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Increased plasma creatine concentrations are associated with the risk of type 2 diabetes, but whether this altera-
tion is associated with or causal for impairments in metabolism remains unexplored. Because skeletal muscle is
the main disposal site of both creatine and glucose, we investigated the role of intramuscular creatine metabolism
in the pathophysiology of insulin resistance in type 2 diabetes. In men with type 2 diabetes, plasma creatine con-
centrations were increased, and intramuscular phosphocreatine content was reduced. These alterations were
coupled to reduced expression of sarcomeric mitochondrial creatine kinase 2 (CKMT2). In C57BL/6 mice fed a high-
fat diet, neither supplementation with creatine for 2 weeks nor treatment with the creatine analog f-GPA for
1 week induced changes in glucose tolerance, suggesting that increased circulating creatine was associated with
insulin resistance rather than causing it. In C2C12 myotubes, silencing Ckmt2 using small interfering RNA reduced
mitochondrial respiration, membrane potential, and glucose oxidation. Electroporation-mediated overexpres-
sion of Ckmt2 in skeletal muscle of high-fat diet-fed male mice increased mitochondrial respiration, independent
of creatine availability. Given that overexpression of Ckmt2 improved mitochondrial function, we explored wheth-
er exercise regulates CKMT2 expression. Analysis of public data revealed that CKMT2 content was up-regulated by
exercise training in both humans and mice. We reveal a previously underappreciated role of CKMT2 in mitochon-
drial homeostasis beyond its function for creatine phosphorylation, independent of insulin action. Collectively,
our data provide functional evidence for how CKMT2 mediates mitochondrial dysfunction associated with type 2

diabetes.

INTRODUCTION

Insulin resistance associated with type 2 diabetes is characterized by al-
terations in energy metabolism. Because intracellular storage and trans-
portofadenosine triphosphate (ATP) islimited, high-energy-demanding
tissues, such as the brain and skeletal muscle, use creatine kinases to con-
vert creatine into phosphocreatine as an energy buffer. Creatine can be
both efficiently stored and transported across the cell membrane and is,
therefore, an important energy shuttle. Thus, creatine metabolism
can couple mitochondrial energy production with cytosolic energy
demands (1).

Alterations in enzymes controlling creatine metabolism have
emerged as multifaceted players in various pathophysiological con-
texts. For example, creatine metabolism mediates macrophage im-
mune responses (2) and contributes to the metabolic rewiring observed
in cancer cells (3). In white adipose tissue, impaired phosphocre-
atine metabolism contributes to the development of a proinflammatory
environment, linking alteration in creatine metabolism to obesity
and metabolic disease (4). Increased circulating amounts of creatine
in plasma are associated with a higher risk of type 2 diabetes incidence
in men (5). Thus, correlative evidence suggests that alterations in
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creatine metabolism may be involved in the development of meta-
bolic dysfunction.

Perturbations in creatine metabolism stem from changes in the
expression and activity of the creatine transporter and members of
the creatine kinase family, proteins responsible for the membrane
transport and interconversion of creatine into phosphocreatine.
Creatine kinases exhibit tissue-specific and discrete intracellular lo-
calization (6). In the heart and skeletal muscle, the creatine kinase
M-type isoenzyme is found in the cytosol, whereas the creatine kinase
S-type [also known as sarcomeric mitochondrial creatine kinase 2
(sMtCK or CKMT?2)] is located in the mitochondrial intermem-
brane space. CKMT?2 exists as a homo-octamer, consisting of four
dimers that serve as the stable structural units (7). CKMT2 function-
ally colocalizes with the adenine nucleotide translocator (ANT) to
rapidly hydrolyze ATP into adenosine diphosphate (ADP) to phos-
phorylate creatine (8). Thus, given this tissue-specific distribution
and intracellular localization, CKMT2 is a key regulator of oxidative
phosphorylation (OXPHOS) and mitochondrial respiration in skeletal
muscle (9). However, the precise role for this enzymatic machinery
in skeletal muscle metabolism in type 2 diabetes is unexplored. Skeletal
muscle is a primary tissue for both glucose (10) and creatine disposal
(11) and, therefore, emerges as a crucial organ for investigating the
role of creatine metabolism in the development of insulin resistance
in type 2 diabetes. Here, we investigated whether creatine me-
tabolism and CKMT?2 content were altered in skeletal muscle from
men with type 2 diabetes. We also determined how modulation of
creatine metabolism affected metabolic health and mitochondrial
function.
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RESULTS

Skeletal muscle creatine metabolism is altered in men with
type 2 diabetes and linked to aberrant glucose control

To determine whether creatine metabolism is perturbed in skeletal
muscle in type 2 diabetes, we collected plasma samples and vastus
lateralis muscle biopsies from men with normal glucose tolerance or
with type 2 diabetes (fig. S1A). Clinical characteristics of the study
participants are presented in Tables 1 and 2. We found that circulat-
ing fasting amounts of creatine were increased in plasma from men
with type 2 diabetes (Fig. 1A) and were negatively correlated with the
expression of the creatine transporter solute carrier family 6 member
8 (SLC6AS) in skeletal muscle (Fig. 1, B and C). Although the intra-
muscular content of creatine was higher in men with type 2 diabetes
(Fig. 1D), phosphocreatine amounts were reduced (Fig. 1E), and
these amounts were associated with the expression of CKMT2 in
skeletal muscle (Fig. 1, F and G). The intramuscular phosphocre-
atine amount was inversely correlated with fasting blood glucose,
with opposing trends in men with type 2 diabetes as compared with
men with normal glucose tolerance (Fig. 1H). Similarly, lower skel-
etal muscle CKMT2 mRNA amounts were associated with higher
post—oral glucose tolerance test (OGTT) circulating insulin in men
with normal glucose tolerance (Fig. 1I) and higher hemoglobin
Alc in men with type 2 diabetes (Fig. 1, I to J). CKMT2 correlated

positively with hip diameter in men with normal glucose toler-
ance, and it was associated with a larger waist-to-hip ratio in men
with type 2 diabetes (Fig. 1I). The amounts of creatine precursors in
plasma were largely unaltered (fig. S1, B to F), except for glycine,
which was decreased in men with type 2 diabetes (fig. S1B). Given that
body mass index (BMI) was higher in men with type 2 diabetes, we
also examined whether BMI in itself explained the relationship be-
tween creatine metabolism and clinical features. Except for the posi-
tive correlation between BMI and amounts of plasma creatine (fig.
S1G), BMI did not associate with either creatine/phosphocreatine
or gene expression in skeletal muscle (fig. S1, H to K). Except for intra-
cellular skeletal muscle creatine, comparisons between diagnosis
groups remained significant after adjusting for BMI (fig. S1G: plasma
creatine, P = 0.04; fig. S1H: intramuscular phosphocreatine, P =
0.027; fig. S1I: CKMT2, P = 0.027; and fig. S1J: SLC6A8, P = 0.024).

Glucose homeostasis is unaffected by changes in
whole-body creatine amounts

We next investigated whether changes in circulating and skeletal
muscle creatine/phosphocreatine amounts were associated with or
directly impaired glucose homeostasis. We fed male C57BL/6 mice
a high-fat diet for 8 weeks and then intraperitoneally injected
phosphate-buffered saline (PBS), creatine, or the creatine analog

Table 1. Clinical characteristics of the individuals included in the metabolomic analysis. Results are means + SEM for individuals with normal glucose
tolerance (n = 15) and men with type 2 diabetes (n = 25). Statistical analysis was performed using Student’s t test. FP-glucose, fasting plasma glucose;
HOMA1-IR, homeostatic model assessment 1 for insulin resistance; P-ALAT, plasma alanine aminotransferase; P-ASAT, plasma aspartate aminotransferase; P-chol,
plasma cholesterol; P-creatinine, plasma creatinine; P-HDL, plasma high-density lipoprotein cholesterol; P-LDL, plasma low-density lipoprotein cholesterol; P-TG,

plasma triglyceride; S-insulin, serum insulin; WHR, waist-to-hip ratio.
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Table 2. Clinical characteristics of the individuals included in the transcriptomic analysis. Results are shown as means + SEM for individuals with normal
glucose tolerance (n = 25) and men with type 2 diabetes (n = 22). Statistical analysis was performed using Student’s t test.

Normal glucose tolerance Type 2 diabetes P value
Age (years) 62+ 1.3 0.0181
Weight (kg) o g ooy
Height (m) 1794001 S
BMI (kg/m’) 27.94 + 048 00044
Waist (cm) 101+ 1.7 o000
Hip (cm) 101+13 T —
WHR 099+001 00010 T
Pulse (BPM) 68416 oooea
FP-glucose (mM) 8.56 + 0.39 e I
120-min glucose (mM) 16204060 T ooty
HbA1c (mmol/mol) 50.44 + 1.50 <0000
HbA1c (%)  68+0.14 <0.0001
S-insulin (pM) 92.58 +9.01 <00001
120-min S-insulin (pM) 3149+ 50.8 35054424 06a3g T
Pl s 64236 79.71 +229 01426
P-ASAT (pikat/liter) 038+003 0.40 +0.03 07228
P-ALAT (pkat/liter) 0504004 T oanay
PTG (mM) 143 +0.13 02060
P-Chol (mM) 4484015 0.0018
P-HDL (mM) 1.19 £ 0.06 01554
P-LDL (mM) 3.56+0.17 263+015 00008
S-C-peptide (mM) 694004 1.03 + 0.08 oooge
HOMA1-IR 186£021 523+ 0.65 <00001

fB-guanidinopropionic acid (B-GPA; which acts as a competitive ag-
onist to creatine for binding to the creatine transporter) for the last
2 weeks of the diet (Fig. 2A). As expected, high-fat diet-fed mice
had increased body weight and fat mass and reduced lean body
mass compared with those of chow-fed mice, with no differences
between treatments (Fig. 2, B to D, and fig. S2, A to E). Similarly,
fasting glucose and glucose tolerance were unaftected by either cre-
atine or B-GPA administration in mice fed a high-fat diet (Fig. 2, E
to G). Both basal and insulin-stimulated glucose transport in soleus
muscle were decreased in high-fat diet—fed mice compared with chow
diet-fed mice. Mice treated with f-GPA had improved basal glucose
transport in soleus muscle and in insulin-stimulated glucose trans-
port in extensor digitorum longus muscle (Fig. 2, H and I). Diet-
induced insulin resistance and glucose intolerance were associated
with skeletal muscle reduction in Ckmt2 mRNA (Fig. 2]), recapitu-
lating the results noted in people with type 2 diabetes. Compared
with those in high-fat diet-fed mice treated with PBS, creatine treat-
ment partially reverted the high-fat diet-induced down-regulation
of Ckmt2 mRNA (Fig. 2J) and up-regulated the expression of genes
encoding antioxidant enzymes [catalase (Cat), nitric oxide synthase
1 (Nos1), nitric oxide synthase 3 (Nos3), and superoxide dismutase 1
(Sod1)], as well as hexokinase 2 (Hk2), pyruvate dehydrogenase kinase
4 (Pdk4), and vascular endothelial growth factor (Vegf) (Fig. 2K),
although these changes were not all reflected by protein abundance
(Fig. 2L).
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Silencing of Ckmt2 impairs mitochondrial homeostasis in
C2C12 myotubes

Next, we assessed the pathophysiological consequences of experimen-
tal reduction of skeletal muscle Ckmt2 expression. We silenced Ckmt2
in C2C12 myotubes with small interfering RNA (siRNA), achieving a
60 to 90% knockdown at the mRNA level (Fig. 3A) and a reduction in
protein abundance (Fig. 3B), each compared with that in a scrambled
control. Mitochondrial respiration was assessed in intact C2C12 myo-
tubes by high-resolution respirometry assays in an Oxygraph-2k
(Fig. 3C). Compared with the scrambled control, Ckm¢2 silencing led
to an overall decrease in mitochondrial respiration capacity, as evi-
denced by lower O, flux during basal oxygen consumption with glu-
cose available in the medium and during the noncoupled state induced
by carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), to
reveal the capacity of the electron transport chain (ETC) (Fig. 3D).
The ratio between basal and uncoupled oxygen consumption (leak/
ETC ratio) was increased in Ckmt2-silenced myotubes compared with
that in scrambled siRNA-transfected controls (Fig. 3E). To assess
whether impaired mitochondrial respiration was associated with
changes in reactive oxygen species (ROS) production, we used fluoro-
genic dyes to measure superoxide (Fig. 3F) and hydrogen peroxide
(Fig. 3G) production. Compared with scrambled siRNA transfection,
Ckmt2 silencing increased hydrogen peroxide in myotubes and de-
creased the mitochondrial membrane potential (Fig. 3H), as assessed
by quantifying the mitochondrial potential dye tetramethylrhodamine
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Fig. 1. SKM creatine metabolism is perturbed in men with type 2 diabetes and is linked to poorer glucose control. (A) Relative plasma creatine amounts from me-
tabolomic analysis (peak intensity normalized to the median). Data are shown as a Tukey's boxplot. n = 15 in the normal glucose tolerance (NGT) group, and n = 25 in the
type 2 diabetes (T2D) group. Statistical significance was determined by a two-tailed Mann-Whitney test. *P < 0.05. (B) mRNA amounts of the creatine transporter gene
SLC6A8 from microarray. Data are shown as a Tukey’s boxplot. n = 25 in the NGT group, and n = 22 in the T2D group. Statistical significance was determined by a two-tailed
Mann-Whitney test. **P < 0.01. (C) Pearson’s correlation between SLC6A8 mRNA amounts and plasma creatine relative peak intensity in a subset of individuals for whom
both transcriptomic and metabolomic data were available (see fig. S1A). n = 13 in the NGT group, and n = 22 in the T2D group. (D) Relative skeletal muscle (SKM) creatine
and (E) phosphocreatine amounts from metabolomic analysis (peak intensity normalized to the median). Data are shown as a Tukey’s boxplot. n = 15 in the NGT group,
and n = 25 in the T2D group. Statistical significance was determined by a two-tailed Mann-Whitney test (SKM creatine) or two-tailed Student’s t test (SKM phosphocre-
atine). *P < 0.05. (F) mRNA amounts of the sarcomeric mitochondrial creatine kinase gene CKMT2 from microarray. Data are shown as a Tukey’s boxplot. n = 25 in the NGT
group, and n = 22 in the T2D group. Statistical significance was determined by a two-tailed Welch’s t test. *P < 0.05. (G) Pearson’s correlation between CKMT2 mRNA
amounts and SKM phosphocreatine relative peak intensity in a subset of individuals for whom both transcriptomic and metabolomic data were available (see fig. STA).
(H) Pearson’s correlation between SKM phosphocreatine amounts (peak intensity normalized to the median) and fasting blood glucose (millimolar). (I) Heatmap showing
correlation between clinical characteristics and CKMT2 mRNA amounts. Red is down-regulation, and gray is up-regulation. (J) Pearson’s correlation between CKMT2 mRNA
amounts and Hb1Ac (millimoles per mole).

Citrate synthase enzymatic activity, a marker of mitochondrial
content, and intracellular creatine content were unaltered (Fig. 3, J
and K), suggesting that the attenuation in mitochondrial function
and OXPHOS was caused by intrinsic functional or structural
changes rather than a reduction in mitochondrial numbers or cre-
atine availability. After analyzing electron microscopy micrographs

ethyl ester perchlorate (TMRE). Next, we incubated myotubes with
p-[U-"*C]-glucose and *C-labeled CO, measured to assess glucose
oxidation through the tricarboxylic acid cycle. Consistent with the
decrease in mitochondrial respiration, we found that Ckmt2 silenc-
ing reduced glucose oxidation compared with the scrambled control
(Fig. 31).
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tolerance test. Data are shown as a Tukey’s boxplot. n = 10 mice in each group. Statistical significance was determined by two independent one-way ANOVA followed by
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ANOVA followed by Dunnett’s post hoc test (HFD versus chow-PBS groups) or Tukey’s post hoc test (when comparing the different treatments within the HFD-fed mice).
A Kruskal-Wallis test followed by Dunn’s multiple comparisons test was applied in instances where data were not normally distributed [Ckm in (J) and Cpt1b in (K)]. *P < 0.05;
#kP < 0.01; 4P < 0.001; ****P < 0.0001; P < 0.05 versus chow-PBS; t11P < 0.001 versus chow-PBS. FC, fold change. (L) Relative band intensity (left) and representative
immunoblots of HK2, FASN (middle), and pPDHA1 proteins (right). Band intensity was normalized to Ponceau staining. Data are shown as a Tukey’s boxplot. n = 6 mice in
each group. Statistical significance was determined by two independent one-way ANOVA followed by Dunnett’s post hoc test (HFD versus chow-PBS groups) or Tukey’s
post hoc test (when comparing the different treatments within the HFD-fed mice). *P < 0.05.
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a two-sided Mann-Whitney test. (Q) Mitochondrial circularity. Data are shown as individual dots. The black line indicates the median. n = 417 mitochondria for the scrambled
condition, and n =442 mitochondria for the siCkmt2 condition. Mitochondria were analyzed and pooled from three different passages. Statistical significance was determined by
a two-sided Mann-Whitney test. (R) Relative frequency distribution of mitochondrial circularity. Data are shown as a relative frequency histogram, indicating the percentage of
mitochondria in each circularity range. n = 417 mitochondria for the scrambled condition, and n = 442 mitochondria for the siCkmt2 condition.
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(Fig. 3L), we found that, compared with the scrambled control,
Ckmt2 silencing resulted in smaller mitochondria, without altering
the shape or number (Fig. 3, M to R).

Ckmt2 overexpression protects against lipid-induced
metabolic stress in C2C12 myotubes independently of fatty
acid handling
We next investigated whether Ckmt2 overexpression protected
against metabolic stress. C2C12 myotubes were transfected with a
pCMV-Ckmt2 plasmid and, 4 days later, cells were incubated for
24 hours with either vehicle or 0.5 mM of oleate and palmitate to in-
duce insulin resistance (Fig. 4A). The pCMV-Ckmt2 vector increased
Ckmt2 mRNA and protein expression (Fig. 4, B and C). Moreover,
this expression remained elevated in oleate and palmitate—treated
cells, whereas, under control conditions (empty vector), oleate and
palmitate treatment down-regulated the expression of Ckmt2 (Fig. 4D).
Opverexpression of Ckmt2 did not prevent the oleate and palmitate—
induced down-regulation of peroxisome proliferator-activated recep-
tor vy, coactivator 1 o (Ppargcla) (Fig. 4E), suggesting that subsequent
changes were not due to changes in the expression of this master
regulator of mitochondrial function. Whereas we did not detect
lipid-induced alterations in Sodl mRNA expression (Fig. 4F), Ckmt2
overexpression prevented the decrease in Sod2 mRNA induced by
oleate and palmitate incubation (Fig. 4G) and up-regulated the ex-
pression of Cat (Fig. 4H). Consistently, pCMV-Ckmt2-transfected
myotubes were resistant to oleate and palmitate-induced activation
of the stress-responsive mitogen-activated protein kinase 14/p38
(MAPK14/p38), as reflected by lower relative amounts of T180/
Y182 phosphorylation (Fig. 41). This apparent protection against
lipid-induced stress was not associated with changes in oxidation of
either palmitate or glucose (Fig. 4, ] to N, and fig. S3, A and B), sug-
gesting that the benefits derived from Ckmt2 overexpression may be
related to structural, rather than metabolic changes. Similarly, in-
tracellular creatine content remained unchanged between Ckmt2
overexpression and the empty vector control (fig. S3C). Moreover,
Ckmt2 expression was particularly sensitive to oleate and palmitate
incubation, resulting in a 55% reduction in mRNA amounts as com-
pared with those in myotubes exposed to bovine serum albumin
(BSA) (fig. S3D). Mammalian target of rapamycin signaling was un-
affected by palmitate and oleate incubation and by Ckmt2 overex-
pression (fig. S3, E to H).

Ckmt2 overexpression in skeletal muscle increases
mitochondrial respiration and attenuates p38 MAPK
activation in high-fat diet-fed mice

We next assessed the potential protective role of Ckmt2 overexpres-
sion against lipid overload-induced metabolic stress. C57BL/6 male
mice were fed a high-fat diet for 11 weeks, and the right and left
tibialis anterior muscles were injected with pCMV-Ckmt2 or an
empty vector, respectively, followed by metabolic analysis 1 week
later (Fig. 5, A to C). Mice were injected with "*C-glucose and sub-
jected to an OGTT, and, subsequently, skeletal muscle was removed.
Compared to control muscles, overexpression of Ckmt2 did not alter
skeletal muscle glucose uptake (Fig. 5D) or phosphorylation of ca-
nonical proteins in the insulin-dependent signaling pathway such as
AKT, AMP-activated protein kinase (AMPK), and acetyl-coenzyme
A carboxylase (ACC) (Fig. 5E). In a separate experiment, permeabi-
lized fiber bundles from electroporated tibialis anterior muscles
were used to perform high-resolution respirometry assays (Fig. 5F).
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Compared with the control leg, Ckmt2 overexpression increased
complex I-driven mitochondrial respiration and complex I + II-
driven maximal respiration (Fig. 5G), without altering the flux con-
trol ratio (oxygen consumption in a respiratory state normalized for
the maximal respiration) (Fig. 5H). Protein abundance of the ETC
subunits was not altered in skeletal muscles electroporated with the
pCMV-Ckmt2 vector (Fig. 5I). Moreover, tibialis anterior muscles
electroporated with the pCMV-Ckmt2 plasmid had reduced p38
MAPK and MAPK1/3/extracellular signal-regulated kinase 1/2
(Erk1/2) phosphorylation compared with the control leg (Fig. 5]).

CKMT2 content is increased by physical exercise

We next used publicly available datasets (ProteomeXchange Consor-
tium PRIDE repository, accession codes PXD016289 and PXD026219;
NCBI BioProject, accession code PRJNA732106) (12-14) to exam-
ine whether CKMT?2 content is modulated by physical exercise.
First, we found that 25 days of voluntary wheel running increased
the content of CKMT2 in mitochondrial supercomplexes isolated
from female C57BL/6JBomTac mice (PXD016289) (Fig. 6A) (12).
Mitochondrial supercomplexes were composed, on average, of 200
different proteins, but only 2 to 12% were up-regulated by exercise
(Fig. 6A, pie charts). Among these, CKMT2 was significantly in-
creased in 7 of the 10 analyzed mitochondrial supercomplex com-
positions (Fig. 6A; supercomplex composition #1, P = 0.004; #2,
P =0.007; # 3, P=0.0005; #5, P = 0.02; #6, P = 0.002; #7, P = 0.041;
and #8, P = 0.017). These changes showed that wheel running spe-
cifically enriched CKMT?2 in supercomplexes independently of mi-
tochondrial biogenesis, because the same amount of mitochondrial
protein was loaded in each lane.

A transcriptomic meta-analysis of CKMT2 expression in studies
of acute exercise, inactivity, and training in human trials was next
obtained from the online database of skeletal muscle transcriptomic
response to exercise (MetaMEx) (13). The meta-analysis performed
by MetaMEZX, including 70 human studies and 1420 skeletal muscle
biopsies, revealed that CKMT2 was up-regulated by acute high-
intensity interval exercise and by aerobic and high-intensity interval
training in metabolically healthy individuals (Fig. 6B). Conversely,
physical inactivity (bed rest and unloading) was associated with a
significant (P = 1.4 X 1071 down-regulation of CKMT?2 (Fig. 6B).
Individuals with insulin resistance exhibited a dampened response
to exercise, and only training protocols combining aerobic and re-
sistance exercise up-regulated CKMT2 expression (Fig. 6B). In line
with these results, our analysis of publicly available RNA sequencing
(RNA-seq) (PRJNA732106) and proteomic datasets (PXD026219)
(14) demonstrated not only that CKMT2 mRNA was up-regulated
after different exercise intensities (Fig. 6C) but also that exercise
training increased CKMT2 protein abundance in mitochondria
(Fig. 6D).

DISCUSSION

Here, we provide evidence linking type 2 diabetes to specific altera-
tions in skeletal muscle creatine metabolism. Our findings indicate
that elevated plasma creatine and reduced skeletal muscle phospho-
creatine are markers, rather than drivers, of peripheral insulin resis-
tance. Furthermore, we elucidate the role of skeletal muscle CKMT2
in mitochondrial homeostasis in type 2 diabetes. Increased plasma
concentrations of creatine are linked to the risk of developing type 2
diabetes (5, 15). Concordantly, we observed increased amounts of
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Fig. 4. Overexpression of Ckmt2 protects against lipid overload-induced metabolic stress. (A) C2C12 myotubes were transfected with pCMV-Ckmt2 vector and
4 days later incubated with 0.5 mM oleate and palmitate for 24 hours before performing the experiments. Schematic of the experimental design created with BioRender.
com. (B) pCMV-mediated Ckmt2 overexpression in C2C12 myotubes. Data are shown as individual dots paired by passage. n = 6 biological replicates. Each biological
replicate is a different passage. Data were normalized to the empty vector (EV) incubated with BSA control within each passage. qPCR was performed with technical du-
plicates. Statistical significance was determined by one-tailed paired Student’s t test. *#P < 0.01. (C) Representative immunoblot of CKMT2. A.U., arbitrary units. (D) mRNA
amounts normalized to control cells of Ckmt2, (E) Ppargcia, (F) Sod1, (G) Sod2, and (H) Cat on C2C12 myotubes incubated with oleate and palmitate (O/P) and with over-
expression of Ckmt2 compared with myotubes transfected with an empty vector and incubated with BSA or oleate and palmitate. Data are shown as means + SEM (col-
ored dots), and individual biological replicates are shown as gray dots paired by passage. n = 6 biological replicates (n = 5 in Cat). Each biological replicate is a different
passage. Data were normalized to the empty vector incubated with a BSA control within each passage. gPCR was performed with technical duplicates. Statistical signifi-
cance was determined by repeated-measurements one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05; **P < 0.01; *##*P < 0.0001. (I) Ratio between activated
p38T18Y182 MAPK and total p38 MAPK content in C2C12 myotubes shown on the left. Band intensity was normalized to Ponceau staining before calculating the ratio. A
representative immunoblot is shown on the right. Data are shown as means + SEM (colored dots), and individual biological replicates are shown as gray dots paired by
passage. n = 7 biological replicates. Each biological replicate is a different passage. Data were normalized to the empty vector incubated with a BSA control within each
passage. Statistical significance was determined by repeated-measurements one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05; **P < 0.01. (J) Relative palmi-
tate oxidation capacity in myotubes overexpressing Ckmt2 and incubated with oleate and palmitate compared with that in the BSA control. Data are shown as a Tukey'’s
boxplot with individual dots paired by passage. n = 6 biological replicates. Each biological replicate is a different passage. Statistical significance was determined by
repeated-measurements two-way ANOVA. (K) mRNA amounts normalized to control cells of genes involved in fatty acid handling, including Sdc7, (L) Fas, (M) Sdc1, and
(N) Ucp3. Data are shown as means + SEM (colored dots), and individual biological replicates are shown as gray dots paired by passage. n = 6 biological replicates (n =5
in Cat). Each biological replicate is a different passage. Data were normalized to the empty vector incubated with a BSA control within each passage. qPCR was performed
with technical duplicates. Statistical significance was determined by repeated-measurements one-way ANOVA followed by Tukey’s post hoc test. **P < 0.01; ***P < 0.001.

circulating creatine in plasma samples from men with type 2 diabetes,  (16). Plasma creatine concentrations were inversely correlated with
as well as reduced intramuscular phosphocreatine, recapitulating in ~ expression of the creatine transporter (SLC6A8) in skeletal muscle,
vivo findings using phosphorus-31 magnetic resonance spectroscopy  reinforcing the major contribution of this tissue to the systemic
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in tibialis anterior muscles electroporated with an empty vector or with pCMV-Ckmt2 as described in (A). Data are shown as a Tukey’s box plot with individual dots paired
by mouse. n = 10 mice. Statistical significance was determined by two-sided paired Student’s t test. (E) Band densitometry (left) and representative blots (right) ofAKT5473,
AMPKTm, and ACC™ from tibialis anterior muscle from mice described in (A). Band intensity was normalized to Ponceau staining. Data are shown as a Tukey’s box plot.
n =10 mice. Statistical significance was determined by two-tailed paired Student’s t test (AKT**’> and ACC™”®) or Wilcoxon matched-pairs signed-rank test (AMPK"'72).
(F) Representative high-resolution respirometry assay in permeabilized tibialis anterior muscle fiber bundles. Arrowheads indicate sequential addition of glutamate-
malate-pyruvate (ETC complex | substrates), ADP, succinate (complex Il substrate), FCCP, rotenone, and antimycin A. The addition of these substrates led to the following
respiratory states: (1) complex | leak respiration, (2) complex | oxidative phosphorylation (OXPHOS), (3) complex | + Il OXPHOS, (4) complex | + Il maximal ETC capacity,
(5) complex Il maximal ETC capacity, and (6) nonmitochondrial background respiration. (G) O, flux and (H) mitochondrial respiration normalized to maximal ETC capacity
under different respiratory states [see (F)] in permeabilized fiber bundles from tibialis anterior muscles electroporated with an empty vector or with pCMV-Ckmt2 as described
in (A). Data are shown as a Tukey’s box plot. n = 4 control mice, and n = 5 pCMV-Ckmt2 mice. Statistical significance was determined by two-way ANOVA (mixed model)
followed by Fisher’s LSD test. *P < 0.05. (1) Band densitometry (left) and representative immunoblots (right) of succinate dehydrogenase complex iron sulfur subunit
B (SDHB) of complex II (Cll), ubiquinol-cytochrome c reductase complex core protein 2 (UQCRC2) of complex Il (ClIl), cytochrome c oxidase subunit 1 (MTCO1) of complex
IV (CIV), and ATP synthase F1 subunit o (ATP5A) of complex V (CV) in tibialis anterior muscle homogenates from mice described in (A). Band intensity was normalized to
Ponceau staining and expressed as a percentage of the control leg. Data are shown as a Tukey’s box plot. n = 10 mice. Statistical significance was determined by two-tailed
paired Student’s t test. (J) Ratio of phosphorylated p38T180Y182 MAPK, ERK1/2720%Y204 and JNKT'83/Y182 to nonphosphorylated p38 MAPK, ERK1/2, and JNK, respectively
(left) and representative immunoblots (right) in tibialis anterior muscle homogenates from mice described in (A). Band intensity was normalized to Ponceau staining be-
fore calculating the phosphorylated-to-nonphosphorylated ratios. Data are shown as a Tukey’s box plot. n = 10 mice in p38 MAPK and ERK1/2. n = 8 mice in JNK. Statistical
significance was determined by a two-tailed Wilcoxon matched-pairs signed-rank test (p38 MAPK) or two-tailed paired Student’s t test (ERK1/2 and JNK). ##P < 0.01.

circulating amounts of creatine. Conversely, in men with type 2 dia-  systemic effects on glucose homeostasis (19, 20). Adding to this con-
betes, skeletal muscle phosphocreatine content was reduced and  tention, creatine supplementation exacerbated glucose intolerance
associated with impaired glucose homeostasis. Nevertheless, the ef-  in a dexamethasone-induced muscle wasting rat model (21). These
fects of creatine loading on glucose homeostasis are inconclusive, findings raise the question as to whether creatine metabolism altera-
with some reports showing glucose-lowering effects (17, 18), where-  tions are a cause or a consequence of insulin resistance and impaired
as others report increased skeletal muscle glycogen storage with no  glucose tolerance. Here, we show that neither creatine supplementation
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Fig. 6. CKMT2 expression is positively modulated by physical exercise. (A) Publicly available data (PXD016289) (12) were reanalyzed to examine the effects of exercise
on CKMT2 protein abundance in isolated skeletal muscle mitochondria from sedentary mice and mice with free access to voluntary wheel running. The graph shows
CKMT2 protein abundance in 10 different supercomplex compositions of the BN-PAGE gel. n = 4 mice (except for n = 3 in supercomplexes composition #1 and #6 in
sedentary mice and supercomplex composition #4 in wheel running group). Statistical significance was determined by two-sided Student'’s t test. *P < 0.05. Pie charts at
the top represent the proportion of significantly changed proteins. Significantly differentially expressed proteins between the sedentary and wheel running group were
identified by the authors of the original study by combining the biological relevance (fold change) and the statistical significance (P value) (72). (B) Meta-analysis per-
formed by the database MetaMEx (13) showing CKMT2 mRNA amounts in skeletal muscle from healthy humans (top) and from individuals with insulin resistance (bottom)
in response to different acute and training exercise protocols. The meta-analysis summary performed by MetaMEx was calculated using restricted maximum likelihood.
The analysis was weighted using the sample size to adjust for studies with a small number of volunteers. (C) Publicly available raw data (PRJNA732106 and PXD026219)
(74) were reanalyzed to examine the effects of physical exercise on CKMT2 in healthy human skeletal muscle mitochondria. RNA-seq data show CKMT2 mRNA amounts in
response to NVT, HVT, and RVT. Data are shown as a Tukey’s box plot. n = 5 individuals. Statistical significance was determined by repeated-measurements one-way
ANOVA followed by Dunnett’s post hoc test. *P < 0.05; **P < 0.01. (D) Mitochondrial proteomics shows CKMT2 protein abundance in mitochondrial isolates after each
training block (NVT, HVT, and RVT) compared with that at baseline [see (C)]. Data are shown as a Tukey’s box plot. n = 10 individuals. Statistical significance was determined
by repeated-measurements one-way ANOVA followed by Dunnett’s post hoc test. #P < 0.05; *###P < 0.0001. n.s., not significant.

nor B-GPA-induced depletion of phosphocreatine modulates whole-
body glucose metabolism in insulin-resistant mice. f-GPA is an
antihyperglycemic compound that activates AMPK signaling
and glucose transporter-4 translocation (22, 23). Consistently, p-
GPA treatment increased glucose uptake in oxidative and glycolytic
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skeletal muscle. However, f-GPA did not improve glucose tolerance
or restored glycemia in insulin-resistant mice. Improvements in
specific metabolic parameters in f-GPA-treated mice have also
been reported without changes in glucose tolerance (24), suggesting
that dose, treatment duration, and underlying metabolic health are
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the critical factors influencing the metabolic outcomes associated
with B-GPA (22, 24, 25). Creatine treatment increased mRNA of an-
tioxidant genes in mouse skeletal muscle without functional alterations
in glucose metabolism, suggesting that creatine supplementation is
not deleterious to insulin action. Collectively, our data demonstrate
that changes in creatine and phosphocreatine amounts are a conse-
quence rather than a cause of insulin resistance.

Creatine is phosphorylated into phosphocreatine by creatine ki-
nases. In skeletal muscle mitochondria, this reaction is catalyzed by
CKMT?2 (6). Concomitant with changes in creatine metabolites, we
also noted lower expression of CKMT2 in skeletal muscle from men
with type 2 diabetes. CKMT?2 protein has been found to be nega-
tively enriched specifically in the mitochondrial proteome of pa-
tients with type 2 diabetes (26). Moreover, 8 weeks of high-fat-diet
feeding, which rendered mice insulin resistant, also recapitulated
the lower skeletal muscle Ckmt2 expression. The reduced muscle
phosphocreatine in patients with type 2 diabetes might be reflective
of low CKMT?2 expression. A reduced phosphocreatine recovery
rate is a conventional surrogate marker of impaired mitochondrial
function (16), which might partially reflect CKMT?2 content in skel-
etal muscle. We show that silencing of Ckmt2 in C2C12 myotubes
reduced basal and maximal mitochondrial respiration, suggesting
that CKMT?2 abundance provides a molecular link between phos-
phocreatine and mitochondrial function. The depressed mitochon-
drial respiration in Ckmt2-silenced myotubes was accompanied by a
moderate decrease in membrane potential. A hallmark of mito-
chondrial dysfunction is the loss of mitochondrial membrane po-
tential, which can lead to reduced ATP generation (27), apoptotic
signaling (28), and disrupted mitochondrial dynamics (29). Low
membrane potential leads to the fragmentation of the mitochon-
drial network (29, 30), consistent with increased presence of smaller
mitochondria in Ckmt2-silenced C2C12 myotubes. Overall, the altera-
tions in mitochondrial homeostasis after Ckmt2 silencing ultimately
reduced basal glucose oxidation. Thus, CKMT2 plays a critical role
in maintaining mitochondrial function and integrity, thereby aris-
ing as a potential candidate for mitochondrial dysfunction in type 2
diabetes.

We found that lipid overload down-regulated Ckmt2 expression,
suggesting that intramuscular ectopic lipid accumulation contrib-
utes to the reduced abundance of CKMT?2 in patients with type 2
diabetes. Creatine kinases and particularly CKMT2 are susceptible
to oxidative damage (31, 32), which is often associated with ectopic
skeletal muscle fat (33). Thus, the lipid overload-induced reduction
in CKMT? likely plays a causal role in mitochondrial dysfunction
and oxidative stress. We tested the hypothesis of whether overex-
pression of CKMT2 could, therefore, protect against lipid-induced
metabolic stress. Ckmt2 overexpression mitigated the lipid-induced
activation of p38 MAPK, a stress- and ROS-responsive kinase im-
plicated in the development of type 2 diabetes (34); up-regulated
Sod2 and Cat expression in palmitate-exposed C2C12 myotubes;
and increased OXPHOS in muscle fibers. We propose that CKMT2
prevents oxidative stress by up-regulating antioxidant genes and
promoting efficient mitochondrial respiration, thereby exerting a
protection against metabolic stress associated with lipid overload.
Moreover, mitochondrial creatine kinases prevent ROS production
by recycling ADP in hyperglycemic conditions (35). Thus, the CKMT2
reduction in skeletal muscle from people with type 2 diabetes con-
stitutes a potential molecular link between lipid overload-mediated
impairments of mitochondrial function and metabolism.
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Changes in CKMT2 content had profound effects on mitochon-
drial homeostasis and response to lipid-induced metabolic stress.
The ex vivo respirometry assays were conducted in the absence of
creatine, a potent modulator of mitochondrial respiration (36), indi-
cating that increased mitochondrial respiration induced by CKMT2
overexpression was independent of changes in creatine-ADP stoichi-
ometry. This result is compatible with CKMT1 depletion-induced
mitochondrial depolarization, independent of phosphocreatine
availability (37). Moreover, both CKMT1 and CKMT?2 induce and
stabilize contact sites between the inner and outer mitochondrial
membrane by colocalizing with ANT and voltage-dependent anion
channel (38-40). By analyzing publicly available data, we found that
CKMT?2 abundance is nonstoichiometrically enriched in skeletal
muscle mitochondrial respiratory supercomplexes from trained
mice (12). Although the functional role of mitochondrial supercom-
plexes remains controversial, a large number of studies suggest that
these macromolecular structures could be involved in the integrity
of ETC complexes, reduction of electron leakage, and ROS produc-
tion (41). Hence, we hypothesize that reduction in CKMT?2 leads to
mitochondrial membrane destabilization, subsequently impairing
mitochondrial function and homeostasis, contributing to disruptions
in energy metabolism observed in metabolic disorders (fig. $4).

Altered mitochondrial homeostasis in skeletal muscle is regard-
ed as a hallmark of type 2 diabetes and insulin resistance (42, 43),
although the direction of causality is a matter of intense debate (44—
46). The effects of either reduced or increased CKMT?2 as reported
here were evident from experiments performed in the absence of
insulin, thereby disassociating mitochondrial homeostasis from
insulin signaling. Thus, the reduced CKMT?2 expression in skeletal
muscle from patients with type 2 diabetes likely contributes to im-
paired mitochondrial function, providing a plausible mechanism
that disassociates mitochondrial capacity from insulin sensitivity.
Conversely, our findings suggest that targeting CKMT2 might have
therapeutic value to positively modulate mitochondrial function
and metabolism. A meta-analysis of the transcriptomic response to
exercise in human skeletal muscle revealed that, in healthy individu-
als, CKMT?2 is up-regulated by aerobic and high-intensity interval
training and down-regulated by physical inactivity associated with
bed rest and unloading (13). This response was severely dampened
in individuals with insulin resistance, in which only a combination
of aerobic and resistance training elicited changes in CKMT2 expres-
sion. Moreover, physical exercise was able to not only up-regulate
CKMT2 mRNA but also increase and stabilize the abundance of
CKMT?2 protein in skeletal muscle mitochondria (14). The increase
in CKMT2 was not stoichiometrically associated with the increase
in mitochondrial content induced by training, suggesting that CKMT2
is specifically responsive to exercise. Thus, these results indicate that,
whereas CKMT2 can be therapeutically targeted by physical exercise,
there is a need for tailored training protocols to maximize the benefits
of exercise in the type 2 diabetes population.

Last, it is worth noting that our study has several limitations.
Only samples from male humans and rodents have been studied.
Whereas epidemiological data show that increased plasma creatine
is associated with the risk of type 2 diabetes in men but not women
(5), our findings regarding the structural role of CKMT2 warrant
further investigation in males and females, as well as in patient
cohorts of different ancestries. Moreover, although our results show
that CKMT?2 regulates mitochondrial function independently of its
kinase activity, the underlying structural mechanism needs to be
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further explored. Last, the transcriptomic meta-analysis in individ-
uals with insulin resistance was likely underpowered because of the
limited number of exercise and transcriptomic studies in this popu-
lation. Creatine metabolism is dependent on fiber-type distribution,
which is different between humans and mice and thus a potential
confounding factor. Because neither high-fat diet-induced insulin
resistance in mice nor cultured human myotubes fully recapitulate
human type 2 diabetes, additional confirmation in other models
would further strengthen the conclusions presented here. Clinical
studies in men and women aiming at up-regulating CKMT?2 content
would mitigate some of these limitations.

In conclusion, CKMT?2 plays a key role in skeletal muscle mito-
chondrial homeostasis. Ckmt2 reduction recapitulates key features
of the skeletal muscle dysfunction in type 2 diabetes, including im-
paired mitochondrial function, increased ROS production, and
reduced glucose metabolism. Conversely, Ckmt2 overexpression
increases OXPHOS and protects against lipid-induced metabolic
stress. Collectively, we reveal a previously underappreciated role for
CKMT?2 in mitochondrial homeostasis, independent of creatine me-
tabolism and insulin action. Thus, therapeutic strategies to increase
CKMT?2 expression, including tailored exercise training protocols,
may be efficacious for treating metabolic disease.

METHODS

Study design

The study was designed to investigate the role of creatine metabo-
lism in the development of type 2 diabetes. This goal was approached
by measuring creatine metabolites and the expression of related genes
in samples from men with type 2 diabetes [the study was approved
by the regional ethical review board in Stockholm (EPN 2012/1047-
31/2), and procedures were conducted according to the Declaration
of Helsinki], by manipulating creatine amounts and the expression
of Ckmt2 in high-fat diet-fed mouse models [procedures were ap-
proved by the Stockholm North Animal Ethical Committee (N38/15)],
and by determining the effects of Ckmt2 expression on mitochon-
drial metabolism in C2C12 myotubes.

Cell culture experiments were conducted at minimum with three
biological replicates and three technical replicates each. The number
of animals in each group was initially calculated to measure at least
moderate differences between the means of the experimental and
control groups with a power of 80% and an a error probability of
5%. Mice with similar body weights were randomly assigned to the
different groups. A preestablished end point of 20% of body weight
loss from the beginning of the treatment was followed. Mouse ex-
periments with creatine and creatine analogs were conducted in two
different cohorts (n = 5 per group and cohort, final n = 10 per
group). Only the analyses of electron microscopy and immunofluo-
rescence images were performed in a blinded fashion.

Clinical data

Informed written consent was obtained from each participant.
After clinical health screening and application of exclusion criteria
(fig. S1A), 27 men with normal glucose tolerance and 25 men with
type 2 diabetes were included in this study. Individuals with type 2
diabetes were treated with the following glucose-lowering drugs:
metformin (n = 20; daily dose range, 500 to 3000 mg) and/or sulfo-
nylurea [glibenclamide (glyburide), n = 5, 2 to 5 mg daily; glipizide,
n = 1, 5 mg daily]. Glucose-lowering medication was taken by the
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individuals with type 2 diabetes after the skeletal muscle biopsy
collection.

Individuals arrived at the clinic after an overnight 12-hour fast.
Fasting blood samples were obtained. After subcutaneous applica-
tion of local anesthesia (lidocaine hydrochloride, 5 mg/ml; Aspen
Nordic), vastus lateralis biopsies were obtained using a conchotome
(AgnThos). Biopsies were immediately snap-frozen in liquid nitrogen
and stored at —80°C. Total RNA microarray analysis was performed
with the Affymetrix GeneChip Human Transcriptome Array 2.0
(Thermo Fisher Scientific). Metabolomic analysis was performed by
Metabolon as described (47). Clinical characteristics of the individ-
uals included in the metabolomic and transcriptomic analyses are
shown in Tables 1 and 2.

Mouse studies

All mouse experiments were carried out in C57BL/6 male mice pur-
chased from Charles River. Mice were housed in groups of four
in ventilated cages with a 12-hour light/12-hour dark cycle in a
temperature-controlled (20° to 24°C) environment with ad libitum
access to food and water. All experimental procedures were approved
by the Stockholm North Animal Ethical Committee (N38/15) and
carried out according to the Karolinska Insitutet and ARRIVE (Animal
Research: Reporting of In Vivo Experiments) animal care guidelines
and European Union laws.

Creatine analog study

At 6 weeks of age, mice were fed either a standard chow diet (n = 10)
(4% kcal from fat, R34; Lantmidnnen) or a 60% fat diet (n = 30)
(Research Diets) for 8 weeks. At 12 weeks of age, mice were ran-
domized to the treatment groups (n = 10 per group) on the basis
of body weight and received daily intraperitoneal injections of PBS
(20 ml/kg) or creatine (0.5 mg/kg body weight) for 14 days or B-GPA
(0.4 mg/kg body weight) for 1 week (Fig. 2A). At the end of the treat-
ment, body composition was assessed by magnetic resonance imag-
ing (MRI) (EchoMRI-100, EchoMRI).

Intraperitoneal glucose tolerance test

One day before the last injection, mice were fasted for 4 hours, and
glucose tolerance was determined. Glucose (2 g/kg body weight)
was intraperitoneally administered, and blood glucose amounts
were monitored for 2 hours with a glucometer (Contour XY, Bayer)
using tail vein blood samples.

Electroporation-induced Ckmt2 overexpression experiments
At 6 weeks of age, mice were fed a 60% fat diet (n = 15) (Research
Diets) for 11 weeks before the electroporation procedure. Briefly, mice
were anesthetized with 2% isoflurane anesthesia, and both hind legs
were shaved and cleaned with chlorhexidine. Hyaluronidase (30 pl
of 1 U/pl) was injected intramuscularly in the tibialis anterior muscle,
and mice returned to their home cage. After 2 hours, mice were
anesthetized again with 2% isoflurane, and the tibialis anterior mus-
cle of each leg was injected with either a pCMV plasmid encoding
Ckmt2 or an empty vector. Muscles were electroporated immediately
after by delivering 220 V/cm in eight pulses of 20 ms using an ECM
830 electroporator (BTX Harvard Apparatus) (48).

Modified glucose tolerance test and in vivo glucose uptake

The effects of Ckmt2 overexpression on skeletal muscle glucose
transport were assessed with a modified glucose tolerance test. Briefly,
a standard 2-hour OGTT was performed 7 days after electroporation.
Fifteen minutes after oral gavage of glucose (3 g/kg body weight), mice
were intraperitoneally injected with radioactive *H-2-deoxy-p-glucose
(American Radiolabeled Chemicals, no. ART0103; 1 mCi/ml; specific
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activity, 60 Ci/mmol). At the end of the test (120 min), mice were
rapidly anesthetized, and the tibialis anterior muscles were immedi-
ately dissected and frozen in liquid nitrogen.

Tibialis anterior skeletal muscles were homogenized in 300 pl of
phosphatidylinositol 3-kinase buffer [137 mM NaCl, 2.7 mM KCI,
tris (pH 7.8), 1 mM MgCl,, 1% Triton X-100, 10% glycerol, 10 mM
NaF, and 1 mM EDTA], rotated at 4°C for 1 hour, and centrifuged at
13,000¢ for 10 min at 4°C. Thirty microliters of supernatants was
analyzed by liquid scintillation counting to determine accumulation
of *H-2-deoxy-D-glucose, and the remaining portion was stored at
—80°C for immunoblot analysis.

Cell studies

Culture of the murine C2C12 muscle cell line

C2C12 myoblasts were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% calf serum and contain-
ing 25 mM glucose, 4 mM L-glutamine, and 1 mM sodium pyruvate.
Myogenic differentiation was induced in fully confluent cells by
switching the calf serum in the growth medium for 2% horse serum.
The experiments were performed after 5 days of differentiation.
Silencing and overexpression of Ckmt2

Cells were transfected with 200 nM siRNA targeting Ckmt2 (siCkmt2)
or scrambled siRNA (siScr) as a control following the Lipofectamine
RNAiMax manufacturer’s instructions. For overexpression, cells
were transfected with a pCMV6-entry vector containing the se-
quence of Ckmt2 or an empty pCM V6-entry vector as a control follow-
ing the Lipofectamine 3000 manufacturer’s instructions. Transfection
and differentiation medium switch was performed simultaneously.
Treatment with palmitate and oleate

Fatty acid-free BSA was solubilized in differentiation medium sup-
plemented with 10 mM Hepes by agitation at 55°C for 15 min. Ole-
ate and palmitate were added to a final concentration of 0.5 mM
each and incubated at 55°C for 15 min. The solution was cooled
down and filter sterilized (0.22 um) before adding it to the cells.
Control cells were treated with a vehicle consisting of 1% ethanol
and 0.14% dimethyl sulfoxide in Hepes-supplemented differentia-
tion medium. Myotubes were treated on the fifth day of differentia-
tion for 18 hours.

RNA extraction, cDNA synthesis, and qPCR

RNA was extracted with TRIzol according to the manufacturer’s
instructions. RNA quality was assessed by spectrophotometry, and
1 pg was used as input for cDNA synthesis using the High-Capacity
cDNA Reverse Transcription Kit. cDNA was diluted , and 10 ng
was used in quantitative polymerase chain reaction (QPCR) with
the indicated primer pairs (table S1). Relative mRNA quantifica-
tion was calculated and normalized by RPL39 (cell studies) or hy-
poxanthine-guanine phosphoribosyltransferase (mouse studies)
gene expression.

Western blotting

Skeletal muscle tissue was processed as described in the electroporation
procedure. Cells were collected in radioimmunoprecipitation assay
buffer (Thermo Fisher Scientific) and homogenized with the aid of
a sonicator. Insoluble material was sedimented by centrifugation at
16,000¢, and protein concentration in the supernatant was determined
by Bradford assay. Laemmli buffer was added to the samples,
and the proteins were resolved by gradient SDS-polyacrylamide gel
electrophoresis (PAGE) (4 to 12%). Wet transfer was used to blot the
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proteins into polyvinylidene difluoride membranes, which were then
stained with Ponceau S for normalization purposes and quality control.
The membranes were blocked with 5% skimmed milk in TBS-T
(Tris-buffered saline with Tween 20) [20 mM tris-HCI, 150 mM
NacCl, and 0.02% (v/v) Tween 20 (pH 7.5)] for 1 hour. The mem-
branes were incubated overnight with primary antibody as indicated
and, after several washes, incubated for 1 hour with horseradish per-
oxidase (HRP)-conjugated secondary antibodies. Specific proteins
were detected by enhanced chemiluminescence in an imager (Gel Doc
XR System, Bio-Rad). Protein bands were quantified by densitometry
using ImageLab software (Bio-Rad) and normalized by the Ponceau
S densitometric volume of the respective gel lane. Catalogue numbers
and RRIDs of used antibodies can be found in table S2.

ROS production assays

Cells were seeded in 96-well clear-bottom black plates and treated
as indicated. Mitochondrial superoxide content was measured
by MitoSOX probe fluorescence following the manufacturer’s in-
structions. Briefly, cells were incubated with 5 pM MitoSOX in
growth medium without serum for 30 min at 37°C and washed with
PBS. Fluorescence at 510 nm/580 nm [excitation/emission (ex./em.)]
was measured with a plate reader. Extracellular hydrogen peroxide
content was measured with Amplex UltraRed Krebs-Henseleit Buffer
in the presence of HRP (0.2 mU/ml) at 37°C. After an initial 10 min
of incubation, fluorescence at 540 nm/590 nm (ex./em.) was measured
every 15 min for 90 min, and the rate of fluorescence increase after
background removal was calculated.

High-resolution respirometry

C2C12 myotubes

C2C12 myotubes were differentiated in a six-well plate. On the day of
the experiment, cells were dissociated by adding 100 to 150 pl of trypsin
and resuspended in 4 ml of warmed DMEM. Cells (1 X 10%to 2 x 10°%)
were transferred to the respiration chambers. An aliquot of the cells was
kept for later protein quantification and further normalization.

The effects of Ckmt2 silencing on mitochondrial respiration were
assessed by performing a phosphorylation control protocol with intact
cells (49) in an Oxygraph-2k (Oroboros). Mitochondrial O, con-
sumption was measured under basal conditions (ROUTINE, cells
suspended in DMEM), under oligomycin treatment (2 pM ATP
synthase inhibition; LEAK respiration), and under maximal respira-
tion after FCCP titration in 1-pm steps (ETC capacity). These mea-
surements were corrected by the passive, nonmitochondrial O,
consumption obtained after the addition of the complex III inhibi-
tor antimycin (2.5 pM) (ROX).

Skeletal muscle fiber bundles

Fiber bundles from electroporated tibialis skeletal muscle anterior
were isolated and permeabilized with saponin (5 mg/ml) in ice-cold
biopsy preservation solution BIOPS (10 mM Ca-EGTA buffer, 0.1 pM
free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES,
0.5 mM dithiothreitol, 6.56 mM MgCl,, 5.77 mM ATP, and 15 mM
phosphocreatine) as described elsewhere (50). Fiber bundles (1.5 to
2.4 mg) were added to the respiratory chambers containing 2.2 ml of
mitochondrial respiration medium MIR05 [110 mM sucrose, 20 mM
Hepes, 20 mM taurine, 60 mM K-lactobionate, 3 mM MgCl,, 10 mM
KH,PO4, 0.5 mM EGTA, and BSA (1 g/liter) (pH 7.1)]. After adding
the fibers to the respiration chamber, the chamber was closed, and
the oxygen concentration was increased to ~400 pM and allowed to
equilibrate before adding any substrates. Complex I leak respiration
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was assessed by adding 2 mM malate, 10 mM pyruvate, and 10 mM
glutamate. After O, consumption rates were stabilized, ADP was
added to a final concentration of 5 mM, triggering complex I-driven
OXPHOS. Complex II respiration was stimulated by adding 10 mM
succinate, obtaining the OXPHOS capacity of complex I + complex
II. ETC maximal capacity was determined by titrating FCCP in
0.5-pm steps. Complex II-linked ETC capacity was measured by
inhibiting complex I with 0.5 pM rotenone. These measurements
were corrected by ROX after adding 2.5 pM antimycin A. O, con-
sumption rates were normalized to the fiber bundle weight added in
each assay. Mitochondrial membrane integrity and damage were as-
sessed by adding cytochrome c after measuring complex I respira-
tion and observing no differences in O, consumption.

Citrate synthase activity assay

Cells were seeded in 96-well clear plates. Citrate synthase activity in
C2C12 myotubes was measured with the Citrate Synthase Activity As-
say Kit (MAK193, Sigma-Aldrich) and following the manufacturer’s
instructions. Absorbance at 412 nm was read every 5 min for 40 min.

Mitochondrial membrane potential

Cells were seeded in 96-well clear-bottom black plates. Mitochon-
drial membrane potential in C2C12 myotubes was measured in a
fluorescence plate reader [535 nm/580 nm (ex./em, respectively)]
with 50 nM TMRE and following the TMRE Mitochondrial Mem-
brane Potential Assay Kit (ab113852, Abcam) according to the man-
ufacturer’s instructions.

Creatine measurements

Cells were transfected as indicated and were collected on the fifth
day of differentiation. Creatine was quantified in cell lysates using
the fluorometric mode of Creatine Assay (ab65339, Abcam) follow-
ing the manufacturer’s instructions. Absolute values were inter-
polated from a standard curve, and the data were normalized by
protein content assessed by BCA (bicinchoninic acid) assay.

Electron microscopy

C2C12 myotubes were trypsinized and centrifuged, and pellets were
fixed by immersion in 2.5% glutaraldehyde buffered in 0.1 M phos-
phate buffer (pH 7.4) at room temperature for 1 hour followed by
storage at 4°C. Fixed cells were rinsed in 0.1 M phosphate buffer
followed by postfixation in 2% osmium tetroxide in 0.1 M phos-
phate buffer (pH 7.4) at 4°C for 2 hours. After stepwise dehydration
in ethanol and acetone, samples were resin infiltrated and lastly em-
bedded in LX-112 (Ladd Research). Ultrathin sections (~80 to 100 nm)
were prepared using an EM UC7 (Leica), transferred onto formvar
stabilized slot grids, and contrasted with uranyl acetate followed by
lead citrate. The grids were examined in a HT7700 transmission
electron microscope (Hitachi High-Technologies) at 80 kV, and
digital images were acquired using a 2kx2k Veleta CCD camera
(Olympus Soft Imaging Solutions). Images were acquired and ana-
lyzed in a double-blinded manner. Mitochondria from three differ-
ent passages of C2C12 myotubes were counted and measured with
Image]. For statistical analysis, each individual mitochondrion was
considered a biological replicate.

Immunofluorescence staining
Mouse tibialis anterior muscles were dissected and immediately fro-
zen in liquid nitrogen-chilled isopentane and embedded in OCT
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(optimal cutting temperature) compound. Cross sections (10 pm)
were obtained using a cryostat (Epredia CryoStar NX70). Before im-
munostaining, tissue slices were incubated with a blocking buffer
(5% goat serum, 2% BSA, 0.1% sodium azide, and 0.1% Triton X-
100 in PBS) at room temperature for 2 hours. Subsequently, slices
were incubated overnight with CKMT2 antibody (ProteinTech) at a
1:400 dilution in the blocking buffer at 4°C. After incubation, the
cryosections were washed and incubated with Alexa Fluor 488-
conjugated secondary goat anti-rabbit antibodies at a 1:400 dilution
(Invitrogen). Last, coverslips were mounted with UltraCruz mount-
ing medium (sc-24941), and the samples were photographed using
an Axio Vert Al microscope (Zeiss). Whole-picture mean fluores-
cence intensity was measured with ZEN Lite microscopy software
(version 3.9; Zeiss).

Public databases

Involvement of CKMT2 in mitochondrial supercomplexes

The potential involvement of CKMT?2 in the formation of mito-
chondrial supercomplexes was analyzed by accessing a publicly
available dataset (PXD016289) (12). In this study, the authors com-
bined Blue native (BN)-PAGE and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to assess the mitochondrial super-
complexomes in the triceps brachii muscles of sedentary and trained
C57BL/6]BomTac female mice. Briefly, the authors isolated mito-
chondria from the triceps skeletal muscle (n = 4 per group) and ran
equal amounts of mitochondrial protein in a BN-PAGE. Individual
bands representing supercomplexes were excised and digested in-
gel before being measured by LC-MS/MS. For the current analysis,
we used the relative abundance of CKMT?2 found in these super-
complexes bands before and after exercise training.

Effects of exercise on CKMT2 in human skeletal muscle

We used the MetaMEx database (13) to select studies of different
types of acute and exercise training studies in metabolically healthy
individuals and in individuals with insulin resistance, regardless of
age, sex, or BMI, and conduct a meta-analysis on the skeletal muscle
expression of CKMT2 in response to exercise. The meta-analysis
pipeline can be found on the MetaMEx website (https://metamex.
serve.scilifelab.se/app/metamex).

To verify whether the observed changes in CKMT2 mRNA were
translated into CKMT2 mitochondrial protein, we used a publicly
available database on the human mitochondrial proteome response
to exercise (PXD026219) (14). In this study, young healthy individu-
als followed high-intensity interval training protocol consisting of
2 weeks of normal-volume training (NVT; 6 sessions), 3 weeks of
high-volume training (HVT; 40 sessions), and 1 week of reduced-
volume training (RVT; 6 sessions). Vastus lateralis biopsy samples
were obtained at baseline and 72 hours after the last session of each
training block. RNA-seq was performed in whole-skeletal muscle
homogenates, whereas proteomics was conducted in skeletal muscle
mitochondrial isolates.

Statistical analysis

Data derived from metabolomics are shown as median-scaled values
for each metabolite. Gene expression signals from microarray datasets
were log transformed. When possible, data are reported as Tukey’s
box plots with the median (line) and a 25 to 75% interquartile box.
Whiskers reach the 25th and 75th percentiles +1.5 times the inter-
quartile distance. Results in tables are reported as means + SEM. Data
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normality was tested using the Shapiro-Wilk test, and parametric
and nonparametric tests were used accordingly. Statistical signifi-
cance between two groups with normally distributed data was de-
termined by Student’s ¢ test, whereas a Mann-Whitney test and
Wilcoxon matched-pairs signed-rank test were applied for unpaired
and paired nonnormally distributed data, respectively. Welch’s cor-
rection was applied when the SD was not assumed equal between
groups. Statistical significance among three or more groups was
determined by one- or two-way analysis of variance (ANOVA) accord-
ing to the number of factors. ANOVAs were followed by Dunnett’s
post hoc test when comparing several groups only with a control
group (i.e., when comparing several high-fat-diet groups against the
only-chow group) and with Tukey’s post hoc test when comparing
all groups between them. A Kruskal-Wallis test followed by Dunn’s
multiple comparisons test was applied in instances where data were
not normally distributed. Repeated measurement and mixed models
were applied when measurements were matched or partially matched
(i.e., different time points, same cell passages, or skeletal muscles from
the same mouse). Data were analyzed using GraphPad Prism soft-
ware (version 9.0.0; GraphPad software).
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