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DISEASES AND DISORDERS
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The mitochondrial integrated stress response (mitoISR) has emerged as a major adaptive pathway to respiratory chain deficiency, but both the tissue specificity of its regulation, and how mitoISR adapts to different levels
of mitochondrial dysfunction are largely unknown. Here, we report that diverse levels of mitochondrial cardiomyopathy activate mitoISR, including high production of FGF21, a cytokine with both paracrine and endocrine
function, shown to be induced by respiratory chain dysfunction. Although being fully dispensable for the
cell-autonomous and systemic responses to severe mitochondrial cardiomyopathy, in the conditions of mildto-moderate cardiac OXPHOS dysfunction, FGF21 regulates a portion of mitoISR. In the absence of FGF21, a large
part of the metabolic adaptation to mitochondrial dysfunction (one-carbon metabolism, transsulfuration, and
serine and proline biosynthesis) is strongly blunted, independent of the primary mitoISR activator ATF4. Collectively, our work highlights the complexity of mitochondrial stress responses by revealing the importance
of the tissue specificity and dose dependency of mitoISR.

Mitochondria are organelles essential for energy production and
numerous other cell processes, hence adapting to different exogenous
and endogenous stresses to maintain cellular homeostasis. The ability
of mitochondria to adapt to changing conditions by activating versatile signaling pathways is collectively known as the mitochondrial
stress response, and recent studies have shown that it largely overlaps
with the integrated stress response (ISR) (1–3). ISR is activated by
various stress signals and metabolic cues, which lead to phosphorylation of eIF2, resulting in the inhibition of global translation (3).
In parallel, a subset of transcripts, including activating transcription
factor 4 (Atf4), is preferentially translated to ensure effective responses
to cellular stress (3). Recently, it was proposed that mitochondrial
stress activates inner mitochondrial membrane (IMM) protease
OMA1, which cleaves IMM protein DELE1. The cleaved DELE1
accumulates in the cytosol where it interacts and activates HRI, one
of four eIF2 kinases, resulting in the activation of the mitochondrial (mito)ISR response (4, 5). Through ATF4 activation, mitoISR
increases transcription of downstream target genes, including enzymes
involved in 1C metabolism, serine biosynthesis, transsulfuration, and
the glutamate-to-proline conversion pathway, as well as Gdf15 and
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Fgf21, the two cytokines shown to be excreted from tissues upon
oxidative phosphorylation (OXPHOS) deficiency (1, 2, 6–8).
Fibroblast growth factor 21 (FGF21) is a cytokine released mainly
from the liver and adipocytes during periods of increased feeding to
regulate systemic glucose and lipid metabolism (9). Although
FGF21 in mice is up-regulated after short-term starvation, in humans
this seems to be more connected with pathophysiological response
to prolonged starvation and accompanying tissue damage (10). FGF21
is also described as a mitochondrial cytokine or “mitokine,” which is
expressed from noncanonical tissues, like skeletal muscles, heart, and
brain, upon mitochondrial dysfunction (6, 11, 12). Early, high-regulation
of Fgf21 expression was first described in Deletor mice (6), whose multiple mitochondrial DNA deletions serve as an animal model for
mitochondrial dysfunction; since then however, upregulated Fgf21
expression has also been detected in many other models of mitochondrial dysfunction including the Dars2-heart and skeletal muscle–
deficient mice (11), Clpp-deficient mice (13), mitochondrial DNA
mutator mice (14), skeletal muscle–specific Opa1-deficient mice (15),
and neuron-specific Drp1-deficient mice (12). While multiple roles
have been proposed for FGF21 in different tissues, we still do not
fully understand its role in cell-autonomous and systemic effects of
mitochondrial dysfunction.
Although the heart produces negligible amounts of FGF21 under
normal conditions, cardiac FGF21 secretion increases markedly
in response to stress (11, 16). In the present study, we explored
whether and how FGF21 mediates mitochondrial stress responses,
primarily in the heart. Using a series of different models, we can
demonstrate that FGF21 might be a modulator of stress signaling
in mild-to-moderate mitochondrial dysfunction. However, the effects
of FGF21 are dispensable or overtaken by other stress responses in
severe mitochondrial dysfunction. Moreover, FGF21 has differential
tissue-specific effects and its expression could be dose-dependent
correlating with the severity of mitochondrial dysfunction.
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RESULTS

Stress responses are not affected by the loss of
FGF21 in DARS2-deficient hearts
We previously reported that DARS2 deficiency in the heart, but
not skeletal muscle, activates mitoISR (11, 17). Still, increased eIF2
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phosphorylation in DARS2-deficient hearts was not affected by the
FGF21 depletion (Fig. 1E). Consistently, Atf4 and Chop/Ddit3 were
up-regulated upon DARS2 loss, but not Grp78/Bip, a marker of the
canonical unfolded protein response (UPR; Fig. 1F). Although Atf4
transcripts were less up-regulated in the DKOFL than in DARS2FL
hearts, we did not observe a difference in ATF4 protein level or the
downstream targets of ATF4 such as 1C metabolism genes, which
remained highly up-regulated at transcript (Psat1 and Phgdh) and
protein level (SHMT2 and MTHFD2) upon FGF21 depletion in
DARS2-deficient hearts (Fig. 1F and fig. S1, B and E).
In agreement with recent results showing that mitochondrial
UPR is not the major stress response activated by the respiratory
chain dysfunction in mammals, we observe major changes neither
on the transcript levels of mitochondrial proteases Afg3l2 nor on
the steady-state protein levels of mitochondrial chaperones HSP60
and GRP75 (mtHSP70; Fig. 1F and fig. S1F). The exception was
LON protease whose transcript and protein levels were increased in
DARS2FL and DKOFL hearts, which is not surprising considering that
Lonp1 is also a direct ISR target (Fig. 1F and fig. S1F).
The mechanistic (mammalian) target of rapamycin (mTOR)
complex I (mTORC1) is a major regulator of metabolic signaling
that is activated by mitochondrial dysfunction (8). Phosphorylation
of mTORC1 targets 4EBP1 and PRAS40, commonly used as a readout
for its activation (18), was equally increased in DARS2FL and DKOFL
hearts (fig. S1G). In agreement, the suppression of LC3B-I to LC3B-II
conversion and accumulation of P62 and BECLIN were detected in
both DARS2FL and DKOFL hearts, suggesting a reduction in autophagy caused by the mitochondrial dysfunction, which was again
not affected by FGF21 depletion (fig. S1H). Together, these results
indicate that the absence of FGF21 in the heart does not affect multiple
stress responses activated by the strong mitochondrial dysfunction
caused by DARS2 depletion.
The loss of FGF21 does not affect proteome remodeling
dictated by the DARS2 depletion
To exclude the possibility that the effects of FGF21 might be masked
by a strong OXPHOS dysfunction observed in DARS2-deficient
hearts at 6 weeks of age, we next measured the levels of OXPHOS
subunits at 3 weeks of age. Milder changes in the steady-state levels
of individual OXPHOS subunits were detected at this age, compared
to 6-week-old animals (fig. S2A and Fig. 1D, respectively). Still, no
difference between DARS2FL and DKOFL hearts was observed (fig.
S2A). Further confirmation of these results came from the label-free
whole proteome analysis of the 3-week-old animals that showed no
significant changes between DARS2FL and DKOFL heart proteomes
(Fig. 2A, fig. S2B, and table S1). Significant changes imposed by the
loss of DARS2, compared to the wild-type (WT) hearts, could be
identified, regardless of the FGF21 presence (Fig. 2A, fig. S2C, and
table S1). Major down-regulated proteins and pathways enriched in
both DARS2FL and DKOFL hearts included MRC complexes, in particular subunits of CI and CIV (Fig. 2A and fig. S2C). Three-quarters
of all significantly down-regulated proteins were MRC subunits
(table S1). Up-regulated proteins echoed the activation of mitoISR
and included enzymes involved in the 1C and amino acid metabolism, as well as cytoplasmic amino acid tRNA synthases (Fig. 2A,
fig. S2D, and table S1) (3, 11, 17). A significant increase in a large
number of mitochondrial ribosomal subunits, likely as a compensatory response to disturbed protein synthesis, was also observed
(fig. S2C and table S1).
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Tissue-specific depletion of FGF21 does not influence
the overall phenotype of the DARS2-deficient mice
To decipher the in vivo role of FGF21 in mitochondrial stress response, we selectively disrupted the Fgf21 gene in DARS2 (mitochondrial aspartyl-tRNA synthetase)–deficient heart and skeletal
muscles, using a CRE recombinase expressed under muscle creatine
kinase promoter (Ckmm-Cre) (11). These mice present severe cardiomyopathy accompanied by strong OXPHOS deficiency, resulting in
an early death at 7 to 8 weeks of age (11). At 3 weeks of age, before
OXPHOS deficiency is evident, several stress responses are activated
in these animals, including a massive 250-fold up-regulation of Fgf21
levels exclusively in the heart (11). The eightfold Fgf21 up-regulation
is one of the earliest changes observed already at 1 week of age in
this model (11). To reduce the overall number of mattings and animals
used in the experiments, triple heterozygous animals (Dars2+/L;
Fgf21+/L; Ckmm-Cre+/T) were mated with Dars2L/L; Fgf21L/L animals
to obtain control (all mice without Ckmm-Cre transgene), FGF21FL
(Dars2+/L, Fgf21L/L, Ckmm-Cre+/T), DARS2FL (Dars2L/L, Fgf21+/L,
Ckmm-Cre+/T), and DKOFL (Dars2L/L, Fgf21L/L, Ckmm-Cre+/T) mice
(fig. S1A). Mice of all different genotypes were born at the expected
Mendelian ratios. Control experiments were performed to ensure
that FGF21FL and DARS2FL that were also heterozygous for Dars2
and Fgf21, respectively, did not differ from single mutants (Dars2L/L,
Fgf21+/+, Ckmm-Cre+/T and Dars2+/+, Fgf21L/L, Ckmm-Cre+/T) in the
observed phenotypes (fig. S1B).
The severe shortening of life span to 7 to 8 weeks in DARS2FL mice
was not affected by the loss of FGF21 in DKOFL hearts. The heart
size and heart–to–body weight ratio at 3 and 6 weeks of age were not
significantly different between DARS2FL and DKOFL mice (Fig. 1A).
However, a strong up-regulation of Fgf21 expression previously observed in DARS2FL hearts was absent in DKOFL at 6 weeks of age
(Fig. 1B).
DARS2 deficiency severely affects levels of the mitochondrial respiratory chain (MRC), especially levels of complex I (CI) and IV
(CIV) (11). To investigate whether FGF21 is needed for the maintenance of the respiratory chain, OXPHOS complexes were analyzed
by blue native polyacrylamide gel electrophoresis (BN-PAGE)
coupled with Western blot analysis. The levels of CI and CIV have
equally decreased in DARS2FL and DKOFL mice at 6 weeks of age
(Fig. 1C). The steady-state levels of individual OXPHOS subunits
were evenly changed, confirming that FGF21 depletion does not
affect the levels of MRC upon DARS2 loss (Fig. 1D). Strong OXPHOS
deficiency in DARS2FL and DKOFL mice was confirmed by enzyme
histochemical double staining for CIV (COX; cytochrome c oxidase)
and CII [succinate dehydrogenase (SDH)] activities (fig. S1C). A
high number of respiratory incompetent cells (COX−/SDH+) that
stained purple/blue were detected in both DARS2FL and DKOFL
mice, in contrast to control and FGF21FL hearts that showed uniform
brown staining, indicative of OXPHOS competent (COX+) cells (fig.
S1C). Diminished activity of respiratory chain complexes caused by
the loss of DARS2 led to cardiomyopathy characterized by increased
expression of cardiac hypertrophy marker Nppa regardless of the
presence of FGF21 at 6 weeks of age (fig. S1D).
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Fig. 1. Tissue-specific depletion of FGF21 in DARS2-deficient hearts does not influence the levels of mitochondrial stress response, nor it changes the severity
of OXPHOS deficiency. (A) Relative heart–to–body weight ratio at 3 and 6 weeks of age (n = 4 to 20). (B) Relative Fgf21 transcript levels in wild-type (WT), FGF21FL, DARS2FL,
and DKOFL animals (n = 3 to 4). (A and B) Bars represent means ± SD. One-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test were used for significance (***P < 0.001 and ****P < 0.0001). (C) BN-PAGE analysis of the respiratory chain complexes in the presence of n-dodecyl--d-maltoside (DDM) followed by Western
blot analysis using OXPHOS cocktail antibody (CI, NDUFB8; CII, SDHB; CIII, UQCRC2; CIV, COX1; CV, ATP5A). (D) Western blot analyses of different OXPHOS subunits. HSC70
was used as a loading control. Antibodies used were raised against proteins indicated in panels (n = 3). (E) Western blot (bottom) and quantification (top) of phosphorylated
and nonphosphorylated levels of eIF2. HSC70 and CANX were used as loading controls. Antibodies used were raised against proteins indicated in panels (n = 3). (B to E)
The experiments are performed on heart lysates of 6-week-old animals. (F) Relative transcript levels of indicated genes in 6-week-old hearts (n = 3 to 5). (E and F) Bars
represent means ± SD. One-way ANOVA and Tukey’s multiple comparisons test were used for significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Similar and further changes were detected when label-free proteomes of 6-week-old hearts were analyzed (table S2). Again, we
did not observe significant changes (q < 0.05) between DARS2FL
and DKOFL hearts (Fig. 2B, fig. S2B, and table S2). Still, the clear
Croon et al., Sci. Adv. 8, eabn7105 (2022)
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progression of the phenotype from 3 to 6 weeks of age could be
observed (Fig. 2, A and B, and tables S1 and S2). In agreement with
previous analyses, the large proportion of the most up-regulated
proteins (10-fold to over hundred-fold increase) was involved in 1C
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at 6 weeks of age (n = 3). Scale bars, 100 m.
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metabolism (MTHFD2 and MTHFD1L) and amino acid synthesis
(ALDH18A1, ASNS, PHGDH, PYCR2, PSAT1, and PCK1; table S2).
We recently showed that already at 2 weeks of age, before the
OXPHOS defect, the same proteins are the most up-regulated in
DARS2-deficient hearts (17), suggesting that the primary stress
response triggered by defective protein synthesis in mitochondria
is directly related to the unbalanced amino acid metabolism. The
most markedly decreased proteins in DARS2FL and DKOFL hearts
were again OXPHOS subunits, mainly belonging to CI, CIII, and
CIV subunits, reflecting a strong defect of mitochondrial translation
(Fig. 2, A and B).

Endocrine FGF21 does not regulate adaptive responses
upon DARS2 depletion
To investigate whether the circulating FGF21 could still activate the
signaling pathways in DARS2-deficient hearts and mediate the cell
nonautonomous effects, a new mouse model lacking FGF21 in
the whole body was created [double-knockout (DKO)—Dars2L/L,
Croon et al., Sci. Adv. 8, eabn7105 (2022)
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FGF21 regulates mitoISR in the heart upon mild
mitochondrial dysfunction caused by CLPP depletion
To test whether, in the context of milder mitochondrial deficiency
in the heart, FGF21 up-regulation could have a more defined role,
FGF21 was depleted in mice deficient for the mitochondrial matrix
protease CLPP (DKOWB—Clpp−/−; Fgf21−/−) (22). Previously, we
have shown that in the heart, CLPP protease regulates the mitoribosome assembly and the rate of mitochondrial protein synthesis
through timely removal of its substrate ERAL1 (22). Our further
studies demonstrated that CLPP promotes the well-being of the
MRC by promoting the CI salvage pathway (23). Therefore, in the
absence of CLPP, animals develop mild-to-moderate respiratory
chain deficiency that does not affect life span but renders animals
resistant to diet-induced obesity and resulting in intolerance to cold
(13). In agreement with the OXPHOS defect, CLPP KO mice showed
consistent up-regulation of Fgf21 levels in multiple tissues, which
led to an increase in FGF21 circulating levels (Fig. 4, A and B). The
observed increase in Fgf21 transcripts was an order-of-magnitude
higher in the heart than in other tissues and was fully suppressed in
DKOWB animals (Fig. 4, A and C). Depletion of FGF21 in DKOWB
mice did not influence the level of OXPHOS dysfunction resulting
from the CLPP deficiency (fig. S4, A to C). OXPHOS supercomplex
levels and activity were equally affected in CLPP KO and DKOWB
hearts (fig. S4, A and B).
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ERK1/2 signaling in the DARS2-deficient heart is still
activated in the absence of FGF21
FGF21 produced in cardiomyocytes binds the FGFR1 receptor and
its co-receptor -KLOTHO (KLB) in an autocrine or paracrine
fashion, thus activating the downstream signaling pathways (19).
FGF21 signaling primarily leads to phosphorylation and consequent
activation of extracellular signal–regulated kinases 1 and 2 [ERK1/2;
also known as mitogen-activated protein kinase 3 (MAPK3)/MAPK1],
which further regulate multiple metabolic processes (16, 20). Unexpectedly, we detected up-regulated protein levels of KLB and
ERK1/2 upon DARS2 depletion in DARS2FL and DKOFL hearts
(Fig. 2C). Klb transcript levels were also mildly up-regulated in
DKOFL hearts, suggesting a compensatory up-regulation triggered
by the lack of FGF21 (fig. S2E). The transcript levels of Ppar and
Sirt1, involved in the propagation of Fgf21 expression in cardiomyocytes, were not affected by the FGF21 loss in DKOFL hearts
(fig. S2E) (16). Last, we showed that levels of FGF19 and FGF23,
two FGF factors of the same subfamily as FGF21, which could bind
KLOTHO co-receptors and activate FGF receptor signaling, were
not changed upon DARS2 depletion (fig. S2F). The activation of the
heart FGF receptor (-KLOTHO/FGFR1) by these cytokines is anyway
highly unlikely as FGF19 binds primary -KLOTHO/FGFR4 in the
liver, while FGF23 specifically binds -KLOTHO in combination
with different FGFRs (FGFR1C/3C/4) in the kidney (19). Collectively,
these results showed an unexpected activation of the FGF signaling
cascade in DKOFL hearts, suggesting that endocrine FGF21 from
liver or adipocyte tissues could activate the signaling cascade in the
dysfunctional heart. The increased FGF21 serum levels were detected
in DARS2-deficient mice, which is in line with previous findings
(11). The levels of this cytokine were significantly down-regulated
in DKOFL mice, but still present (Fig. 2D).
Besides mediating autocrine and paracrine signaling on the tissue
of origin, FGF21 was proposed to have prominent effects on circulating glucose levels and the physiology of white (WAT) and brown
(BAT) adipose tissues (10, 21). Still, even in the absence of FGF21 in
the heart, DARS2-deficient animals had lower circulating glucose
levels (Fig. 2E). Similarly, the loss of FGF21 did not affect prominent
“browning” of the inguinal WAT (iWAT) and epididymal WAT
(eWAT) or “whitening” of BAT in DKOFL animals (Fig. 2F and
fig. S2G, respectively).

Ckmm-Cre+/T; Fgf21−/−]. The new DKO mice had comparable body
weight, heart–to–body weight ratio, and life span to DARS2KO mice
(Fig. 3A). The complete loss of FGF21 did not affect respiratory
chain deficiency in DARS2-deficient hearts (fig. S3A). The analysis
of mitoISR in DARS2KO and DKO hearts revealed a uniform increase
in the level of phosphorylated eIF2 and corresponding downstream
targets (MTHFD2, SHMT2, PYCR1, and LONP1; Fig. 3B and fig. S3B).
Furthermore, a comparable level of mTOR activation was detected
in DARS2 single- or double-deficient mice (DKO; fig. S3B). Label-
free quantitative profiling of 6-week-old mice mirrored previous
results and showed no significant changes between DARS2KO and
DKO heart proteome (Fig. 3C). When compared to WT hearts, the
most up-regulated pathways in DKO animals reflected robust
mitoISR activation and strong down-regulation of respiratory chain
complexes (table S3). The most up-regulated Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways included cytoplasmic and
mitochondrial translation and ribosomes, and processes involved in
Ca2 + handling in the cell and mitochondria (fig. S3C). Besides
OXPHOS complexes, down-regulated KEGG pathways suggested
problems with cardiomyocyte organization and lipoprotein transport (fig. S3C). Almost identical changes were observed in DKOFL
animals when compared to WT mice (fig. S3C).
Last, phosphorylated ERK1/2 levels were analyzed in DARS2KO
and DKO heart lysates. ERK1/2 was phosphorylated, hence activated to the same level in DARS2KO, DKOFL, and DKO mice, independently of the autocrine/paracrine or endocrine origin of FGF21
(Fig. 3D). These data suggest that severe mitochondrial dysfunction
in the heart does not rely (just) on FGF21 for the activation of
ERK1/2-mediated pathway but triggers additional compensatory
pathways in the absence of this cytokine. Therefore, loss of FGF21
does not influence the signaling that leads to the stress responses
activated upon DARS2 deficiency, either in mitochondrially
deficient heart or in a cell nonautonomous manner in the rest of
the body.
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FGF21-deficient mice exhibit a mild weight gain, increased
adipocyte size, and slightly impaired glucose homeostasis (24). The
loss of FGF21 in the whole body of DKOWB animals led to small but
significant increase in the body weight compared to CLPP KO mice
throughout the life span (Fig. 4D). These mice, however, never
reached the weight of the WT animals (Fig. 4D). During the same
period, FGF21 KO animals started from a similar size as WT, only
to become heavier as they grew older (Fig. 4D). The weight gain was
dependent on the increasing WAT depos caused by the loss of FGF21
in both WT and CLPP-deficient mice (Fig. 4E). A clear trend toward
less efficient clearance of glucose was observed in DKOWB mice when
compared to CLPP KO animals (fig. S4D).
FGF21 modulates mitoISR response in CLPP-deficient hearts
We next looked at whether the loss of FGF21 affected ERK1/2 phosphorylation in the CLPP-deficient cardiomyocytes. Given the previous findings in the DARS2-deficient background, it was startling
to observe that the ERK1/2 activation in CLPP KO cardiomyocytes
Croon et al., Sci. Adv. 8, eabn7105 (2022)
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was fully suppressed by the loss of FGF21 (Fig. 5A). We next sought
to identify pathways that are affected by FGF21 deficiency in CLPP
KO animals by comparing global changes in mRNA levels in FGF21
KO, CLPP KO, and DKOWB versus control hearts. Although we detected around 1500 up- or down-regulated genes in the CLPP KO
compared to control hearts, only a small proportion of transcripts
was differentially regulated in DKOWB animals (table S4). Out of
these, many were up-regulated in CLPP KO animals and down-
regulated in DKOWB (Fig. 5B). Gene Ontology (GO) enrichment
analysis using DAVID (Database for Annotation, Visualization and
Integrated Discovery) (25) not only confirmed the down-regulation
of ERK1/2 pathway and response to FGF signaling but also identified changes in cell adhesion, actin cytoskeleton, Ca2+ signaling, and
cardiac development (Fig. 5B and table S5). The transcription factor
(TF) enrichment analyses of binding motifs in genes down-regulated
in DKOWB hearts (in bold) identified the CARE/AARE motif as
the most prominent one found in half of the transcripts that are
up-regulated in CLPP KO hearts and down-regulated more than
6 of 15
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twofold in DKOWB animals (Fig. 5C). These include mitoISR genes
encoding for proteins involved in 1C metabolism, de novo serine
and proline biosynthesis, and transsulfuration, previously shown to
be regulated by ATF4 (1, 2, 8). As mentioned before, ATF4 is primarily regulated on the level of protein synthesis as it is preferentially translated when eIF2 phosphorylation is increased (3).
The presence of FGF21 did not affect the up-regulation of eIF2
phosphorylation and ATF levels in CLPP-deficient mice (Fig. 5D).
Croon et al., Sci. Adv. 8, eabn7105 (2022)

6 April 2022

ATF4 is not the only TF able to bind to AARE elements, as the same
was shown for the other members of the ATF/CEBP family (ATF3,
ATF5, CHOP, and CEBP/) that are direct ATF4 targets and are
involved in the fine-tuning of mitoISR (17, 26–29). Out of these
TFs, only Atf5 transcripts were highly up-regulated in the CLPP
KO animals and strongly down-regulated upon FGF21 depletion in
DKOWB hearts (Fig. 5E). Mirroring the changes in transcript levels
(fig. S5A), we detected lower levels of proteins involved in the 1C
7 of 15
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metabolism in the DKOWB hearts, suggesting a blunted mitoISR response (Fig. 5F). The effect was less pronounced in skeletal muscle,
possibly because myocytes do not express -KLOTHO; hence, FGF21
is unable to act in an autocrine/paracrine manner in this tissue
(fig. S5, B to E). Even more surprising was to see that FGF21 loss in
adipose tissues (BAT and iWAT) does not affect the 1C metabolism
enzymes, particularly in brown adipocytes that show a prominent
OXPHOS-deficient phenotype in CLPP-deficient animals (fig. S5F)
(13). Besides ATF/CEBP TFs, c-MYC was also proposed to be involved in the regulation of mitoISR in hearts in vivo (30), and we
observed its negative regulation upon FGF21 depletion in DKOWB
animals (Fig. 5D).
Only a handful of transcripts were up-regulated in DKOWB animals when compared to WT and CLPP KO (Fig. 5G). Although GO
term analysis did not show any meaningful pathways in which these
genes are involved, many of them (in bold) code for the proteins
identified as important for cardiac homeostasis (Fig. 5G).

Croon et al., Sci. Adv. 8, eabn7105 (2022)
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Understanding the role of FGF21 in the context of mitochondrial
dysfunction, especially when it comes to tissue specificity, remains
incomplete. Here, we demonstrate that upon strong OXPHOS
deficiency caused by DARS2 depletion, loss of either paracrine or
endocrine FGF21 does not affect ERK1/2 signaling and overall phenotypes. Conversely, we present evidence that in the context of milder
mitochondrial dysfunction, caused by the loss of CLPP protease,
FGF21 protects the heart from early pathological changes that precede
cardiomyopathy by activating the ERK1/2 signaling pathway. We
further show that FGF21 controls Atf5 and c-Myc levels in the
CLPP-deficient hearts, which, in turn, regulate enzymes of the 1C
metabolism that are part of mitoISR (Fig. 6E). This selective blunting
of mitoISR results in the changes characteristic for the early stages
of the heart remodeling during cardiomyopathy (Fig. 6E). This seems
to be specific to cardiomyocytes, as a similar effect was not observed
in skeletal muscle, WAT, or BAT of CLPP KO mice upon FGF21
depletion. This is particularly surprising for the BAT, one of the
primary FGF21 target tissues, which in CLPP-deficient animals displays OXPHOS deficiency that corresponds to the one observed in
the heart (13, 22).
Besides presenting different levels of OXPHOS dysfunction,
these two models also differ in the type of defect they induce. In the
absence of DARS2, mitochondrial protein synthesis is strongly dysregulated; hence, the OXPHOS complexes are not made and assembled
at normal levels (11). In contrast, the loss of CLPP results in the overall moderate decrease in mitochondrial translation combined with
a defect in the maintenance of OXPHOS complexes (22, 23). These
are different molecular pathologies that might activate distinctive
types of mitoISR, regardless of the severity of OXPHOS dysfunction.
The MAPK signaling cascade, of which the ERK1/2 branch is
probably the most meticulously studied one, is initiated by a
two-step protein kinase cascade starting with the RAF family [MAPK
kinase kinase (MAPKKK)] and the MEK1/MEK2 isoforms [MAPK
kinase (MAPKK)] (34). This signaling pathway can be activated by
several stimuli in the dysfunctional heart including G protein–coupled
receptors (angiotensin II, endothelin-1, and adrenergic receptors),
receptor tyrosine kinases (insulin-like growth factor, transforming
growth factor–, and FGF receptors), cardiotrophin-1 (gp130 receptor), and stress stimuli, including mechanical stress arising from
hypertrophic enlargement of individual myofibers (35). Our results
argue that severe dysregulation of mitochondrial translation, stemming from DARS2 loss, and the resulting strong OXPHOS deficiency
in the heart induce specific stress pathways; hence, even in the absence of FGF21, ERK1/2 signaling is activated. Similarly, although
inducing WAT lipolysis is one of the main functions of endocrine
FGF21, in the context of severe mitochondrial cardiomyopathy, this
is obviously not the only pathway that ensures a constant influx of
triacylglycerides from circulation to the failing heart. Other types of
heart failure were shown to induce WAT lipolysis through at least
two other pathways: activation of -adrenergic receptors through
the action of norepinephrine and epinephrine, or signaling cascade
dependent on natriuretic peptides (NPPA and NPPB) and their
receptor NPRA (36). Although similar changes in white adipocyte
morphology were observed when milder OXPHOS dysfunction was
induced by CLPP deficiency, these phenotypes were largely reverted
by the loss of FGF21. It is possible that different levels of OXPHOS
deficiency subsequently induce compensatory mechanisms, with
FGF21 activation being the predominant initial one, while the others
9 of 15
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FGF21 protects from the pathological cardiac remodeling
To get a broader aspect of the changes in DKOWB hearts, label-free
quantitative profiling of proteome was performed. The data showed
51 significantly up-regulated and 39 down-regulated proteins in
DKO WB compared to CLPP KO hearts (Fig. 6A and table S6).
KEGG and GO enrichment analyses of up-regulated proteins revealed pathways related to cardiac muscle contraction, organization,
and development to be the most prevalent ones (table S7). The most
prominent change on the proteome level was the up-regulation of
different sarcomeric proteins (-actinin, myosin, vimentin, titin,
and desmin), the structural building blocks of the cardiomyocytes
that are vital for cardiac muscle contractility and relaxation (Fig. 6B).
Several subunits of the cytoplasmic ribosome and spliceosome
machinery were also up-regulated in DKOWB hearts, indicating additional stress response up-regulated by the lack of FGF21. Most
of these proteins were significantly down-regulated in CLPP KO
hearts (table S6). The most prominent KEGG pathways included
different types of cardiomyopathies (dilated, hypertrophied, and
right ventricular arrhythmogenic; table S7). In agreement, more
than half of up-regulated proteins (28 of 53) were identified as related
to heart diseases (Fig. 6B) through the publicly available database
for functional annotations Hamonizome (31) using GWASdb (32)
and DISEASES datasets (33). In contrast, down-regulated proteins
are primarily located in the mitochondria (Fig. 6C and tables S6 and S7).
They are involved in different mitochondrial pathways, most notably
OXPHOS synthesis and assembly (mt-ATP8, MRPL13, NDUFB2,
NDUFA3, MRPL41, VARS2, SUP3VL1, and GATC), but also pyruvate metabolism (IDH2, PDPR, and PDP2), phospholipid synthesis (TAMM41 and CDS2), and mitochondrial import (PITRM1).
This suggests that loss of FGF21 might interfere with the mitochondrial biogenesis that seems to be increased upon CLPP depletion, likely as a compensatory mechanism for the respiratory chain
deficiency.
The changes in the proteome of DKOWB cardiomyocytes suggest
heart remodeling consistent with impairment in muscle contraction
that precedes cardiomyopathy. This was further supported by the
heart–to–body weight ratio that was found to be increased in the
older DKOWB animals (Fig. 6D). Cross sections of right and left ventricles additionally confirmed cardiac hypertrophy, as we observed
increased size of cardiomyocytes in DKOWB hearts, as an early sign
of cardiac impairment (Fig. 6, C and D).

DISCUSSION
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Fig. 6. Depletion of FGF21 in CLPP-deficient mice leads to cardiac remodeling and onset of mild cardiomyopathy. (A) Volcano plots of whole cardiac proteome
changes in DKOWB compared to CLPPKO mice (FDR < 0.05). Dark blue and dark red dots represent MitoCarta proteins (left) (n = 3 to 4). (B) Heatmap of whole proteome fold
changes (log2) of significantly altered proteins involved in cardiomyopathy development, which are down-regulated in CLPPKO and up-regulated in DKOWB hearts (n = 3).
(C) Heatmap of whole proteome fold changes (log2) of significantly altered proteins, which are down-regulated in DKOWB hearts (n = 3). (D) Relative heart–to–body weight
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cardiomyocytes could be identified (n = 3). (D and E) Bars represent means ± SD (one-way ANOVA and Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, and
***P < 0.001). (F) CLPP depletion leads to increased FGF21 levels, which further induce phosphorylation of ERK1/2 in cardiomyocytes and consequent activation of ATF5
and c-MYC TFs, which are involved in the regulation of 1C folate cycle, transsulfuration, and amino acid synthesis pathways in a protective manner.
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FGF21 depletion, our data (e.g., significant increase in ribosomal
proteins) in CLPP KO mice suggest the activation of mTOR pathway
only upon FGF21 depletion. Therefore, it would be very important
to further investigate the role of mTOR in different tissue-specific
mitochondrial dysfunction settings, particularly as mTOR is considered as one of the potential therapeutic targets in disease patients.
The blunting of the part of mitoISR in CLPP-deficient mice
depleted of FGF21 results in the remodeling of various sarcomeric
proteins, a hallmark of a cardiac disease characterized by reduced
ventricular function (48). The initial phase of cardiac hypertrophy,
which precedes heart failure, is characterized by the accumulation
of the sarcomeric proteins to counteract the increased strain imposed
on the myocardium. Other genes previously related to pathological
changes in heart physiology were also up-regulated in DKOWB hearts,
including Kcnj14 (>75-fold increase), which encodes for a potassium
channel shown to be low in the healthy ventricles but highly increased in dilated cardiomyopathy (49). Similarly, Alox15, which
encodes 12/15-lipoxygenase, was more than sevenfold up-regulated
in DKOWB cardiomyocytes and was found to be highly expressed in
human ischemic heart tissue (50).
Some histone-H1 family members or so-called “linker-histones”
(H1F0, HIST1H1B, HIST1H1C, HIST1H2B; HIST1H2A) were also
up-regulated in DKOWB, suggesting changes in chromatin structure. Changes in chromatin structure alter cellular transcriptional
programs, as in adult-onset cardiomyopathies where transcriptional reprogramming led to initial hypercontractility followed by
heart failure (51, 52). Nevertheless, very little is known about how
different “core” and “linker” histones change during cardiomyopathy, and to what extent this contributes to pathological heart
remodeling.
Adult-onset mitochondrial dysfunction–triggered cardiomyo
pathies induce compensatory mitochondrial biogenesis most
commonly through the activity of PGC-1, the master regulator of
mitochondrial on-demand proliferation (53). In the heart, c-MYC
contributes to cardiac mitochondrial biogenesis during times of
growth or ischemia, as a possible adaptive response to stress independent of the canonical PGC-1 pathway (54). This phenomenon seems also to occur in DKOWB hearts; although only a subset
of proteins was down-regulated in CLPP KO hearts upon FGF21
depletion, that subset consisted mostly of MRC subunits or proteins
involved in expression of those subunits, as well as enzymes involved
in different mitochondrial energy-production pathways, likely regulated by c-MYC levels.
In conclusion, we have defined a mechanism by which FGF21
fine-tunes activation of cardiac mitoISR upon mitochondrial dysfunction through regulation of the ERK1/2 pathway and ATF5 and
c-MYC levels, thus preventing cardiac remodeling and safeguarding
against cardiomyopathy. Our results not only dismiss the idea of a
universal path that regulates mitoISR but also highlight the need to
further understand adaptive changes to mitochondrial deficiency in
different contexts and levels of dysfunction that might help us
understand the tissue specificity of mitochondrial diseases.
MATERIALS AND METHODS

Mouse experiments and animal care
All mice procedures were conducted in compliance with protocols
and approved by local government authorities (Bezirksregierung Köln,
Cologne, Germany) and were in accordance with National Institutes
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follow just when dysfunction becomes more severe. Alternatively,
CLPP deficiency, as in the case of Deletor mice, is present in all cell
types and tissues, and therefore, it is possible that changes to FGF21
signaling or the absence of it originates from the underlying perturbations of mitochondrial function in white adipocytes (6, 13).
There is compelling evidence that Fgf21 expression can be stimulated by ISR through the eIF2/ATF4 axis to counteract cellular
stress, including mitochondrial dysfunction, endoplasmic reticulum
stress, or amino acid deprivation (37, 38). Our data demonstrate that
FGF21 itself regulates multiple mitoISR genes containing CARE/
AARE motifs, likely by controlling ATF5 and c-MYC, both of which
are proposed to play important roles in the mitoISR activation
(27, 30, 39). The down-regulation of ATF5 and c-MYC in DKOWB
hearts leads to a decrease of a subset of transcript involved in the
remodeling of metabolism but does not affect the expression of other
genes typically up-regulated by (mito)ISR through the p-eIF2/
ATF4 axis, i.e., cytosolic amino acid–tRNA synthetases (17, 30, 40).
In the skeletal muscles of Deletor mice, ATF5 was shown to drive
the second phase of mitoISR by controlling transcript levels of Atf3,
serine de novo biosynthesis, and transsulfuration pathway, but not
MTHFD2, a rate-limiting enzyme of the mitochondrial 1C folate
cycle (27). These differences suggest a tissue-specific dependency on
the FGF21 action upon mitochondrial dysfunction that may stem
from the fact that cardiomyocytes express receptor and co-receptor
(Klb and Fgfr1) for FGF21 autocrine/paracrine action, while Klb is
absent in skeletal muscle (19). Therefore, the transcriptional control
of Atf5 expression might differ in the two tissues, resulting in a diverse output when it comes to the regulation of 1C metabolism.
Curiously, some of the previously described c-MYC target genes in
the 1C metabolism, e.g., Shmt1/2 (serine hydroxymethyltransferase
1 and 2) (41), were not changed upon FGF21 loss. Together, these
results imply that the individual mitoISR genes that are important
for the metabolic adaptation to mitochondrial dysfunction are differentially regulated depending on the tissue specificity and/or the
type of mitochondrial dysfunction.
Together with ATF4, c-MYC was found to be the prevalent TF
regulating mitoISR in hearts of five different models of mitochondrial dysfunction caused by the loss of essential enzymes involved in
various steps of mitochondrial gene expression (30). FGF21-mediated
regulation of Atf5 and c-Myc levels appears to require ERK1/2 signaling, as the down-regulation was observed only in CLPP-deficient
animals when FGF21 is depleted and ERK1/2 signaling is abrogated.
This is reminiscent of the recently described pathway by which
KRAS and the ERK1/2 signaling activate c-MYC, which, in turn,
promotes Mthfd2 expression in colorectal cancer, thus stimulating
malignancy (42).
The mTOR signaling cascade has been shown to also play an
important role in the regulation of mitoISR (8). Various types of
mitochondrial dysfunction have been shown to activate mTOR signaling, and its blunting by rapamycin had generally positive effect
on observed phenotypes (8, 43, 44), although the deleterious tissue-
specific effects were also observed (45). mTOR function was also
shown to be decreased in liver, but not heart of mice haplodeficient
for PTCD1, a protein required for mitoribosome assembly (46), that
presents an overall mild phenotype (47). In contrast, mTOR function was increased in PTCD1-deficient heart that develops severe
mitochondrial cardiomyopathy comparable to DARS2 KO mice (46).
While we showed that FGF21 depletion does not affect strong mTOR
activation in DARS2 KO mice upon tissue-specific or systemic
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Blood and serum analyses
Blood glucose levels were determined from whole venous tail blood
using an automatic glucose monitor (Contour Next, Bayer) from
either random fed or 6-hour fasted animals. Glucose concentrations
in the fed state were measured after submandibular bleeding using
glucose strips, which were read for absorbance in a reflectance meter
(ACCU-CHEK AVIVA, Roche, Mannheim, Germany). Serum was
obtained by collecting blood from the submandibular vein. Blood
samples were then incubated at room temperature for 45 min and
centrifuged at 1500g for 15 min. The resulting serum was stored
at −80°C for subsequent analysis. The levels of FGF21 in serum
were measured with the Mouse/Rat FGF-21 Quantikine ELISA Kit
(R&D Systems, Minneapolis, USA), using the provided instructions,
as previously described (55).
Glucose tolerance test, insulin tolerance test,
and insulin signaling
Glucose tolerance tests were carried out in 15-week-old animals
following a 6-hour fast and procedures previously described in (55).
After measuring fasted blood glucose levels, mice were injected
intraperitoneally with glucose (2 mg/g body weight, 20% glucose
solution; Sigma-Aldrich). Blood glucose levels were determined at
15, 30, 60, and 90 min after glucose injection. Insulin tolerance tests
were performed with ad libitum–fed 16-week-old animals. After
recording baseline glucose levels, each animal was administered
intraperitoneally with insulin (0.6 U/kg body weight) (Insuman
Rapid, Sanofi-Aventis), and blood glucose levels were monitored at
15, 30, 60, and 90 min after injection (55). For insulin signaling
analysis, mice were injected with insulin (0.6 U/kg body weight)
Croon et al., Sci. Adv. 8, eabn7105 (2022)
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(Insuman Rapid, Sanofi-Aventis) or saline following a 2-hour fast.
Mice were then sacrificed 30 min after injection, and tissues were
collected and frozen in liquid nitrogen (55).
Extraction of the total RNA from tissues
Total RNA was isolated from mouse tissues using TRIzol reagent
(Life Technologies) and following previously described procedures
(55). Initially, 50 to 100 mg of fresh or snap-frozen tissue were
placed in 2-ml tubes (Peqlab) together with ceramic beads (Mobio,
Dianova GmbH) and 1 ml of TRIzol. The tissue was homogenized
using a Precellys 24 fast-prep machine (Bertin) at 5500 rpm for 2 ×
20 s. For tissues with a high-fat content (eWAT and iWAT), an
additional centrifugation step following homogenization was performed at 12,000g for 10 min at 4°C. Homogenates were then
transferred to a new tube, and it proceeded with the addition of
chloroform and subsequent phase separation according to the manufacturer’s instruction. The RNA pellet was resuspended in ribonuclease
(RNase)/deoxyribonuclease (DNase)–free H2O (Gibco) (55).
Reverse transcription PCR and quantitative real-time PCR
The total RNA that was previously isolated was treated with DNase.
Digested RNA (100 ng l−1 per sample) was reverse-transcribed using
the High-Capacity Reverse Transcription Kit (Applied Biosystems,
Life Technologies). So generated complementary DNA (cDNA)
was amplified with Brilliant III Ultra-Fast SYBR QPCR Master Mix
(Agilent Technologies) using different primers (see the Supplementary Materials) (55).
Real-time polymerase chain reaction (PCR) was performed on
QuantStudio K FlexSystem (Applied Biosystems, Life Technologies).
Samples were adjusted for total RNA content by hypoxanthine-
guanine phosphoribosyltransferase (HPRT). Relative expression of
mRNAs was determined using a comparative method (2 −CT)
according to the ABI Relative Quantification Method (55).
Mitochondria isolation from heart
The freshly dissected tissues for mitochondria isolation were transferred with mitochondria isolation buffer [MIB; 100 mM sucrose,
50 mM KCl, 1 mM EDTA, 20 mM N-tris(hydroxymethyl)methyl-2aminoethanesulfonic acid (TES), 0.2% bovine serum albumin (BSA)
free from fatty acids, pH 7.2], as previously described (55). Tissues
were homogenized with a Potter S homogenizer (Sartorius) at
1200 rpm with 10 to 15 strokes [subtilisin A (1 mg/ml) was added].
The homogenate was transferred and centrifuged at 8500g for 5 min
at 4°C. After discarding the supernatant, the pellet was resuspended
by shaking in 30 ml of MIB. Another centrifugation step (at 800g
for 5 min at 4°C) was performed, and this time, the supernatant,
consisting of mitochondria, was transferred into a new 50-ml tube
and centrifuged at 8500g for 5 min at 4°C to pellet mitochondria.
The remaining pellet is resuspended in 50 l of MIB without BSA.
The concentrations were measured by Bradford reagent (Sigma-
Aldrich, Seelze, Germany) according to the manufacturer’s instructions (55).
BN-PAGE Western blot analysis
BN-PAGE was conducted using the Novex Bis-Tris system (Life
Technologies GmbH, Darmstadt, Germany) following the manufacturer’s instructions, as previously described (55). For the mitochondrial complex analysis, approximately 20 to 40 g were lysed
using 1% n-dodecyl--d-maltoside (DDM). The lysed mitochondria
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of Health guidelines and following procedures previously described
in (55). The mice (Mus musculus, C57B1/6) were housed in groups
of three to five mice per cage at an ambient temperature of 22° to
24°C and kept at a 12-hour light/12-hour dark cycle in the pathogen-
free animal facility of the Cologne Excellence Cluster on Cellular
Stress Responses in Aging-Associated Diseases (CECAD) Institute.
Mice were sacrificed by cervical dislocation (55).
For conducting this research, different mouse lines were used for
the creation of DKO models. Previously described (11) mitochondrial aspartyl-tRNA synthetase (Dars2) gene targeting was carried
out as part of the International Knockout Mouse Consortium
(KOMP) (information available at www.mousephenotype.org/data/
genes/MGI:2442510). The mice lacking Dars2 in both heart and
skeletal muscle were generated by mating Dars2loxP/loxP animals with
transgenic mice expressing cre recombinase under the control of
muscle creatine kinase promoter (Ckmm-cre) (56). Conditional
targeting of Fgf21loxP mice was carried out in the laboratory of
D. Mangelsdorf (57). Fgf21loxP mice were ordered from The Jackson
Laboratory [strain: B6.129S6(SJL)-Fgf21tm1.2Djm/J]. DKO mice, in
heart and skeletal muscle, were generated by mating homozygous
Dars2loxP/loxP; Fgf21oxP/loxP mice with triple heterozygous ones—
Dars2loxP/wt; Fgf21loxP/wt, Ckmm-Cretg/wt. To generate full-body Clpp
knockout mice, Clppfl/fl were mated with transgenic mice ubiquitously expressing Cre recombinase under the control of the -actin
promoter, resulting in Clpp+/− mice. Heterozygous Clpp+/− mice
were further intercrossed to obtain homozygous. For the generation of
double-deficient Clpp and Fgf21 knockout animals, Clppfl/fl Fgf21fl/fl
mice were mated with transgenic mice ubiquitously expressing Cre
recombinase (-actin Cre), as described in (55).
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were run on 4 to 16% bis-tris gradient gels. The transfer onto polyvinylidene difluoride membranes was followed by immunodetection
using antibodies for mitochondrial complexes (55).
CI in-gel activity measurements
CI in-gel activity was measured by incubating BN-PAGE gel in
NADH (reduced form of nicotinamide adenine dinucleotide)
(0.1 mg/ml) and nitro blue tetrazolium (2.5 mg/ml) in 5 mM tris
(pH 7.4) for 1 hour.

Histological analyses
BAT, eWAT, and iWAT were embedded in paraffin and sectioned
at 5 m. Deparaffinized and rehydrated tissue sections were stained
with Mayer’s hematoxylin and counterstained with eosin according
to procedures previously described in (55).
For fresh-frozen sections, tissues were directly isolated after sacrificing the animals and directly embedded in Tissue-Tek (Sakura,
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Cardiomyocyte cross-sectional area measurements
Cardiomyocyte size was determined separately for the left and right
ventricles. Paraffin-embedded heart tissue was hematoxylin and
eosin–stained and subsequently analyzed using QuPath software.
Only cross-sectional, almost circular shaped cardiomyocytes were
included in the analysis. For this purpose, the QuPath polygon tool
was used to encircle the cells and determine the area. For the left
ventricle, 60 to 70 cross-sectional cardiomyocytes could be identified, and for the right ventricle, 20 to 30 cross-sectional cardiomyocytes could be identified.
Label-free quantification of the cardiac proteome
Heart tissue was used for label-free quantification of the proteome.
First, the tissues were disrupted using liquid nitrogen and dissolved
in 8 M urea buffer, with the addition of a 1× proteinase inhibitor.
After incubation (30 min, 4°C, on a rotating wheel), lysates were
cleared (15 min, 4°C, full speed) and protein concentration was determined with Bradford reagent (Sigma-Aldrich) according to the
manufacturer’s instructions. Next, 50 g of protein per sample was
precipitated with the fourfold volume of cold 100% acetone
(60 min, −80°C), pelleted (15 min, 4°C, full speed), and washed
twice with cold 90% acetone (5 min, 4°C, full speed). The air-dried
pellet was subsequently resuspended in 300 l of 8 M urea buffer. In
solution, digest was performed by addition of dithiothreitol to a
final concentration of 5 mM (1 hour, 37°C), addition of chloroacetamide
to a final concentration of 40 mM (20 min, protect from light), the addition of endoproteinase Lys-C at an enzyme-substrate ratio of 1:75
(4 hours, 37°C), and dilution with 50 mM triethylammonium bicarbonate
(TEAB) to a urea concentration of 2 M before adding trypsin at
an enzyme-substrate ratio of 1:75 (overnight, 37°C, protect from light).
The digest was stopped with formic acid (1% final concentration).
Digested protein lysates were loaded on SDB-RPS stage tips and
submitted to the CECAD proteomic facility for further processing.
RNA sequencing of cardiac total mRNA
RNA isolation for RNA-seq was performed using the “Direct-zol
RNA MiniPrep Kit” (Zymo Research) according to the manufacturer’s
instruction. Purified RNA was submitted to the Cologne Centre for
Genomics for further processing. Libraries were prepared using
the “TruSeq mRNA Stranded Sample Preparation Kit” (Illumina)
and validated on a tape station (Agilent). Equimolar amounts of
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SDS-PAGE Western blot analysis
Tissue protein lysates
Homogenization of 25 mg of cardiac tissue samples in 400 l of cold
organ lysis buffer [50 mM Hepes (pH 7.4), 50 mM NaCl, 1% (v/v)
Triton X-100, 0.1 M NaF, 10 mM EDTA, 0.1% SDS (w/v), 10 mM
Na-orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 1× protease
inhibitor cocktail (Sigma-Aldrich), and 1× PhosSTOP phosphatase
inhibitor cocktail (Roche)] was performed with Precellys CK 14
(Bertin Technologies) (5000 rpm, 30 s). Cleared protein lysates
(45 min, 20,000g, 4°C) were transferred into fresh tubes. Determination of protein concentration was performed with Bradford reagent (Sigma-Aldrich) according to the manufacturer’s instructions.
Protein lysates were stored at 80°C.
SDS–polyacrylamide gel electrophoresis
Protein samples were dissolved in SDS-PAGE loading buffer
[50 mM tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol,
1% -mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol
blue] before denaturation. Depending on the required range of protein sizes, the proteins were separated on 8 to 15% acrylamide gels
[stacking gel: 5% acrylamide-bisacrylamide (37.5:1), 12.5 mM
tris-HCl, 0.1% (w/v) SDS, 0.25% ammonium persulfate (APS),
0.25% tetramethylethylenediamine (TEMED), pH 6.8; separating
gel: 8 to 15% acrylamide-bisacrylamide (37.5:1), 37.5 mM tris-HCl, 0.1%
(w/v) SDS, 0.1% APS, 0.1% TEMED, pH 8.8] in running buffer
[25 mM tris-HCl, 250 mM glycine, 0.1% SDS (w/v), pH 8.3].
Western blot
Transfer of proteins on a nitrocellulose membrane by Western blot
was conducted in transfer buffer (30 mM tris-HCl, 240 mM glycine,
0.037% SDS, 20% methanol) at 400 mA for 2 hours at 4°C. For a
first evaluation of the transfer, shortly washed membranes (dH2O)
were stained with Ponceau S solution (Sigma-Aldrich). Depending on the antibody requirements, destaining and blocking of
membranes were performed for 1 hour in either 5% milk-PBST
(phosphate-buffered saline–Tween 20) or 3% BSA-TBST (tris-buffered
saline–Tween 20) on a gently shaking platform before subsequent
immunodecoration with the indicated antibodies according to the
manufacturer’s instructions. Secondary horseradish peroxidase–
coupled antibodies (1:5000) were incubated for 1 hour before detection by Pierce ECL Western blotting substrate (Thermo Fisher
Scientific). Densitometry-based quantification of Western blots was
performed with ImageJ and Image Studio Lite Software.

Alphen aan den Rijn, The Netherlands). Frozen tissues were cut on
a Leica CM1850 cryostat with a thickness of 7 m. COX-SDH staining
was performed on fresh-frozen sections, which were air-dried for
half an hour after removal from −80°C. First, COX staining solution
(0.8 ml of 3,3′-diaminobenzidine tetrahydrochloride, 0.2 ml of
500 M cytochrome c, a few grains of catalase) was applied in amount
to cover the sectioned tissue and incubated in a humid chamber at
37°C for 40 min. After the washing step with PBS, sections were
further incubated in SDH staining solution (0.8 ml of 1.875 mM
nitro blue tetrazolium, 0.1 ml of 1.3 M sodium succinate, 0.1 ml of
2 mM phenazine methosulfate, 0.01 ml of 100 mM sodium azide)
for half an hour at 37°C and consequentially washed in PBS, dehydrated with increasing ethanol concentration (75% for 2 min,
95% for 2 min, 100% for 10 min), air-dried, and mounted in D.P.X.
(VWR, Darmstadt, Germany). The stained sections were visualized
at ×20 magnification (Leica SCN400 slide scanner and Client
software) (55).
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libraries were pooled, quantified (Peqlab KAPA Library Quantification Kit, Applied Biosystems 7900HT Sequence Detection System),
and finally sequenced on a “HiSeq4000 sequencer” (Illumina).
Statistical analyses
Statistical significance of datasets with two independent groups was
analyzed using two-tailed unpaired Student’s t test (55). Datasets
with more than two groups were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. All P values
below 0.05 were considered statistically significant; *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001. All data are presented
as means ± SD (55). Statistical analysis and data visualization were
managed using Microsoft Excel, GraphPad Prism 6 (GraphPad
Software), and Instant Clue (55).
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