was performed at 8 mA/cm” for 30 min.
After blocking the membranes for 2 hour at RT using the blocking
solution [5% milk in tris-buffered saline-Tween (TBS-T)], the
membranes were incubated with the primary antibodies diluted
1:1000 in 5% milk or bovine serum albumin in TBS-T according to
the manufacturer, in combination with the respective horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit antibody, di-
luted 1:2500, or anti-mouse diluted 1:1000. The membranes were
finally coated with Immobilon Western Chemiluminescent HRP
Substrate (Millipore), and the proteins were detected using a Bio-Rad
ChemiDocTM MP Imaging System in combination with the soft-
ware ImageLab 6.0.1 (Bio-Rad 199 Laboratories) for densitometric
analysis. For analysis and comparison of the protein expression on
different gels, an inter-run calibrator was loaded as reference sample
on each gel to correct for run-to-run variation (105). Primary anti-
bodies were purchased from Cell Signaling Technology: Akt (9272);
phospho-Ser®”?-Akt (9271); HKI (2024); HK II (2106); NF-kB
(8242); phospho-NF-kB (3033); GAPDH (2118) as housekeeping
protein for the soluble and cytosolic fractions. PKCO (610090) and
PKCe (610086) were obtained from BD Biosciences, Calpain 1
(VMAO00353) and Calpain 2 (VMAO00164) from Bio-Rad, and
Na*,K*-ATPase (Ab76020), used as loading control for the mem-
brane fraction, from Abcam. Data are expressed in arbitrary units
and normalized to housekeeping protein.

Statistics

Data are presented as means & SEM or median (25th, 75th percen-
tiles) in case of skewed distributed variables, as appropriate and as
percentages (%). Group differences were analyzed by two-way anal-
ysis of variance (ANOVA), and the Tukey-Kramer method was used
to adjust P values for multiple comparisons or pairwise comparisons
of three groups. Pearson’s linear regression analysis was performed
to identify correlations between variables. Differences were consid-
ered significant at P < 0.05, and a two-sided approach was used.
Results from DAG and CER molecular species were adjusted for age
and sex, which have been shown to affect lipid species (106). Sub-
group and sex-specific analyses were performed in an identical
manner as indicated above. To determine whether DAG or ceramide
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species, localization and insulin sensitivity are associated with phys-
ical fitness within a subgroup, VO,max was set as the dependent
variable. Missing values were not imputed for any analyses, and data
were computed according to available case analysis. Sex was based
on self-reporting, and both male and female individuals were in-
cluded into this study, but this study was not designed and powered
to assess sex-specific differences.

Sample size and power calculation

The number of cases for the main study was calculated using a power
analysis (G*Power version 3.1.9.2) assuming the following parame-
ters: mean IMCT levels in ATHLs, 9000 arbitrary units (AU) (SD,
3000 AU); untrained, insulin-sensitive control participants, 6000 A.U.
(SD, 1000 A.U.); effect size, 1.2; Za = 1.96 (95%, two-sided); and
Zp = 0.84 (80%, one-sided) according to the tolerable limits for type
1 and type 2 errors of the respective main target parameter to define
the groups (IMCT) based on previous studies (21). The power analy-
sis resulted in a sample size of at least 12 individuals per group for a
two-sided test. IMCTs are a distinctive parameter for differentiating
the groups. With a drop-out rate of about 10% and the assumption
that the investigation of more heterogeneous groups in the reference
study would result in a higher spread of the measured values, a num-
ber of 15 participants per group and subproject was set.

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Tables S1and S2
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