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Exercise prevents fatty liver by modifying the
compensatory response of mitochondrial
metabolism to excess substrate availability
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Christoph Hoffmann 1, Johannes Beckers 4,5,6, Martin Hrab�e de Angelis 4,5,6, Hans-Ulrich Häring 6,7,
Andreas L. Birkenfeld 6,7,8, Andreas Peter 1,6,7, Albert Sickmann 2,9,10, Guowang Xu 3, Rainer Lehmann 1,6,7,
Cora Weigert 1,6,7,*
ABSTRACT

Objective: Liver mitochondria adapt to high-calorie intake. We investigated how exercise alters the early compensatory response of mito-
chondria, thus preventing fatty liver disease as a long-term consequence of overnutrition.
Methods: We compared the effects of a steatogenic high-energy diet (HED) for six weeks on mitochondrial metabolism of sedentary and
treadmill-trained C57BL/6N mice. We applied multi-OMICs analyses to study the alterations in the proteome, transcriptome, and lipids in isolated
mitochondria of liver and skeletal muscle as well as in whole tissue and examined the functional consequences by high-resolution respirometry.
Results: HED increased the respiratory capacity of isolated liver mitochondria, both in sedentary and in trained mice. However, proteomics
analysis of the mitochondria and transcriptomics indicated that training modified the adaptation of the hepatic metabolism to HED on the level of
respiratory complex I, glucose oxidation, pyruvate and acetyl-CoA metabolism, and lipogenesis. Training also counteracted the HED-induced
glucose intolerance, the increase in fasting insulin, and in liver fat by lowering diacylglycerol species and c-Jun N-terminal kinase (JNK)
phosphorylation in the livers of trained HED-fed mice, two mechanisms that can reverse hepatic insulin resistance. In skeletal muscle, the
combination of HED and training improved the oxidative capacity to a greater extent than training alone by increasing respiration of isolated
mitochondria and total mitochondrial protein content.
Conclusion: We provide a comprehensive insight into the early adaptations of mitochondria in the liver and skeletal muscle to HED and
endurance training. Our results suggest that exercise disconnects the HED-induced increase in mitochondrial substrate oxidation from pyruvate
and acetyl-CoA-driven lipid synthesis. This could contribute to the prevention of deleterious long-term effects of high fat and sugar intake on
hepatic mitochondrial function and insulin sensitivity.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent hepatic
pathology associated with the global obesity pandemic. NAFLD is the
leading risk factor for non-alcoholic steatohepatitis (NASH) and liver
cirrhosis and is closely linked to the development of hepatocellular
carcinoma [1]. Affected individuals are often insulin resistant, have
reduced glucose tolerance or type 2 diabetes, and have a higher
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frequency of cardiovascular events and increased mortality [2]. With a
prevalence of circa 25% in the global population, NAFLD is now one of
the major health burdens with tremendous consequences for health
care systems as well as for the individuals’ quality of life [3]. To ac-
count for this increase and emphasize the connection between
metabolic disturbances and excessive hepatic lipid deposition, meta-
bolic (dysfunction) associated fatty liver disease (MAFLD) has recently
been suggested as an alternative term [4].
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Health organizations worldwide advocate increased regular physical
activity as a potent treatment of NAFLD and for the prevention of
steatohepatitis and associated metabolic comorbidities [5,6]. All kinds
of exercise interventions (e.g., endurance and resistance exercise, a
combination of both, or unstructured increase in daily physical activity)
are effective in ameliorating NAFLD [7]. There is a clear positive cor-
relation between weight loss and reduction in liver fat, albeit
improvement of hepatic steatosis by exercise is possible in the
absence of weight loss [8]. This suggests that the increased energy
expenditure leads to metabolic adaptations in the liver beyond the
reduction of liver fat. The additional benefit of exercise is further
supported by the finding of more persistent protection against NAFLD
when comparing the susceptibility after exercise training and caloric
restriction [9]. The underlying mechanisms responsible for the superior
potential of exercise on NAFLD beyond weight loss remain undefined.
There is accumulating evidence to suggest that steatogenic conditions
responsible for the development of NAFLD first induce compensatory
mechanisms in liver mitochondria. Both human and rodent studies
showed that liver mitochondria can temporarily adapt to high-calorie
intake and obesity by increasing mitochondrial content, mitochon-
drial enzyme activities, and mitochondrial oxidative capacity, resulting
in enhanced fatty acid oxidation, mitochondrial respiration, and
tricarboxylic acid (TCA) cycle flux [10e12]. It has, however, been
proposed that these compensatory responses trigger a decline of
mitochondrial function and are directly linked to the development of
hepatic insulin resistance [13]. The upregulation of mitochondrial
substrate oxidation and TCA cycle activity is accompanied by increased
generation of fatty acid-derived lipids, such as diacylglycerols (DG) and
ceramides (CER), and of reactive oxygen species [14,15]. Together
with oxidative stress, these lipids lead to impaired hepatic insulin
action and activate inflammatory responses, apoptosis, and DNA
damage. Resultantly, the compensatory mechanisms fail, leading to
reduced mitochondrial function, as observed in the liver of humans
with advanced NAFLD and steatohepatitis [10,16,17].
Recent evidence suggests that the compensatory activation of mito-
chondrial substrate oxidation must be coupled to an increase in energy
expenditure to counteract the side effects and to avoid the accumu-
lation of lipids related to the induction of hepatic insulin resistance and
inflammation [9]. Exercise is the most effective physiological stimulus
for enhancing ATP consumption coupled to substrate oxidation. This is
not restricted to the working muscle. During endurance exercise,
hepatic oxygen consumption and carbon dioxide delivery can increase
two-fold in humans [18], indicating higher metabolic activity and
increased demand for ATP in the liver, as also reported in exercising
mice [19]. It remains unknown how liver mitochondria are affected by
chronically elevated levels of high-energy fuels when regular exercise
training is performed and how this interaction is linked to the potency
of exercise to prevent insulin resistance and mitochondrial dysfunction.
We aimed to provide a comprehensive view of the early mitochondrial
adaptations when a steatogenic diet is combined with regular exercise
to determine the effectiveness of exercise in preventing, ameliorating,
or reversing NAFLD and its related comorbidities. Focusing on the liver
and skeletal muscle, we studied the impact of regular exercise training
on mitochondria and mitochondria-associated metabolic pathways in
mice during the onset of hepatic steatosis. Mice were fed a high-
energy diet (enriched with sugar and fat) for six weeks and they
either remained untrained or underwent regular treadmill training.
Sedentary and trained control groups received a matched control diet.
We applied transcriptomics, proteomics, and lipidomics to elucidate
the molecular alterations in mitochondria of liver and skeletal muscle
and examined the functional consequences on respiration. Our in-
2 MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. T
depth analysis of alterations on protein, transcript, and lipid level
provides novel hints on how to prevent the transition from a mito-
chondrial compensation of nutrient overload to the deterioration of
mitochondrial function associated with NAFLD.

2. RESULTS

2.1. Treadmill training ameliorates metabolic disturbances induced
by HED
The high-energy diet (HED) contained additional sugar (10% weight
sucrose) and fat (20% weight lard) and was fed to mice for six weeks
to induce hepatic steatosis. At the onset of the dietary intervention, half
of the HED group and of the control chow-fed group were trained three
days a week for 1 h on a treadmill. Sedentary mice receiving HED
gained significantly more weight than the control chow-fed mice, and
the weight gain was significantly lower in the trained group (Figure 1A).
HED-feeding increased fasting insulin levels and caused glucose
intolerance, as evident from higher glucose levels after 120-min ipGTT
(intraperitoneal glucose tolerance testing) and increased area under
the curve (AUC) glucose values (Figure 1BeD and Fig. S1). HED-
feeding also led to significantly higher levels of triacylglycerol (TG) in
the liver (Figure 1E). These effects were lower or absent in the trained
group on HED. These data indicate the suitability of the study design for
investigating the impact of regular exercise training on the develop-
ment of fatty liver and glucose intolerance.

2.2. HED induces an increased oxidative capacity in isolated
mouse liver mitochondria
To analyze the impact of HED on mitochondrial function, high-
resolution respirometry was performed. In isolated mitochondria,
HED resulted in an increase in leak respiration (OctML), fatty acid
oxidation capacity (OctMP, measured after addition of octanoyl carni-
tine, malate, and ADP), fatty acid oxidation combined with pyruvate
(POctMP), maximal coupled phosphorylation after addition of succinate
(SPOctMP), uncoupled phosphorylation after addition of FCCP
(SPOctME) and uncoupled complex II respiration (after addition of
complex I inhibitor rotenone (RotE) (Figure 1F)). The data indicate that
the liver mitochondria adapted to the increased intake of carbohydrates
and fat and compensated for these changes by increasing mitochon-
drial substrate oxidation, similar to previous findings [10,15]. While the
increase in respiration of isolated mitochondria did not differ between
trained and sedentary HED-fed mice (Figure 1F), the amount of
mitochondrial protein in whole liver tissue was higher in trained than in
sedentary HED-fed mice (Figure 1G). Livers of trained HED-fed mice
also showed a trend towards a higher level of the mitochondrial lipid
marker tetralinoleoyl cardiolipin ((18:2)4CL) (Figure 1H). This suggested
that the combination of HED and training, but not HED alone, led to an
increase in mitochondrial mass in the liver. Notably, despite the higher
mitochondrial mass, citrate synthase activity did not increase in liver
tissue of trained HED-fed mice (Figure 1I).
The compensatory increase in mitochondrial respiration indicated a
very early stage of fatty liver, without relevant hepatic tissue inflam-
mation. This assumption was supported by transcript data of the livers
of the four groups obtained by microarray analysis. The transcripts
encoding the inflammatory cytokines Tnf and Il6 were not detectable,
and the transcripts of Il1b and Ccl2 did not differ between groups
(Figure 1J, K). An increase in the acute phase transcripts Saa1 and
Saa2A was the only indication of a slightly activated inflammatory
cytokine signaling in the liver of the HED-fed mice (Figure 1L, M).
However, phosphorylation of JNK in the HED-fed mice was not
significantly increased (Figure 1N). The trained HED-fed mice did not
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Training ameliorates the metabolic disturbances induced by a high-energy diet. A: Mouse body weights after 5 weeks of diet and training. B: fasting insulin levels.
C: blood glucose levels before and 120 min after an intraperitoneal glucose tolerance test. D: the area under the curve (AUC) thereof. E: Triacylglycerol (TG) levels in liver samples.
F: Respiratory analyses of isolated mouse liver mitochondria on an Oxygraph-2k. Oxygen fluxes in isolated liver mitochondria were normalized for the mitochondrial amount (by
protein), dilution throughout the analysis and inter-day variances. Consecutive addition of malate (M), octanoylcarnitine (Oct), ADP, pyruvate (P), succinate (S), cytochrome c (c),
carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone (Rot; complex I inhibitor); L ¼ leak respiration (malate and octanoylcarnitine), P ¼ phosphorylating
conditions in the presence of ADP, E ¼ uncoupled respiration using the protonophore FCCP. G: Mitochondrial protein yield from liver tissue wet weight. H: Tetralinoleoyl cardiolipin
(CL) content of liver tissue. I: Citrate synthase activity in liver tissue. JeM: Hepatic transcript levels of Il1b, Ccl2, Saa1, and Saa2. N: Immunoblot and densitometric quantification of
hepatic phospho-Thr-183/Tyr-185 JNK. The left side shows a representative immunoblot with 4 out of 8 tissue lysates. CON ¼ control diet, HED ¼ high-energy diet,
SED ¼ sedentary, TRAIN ¼ treadmill training. n ¼ 8, (n ¼ 5 for respiratory analyses), mean � SD. *p < 0.05, **p < 0.01, ***p < 0.001 for diet, training or interaction by 2-way
ANOVA as indicated. *p < 0.05, **p < 0.01, *p < 0.001, *p < 0.0001 for diet or #p < 0.05 for training by Tukey HSD multiple comparisons test. One outlier was excluded in the
CON SED group in graph B.
show any significant increase in Saa1 and Saa2 transcripts and
phospho-JNK p54 signals were lower than in sedentary HED-fed mice.
Thus, the livers of HED-fed mice had only slightly elevated inflam-
mation markers, and these were absent in the trained mice. These
data confirm that the mice in our study were still at a relatively early
stage of NAFLD with compensatory increased mitochondrial respiration
and marginal signs of hepatic inflammation. The fact that the citrate
synthase activity in liver tissue was similar despite the higher mito-
chondrial mass in the livers of trained HED-fed mice is a first indication
that training could modify the effect of HED on mitochondrial protein
composition.

2.3. Training prevents an increase in hepatic diacylglycerols
containing one palmitoyl chain in HED-fed mice
Next, we studied the effects of HED and training on hepatic lipid
diacylglycerol (DG) and ceramides (CER) by ultra-high-performance
liquid chromatography-mass spectrometry UHPLC-MS/MS lip-
idomics. The increased concentration of distinct DG and CER species
has been linked to the development of hepatic insulin resistance [14].
MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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A total of 25 DG species were detected (Table S1), most of which
were induced by HED. In addition, a lowering effect of training, which
was most pronounced for DG species containing one palmitoyl chain,
was observed. The highly abundant DG species DG (16:0/18:1), DG
(16:0/18:2)/DG (16:1/18:1), DG(16:0/20:4), and DG(16:0/22:6)
showed a similar regulation by HED and training (Figure 2A). The
percentage of these DG species in the sum of all DGs was increased
by HED from 25.9% to 31.8% and reduced by training to 26.4%
(Figure 2A). Therefore, training may have a beneficial effect on he-
patic insulin action by protecting it against HED-induced elevation of
distinct DG species. Contrastively, training had no effect on the
abundance of CERs. Nineteen CER species were detected (7 CERs
(d18:1_x), 3 dihydro-CERs (d18:0_x; d22:0_x), 7 hexosyl-CERs and 2
CERs containing two double bonds in the sphingoid base (d18:2_x))
(Table S1). HED slightly increased the sum of CERs and dihydro-CERs
with no conversion by training (Figure 2B). This was also evident in
the regulation of the individual CERs (Table S1). Hexosyl-CERs and
CER (d18:2_x) were neither altered by HED nor by training
(Figure 2B).
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Training prevents an increase in hepatic diacylglycerols containing one palmitoyl chain in high-energy diet-fed mice. A: C16:0 acyl-containing diacylglycerol
(DG) species in mmol/g protein and as a percentage of the total sum of DGs in liver tissue obtained from sedentary and trained high-energy diet-fed and standard chow-fed mice. B:
Sum of detected ceramides (CER) (d18:1_x), dihydroceramides (CER (d18:0_x)), CER (d18:2_x), and hexosyl-CER in liver tissue obtained from sedentary and trained HED-fed and
control-fed mice. Individual DG and CER species are shown in Table S1. CON ¼ control diet, HED ¼ high-energy diet, SED ¼ sedentary, TRAIN ¼ treadmill training. n ¼ 8,
mean � SD. *p < 0.05, **p < 0.01, ***p < 0.001 for diet, training or interaction by 2-way ANOVA as indicated. *p < 0.05, **p < 0.01 for diet by Tukey HSD multiple
comparisons test.
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2.4. HED increases hepatic mitochondrial proteins and transcripts
related to fatty acid oxidation, ketogenesis, and peroxisomes;
training partially mitigates this effect
We applied proteomics to isolated liver mitochondria to investigate
alterations in the hepatic mitochondrial proteins that could mediate the
partial rescue from metabolic disturbances by training in HED-fed
mice. In each of the four groups, proteins with known mitochondrial
localization according to Mitocarta version 2.0 [20] accounted for 89%
of total protein abundance. Table S2 shows the comparison of the
4 MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. T
mitochondrial proteomes between all four groups. A STRING pathway
analysis revealed a pronounced upregulation of proteins involved in
fatty acid oxidation (colored in green), peroxisome function (colored in
red), and ketogenesis (colored in blue) when comparing sedentary
HED-fed and control-fed mice (Figure 3A and Fig. S2). Proteins of these
pathways also increased in the mitochondrial proteome of trained mice
receiving the HED, albeit with less conspicuous fold change compared
to the trained control fed-group (Figure 3B). A few proteins from these
pathways showed significant reduction in the direct comparison of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: A high-energy diet increases hepatic mitochondrial proteins and transcripts related to fatty acid oxidation and ketogenesis, and training partially mitigates
this effect. AeC: Significantly different proteins in the liver mitochondrial proteome when comparing (A) sedentary HED-fed and sedentary control-fed mice (HED_SED/CON_SED),
(B) trained HED-fed and trained control-fed mice (HED_TRAIN/CON_TRAIN), and (C) trained and sedentary HED-fed mice. Data points were colored based on enriched categories of
STRING pathways and are plotted by p-values (according to Student’s t-test, no correction for multiple testing) versus fold changes between groups. Green ¼ fatty acid oxidation,
red ¼ peroxisome, orange ¼ respiratory chain, purple ¼ pyruvate metabolism, light gray ¼ endoplasmic reticulum and ribosomes, and blue ¼ ketogenesis. (A, B: only proteins
with fold change <0.85 or >1.15 were colored). See also Table S2. STRING: Search Tool for the Retrieval of Interacting Genes/Proteins. D, E: Significantly different proteins
(according to Student’s t-test, no correction for multiple testing) related to fatty acid oxidation and ketogenesis in trained or sedentary HED- or control-fed mice. Values were
centered to the mean of the respective protein and scaled to unit variance. White color shows values close to the mean and red- and blue-colored values are higher and lower,
respectively than the mean. Each column represents one animal; n ¼ 8 per group. ns: not significant. F, G: Transcripts encoding proteins of fatty acid oxidation or ketogenic
enzymes increased with HED in mouse liver tissues. CON ¼ control diet, HED ¼ high-energy diet, SED ¼ sedentary, TRAIN ¼ treadmill training. n ¼ 6e8, mean � SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 for diet, training or interaction by 2-way ANOVA as indicated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for diet by
Tukey HSD multiple comparisons test.
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Figure 4: Trained high-energy diet-fed mice have reduced complex I proteins in liver mitochondria when compared to trained control-fed mice. A: Significantly different
liver mitochondrial proteins (according to Student’s t-test, no correction for multiple testing) related to the respiratory chain in trained or sedentary HED- or control-fed mice. Values
were centered to the mean of the respective protein and scaled to unit variance. White color shows values close to the mean and red- and blue-colored values are higher and
lower, respectively than the mean. Each column represents one animal; n ¼ 8 per group. SCAF, Supercomplex assembly factor. ns: not significant. B: Densitometric quantification
of Coomassie-stained native respiratory complexes (exemplarily shown at the left side) in blue native polyacrylamide gel electrophoresis of solubilized liver mitochondria. Signals
were normalized to total protein abundance visualized by the Coomassie staining (tP). The mean � SD values of n ¼ 7 per group are shown. *p < 0.05 for diet, training, or
interaction by 2-way ANOVA as indicated. CON ¼ control diet, HED ¼ high-energy diet, SED ¼ sedentary, TRAIN ¼ treadmill training.

Original Article
trained and sedentary HED-fed mice (Figure 3C). The heatmaps in
Figure 3D,E and Fig. S3A illustrate the differential regulation of the
mitochondrial proteins related to mitochondrial fatty acid oxidation,
ketogenesis, and peroxisomes in all four groups. Whole genome
transcriptome analysis revealed that several of the proteins exhibiting a
higher abundance in mitochondria of HED-fed mice were also upre-
gulated on the mRNA level (Figure 3F,G and Supp Fig. S3B). The
regulation of several transcripts was modified by training, resulting in a
reduced impact of HED feeding. In addition, we observed an enrich-
ment of many proteins involved in peroxisomal fatty acid oxidation and
peroxisomal function in isolated mitochondria (Fig. S3A) suggesting a
closer direct interaction between mitochondria and peroxisomes,
induced by the HED. Proteins located in the endoplasmic reticulum and
6 MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. T
ribosomes were decreased by HED in both sedentary and trained mice,
suggesting reduced contact between mitochondria and endoplasmic
reticulum in HED-fed mice (Figure 3A,B). In conclusion, HED increased
the amount of enzymes and transport proteins necessary for mito-
chondrial and peroxisomal fatty acid oxidation as well as for keto-
genesis. Training reduced the magnitude of the effect on protein and,
in some cases, on transcript levels.
In trained HED-fed mice, proteins involved in pyruvate metabolism
were reduced compared to both trained control-fed and sedentary
HED-fed mice (marked in purple in Figure 3B,C). This is the first
indication that pathways related to the mitochondrial conversion of
pyruvate to acetyl-CoA were altered by training (see Section 2.6. for
further details).
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Figure 5: Training downregulates hepatic transcripts related to glucose oxidation and fatty acid synthesis in high-energy diet-fed mice. A-C: Significantly different
transcripts in livers when comparing (A) sedentary HED-fed and sedentary control-fed mice (HED_SED/CON_SED), (B) trained HED-fed and trained control-fed mice (HED_TRAIN/
CON_TRAIN), and (C) trained and sedentary HED-fed mice (p < 0.05 according to limma t-test, no correction for multiple testing). Data are plotted by p-values versus fold changes
between groups. Transcripts from enriched KEGG categories (Table S3) with fold change <0.8 or >1.3 were colored: Green dots ¼ fatty acid metabolism/fatty acid synthesis,
red ¼ peroxisomal proteins, light blue ¼ glycolysis, purple ¼ pyruvate metabolism, dark blue ¼ ketogenesis. A. Two data points with significant increase >16-fold are outside the
axis limits (Cyp2b9, Cfd) C. One data point with non-significant fold change is outside the axis limits. D. Upstream regulators inhibited in HED_TRAIN vs. HED_SED based on
Ingenuity upstream regulator analysis of differentially regulated transcripts. z-Scores below �2 were considered significant. E. Abundance of peroxisome proliferator-activated
receptor (PPAR) transcripts. The mean � SD values for n ¼ 6e8 are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for diet, training or interaction by
two-way ANOVA as indicated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for diet by Tukey HSD multiple comparisons test. CON ¼ control diet, HED ¼ high-energy
diet, SED ¼ sedentary, TRAIN ¼ treadmill training.
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Figure 6: Training downregulates acetyl-CoA-generating pathways in the liver of high-energy diet-fed mice. Abundance of transcripts (gray/blue filled bars) and proteins (blank
bars) related to glucose/fructose degradation, mitochondrial pyruvate metabolism, acetyl-CoA conversion and fatty acid synthesis. The mean � SD values for n ¼ 6e8 are shown.
*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 for diet, training or interaction by two-way ANOVA as indicated. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 for diet,
#p < 0.05, ##p < 0.01 for training by Tukey HSD multiple comparisons test. CON ¼ control diet, HED ¼ high-energy diet, SED ¼ sedentary, TRAIN ¼ treadmill training.
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2.5. Trained HED-fed mice have reduced complex I proteins in
hepatic mitochondria when compared to trained control-fed mice
Training triggered a significant difference in the mitochondrial content
of proteins related to the respiratory chain (Figure 3B, colored in or-
ange). Several of these proteins were reduced in the mitochondrial
proteome of trained HED-fed vs. trained control-fed mice. This effect
was less pronounced when comparing the two sedentary groups
(Figure 4A). No significant effect of training was found in the control-
fed mice (Figure 4A). The proteins reduced in mitochondria of trained
HED-fed mice relative to trained control-fed mice were mainly com-
ponents of complex I (Figure 4A). In line with the proteomics data, blue
native gel electrophoresis of mitochondrial proteins revealed a
lowering of complex I holocomplex by the HED that was most pro-
nounced in the trained HED-fed mice (Figure 4B). No effect was
observed on the abundance of the supercomplexes or of complex IV.
Complex II was not quantified since no distinct band was evident in the
majority of the samples, and complex III was not separated as a single
band (Figure 4B). Overall, trained HED-fed mice showed reduced levels
of complex I in isolated mitochondria but higher mitochondrial respi-
ration (Figure 1F) than trained control-fed mice.

2.6. Training downregulates acetyl-CoA-generating pathways in
the liver of HED-fed mice
To elucidate how training alters the connection of mitochondrial
metabolism with cytosolic pathways in the livers of trained and
sedentary HED-fed mice, we analyzed the whole genome tran-
scriptome followed by a KEGG pathway enrichment analysis on all
differentially regulated transcripts (Table S3). In accordance with the
proteomics data shown in Figure 3 and Fig. S3, HED-feeding increased
transcripts related to fatty acid metabolism and peroxisome, and this
effect was more pronounced in sedentary than in trained mice
(Figure 5A, B). Trained mice receiving the HED additionally showed a
reduction of hepatic transcripts related to pyruvate metabolism
compared to trained control-fed mice (Figure 5B). When comparing
trained and sedentary HED-fed mice, enriched KEGG pathways were,
amongst others, glycolysis/gluconeogenesis (p ¼ 0.002), fructose
metabolism (p ¼ 0.006), pentose phosphate pathway (p ¼ 0.029),
pyruvate metabolism (p¼ 0.027), and fatty acid synthesis (p¼ 0.042)
(Table S3). Almost all the corresponding transcripts were reduced in
the trained group (Figure 5C). Upstream regulator analysis of all
differentially regulated transcripts between the trained and sedentary
HED-fed mice suggested reduced activation of the key transcriptional
regulators of fatty acid synthesis and oxidation peroxisome proliferator-
activated receptor gamma (PPARG), peroxisome proliferator-activated
receptor delta (PPARD) and sterol regulatory element binding protein
1 (SREBF1) and of the lipogenic enzyme FASN (Figure 5D). In addition,
livers of HED-fed mice showed high levels of the PPARG transcript,
which was less induced in trained HED-fed mice (Figure 5E). Ppargc1a
transcript levels were reduced by HED only in sedentary mice
(Figure 5E). Therefore, training of HED-fed mice normalized the Pparg/
Ppargc1a ratio almost to the levels of the control chow-fed mice.
Neither diet nor training resulted in any change in the expression of
Ppara and Ppard (Figure 5E).
Because several transcripts encoding for enzymes necessary for
converting glucose or fructose to pyruvate showed reduced levels by
training in HED-fed mice (Figures 5C and 6), we closely examined the
mitochondrial protein abundance of the enzymes required for pyruvate
and acetyl-CoA metabolism. Proteins of the pyruvate dehydrogenase
complex, the mitochondrial pyruvate carrier 1 (MPC1), citrate synthase
(CS) and pyruvate carboxylase (PC) were all lowered by training, HED-
MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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feeding, or the combination of both (Figure 6). Similarly, the amount of
ATP citrate lyase (ACLY), the enzyme required to convert citrate to
acetyl-CoA to provide acetyl-CoA for fatty acid synthesis in the cytosol
was lowered in trained HED-fed mice, together with the transcripts
encoding for the cytosolic fatty acid synthesis enzymes Acaca and
Fasn (Figure 6). The data are suggestive of a downregulation of the
pathways that produce pyruvate and acetyl-CoA, and thus to a po-
tential reduction in the availability of acetyl-CoA for fatty acid and lipid
synthesis.

2.7. A combination of HED and training increases the oxidative
capacity of skeletal muscle to a greater extent than training alone
The abovementioned results indicate that in liver mitochondria, training
modifies glucose oxidation and acetyl-CoA production, thereby
reducing the entry of acetyl-CoA into the TCA cycle and lipogenesis.
Training is known to increase the respiratory capacity of the skeletal
muscle, which can result in a reduced substrate load for the liver in the
HED-fed condition. Thus, we also analyzed respiration and the pro-
teome in mitochondria isolated from skeletal muscles in the four
groups. High resolution respirometry revealed a distinct effect of
training on pyruvate (POctMp) and succinate-driven (SPOctMp) respi-
ratory capacities in both control- and HED-fed mice (Figure 7A).
Similarly, maximal uncoupled phosphorylation (SPOctME) was higher in
these mice. Unlike training, HED increased fatty acid oxidation (OctMp)
only (Figure 7A). Thus, as opposed to liver mitochondria, training - not
diet - had the strongest impact on mitochondrial respiration in skeletal
muscle. Trained HED-fed mice also had the highest content of mito-
chondrial proteins in whole muscle tissue of all groups (Figure 7B).
Citrate synthase activity was elevated in sedentary and trained HED-
fed mice (Figure 7C). Table S4 shows the comparison of the mito-
chondrial proteome between all four groups. Proteins with known
mitochondrial localization according to the MitoCarta version 2.0
accounted for 96% (CON_TRAIN group 95%) of total protein abun-
dance. Sedentary and trained HED-fed mice demonstrated highly
comparable increase in proteins related to fatty acid oxidation, unlike in
hepatic mitochondria, where the effect of HED was less in trained than
in sedentary mice (Figure 7D and E and Fig. S4A, S4B). Likewise,
training did not reduce abundance of proteins of the respiratory chain
or citrate synthase in the skeletal muscle mitochondria, neither in
control- nor in HED-fed mice (Fig. S4C and D). Pyruvate dehydrogenase
kinase 4 (PDK4) was increased to similar levels in both sedentary and
trained HED-fed mice (Figure 7D, E, Fig. S4D). PDK4 is the key PDH
kinase isoform in skeletal muscle [21]. It phosphorylates PDH leading
to its inactivation, thereby reducing glucose oxidation and supporting
fatty acid oxidation. Similarly, skeletal muscle mitochondria of
sedentary and trained HED-fed mice revealed a comparable increase in
the mitochondrial uncoupling protein 3 (UCP3) (Figure 7D and E,
Fig. S4D). UCP3 has been shown to enhance fatty acid oxidation and to
minimize mitochondrial oxidative damage [23].
We also detected the glycolytic enzymes PKM and ENO3 in the
mitochondrial fraction. These enzymes might be associated with the
mitochondria, albeit mitochondrial localization has also been reported
[22]. In the sedentary HED-fed mice, the mitochondrial association of
PKM and ENO3 was clearly diminished compared with that in control
diet-fed mice. Only minor changes in the mitochondrial proteome were
detected when comparing sedentary and trained HED-fed mice
(Figure 7F). Overall, the combination of HED and training increased
mitochondrial protein content and mitochondrial substrate oxidation
capacity in skeletal muscle, accompanied by an increased abundance
of PDK4 and UCP3. This could redirect the substrate overload from liver
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Figure 7: A combination of HED and training increases the oxidative capacity of skeletal muscle to a greater extent than training alone. A: Respiratory analyses of
isolated mouse skeletal muscle mitochondria on an Oxygraph-2k. Oxygen fluxes in isolated skeletal muscle mitochondria were normalized for the mitochondrial amount (by
protein), dilution throughout the analysis and inter-day variances. Consecutive addition of malate (M), octanoylcarnitine (Oct), ADP, pyruvate (P), and succinate (S), carbonylcyanide
p-trifluoromethoxyphenylhydrazone (FCCP) and rotenone (Rot; complex I inhibitor); L ¼ leak respiration (malate and octanoylcarnitine), P ¼ phosphorylating conditions in the
presence of ADP, E ¼ uncoupled respiration using the protonophore FCCP. B: Mitochondrial protein yield from skeletal muscle tissue wet weight. C: Citrate synthase activity in
skeletal muscle tissue. DeF: Significantly different proteins in the skeletal muscle mitochondrial proteome when comparing (D) sedentary HED-fed and sedentary control-fed mice
(HED_SED/CON_SED), (E) trained HED-fed and trained control-fed mice (HED_TRAIN/CON_TRAIN), and (F) trained and sedentary HED-fed mice. Data are plotted by p-value
(according to Student’s t-test, no correction for multiple testing) versus fold changes between groups. Proteins from the following categories based on enrichment of STRING
pathways with fold change <0.85 or >1.15 were colored: Green ¼ fatty acid oxidation, red ¼ peroxisomal proteins, purple ¼ pyruvate metabolism, orange ¼ uncoupling protein,
blue ¼ glycolysis. STRING: Search Tool for the Retrieval of Interacting Genes/Proteins. Three data points with a non-significant fold change of HED_TRAIN/CON_TRAIN are outside
of the axis limits. See also Fig. S4 and Table S4. CON ¼ control diet, HED ¼ high-energy diet, SED ¼ sedentary, TRAIN ¼ treadmill training. n ¼ 8, (n ¼ 7 for respiratory
analyses), mean � SD. *p < 0.05, **p < 0.01, for diet, training or interaction by two-way ANOVA as indicated. *p < 0.05 for diet by Tukey’s HSD multiple comparisons test.
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mitochondria during HED and obesity and help prevent the develop-
ment of mitochondrial dysfunction, inflammation, and insulin sensi-
tivity in the liver.

3. DISCUSSION

In this study, we used a mouse model of moderate hepatic steatosis to
study how regular exercise modulates the early mitochondrial
response of the liver to a steatogenic diet, and describe molecular
mechanisms that could be relevant for the prevention of NAFLD and
comorbidities. Moreover, the results provide a comprehensive
resource of exercise-regulated mitochondrial proteins in liver and
skeletal muscle of mice fed high-energy diet and control diet.
Expectedly, treadmill training was effective in attenuating weight gain,
the increase in fasting insulin and hepatic TG accumulation, and in
reversing the glucose intolerance induced by the intake of a sugar- and
fat-enriched diet. These metabolic parameters can all be improved by
increasing energy consumption. The latter is increased during but also
in-between exercise bouts, due to increased skeletal muscle mass and
aerobic capacity. However, it has also been suggested that training
does more than shift the thermogenic balance of energy intake and
consumption [9]. By comprehensively characterizing hepatic tran-
scriptome, mitochondrial proteome, and oxidative capacity, we show
that training reduces the mitochondrial acetyl-CoA load caused by
overnutrition and decreases the resulting acetyl-CoA flux into lipo-
genesis, ketogenesis and TCA cycle in the liver. While the oxidative
capacity of isolated liver mitochondria was similarly increased when
comparing sedentary and trained HED-fed mice, training modified
mitochondrial protein abundance and increased mitochondrial mass.
Specifically, proteins responsible for the mitochondrial import of py-
ruvate and the oxidation to acetyl-CoA, and for the entry of pyruvate
and acetyl-CoA into the TCA cycle were reduced by the combination of
HED-feeding and training. Together with the reduction in transcripts
related to glucose/fructose degradation our data strongly suggest that
when combined with HED, training decreases hepatic glucose oxida-
tion by concomitantly enhancing fatty acid oxidation. The total fatty
acid oxidation capacity in the livers of the trained HED-fed mice was
probably higher than that in sedentary HED-fed mice since the former
contained more mitochondrial protein. Such mechanisms could pro-
mote hepatic fatty acid oxidation without increasing the acetyl-CoA
load per mitochondrial unit, while simultaneously decreasing the
amount of fatty acids available for re-esterification and TG synthesis.
The latter pathway contributes most to hepatic TG accumulation in
NAFLD, followed by de-novo lipogenesis from acetyl-CoA [24]. Our
data indicate that, in addition to preventing acetyl-CoA accumulation,
the addition of training to a HED is effective to reduce the key lipogenic
enzymes ACLY, fatty acid synthase (FASN) and acetyl-CoA carboxylase
(ACACA). The normalization of the ratio of the lipogenic transcription
factor Pparg and the pro-mitochondrial transcriptional co-regulator
Ppargc1a by training further points towards a shift in the tran-
scriptome from lipogenesis towards fatty acid oxidation.
Not only can acetyl-CoA be utilized for de-novo lipogenesis, but it can
also be utilized in the TCA cycle or for ketogenesis. Notably, the
mitochondria of trained mice on HED contained lower amounts of
citrate synthase, which could impede the entry of acetyl-CoA into the
TCA cycle. In line with this, whole-tissue citrate synthase activity was
similar despite a higher content of mitochondria, indicating lower
activity per functional mitochondrial unit. Prevention of an increased
flux of acetyl-CoA into the TCA cycle may be relevant during the
progression of NAFLD, since induction of TCA cycle flux has been
linked to increased mitochondrial reactive oxygen species production
MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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and gluconeogenesis by virtue of its providing higher amounts of the
electron carriers NADH/FADH and oxaloacetate [15,25]. Mitochondria
of trained HED-fed mice also contained less pyruvate carboxylase, the
enzyme which converts pyruvate to oxaloacetate for TCA cycle ana-
plerosis or gluconeogenesis. Increased levels of acetyl-CoA can also be
disposed of by coupling fatty acid oxidation with ketogenesis. This
pathway is physiologically relevant during fasting [26] and is already
known to be elevated during the onset of hepatic steatosis in rodents
[27]. The higher abundance of transcripts and proteins of key enzymes
of ketogenesis in our HED-fed mice indicate that increased ketogen-
esis can also develop when both sugar and fat are enriched in the diet.
The capacity for a ketogenic response to overnutrition seems impor-
tant, since impaired ketogenesis has been linked to the progression of
NAFLD and steatohepatitis [28]. In the current study, this adaptive
increase in ketogenic enzymes was weakened by training, probably
due to a reduced acetyl-CoA level in the mitochondria.
A recent study also reports how peroxisomal acetyl-CoA production
plays a part in the induction of hepatic steatosis by reducing the
autophagic degradation of lipid droplets [29]. In this regard, the less
pronounced increase in proteins and transcripts related to peroxisomal
fatty acid oxidation and markers for hepatic peroxisomal content in the
trained HED-fed mice can provide a further mechanistic explanation for
the prevention and alleviation of NAFLD by training.
Physical exercise is known to increase mitochondrial substrate oxida-
tion and biogenesis in skeletal muscle, which could have further
reduced the energy load in our mice on HED. Treadmill training
increased not only the mitochondrial mass in skeletal muscle of HED-
fed mice, but also the oxidative capacity per unit of isolated mito-
chondria. Our data expand the results of a recent study of the skeletal
muscle proteome in mice that reported PDK4 and enzymes related to
fatty acid oxidation to be induced by both endurance training and a high
fat-diet [30]. We show an increase in these enzymes in the skeletal
muscle mitochondrial proteome and provide a comprehensive com-
parison of the regulation of liver and skeletal muscle mitochondrial
proteins by training and HED. Another protein highly enriched in skeletal
muscle mitochondria of both sedentary and trained HED-fed mice was
UCP3. Overexpression of UCP3 in mouse muscle facilitates fatty acid
oxidation [31] and mimics the effects of endurance exercise [32]. UCP3
has also been related to the control of reactive oxygen species pro-
duction and oxidative damage [33,34]. Thus, the increase in UCP3
facilitates higher rates of fatty acid oxidation in skeletal muscle without
an increase in oxidative stress, thereby contributing to the protection of
liver function by rerouting fatty acid fluxes.
Reversal of the HED-induced lipogenic activity in the liver by training
can explain the decreased hepatic content of the DGs containing
palmitoyl-chains in the trained HED-fed mice as palmitate is the major
product of de-novo lipogenesis. This decrease is highly relevant for
the prevention of hepatic insulin resistance. The contribution of
different lipid species to disturbances in the hepatic insulin signaling
cascade and development of hepatic insulin resistance has been
extensively investigated and there is an ongoing debate as to which
lipids have the most profound effect and are most relevant for the
deleterious effects of chronic overnutrition on insulin action in the liver
[35]. DG-mediated down-regulation of the insulin signaling cascade is
probably one of the best-studied and understood mechanisms of lipid-
induced insulin resistance. DGs are bioactive signaling lipids that are
required for the activation of protein kinase C (PKC) isoforms. In
particular, activation of the novel PKCε was identified in response to
increased DG content in human and rodent liver, a process associated
with reduced insulin action [35]. This activation was recently attrib-
uted to plasma membrane-bound sn-1, 2-DG species [36]. Only very
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few studies have investigated the acyl chain composition of the DG
species in relation to the development of insulin resistance in NAFLD
[37,38]. The results, which are in line with our data, suggest that in
particular the fatty acids from de-novo lipogenesis contribute to the
increase in DG. The regulation of hepatic DG species containing
palmitoyl- and stearoyl-chains in mice that had been subjected to a
high fat diet for 8 weeks and to a treadmill training program for the
final last 4 weeks was similar to that observed in the current study
[39]. However, it remains to be clarified whether distinct DG species
are more effective in activating PKCε in the liver than others. None-
theless, the total hepatic DG content in combination with activation of
PKCε, was identified as the best predictor of hepatic insulin resistance
in obese patients [40].
The six weeks of HED induced only a very low grade of hepatic
inflammation. Nevertheless, trained mice had lower levels of phos-
phorylated JNK, which is also in line with the aforementioned study in
high fat diet-fed mice, where four weeks of exercise lowered the
phosphorylation of JNK in the liver [39]. JNK activation, which also
inhibits insulin signaling [41], is triggered by saturated fatty acids such
as palmitate through Toll-like receptor signaling [42]. Thus, both the
attenuated increase in DG species and lower phosphorylation of JNK in
the trained mice tally with the training-induced alterations in substrate
fluxes and suggest that these training effects can help to preserve
hepatic insulin action during high dietary fat and sugar intake.
Notably, training in combination with HED lowered the abundance of
complex I proteins and the native complex I holocomplex in our model
of fatty liver. Affected proteins were equally related to nicotinamide
adenine dinucleotide (NADH) oxidation, ubiquinone reduction, and the
proton pumping module, thus not supporting the theory of a subunit-
specific effect [43]. Notably, the abundance of supercomplexes
remained constant. The fact that supercomplexes detected in liver
mitochondria of C57Bl6/6N were all reported to contain complex I [44]
pleads in favor of an efficient assembly of complex I to supercomplexes
in the trained mice despite a lower content of the single proteins.
Supercomplex formation is highly relevant for effective respiration [45].
This may be the reason why the lower abundance of the complex I
holocomplex did not weaken the HED-induced increase in oxidative
capacity measured in mitochondria isolated from livers of sedentary
and trained HED-fed mice. Another explanation is that complex I
contributes less than complex II to maximal coupled phosphorylation in
isolated liver mitochondria [46]. Supercomplexes are also relevant for
low mitochondrial reactive oxygen species production [47]. Lower
complex I content and activity have been related to lower mitochondrial
hydrogen peroxide release and superoxide production [48,49]. To test
the hypothesis that the reduced abundance of complex I in liver
mitochondria of trained HED-fed mice can protect them against
mitochondrial reactive oxygen species (ROS) production, we studied
the respiration-related production of hydrogen peroxide. However,
using Amplex red conversion as a measure of hydrogen peroxide
production, we obtained high readings in all samples. This was pre-
sumably due to the high abundance of carboxylesterases in the liver
mitochondria, which promote Amplex red conversion, resulting in high
values independent of ROS production in the respiratory chain [50].
Our study focused on mitochondrial adaptations in liver and skeletal
muscle to explain the beneficial effect of training on fatty liver and
insulin sensitivity. Other mechanisms outside the focus of this study
could also have contributed to the prevention of hepatic lipid accu-
mulation. For example, restored peripheral insulin sensitivity in the
trained HED-fed mice could have reduced lipolysis in adipose tissue
and enhanced glycogen storage in the trained skeletal muscle, two
effects lowering the substrate burden on the liver.
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A limitation of the study is that we did not directly analyze metabolic
fluxes, acetyl-CoA, or hepatic insulin sensitivity. Although we provided
functional physiological readouts in combination with proteome, tran-
scriptome and lipidome data, direct proof on a molecular level for the
amelioration of oxidative stress or reversal of hepatic insulin action is
lacking. Our conclusions are supported by the ipGTT results reflecting
whole body glucose tolerance, while twice the number of animals would
have been required for an investigation of direct insulin effects on
hepatic insulin signaling. We also did not analyze fitness parameters to
validate training effects on whole body level. Moreover, treadmill
training for five days a week, i.e. more than the three days in our study,
has been shown to reduce caloric consumption in mice fed a high-fat
diet [51]. This effect could also have contributed to the lower weight and
fat storage in our experiment, in addition to an increased energy
expenditure caused by treadmill training. Nevertheless, our findings
remain relevant as they show differential adaptations in mice receiving
a combination of HED and training, particularly on the mitochondrial
level, that go beyond a simple normalization towards the sedentary
control group. Another open question is the potential long-term effect of
training, beyond 6 weeks, on the transition of hepatic steatosis to
steatohepatitis and on the development of insulin resistance.
Current approaches for a pharmacological treatment of NAFLD include
the development of inhibitors targeting acetyl-CoA carboxylase and
fatty acid synthase at the level of fatty acid synthesis, the mitochondrial
pyruvate carrier, and ketohexokinase, a key enzyme in the metabolism
of fructose, which is a particularly potent driver of de novo lipogenesis
[52,53]. By demonstrating that regular exercise can antagonize the
upregulation of these factors or reduce their expression in mice fed a
steatogenic diet, our results corroborate these intervention strategies.
Also, they demonstrate the superiority of physical activity, which tar-
gets these and a multitude of additional enzymes and processes
simultaneously, for the prevention and treatment of NAFLD. Finally, our
results demonstrate that these manifold physical activity-induced
molecular alterations can be understood as part of an overarching
concept. Collectively, these adaptative processes are crucial for the
long-term consequences of high energy intake on liver function.

4. MATERIAL AND METHODS

4.1. Animal care, diet and training
The animal experiment was performed in accordance with the
Directive 2010/63/EU of the European Union and was approved by the
local authorities (Regierungspraesidium Tuebingen). Male C57BL/6N
mice were purchased at the age of 9 weeks from Charles River
(Sulzfeld, Germany). After two weeks of treadmill acclimatization of all
animals, mice were randomized to 4 groups of n ¼ 8 for 6 weeks of
dietary intervention and treadmill training: control diet, sedentary
(CON_SED); control diet, training (CON_TRAIN); high-energy diet,
sedentary (HED_SED); and high-energy diet, training (HED_TRAIN).
The high-energy diet (Ssniff, Soest, Germany) E15744-344; 45 kJ%
fat, 35 kJ% carbohydrates, 20 kJ% protein; corresponding to Research
Diets D12451) contained additional sugar (10 weight% sucrose) and
fat (20 weight% lard) and was otherwise similar to the matched control
diet (E157453-04/D12450J; 10 kJ% fat, 70 kJ% carbohydrates, 20 kJ
% protein). Chow and tap water were provided ad libitum. Treadmill
training was conducted for 1 h during the animals’ active phase three
times per week and separated by at least one day of rest, as previously
described [54]. Treadmill conditions were as follows:
After 5 min warmup, 10 m/min at 12� uphill slope in week 1; 11 m/
min, 12� in week 2; 12 m/min, 12� in week 3; 12 m/min, 10� in week
4, 12 m/min, 9� in week 5 and 12 m/min, 8� slope in week 6. After 5
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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weeks, an i.p. glucose tolerance test (ipGTT) was performed as pre-
viously described, after 16h of fasting and with 1.5 g glucose (20%
solution; B. Braun, Melsungen, Germany) per kg body weight. After 6
weeks, mice were analgosedated (150 mg ketamine and 10 mg
xylazine/kg body weight) and exsanguinated by decapitation before
removal of organs, which were immediately processed or flash-frozen
in liquid nitrogen. Both glucose tolerance test and organ collection took
place 48 h after the preceding training session.

4.2. Isolation of mitochondria
Mitochondria isolation was performed following a previously published
protocol [46]. Briefly, 150 mg liver were homogenized in ice-cold STE
buffer (250 mM sucrose, 5 mM Tris, 2 mM EGTA, pH 7.4 at
4 �C) þ 0.5% BSA and centrifuged at 900 g for 10 min. Pooled
muscles from the upper hind limb were used to isolate skeletal muscle
mitochondria. Before homogenization and centrifugation as above, 550
mg muscle tissue were digested for 3 min on ice with 33 mg type VIII
protease from Bacillus licheniformis (10 U/mg, Sigma-Aldrich) in 5.5
mL STE. The reaction was stopped by adding 10 mL STEþ 0.1% BSA,
pelletting the muscles by centrifugation and washing three times with
STE þ 0.1% BSA. The supernatants were centrifuged at 9,000 g for
10 min to yield the crude mitochondrial fraction, which was resus-
pended in STE þ0.1% BSA and centrifuged again at 9,000 g for
10 min. The crude mitochondrial pellet was resuspended in STE. An
aliquot was used to determine the protein concentration using Bradford
reagent (Carl Roth, Karlsruhe, Germany). 100 mg (per protein) were
used for respiration analyses, and additional aliquots stored at�80 �C
for blue native PAGE analysis. The remainder of the crude fraction was
layered onto 5 ml Percoll (25% in STE) and centrifuged for 20 min at
80,000 g. The lower, mitochondria-rich layer was collected, Percoll
was removed by washing, and mitochondria were pelleted and
resuspended in PBS. Protein concentration of the purified mitochon-
drial fraction was determined using a BCA assay (Pierce� BCA Protein
Assay Kit, Pierce Thermo Fisher Scientific, Schwerte, Germany). The
aliquots were stored at �80 �C.

4.3. High-resolution respirometry
An Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) was
applied to assess mitochondrial function as previously described [46],
using 100 mg (by protein) crude mitochondria. To evaluate electron
transport chain capacity and non-mitochondrial oxygen consumption,
substrates and inhibitors were added in the following order: Malate
(1.28 mM), octanoylcarnitine (0.5 mM), fatty acid oxidation), ADP
(2.5 mM, phosphorylating condition), pyruvate (5 mM, complex I
respiration), succinate (2.5 mM, complex II respiration), cytochrome c
(10 mM, integrity control), FCCP (in 0.5 mM steps to induce the
uncoupled state), rotenone (1.25 mM, complex I inhibitor) and anti-
mycin A (5 mM, complex III inhibitor). Mitochondrial membrane integrity
was controlled by cytochrome c (20.7 � 5.8% for liver mitochondria
and 3.3 � 3.1% for muscle mitochondria). Data were corrected for
non-mitochondrial background by subtraction of oxygen consumption
after antimycin A. Respiratory substrates and inhibitors were pur-
chased from SigmaeAldrich, ADP was obtained from Calbiochem,
Merck (Darmstadt, Germany) and octanoylcarnitine from Tocris
Bioscience (Bristol, UK). Respirometry data of the sedentary control
diet-fed mice were already published [46].

4.4. Tissue lysates, immunoblots and enzymatic assays
For immunoblots and citrate synthase assays, fresh tissue aliquots
were rapidly homogenized at 4 �C in lysis buffer (50 mM HEPES,
150 mM NaCl, 1.5 mM MgCl2 1 mM EGTA, 10% Glycerol, 1% Triton X
MOLECULAR METABOLISM 54 (2021) 101359 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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100, 100 mM NaF, 10 mM Na4P2O7, 1 mM PMSF, 10 mg/ml Aprotinin,
400 mM Na3VO4) containing protease inhibitors (Complete EDTA-free;
Roche, Mannheim, Germany) using a TissueLyser (Qiagen, Hilden,
Germany). Immunoblots from 30 mg of protein from tissue lysate were
performed as described [55] using IRDye� secondary antibodies (LI-
COR Biosciences GmbH, Bad Homburg, Germany). Total protein
abundance was visualized by 2, 2, 2-Trichloroethanol (TCE) staining.
Antibodies against phospho-JNK (T183/Y185; #9251) and JNK protein
(#9252) were from Cell signaling Technology (Danvers, MA, USA). Blue
native PAGE analysis of respiratory complexes was performed, as
previously described [56] using 100 mg (per protein) mitochondria. The
samples were solubilized for 20 min on ice using 800 mg digitonin;
centrifuged at 20,000 g, 4 �C for 10 min; 30 mL supernatant were
mixed with 200 mg Coomassie G-250, and loaded onto a gradient gel.
After electrophoresis with cathode buffers containing high, low, and no
Coomassie for 30 min at 150V, 90 min at 250 V and 60 min at 300 V,
respectively, the gel was washed in ultrapure water and visualized at
700 nm.
The activity of citrate synthase as quantitative marker for mitochondrial
content [57] was recorded for 3 min in a spectrophotometer at 412 nm
in a reaction containing 15 mg of protein, 0.25% Triton X-100,
0.31 mM acetyl-CoA, 0.1 mM 5,50-dithiobis-(2-nitrobenzoic acid) and
0.5 mM oxaloacetate.
Total triacylglycerol content was quantified using an enzymatic assay,
as previously described [58], after homogenizing pieces of frozen liver
tissue in 0.9% NaCl containing 1% Triton X-100.

4.5. Transcriptome analysis of liver
RNA isolation was performed using the RNeasy kit (Qiagen, Hilden,
Germany). The Agilent 2100 Bioanalyzer was applied to assess RNA
quality and only high-quality RNA (RIN>7) was used for microarray
analysis. Total RNA was amplified with the WT PLUS Reagent Kit
(Thermo Fisher Scientific Inc., Waltham, USA) and analyzed on Mouse
Clariom S arrays (Thermo Fisher Scientific). Staining and scanning
(GeneChip Scanner 3000 7G) were carried out according to manu-
facturer’s instructions. Array data were submitted to the GEO database
at NCBI (GSE167046). Expression console (v.1.4.1.46, Affymetrix) was
used to obtain annotated normalized SST-RMA gene-level data. Sta-
tistical analyses were performed in R (R Development Core Team [59]
employing the limma t-test. Two samples were removed from the
analysis because of poor-quality data, and one sample was detected
as outlier by PCA. To reduce background, gene sets were filtered for
fold change >1.3x and for average expression >30 (arbitrary units) in
at least one group. Genes were considered to be not expressed if the
detection p-value was >0.05 in all samples.

4.6. Proteome analysis of mitochondria

4.6.1. Lysis, carbamidomethylation, on-filter proteolysis and amino
acid analysis
Frozen, purified mitochondria were solubilizsed in 50 mM Tris-Cl, 1%
SDS, 150 mM NaCl (pH 7.8) containing Complete EDTA-free protease
inhibitor cocktail (Roche, Switzerland). After centrifugation at 18,000 g
for 30 min, supernatants were transferred to LoBind tubes. Aliquots of
45 mg of protein were reduced (10 mM DTT, 56 �C for 30 min) and
alkylated (30 mM iodoacetamide; room temperature for 30 min in the
dark). Sample cleanup and on-filter proteolysis were performed using
filter-aided sample preparation with minor changes [60,61]
commencing with diluting samples in freshly prepared 8 M urea in
100 mM TriseHCl, pH 8.5 [62], and then using 50 mM NH4HCO3 (pH
7.8) for buffer exchange, followed by incubation with digestion buffer
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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(1:20 (w/w enzyme/substrate) trypsin (sequencing grade modified
trypsin, Promega, Madison, USA), 0.2 M guanidinium hydrochloride,
2 mM CaCl2 in 50 mM NH4HCO3 buffer, pH 7.8) at 37 �C for 14 h.
Tryptic peptides were recovered by centrifugation followed by flushing
first with 50 mL of 50 mM NH4HCO3, then with 50 mL of water, and
acidification to pH < 3 with 10% trifluoroacetic acid (TFA). Samples
were subsequently desalted by solid phase extraction (C18, 4 mg,
Varian, USA) and eluted tryptic peptides dried in a SpeedVac. Peptides
were resolubilized in 0.1% TFA and quality was controlled on a
monolithic HPLC column, as described previously [63]. Finally, pep-
tides were quantified by amino acid analysis, as previously described
[64,65] and stored at �40 �C for subsequent use.

4.6.2. High-pH fractionation and data dependent acquisition (DDA)
A master mix was generated by combining 1.5 mg peptides from eight
liver and muscle samples, respectively, dried in a SpeedVac, resolu-
bilized in 10 mM ammonium formate, pH 8.0 and fractionated by
reversed-phase chromatography at pH 8.0 on a Biobasic (C18,
0.5 � 150 mm, 5 mm particle size) column using an UltiMate 3000 LC
system (both Thermo Scientific, Germany) with buffers A: 10 mM
ammonium formate, pH 8.0, and B: 84% ACN in 10 mM ammonium
formate, pH 8.0. The flowrate was 12.5 mL/min applying a gradient of
3% B for 10 min, 3e45% B in 40 min, 45e60% B in 5 min, 60e95%
B in 5 min, 95% B hold for 5 min, 95%-3% B in 5 min and a final re-
equilibration step with 3% B for 20 min. In total 16 fractions were
collected at 1 min interval in a concatenation mode, dried in a
SpeedVac and stored at �40 �C for later use.
Each fraction was resolubilized in 60 mL of 0.1% TFA. Additionally,
15 mL were spiked with 1.5 mL of diluted iRT standard (Biognosys,
Schlieren, Switzerland) and analyzed using an Ultimate 3000 nano
RSLC system coupled to a Q Exactive High Field (HF) mass spec-
trometer (both Thermo Scientific). Peptides were pre-concentrated on
a 100 mm� 2 cm C18 trapping column for 5 min using 0.1% TFA with
a flow rate of 20 mL/min followed by separation on a 75 mm � 50 cm
C18 main column (both Acclaim Pepmap nanoviper, Thermo Scientific)
with a 120 min LC gradient ranging from 3 to 35% of B (84% ACN in
0.1% FA) at a flow rate of 250 nL/min. The Q Exactive HF was operated
in DDA mode and MS survey scans were acquired from m/z 300 to
1,500 at a resolution of 60,000 using the polysiloxane ion at m/z
371.1012 as a lock mass. The 15 most intense ions were isolated with
a 1.2 m/z window and then fragmented by higher energy collisional
dissociation with a normalized collision energy of 27%, considering a
dynamic exclusion of 20 s. MS/MS spectra were acquired at a reso-
lution of 15,000. Automatic gain control (AGC) target values and
maximum fill times were set to 3 � 106 and 120 ms for MS and
5 � 104 and 200 ms for MS/MS.

4.6.3. Data independent acquisition (DIA)
All 64 samples were measured after the DDA runs. Peptides corre-
sponding to 0.5 mg of each sample containing 1.5 mL of iRT standard
were analyzed on the same set of LC-MS instruments and chromato-
graphic conditions as mentioned above. The mass spectra on the Q
Exactive HF operating in DIA mode were acquired from m/z 300 to
1,201 at a resolution of 60,000. The AGC and fill time values were set to
3 � 106 and 20 ms, respectively. For DIA, the settings were: resolution
30,000; AGC 3 � 106; isolation window 29.1 m/z; DIA segments 32;
HCD collision energy: 27% and the maximum fill time was set to auto.

4.6.4. Data analysis for DDA measurements
The DDA MS data acquired from all 16 fractions were processed
together with Proteome Discoverer (PD) 1.4 (Thermo Scientific,
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Germany) and searched against the mouse Uniprot database (down-
loaded on 22nd of July 2015, containing 16,750 target sequences plus
11 iRT peptide sequences [66]). To maximize the number of peptide
spectrum matches, three different search algorithms were included,
namely Mascot [67], Sequest [68], and MS Amanda [69] using the
same set of parameters, i.e. precursor and fragment ion tolerances of
10 ppm and 0.02 Da for MS and MS/MS, respectively; trypsin as
enzyme with a maximum of two missed cleavages; carbamidome-
thylation of Cys as fixed modification and oxidation of Met as variable
modification.

4.6.5. Spectral library generation and DIA based label-free
quantitation (LFQ)
The data analysis of all DIA runs was performed with Spectronaut
Pulsar software version 11.0.15038.12.33511 (Biognosys). To
generate the spectral library, the mouse Uniprot database and the
abovementioned PD 1.4 output file were loaded into the Spectronaut
software with default settings including 1% false discovery rate (FDR)
and search engine rank 1 on the peptide to spectrum match level. A
set of 16 DIA raw files belonging to either liver or muscle containing
all conditions (CON_SED, HED_SED, CON_TRAIN, HED_TRAIN; n ¼ 4
mice) was then processed independently. For relative LFQ the
Spectronaut parameters were: MS1 and MS2 filtering, XIC extraction
set to dynamic, calibration and identification set to automatic and
dynamic, respectively. Quantification settings were: Major Group
Quantity set to Mean peptide quantity; Quantity MS-Level: MS2;
Quantity Type set to Area; Min and Max values of Major Group Top N
values set to 2 and 4, respectively; Proteotypicity Filter set to Only
Proteotypic; Data Filtering set to Qvalue complete (threshold 0.01)
and Normalization Strategy set as Global Normalization. Finally, the
protein identifications with their respective normalized abundances
(PG.Quantity) values were exported from Spectronaut and only those
candidates that were commonly quantified across all 16 DIA runs per
set were selected for further data analysis. Abundances of individual
proteins were normalized to total protein abundance in a given
sample. The mass spectrometry proteomics data were deposited in
the Proteome Xchange Consortium via the PRIDE partner repository
(data set identifier PXD024308) [70].

4.7. Lipid extraction and UHPLC-MS/MS-lipidomics
The lipids were extracted with the combination of MTBE-MeOH-water,
as described previously [71] usingw30 mg of whole liver tissue. Total
protein content in the liver extracts was determined using Bradford
reagent after solubilizing the pellet retained after MTBE extraction in a
buffer containing 5 M urea, 2 mM thiourea, 15 mM DTT and 2%
CHAPS. A Waters UHPLC system (Milford, MA, USA) was used for the
reversed-phase separation of lipids which was performed on an
ACQUITY UHPLC BEH C8 column (100 mm � 2.1 mm � 1.7 mm). The
mobile phase consisted of (A) ACN: H2O ¼ 60:40 (v/v) and (B) IPA:
ACN ¼ 90:10 (v/v), both containing 10 mM ammonium acetate.
Gradient elution was conducted for 20 min at a flow rate of 0.26 ml/
min. The gradient elution procedure was as follows: 0e1.5 min, 32%
B; 1.5e15.5 min, 32e85% B; 15.5e15.6 min, 85e99% B; 15.6e
18 min, 99% B; 18e18.1 min, 99-32% B; 18.1e20 min, 32% B. The
column temperature was maintained at 55 �C. The sample tray was
maintained at 10 �C throughout the analysis.
A Q Exactive High Field Mass Spectrometer from Thermo Fisher Sci-
entific Inc. (Rockford, IL, USA) was used for lipid detection. Lipids were
detected in both positive and negative electrospray ion modes at scan
ranges of 400e1300 Da and 200-1 800 Da, respectively. The positive
and negative electrospray voltages were 4.0 kV and �3.5 kV,
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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respectively. The ion spray source temperature was 300 �C. The
auxiliary gas heater temperature was 350 �C. Sheath gas and auxiliary
gas were 45 and 10 arbitrary units, respectively. The S-lens RF level
was 50. For full scan, the resolution was 120,000 FWHM, the AGC
target was 3 � 106 ion capacity, and maximum IT was 200 ms. For
data-dependent MS/MS (dd-MS2), the resolution was 60,000 FWHM,
AGC target was 1 � 105, maximum IT was 40 ms, TopN was 15, and
isolation window was 1.4 m/z.
Lipidomics data acquisitions were performed using Thermo XCalibur
software version 4.2. Lipid identification was carried out on the basis
of MS/MS fragmentations, accurate m/z values and relative liquid
chromatographic elution time of lipids in combination with the auto-
matic identification output by Thermo Fisher Scientific LipidSearch
software (Waltham, USA). The lipidomics data were semi-quantified
by normalizing the peak area of detected lipids with those of the
appropriate lipid internal standard. The synthetic lipid standards d4-
palmitic acid, d4-FFA(16:0), d4-FFA(22:0), CER(d18:1/17:0), d7-
DG(15:0/18:1), LPC(15:0), LPC(19:0), PC(15:0)2 PC(19:0)2, PE(17:0)2
SM(d18:1/12:0), TG(15:0)3, CL(14:0)4, were purchased from Avanti
Polar Lipids (Alabaster, AL, USA) or SigmaeAldrich (Munich, Ger-
many). Only data of detected DG and CER species and of the mito-
chondrial marker lipid tetralinoleoyl cardiolipin were included in this
manuscript.

4.8. Statistics
All data in graphs are summarized as mean � SD. Two-way ANOVA
was performed to evaluate the diet, training and interaction effects,
followed by Tukey HSD multiple comparison tests. Statistical param-
eters and significance levels are shown in the figure legends. The
statistics for transcriptome data are described in the separate method
section. Upstream regulator analyses of differences in gene expression
were generated using QIAGEN’s Ingenuity Pathway Analysis (IPA�,
QIAGEN Redwood City, www.qiagen.com/ingenuity). Enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways associated with
differences in gene expression were identified using the InCroMAP
platform [72]. Moreover, enrichment analyses of differences in mito-
chondrial protein abundance were performed with ranked values using
STRING 11.0 [73].
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