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Mitochondrial quality in skeletal muscle is crucial for maintaining energy homeostasis during metabolic stresses.
However, how muscle mitochondrial quality is controlled and its physiological impacts remain unclear. Here, we
demonstrate that mitoprotease LONP1 is essential for preserving muscle mitochondrial proteostasis and system-
ic metabolic homeostasis. Skeletal muscle-specific deletion of Lon protease homolog, mitochondrial (LONP1)
impaired mitochondrial protein turnover, leading to muscle mitochondrial proteostasis stress. A benefit of this
adaptive response was the complete resistance to diet-induced obesity. These favorable metabolic phenotypes
were recapitulated in mice overexpressing LONP1 substrate AOTC in muscle mitochondria. Mechanistically, mito-
chondrial proteostasis imbalance elicits an unfolded protein response (UPR™) in muscle that acts distally to mod-
ulate adipose tissue and liver metabolism. Unexpectedly, contrary to its previously proposed role, ATF4 is
dispensable for the long-range protective response of skeletal muscle. Thus, these findings reveal a pivotal role of
LONP1-dependent mitochondrial proteostasis in directing muscle UPR™ to regulate systemic metabolism.

INTRODUCTION

Mitochondria are multifunctional and essential organelles that re-
quire accurate surveillance to maintain their functional integrity.
Mitochondrial proteases serve as the frontline quality control mech-
anism by selectively degrading damaged or dysfunctional mito-
chondrial proteins to ensure proper mitochondrial function (1-4).
Imbalanced mitochondrial proteostasis occurs in response to cellular
stresses and is observed in many chronic illnesses, including meta-
bolic disorders, cancer, and neurodegenerative diseases (1, 3-6). How-
ever, the in vivo physiological relevance and control mechanisms of
mitochondrial proteolysis remain unclear.

Preserving the integrity of the mitochondrial network is particu-
larly important in skeletal muscle, the largest metabolically active
and endocrine organ that depends critically on mitochondrial qual-
ity. Numerous studies have suggested that mitochondrial quality
control mechanisms in skeletal muscle are crucial for maintaining
systemic energy homeostasis during the adaptive stress response
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(3, 7-11). Many effects of skeletal muscle on systemic metabolism
have been linked to non-cell-autonomous mitochondrial commu-
nications (7-12). Substantial evidence suggests that mitochondrial
stress in skeletal muscle not only induces local adaptive responses
but also sends long-range stress signals to nonaffected tissues. Many
“mitokines” (soluble factors that can be released from cells with
stressed mitochondria) released from skeletal muscle are known
messengers to mediate interorgan metabolic communications. For
instance, the mitokines FGF21 and GDF15, known to have favor-
able effects on systemic energy metabolism (13-17), have been shown
to be induced and released from skeletal muscle upon mitochondrial
stress in both mice and humans (7, 8, 10, 18-23). Evidence is emerging
that mitochondrial proteostasis imbalance can trigger mitochondrial-
to-nuclear communications [mitochondrial unfolded protein re-
sponse (UPR™)] and mediate adaptive genomic reprogramming
(9, 11, 18). However, most of the UPR™ mechanistic studies were
delineated in Caenorhabditis elegans (9, 11, 18, 24, 25), and how the
UPR™ is activated and executed in mammals remains largely un-
known. Thus, it is of great interest to understand the fundamental
principles of the regulation of muscle mitochondrial proteostasis and
the tailored responses to them.

Approximately two-thirds of the 1200 mitochondrial proteins
reside in the matrix, and the regulation of the complex protein-folding
environment within the matrix is therefore essential for maintain-
ing mitochondrial proteostasis. Lon protease homolog, mitochon-
drial (LONP1), an evolutionarily conserved serine peptidase from
yeast to human, is the major protease stationed in the mitochondrial
matrix. Underscoring the importance of LONP1 in regulating a
wide range of biological processes, mutations in LONP1 are associ-
ated with cerebral, ocular, dental, auricular, and skeletal anomalies
(CODAS) syndrome, a human genetic disease that causes multisys-
tem malfunctions (4, 26). Several mitochondrial regulatory proteins
have been identified as LONP1 substrates in cells under basal or
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stress conditions (3, 4, 27, 28). Studies in mouse models further
demonstrated the essential role of LONP in survival (29). Moreover,
a growing body of evidence has connected LONP1 to the UPR™, and
the levels of LONPI are also induced in response to mitochondrial
stresses (3, 4, 30). However, it has yet to be unraveled whether LONP1-
mediated proteolysis is implicated in controlling the muscle UPR™
and systemic metabolism.

In this study, we investigated the metabolic role of LONP1-
dependent mitochondrial protein quality control in skeletal muscle,
a metabolically active organ sensitive to stressed mitochondria. We
generated skeletal muscle-specific LONP1 knockout mice and un-
covered an essential role of the protease LONP1 in controlling muscle
mitochondrial proteostasis as well as systemic metabolic homeostasis.
Mice lacking LONP1 in muscle showed impaired mitochondrial
protein turnover, prevention of high-fat diet (HFD)-induced obesity
and insulin resistance, and reduced liver steatosis. Many of these
metabolic phenotypes were recapitulated in mice overexpressing a
mitochondrial-retained AOTC, a known unfolded protein degraded
by LONPI, in skeletal muscle. Mechanistically, we demonstrated
that mitochondrial proteostasis imbalance elicits an UPR™ in skel-
etal muscle to induce favorable metabolic remodeling in adipose
tissue and liver. Muscle mitochondrial proteostasis stress directs the
long-range metabolic response independent of ATF4, highlighting
the ATF4-independent UPR™ in skeletal muscle.

RESULTS

Skeletal muscle-specific deletion of LONP1 confers
resistance to diet-induced obesity and improves

insulin sensitivity

As an initial step, to explore the metabolic role of mitochondrial
proteostasis in skeletal muscle in mice, we used a mouse model that
allowed us to monitor the overall protein turnover status of the mito-
chondrial reticulum in skeletal muscles in vivo upon HFD metabolic
stress. Briefly, transgenic mice express the fluorescent reporter
MitoTimer; therefore, mitochondrial protein turnover in skeletal
muscle can be quantified by confocal microscopy imaging. Consist-
ent with previously published data (31), we found that the red:green
ratio of MitoTimer was shifted toward red fluorescence, an indica-
tor of slow mitochondrial protein turnover, in the soleus muscles of
wild-type (WT) mice fed an HFD (60% kcal from fat) for 3 weeks
(Fig. 1, A and B). LONP1 resides in the mitochondrial matrix and is
the most conserved mitochondrial protease from yeast to humans
(1, 4). We recently generated skeletal muscle-specific LonpI-knockout
(LONP1 mKO) mice (32), and we examined the consequences of
LONP1 loss of function on muscle mitochondrial proteostasis by
breeding LONP1 mKO mice with MitoTimer reporter mice. As shown
in Fig. 1A, 3 weeks of HFD feeding caused a much greater increase in
MitoTimer red fluorescence in skeletal muscles from LONP1 mKO
mice than in WT controls (Fig. 1, A and B). These data demonstrate
the crucial role of LONP1 in preserving mitochondrial proteostasis in
skeletal muscle upon HFD metabolic stress.

We speculated that LONP1-dependent mitochondrial proteolysis
might contribute to the metabolic adaptation of skeletal muscle
under excess nutrient stress. We next evaluated how LONP1 mKO
mice could adapt to HFD metabolic stress. Although LONP1 mKO
mice were smaller and showed reduced muscle mass (32), we fol-
lowed a cohort of LONP1 mKO mice that show survival similar to
that of respective WT littermates at least up to 1.5 years of age.
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LONP1 mKO mice were also leaner when fed standard chow diet
(CD) and were resistant to obesity on HFD, gaining body weight
similarly to WT mice on CD (Fig. 1, C to F, and fig. S1, A and B).
Total lean mass was equivalently decreased because of reduced mus-
cle fiber size in LONP1 mKO mice fed either CD or HFD (fig. S1, C
to E). Fat mass but not lean mass, when normalized to body weight,
was significantly lower in LONP1 mKO mice than in WT littermates
regardless of the diet (Fig. 1F and fig. SID). LONP1 mKO mice fed
either CD or HFD have approximately similar patterns of activity
during both the light and dark cycles in comparison with WT con-
trols (Fig. 1G). However, food intake, when normalized to body
weight, was significantly higher in LONP1 mKO mice than in WT
littermates fed either CD or HFD (Fig. 1H and fig. S1F), indicating
that LONP1 mKO mice have a decreased efficiency in converting
food into body mass. In addition, LONP1 mKO mice fed either CD
or HFD have a marked increase in oxygen consumption (VO;) and
carbon dioxide (VCO,) production during both dark and light cy-
cles in comparison with WT controls (Fig. 1, I and ], and fig. S1, G
and H). We further determined glucose homeostasis in WT and
LONP1 mKO mice. The fasting glucose and insulin levels were sig-
nificantly reduced in HFD-fed LONP1 mKO mice compared to
HFD-fed WT controls (Fig. 1, K and L), indicating that HFD-fed
LONP1 mKO mice have an improved sensitivity to insulin. Glucose
tolerance tests (GTTs) showed that LONP1 mKO mice were more
tolerant to glucose challenge compared to the WT littermates or
human a-skeletal actin (HSA)-Cre controls after HFD feeding (Fig. 1M
and fig. S1I). Similarly, insulin tolerance tests (ITTs) demonstrated
that HFD-fed LONP1 mKO mice were more sensitive to insulin stim-
ulation than HFD-fed WT controls (Fig. 1N). Collectively, these
results suggest that muscle LONP1 deficiency confers resistance to
HFD-induced obesity and improves insulin sensitivity. Together, these
data established a crucial role of muscle LONP1 for mitochondrial
proteostasis and systemic metabolic homeostasis.

Muscle LONP1 regulates the response of adipose tissue

and liver to HFD

Evidence has emerged that skeletal muscle metabolic reprogram-
ming could be a modifier of adipose and liver metabolism. We next
examined lipid metabolism in adipose tissue of LONP1 mKO mice.
Both the white and brown adipose tissue (WAT and BAT) pads
were smaller with less lipid accumulation in LONP1 mKO mice un-
der CD and particularly HFD conditions as compared to their WT
controls (Fig. 2A and fig. S1J). Histological analysis also showed
smaller adipocytes in adipose tissue of LONP1 mKO mice, in par-
ticular under HFD conditions (Fig. 2B). Increased macrophage in-
filtration and fibrosis in adipose tissue have been linked to obesity.
We found that the expression of macrophage (e.g., F4/80, Cd68, and
Cd11c)- and profibrosis (e.g., Hifla, Lox, and TgfB)-related genes
were markedly reduced in WAT from HFD-fed LONP1 mKO mice
compared with WT controls (fig. S2A). Masson’s trichrome stain-
ing confirmed a marked decrease in HFD-induced fibrosis in WAT
from LONP1 mKO mice (Fig. 2C). On a CD, LONP1 mKO mice
showed minimal induction of thermogenic gene expression in BAT
(Fig. 2D). However, HFD-fed LONP1 mKO mice had a significant
increase in the mRNA expression of genes involved in lipolysis (e.g.,
Pnpla2, Lige, and Mgll), thermogenesis (e.g., Ucpl and Cidea), and
mitochondrial oxidation (e.g., Cpt2, Cox7a, and Atp5a) in BAT in
comparison with WT control mice fed HFD (Fig. 2D). An increase
in the mRNA expression of genes associated with lipolysis was also
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Fig. 1. Skeletal muscle-specific deletion of LONP1 confers resistance to diet-induced obesity and improves insulin sensitivity. (A) Confocal images of soleus
muscle fibers from LONP1 mKO/MitoTimer and Lonp1”"/MitoTimer mice following chow diet (CD) or HFD feeding. Scale bar, 10 um. (B) Quantification of MitoTimer
red:green ratio normalized (= 1.0) is shown. n =3 to 6. (C) Body weight at the age of 6 weeks. n=9 to 13. (D) Increase in body weight following HFD feeding. n=8 to 13.
(E) Body composition measured to determine fat mass. n=8to 10. (F) Fat mass plotted as a percentage of body weight. (G) Locomotor activity. n=7 to 8. (H) Food con-
sumption. n=7 to 8. Data are expressed as gram consumed per gram of body weight per day. (1 and J) Oxygen consumption and carbon dioxide production normalized
to body weight. n=8. (Kand L) Fasting glucose and insulin levels. n =8 to 10. (M and N) Left: Glucose and insulin tolerance test (GTT and ITT). Right: Area under the curve
for GTT or ITT is shown. n=8 to 10. Color legend for the panel: white, WT CD; gray, LONP1 mKO CD; orange, WT HFD; diagonal hatch, LONP1 mKO HFD. Values represent
means + SEM. *P < 0.05 versus corresponding WT controls; #P < 0.05 versus corresponding CD controls. Two-tailed unpaired Student’s t test (C and | to L) or one-way
analysis of variance (ANOVA) (B, D to H, M, and N) was performed.

observed in WAT from HFD-fed LONP1 mKO mice (fig. S2B).
Moreover, HFD feeding led to a greater induction of mitochondrial
protein expression in BAT from LONP1 mKO mice (Fig. 2, Eand F,
and fig. S2C). In LONP1 mKO mice, HFD appears to more markedly
induce uncoupling protein 1 (UCP1) protein expression in BAT as
evidenced by both Western blot and immunohistochemistry (IHC)
(Fig. 2, E to G). Mitochondrial respiration rates were significantly
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higher in the BAT of LONP1 mKO mice than that of WT littermates
fed either CD or HFD (Fig. 2H). Notably, LONP1 mKO mice fed CD
showed no differences in the mRNA expression of genes associated
with UPR™ in BAT (Fig. 2I). However, we observed an induction of
UPR™ in BAT of LONP1 mKO mice. The expression levels of mito-
chondrial proteases (e.g., LonpI and Clpp) and chaperones (e.g., Hspel
and Hspa9) were significantly elevated in the BAT of HFD-fed LONP1
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Fig. 2. Muscle LONP1 regulates the response of adipose tissue and liver to HFD. (A) Pictures of adipose pads from indicated mice fed CD or HFD. (B) Hematoxylin and
eosin (H&E) staining of epididymal WAT (eWAT) and BAT. Scale bar, 50 um. n=5 to 9. (C) Masson'’s trichrome staining in e WAT. Scale bar, 50 um. n=5 to 9. (D) Expression
of genes [quantitative reverse transcription polymerase chain reaction (qRT-PCR)] in BAT from indicated mice fed CD or HFD. n = 6. (E) Western blot analysis of BAT from
indicated mice. n=4. (F) Quantification of UCP1/tubulin, NDUFB8/tubulin, TOM20/tubulin, and TIM23/tubulin in BAT from indicated mice fed HFD. n=4. (G) UCP1 immuno-
histochemistry (IHC) staining in BAT from indicated mice fed CD or HFD. Scale bar, 50 um. n =4 to 5. (H) Mitochondrial respiration rates were determined from BAT of
indicated genotypes. Succinate/rotenone (Suc/Rot)-stimulated, adenosine 5-diphosphate (ADP)-dependent, and antimycin-induced respiration is shown. n=5 to 8. (I) Ex-
pression of genes involved in UPR™in BAT from indicated mice fed CD or HFD. n=6. (J) Liver weight. n=_8to 10. (K) H&E and Oil Red O staining of livers. Scale bar, 50 um.
n=>5106. (L) Liver triglyceride levels. n = 6 to 8. Color legend for the panel: white, WT CD; gray, LONP1 mKO CD; orange, WT HFD; diagonal hatch, LONP1 mKO HFD. Values

represent means + SEM. *P < 0.05 versus corresponding WT controls; #P < 0.05 versus corresponding CD controls. Two-tailed unpaired Student’s t test (D, F, H, and I) or
one-way ANOVA (J and L) was performed. AU, arbitrary units.

mKO mice (Fig. 2I). Notably, the mRNA levels of genes encoding  suggest that LONP1-deficient muscles send stress signals to non-
amino acid metabolism (e.g., Asns, Aldhl8al, and Slc7all), one- affected tissues. Together, these data indicate that mitochondrial
carbon metabolism (e.g., Psatl and Mthfd2) and Fgf21 were notin-  proteostasis stress in skeletal muscle upon loss of LONP1 trig-
creased in HFD-fed LONPI mKO BAT (fig. S2D). These data  gers thermogenic remodeling and UPR™ in distal adipose tissue.
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Lonpl was not disrupted in the livers from LONP1 mKO mice
(fig. S2E). Gross anatomical analysis of livers revealed markedly re-
duced hepatic steatosis in HFD-fed LONP1 mKO mice compared
to WT controls (fig. S2F). This was supported by reduced liver
weight in HFD-fed LONP1 mKO mice (Fig. 2]). Histological exam-
ination of liver sections with hematoxylin and eosin (H&E) and Oil
Red O staining provided further evidence of markedly reduced liver
fat deposition in HFD-fed LONP1 mKO mice (Fig. 2K). Biochemi-
cal measurements confirmed that the increase in triglyceride (TG)
levels observed in WT livers after HFD feeding was completely
blunted in LONP1 mKO livers (Fig. 2L). To further determine liver
metabolic reprogramming in LONP1 mKO mice, we analyzed the
expression profile of metabolic genes in the livers. HFD-fed LONP1
mKO mice had markedly reduced expression of genes involved in
fatty acid import (e.g., Cd36) and de novo lipogenesis (e.g., Fasn
and Acaca) in the livers (fig. S2G), whereas we did not observe a
change in the mRNA expression of genes associated with fatty acid
oxidation and gluconeogenesis in the livers from HFD-fed LONP1
mKO mice (fig. S2G). The markedly decreased fatty acid synthase
(FASN) protein levels in the livers of HFD-fed LONP1 mKO mice
were also confirmed by immunoblotting (fig. S2H). We did not detect
induction of UPR™"-related gene expression in livers from LONP1
mKO mice on HFD (fig. S2I). These findings implicate that LONP1
deletion in skeletal muscle decreases free fatty acid uptake and
de novo lipogenesis in the liver, leading to protection from diet-induced
hepatic steatosis. Together, these data suggest that LONP1-dependent
mitochondrial signaling in skeletal muscle mediates the interorgan
metabolic communications.

Loss of LONP1 elicits the mitochondrial UPR

in skeletal muscle

To understand the molecular basis of the lean phenotype in LONP1
mKO mice, we first examined mitochondrial remodeling in skeletal
muscle from LONP1 mKO mice. Mitochondrial quality was assessed
by electron microscopy (EM) in the soleus muscles of LONP1 mKO
and WT control mice on CD or HFD (Fig. 3A). The quantitative EM
analysis revealed that the relative mitochondrial area per muscle fi-
ber area was not different in LONP1 mKO muscles compared with
WT controls regardless of the diet (fig. S3A). In addition, we did not
observe a change in mtDNA content or mitochondrial ETC protein
levels in LONP1 mKO muscles relative to WT controls under both
CD and HFD conditions (fig. S3, B and C). However, LONP1 defi-
ciency led to disturbed mitochondrial ultrastructure, characterized
by loss of cristae content, abnormal vacuolated structure, and elec-
trodense aggregates under both CD and HFD conditions (Fig. 3A).
Consistent with the structural derangements, both pyruvate- and
succinate-driven mitochondrial respiration rates were markedly re-
duced in LONP1 mKO muscles compared to the WT controls under
both CD and HFD conditions (Fig. 3, B and C). Together, these data
demonstrate that LONP1 preserves mitochondrial quality in skele-
tal muscle.

Substantial evidence suggests that stressed mitochondria can
communicate with the nucleus and mediate adaptive genomic re-
programming. To thoroughly analyze the gene expression changes
that result from loss of muscle LONP1, we performed RNA sequenc-
ing (RNA-seq) transcriptome analysis of skeletal muscles from
LONP1 mKO and WT mice at 2 or 6 weeks of age. This transcrip-
tome analysis revealed remarkable muscle genomic reprogramming
early at 2 weeks of age that became more marked at 6 weeks of age in
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LONP1 mKO mice (Fig. 3D). Comparison of gene expression pro-
files between LONP1 mKO and WT muscles showed 457 and 1922
genes that were regulated (with a cutoff of 1.5-fold change and
P < 0.05) by LONP1 abrogation at 2 and 6 weeks of age, respectively
(Fig. 3D). As LONP1 abrogation appeared to affect genes involved in
a great variety of biological processes (Fig. 3E and fig. S3, D to G), we
focused on the genes that were induced early at 2 weeks of age and
were further enhanced by LONPI1 abrogation at 6 weeks of age
(Fig. 3E). Gene Ontology (GO) pathway analysis revealed that mus-
cle LONP1 deficiency triggers a progressive mitochondrial UPR. We
then confirmed the mitochondrial UPR in HFD-fed LONP1 mKO
muscles by quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR) analysis. The mRNA expression of Atf4, Atf5, and
Ddit3, known markers of the UPR, was up-regulated in HFD-fed
LONP1 mKO muscles (Fig. 3F). The mRNA levels of genes encoding
amino acid metabolism (e.g., Asns, Slc7all, and Slc6a9) and one-
carbon metabolism (e.g., Phgdh, Psatl, and Mthfd2) were also up-
regulated, as well as a broad array of genes encoding myokines (e.g.,
Fgf21 and Gdf15) (Fig. 3F and fig. S3H). The marked induction of
FGF21 and GDF15 in LONP1 mKO muscles is of interest given their
well-known favorable effect on systemic metabolism (13-17). Nu-
merous studies in mice, and in humans, have shown that stressed
muscle secretes FGF21 and GDF15 into circulation to exert an endo-
crine effect (7, 8, 10, 18-23). We also detected significantly increased
abundance of circulating FGF21 and GDF15 protein in LONP1
mKO mice relative to their WT littermates (Fig. 3G). Therefore, our
results suggest that muscle mitochondrial proteostasis stress upon
loss of LONP1 stimulates the expression of mitokines FGF21 and
GDF15 to mediate interorgan metabolic communications. Thus, these
results link the LONP1-dependent muscle mitochondrial UPR to sys-
temic metabolic benefits.

Mitochondria overloaded by unfolded proteins beyond

the LONP1 capacity induce the UPR™ in skeletal muscle

LONPI is well known as a quality control protease responsible for
the degradation of misfolded or damaged proteins in the mitochon-
drial matrix (1, 2, 4). We speculated that the activation of the muscle
mitochondrial stress response can be due to the accumulation of
mitochondrial-retained protein in muscle mitochondria upon loss
of LONP1. To provide direct support for this notion, we measured
mitochondrial unfolded protein levels in LONP1 mKO mito-
chondria. Tetraphenylethene maleimide (TPE-MI) is a turn-on
fluorogenic dye that could be used to probe unfolded proteins, thus
reporting proteostasis imbalance. We observed an increased level of
TPE-MI fluorescence, an indicator of higher unfolded protein
abundance, in the mitochondria isolated from LONP1 mKO mus-
cles compared to WT controls (Fig. 4, A and B). We next asked
whether mitochondria overloaded by unfolded proteins beyond the
LONPI capacity could also lead to similar genomic reprogramming
effects in skeletal muscle. Mitochondrial-retained mutant ornithine
transcarbamylase (AOTC) is a known unfolded protein degraded
by LONP1 and an established model for studying mitochondrial
proteostasis imbalance (33-35). We generated transgenic mice over-
expressing AOTC specifically in skeletal muscle using the muscle
creatine kinase promoter (MCK-AOTC). The AOTC protein was
expressed specifically in skeletal muscle mitochondria, and we ob-
served no overexpression of AOTC protein in other tissues such as
the heart, liver, and fat (Fig. 4C). We thus analyzed the gene expression
changes that result from mitochondria overloaded by AOTC-unfolded
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Fig. 3. Loss of LONP1 elicits the mitochondrial UPR in skeletal muscle. (A) Electron micrographs of soleus muscle showing intermyofibrillar mitochondria in sections
from indicated mice fed CD or HFD. Scale bars, 200 nm. n=3 to 4. (B and C) Mitochondrial respiration rates were determined on mitochondria isolated from muscles of
indicated mice using pyruvate (B) or succinate (C) as substrates. Pyruvate/malate (Py/M)- or Suc/Rot-stimulated respiration is shown. n=3 to 7. (D) Heatmap analysis of
genes differentially regulated in LONP1 mKO muscles. Each group is represented by RNA sequencing (RNA-seq) data from two independent samples generated from
muscles of 2- and 6-week-old mice. Red, relative increase in abundance; blue, relative decrease. (E) Gene Ontology (GO) enrichment analysis of genes that were induced
early at 2 weeks old and were further enhanced by LONP1 abrogation at 6 weeks old, with top 10 terms shown. The dot size reflects the gene count. (F) Expression of
genes (QRT-PCR) related to UPR, amino acid metabolism, one-carbon metabolism, and myokines in muscles from HFD-fed LONP1 mKO mice. n=6. (G) Serum FGF21 and
GDF15 levels.n=6t0 9. Color legend for the panel: white, WT CD; gray, LONP1 mKO CD; orange, WT HFD; diagonal hatch, LONP1 mKO HFD. Values represent means + SEM.
*P < 0.05 versus corresponding WT controls. Two-tailed unpaired Student’s t test (B, C, and F) or one-way ANOVA (G) was performed.

proteins in skeletal muscles. Transcriptome analysis was performed
by whole-genome gene expression profiling experiments in gastrocne-
mius (GC) muscles from MCK-AOTC mice and nontransgenic
(NTG) littermate controls. Consistent with the observations in
LONP1 mKO muscles, the comparative mRNA profiling strategy re-
vealed extensive genomic reprogramming in MCK-AOTC muscles,
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with 1051 up-regulated and 519 down-regulated genes (1.5-fold
change and P < 0.05), respectively (Fig. 4D). GO analysis of the regulated
genes in MCK-AOTC muscles also revealed significant enrichment
in UPR as well as RNA processing (Fig. 4D and fig. S4, A to C). Gene
set enrichment analysis (GSEA) further demonstrated that AOTC over-
expression significantly influenced the expression of LONP1-regulated
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Fig. 4. Mitochondria overloaded by unfolded proteins beyond the LONP1 capacity induce the UPR™ in skeletal muscle. (A) Mitochondria were isolated from indi-
cated mice and incubated with TPE-MI dye, followed by measurement of fluorescence intensity for 2 hours. n = 6 to 8. (B) Quantification of the maximal fluorescence ratios
normalized (= 1.0) to WT controls. n =6 to 8. (C) Top: Western blot analysis of AOTC expression in tissues from indicated mice. Bottom: Western blot analysis performed
with mitochondrial and cytosolic fractions isolated from muscles of the indicated mice. (D) Left: Heatmap of differentially expressed genes. RNA-seq data (n =2 indepen-
dent) were generated from muscles of 2-week-old indicated mice. Red, relative increase in abundance; blue, relative decrease. Right: GO enrichment analysis of gene
transcripts up-regulated in MCK-AOTC muscles, with top 10 terms shown. (E and F) GSEA of genes regulated in LONP1-deficient muscles in relation to genes altered in
MCK-AOTC muscles. Genes regulated by AOTC overexpression were ranked by fold difference and expressed on the x axis. This dataset was compared with regulated
genes identified in LONP1 mKO muscles. (G) GO enrichment analysis of the muscle-UPR™ gene signature, the core set of genes commonly up-regulated by both AOTC
overexpression and LONP1 mKO in muscle, with top 10 terms shown. (H) Expression of genes (qRT-PCR) related to UPR, amino acid metabolism, one-carbon metabolism,
and myokines in muscles from indicated mice. n = 6. Values represent means + SEM. *P < 0.05 versus corresponding nontransgenic (NTG) controls. Two-tailed unpaired
Student’s t tests were performed.

genes in muscles (Fig. 4, E and F). These data suggest that mitochon-  hereafter referred to as the muscle-UPR™ gene signature (table S1).
dria overloaded by AOTC-unfolded proteins recapitulate the ge- GO analysis revealed that the primary muscle-UPR™ gene sets were
nomic reprogramming effects in LONP1 mKO muscles. the response to unfolded protein and amino acid metabolism (Fig. 4G).

We then focused on the core set of genes commonly up-regulated ~ Gene expression validation studies demonstrated that a broad array
by both AOTC overexpression and LONP1 mKO in skeletal muscle,  of genes involved in UPR (e.g., Atf4, Atf5, and Ddit3), amino acid
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metabolism (e.g., Asns, Slc7all, and Slc6a9), one-carbon metabolism
(e.g., Phgdh, Psatl, and Mthfd2), and myokines (e.g., Fgf21 and Gdf15)
were induced in MCK-AOTC muscles (Fig. 4H and fig. S4D). This ob-
servation points to the possibility that muscle-UPR™ signals may me-
diate the long-range protective response that alleviates dietary obesity.

Mitochondrial proteostasis stress in skeletal muscle protects
against HFD-induced obesity and improves glucose
homeostasis

To further confirm the importance of the skeletal muscle mitochon-
drial proteostasis stress response in regulating systemic metabolism,
MCK-AOTC mice and NTG littermates were fed either a normal CD
or HFD. Similar to the LONP1 mKO mice, the body weights of
MCK-AOTC mice were lower than those of NTG littermate controls
fed CD (fig. S5A). A decrease in muscle mitochondrial respiration
rates was also observed in CD-fed MCK-AOTC mice (fig. S5B), but
unlike LONP1 mKO mice, mitochondrial respiration rates were not
different between MCK-AOTC and NTG littermates following HFD
feeding (fig. S5B). MCK-AOTC mice were protected against obesity
when challenged with an HFD for 3 months (Fig. 5A and fig. S5, C
and D), showing significantly less weight gain following HFD feeding
than NTG littermates despite higher food consumption (fig. S5, C
and E). HFD-fed MCK-AOTC mice exhibited an increase in oxygen
consumption (VO,) and carbon dioxide (VCO,) production during
both dark and light cycles (Fig. 5, B and C). Notably, HFD-fed MCK-
AOTC mice had increased locomotor activity at night (fig. S5F). In
addition, MCK-AOTC mice showed improved whole-body glucose
and insulin sensitivity after 12 weeks of HFD feeding (Fig. 5, D to G).
Both fasting glucose and insulin levels were significantly decreased in
HFD-fed MCK-AOTC mice compared to HFD-fed WT controls
(Fig. 5, D and E). GTT and ITT further demonstrated that HFD-fed
MCK-AOTC mice were more tolerant to glucose challenge and more
sensitive to insulin stimulation than HFD-fed WT controls (Fig. 5,
F and G). Thus, this metabolic phenotype exhibited by MCK-AOTC
mice appears to resemble that of LONP1 mKO mice.

We next examined the interorgan metabolic communications in
HFD-fed MCK-AOTC mice. Similar to the LONP1 mKO mice,
HFD-fed MCK-AOTC mice also showed significantly less fat mass
and smaller adipocytes than NTG littermates (Fig. 5H and fig. S5, G
and H). HFD-fed MCK-AOTC mice had decreased macrophage in-
filtration and fibrosis in adipose tissue (fig. S5, I and J). In addition,
HFD-fed MCK-AOTC mice also had increased expression of genes
encoding lipolysis, thermogenesis, and mitochondrial oxidation in
BAT (Fig. 5I). The number of UCP1-positive adipocytes and mito-
chondrial respiration rates were increased in the BAT of HFD-fed
MCK-AOTC mice (Fig. 5, ] and K). Moreover, we further confirmed
non-cell-autonomous UPR™ activation in BAT from HFD-fed MCK-
AOTC mice (Fig. 5L). Furthermore, HFD-fed MCK-AOTC mice also
had reduced hepatic steatosis compared to NTG mice (Fig. 5, M to P).
Together, the similarity of the phenotypes of MCK-AOTC and
LONP1 mKO mice strongly demonstrates that the mitochondrial
proteostasis stress response in skeletal muscle confers resistance to
HFD-induced obesity and improves insulin sensitivity.

Mitochondrial proteostasis stress programs local amino acid
and one-carbon metabolism in skeletal muscle via the ATF4
transcription factor

What might be the molecular interface between mitochondrial pro-
teostasis imbalance and genomic reprogramming in skeletal muscle?

Guo et al., Sci. Adv. 8, eabo0340 (2022) 27 July 2022

The search for enriched motifs within the muscle-UPR™ gene sets
using i-cisTarget revealed an ATF4 sequence element, 5'-ATGAT-
GCAAT-3, as the highest-score motif with a normalized enrich-
ment scores (NES) of 9.53 (Fig. 6A). C/EBP homologous protein
(CHOP) and amino acid response element (AARE) motifs were also
enriched within the muscle-UPR™ gene sets (Fig. 6A). Previous studies
have suggested an important role of ATF4 in regulating the mito-
chondrial stress response in mammals (9, 11, 30, 36, 37). We con-
firmed that Atf4 mRNA expression levels were up-regulated by both
AOTC overexpression and LONP1 mKO in skeletal muscles (Fig. 6B
and fig. S6A). We next asked whether knocking out ATF4 would be
sufficient to ablate genomic and metabolic reprogramming in mus-
cles from LONP1 mKO mice. We bred LONP1 mKO mice with
muscle-specific ATF4 KO mice to generate LONP1/ATF4"/HSA-Cre
(LONP1/ATF4 DmKO) mice, in which Atf4 gene was disrupted in
muscle in the LONP1 mKO background (Fig. 6B). We confirmed
that the induced expression of Atf4 was completely abolished in the
LONP1/ATF4 DmKO muscles (Fig. 6B). Deletion of ATF4 failed to
affect mitochondrial respiration defects in skeletal muscles lacking
LONP1 (Fig. 6C). However, LONP1 deficiency-mediated induc-
tion of amino acid metabolism gene expression (e.g., Asns, Slc7all,
and Slc6a9) was significantly reduced in the absence of ATF4 (Fig. 6D).
Moreover, muscle-specific disruption of ATF4 also abolished the
marked induction of one-carbon metabolism gene expression (e.g.,
Phgdh, Psat1, and Mthfd2) in LONP1 mKO muscles (Fig. 6D). These
data suggest that ATF4 is required for the adaptive increase in
amino acid and one-carbon metabolism gene expression in LONP1
mKO muscles. We also conducted metabolomic analysis on skeletal
muscles using capillary electrophoresis—mass spectrometry (CE-MS).
We measured a large panel (166 intermediates) of organic acids and
amino acids in seven replicates of skeletal muscle from WT, LONP1
mKO, and LONP1/ATF4 DmKO mice (Fig. 6E and fig. S6C). Prin-
cipal components analysis (PCA) showed a clear global metabolite
profile shift in LONP1 mKO muscles, suggesting that LONP1 abla-
tion induces divergent skeletal muscle metabolic changes (fig. S6B).
LONPI1 deficiency resulted in elevated levels of a broad array of
amino acid intermediates in skeletal muscle (Fig. 6E and fig. S6C).
Many of these effects were blocked upon ATF4 ablation (Fig. 6, E to G),
which is consistent with the gene expression results. Notably, glycine
and sarcosine are known cellular donors of one-carbon units (Fig. 6G).
LONPI1 deficiency-mediated induction of glycine and sarcosine
was also significantly reduced in the absence of ATF4 (Fig. 6G and
fig. S6D). Together, these results demonstrate that ATF4 is neces-
sary for the mitochondrial proteostasis stress—-mediated activation of
local amino acids and one-carbon metabolism in skeletal muscle.

Mitochondrial proteostasis stress directs along-range
metabolic response independent of ATF4 in skeletal muscle
To thoroughly analyze pathways that are affected by ATF4 ablation
in the context of LONP1 mKO, we performed RNA-seq transcrip-
tome analysis of skeletal muscles from WT, LONP1 mKO, and
LONP1/ATF4 DmKO mice. We identified a total of 3017 differen-
tially expressed genes with a cutoff of 1.5-fold and P < 0.05. Unex-
pectedly, whereas we found that ATF4 loss blunted a subset of
regulated genes in LONP1 mKO muscles (Fig. 7A), the majority of
differentially regulated genes in LONP1 mKO muscles were not af-
fected by ATF4 ablation (Fig. 7A). We further clustered the differ-
entially regulated genes into four groups (Fig. 7A). The numbers of
genes were 276 (cluster I), 367 (cluster II), 1192 (cluster III), and
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Fig. 5. Mitochondrial proteostasis stress in skeletal muscle protects against HFD-induced obesity and improves glucose homeostasis. (A) Growth curves follow-
ing HFD feeding. n=12to 14. (B and C) Oxygen consumption and carbon dioxide production normalized to body weight. n =7 to 8. (D and E) Fasting glucose and insulin
levels.n=12to 14. (F and G) GTT and ITT. Inset: Area under the curve for GTT or ITT is shown. n = 12 to 14. (H) H&E staining of eWAT, inguinal WAT (iWAT), and BAT of in-
dicated mice following HFD feeding. Scale bar, 50 um. n=7 to 9. (I) Expression of genes (QRT-PCR) in BAT from indicated mice. n=6. (J) UCP1 IHC staining in BAT. Scale
bar, 50 um. n =4 to 5. (K) Mitochondrial respiration rates were determined from the BAT of indicated genotypes using pyruvate or succinate as substrates.n=9to 11.
(L) Expression of genes (qRT-PCR) involved in UPR™ in BAT from indicated mice. n=6. (M) Pictures of livers from the indicated mice fed HFD. (N) Liver weight. n=12.
(0) H&E and Oil Red O staining of livers. Scale bar, 50 um. n = 6. (P) Liver triglyceride levels. n =6 to 9. Color legend for the panel: orange, NTG HFD; diagonal hatch,

MCK-AOTC HFD. Values represent means + SEM. *P < 0.05 versus corresponding NTG controls. Two-tailed unpaired Student’s t tests were performed.
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1182 (cluster IV) (Fig. 7A). Clusters I and II showed ATF4-dependent
genes regulated by LONP1 ablation, whereas clusters III and IV
showed ATF4-independent genes affected by LONP1 deficiency
(Fig. 7A). We also performed GO analysis of differentially expressed
genes in different clusters (Fig. 7B and fig. S7A). Genes in cluster I
revealed significant enrichment in amino acid metabolic processes,
which is consistent with ATF4-dependent amino acid metabolism
in LONP1 mKO muscles described above (Fig. 7B and fig. S7B).
However, LONP1 deficiency-induced activation of muscle UPR
and UPR-related RNA processing as well as myokine pathways
were not affected by ATF4 ablation (Fig. 7B and fig. S7C). More-
over, gene expression validation studies demonstrated that many
myokine genes (e.g., Fgf21 and Gdf15) were induced in both LONP1
mKO and LONP1/ATF4 DmKO muscles (Fig. 7C). As expected,
histological analysis also showed smaller adipocytes in adipose tis-
sue of LONP1/ATF4 DmKO mice than in adipose tissue of WT
mice (Fig. 7D). Consistently, BAT mitochondrial respiration rates
were increased in LONP1 mKO mice but not affected by disruption
of ATF4 in muscle (Fig. 7E). Moreover, LONP1/ATF4 DmKO mice
also had reduced liver lipid accumulation compared to WT mice, as
evidenced by H&E and Oil Red O staining (Fig. 7F). Biochemical
measurements confirmed reduced TG levels in livers from LONP1
mKO and LONP1/ATF4 DmKO mice (Fig. 7G). LONP1/ATF4
DmKO mice also showed lower body weight than those of ATF4
mKO or WT mice on CD (Fig. 8A). We further challenged LONP1/
ATF4 DmKO mice with HFD. Similar to the LONP1 mKO mice,
LONP1/ATF4 DmKO mice exhibited complete resistance to dietary
obesity. We observed significantly lower weight gain in LONP1/
ATF4 DmKO mice than in ATF4 mKO or WT control mice during
HEFD feeding (Fig. 8B). Moreover, no significant changes in adipo-
cyte size and mitochondrial respiration rates were observed in the
adipose tissue of LONP1/ATF4 DmKO mice compared to LONP1
mKO mice following HFD feeding (Fig. 8, C and D, and fig. S8, A
and B). Gene expression studies showed that the expression of the
genes involved in UPR™ was not increased in BAT of LONP1/ATF4
DmKO mice compared to the WT control or ATF4 mKO mice after
HEFD feeding for 5 weeks (fig. S8C). Although HFD induced hepatic
steatosis in WT and ATF4 mKO mice, very little hepatic lipid and
TG accumulation was observed in both LONP1 mKO and LONP1/
ATF4 DmKO mice on HFD (Fig. 8E and fig. S8, D and E). Together,
the similarity of the adipose and liver metabolic phenotypes of LONP1
mKO and LONP1/ATF4 DmKO mice under both CD and HFD
conditions suggests that ATF4 is dispensable for the muscle mito-
chondrial proteostasis stress—mediated long-range metabolic response,
highlighting the ATF4-independent UPR™ in skeletal muscle.

DISCUSSION

The quality of mitochondria is of fundamental importance in skele-
tal muscle, the largest metabolically active and endocrine organ of
the human body that depends critically on mitochondrial function.
Proteolytic rewiring of mitochondria is emerging as a critical regu-
latory step to safeguard mitochondrial function (1-4), but our
understanding of the in vivo physiological relevance and control
mechanism of mitochondrial proteostasis stress remains largely
convoluted. In this study, we uncovered a crucial role for the mito-
chondrial protease LONP1 in controlling the muscle mitochondrial
proteostasis stress response that governs systemic metabolic homeostasis
(Fig. 8F). Skeletal muscle-specific ablation of LONPI resulted in
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impaired mitochondrial proteostasis. Mice lacking muscle LONP1
were markedly resistant to HFD-induced obesity with improved
systemic insulin sensitivity and prevented liver steatosis. Many of
these metabolic phenotypes were recapitulated in mice overexpress-
ing a AOTC-unfolded protein in skeletal muscle. Mechanistically,
we demonstrated that mitochondrial proteostasis imbalance trig-
gers an UPR™ in skeletal muscle that communicates with adipose
tissue and liver, thereby promoting favorable metabolic remodeling
in adipose tissue and liver. Unexpectedly, mitochondrial proteosta-
sis stress directs a long-range metabolic response independent of
ATF4 in skeletal muscle. Together, our study establishes a pivotal
role of LONP1 in preserving muscle mitochondrial proteostasis,
functionally linking muscle mitochondrial proteostasis stress to
systemic metabolic homeostasis. Our current study also provided
previously unknown mechanistic insights into the UPR™ in mammals.

Mitochondrial proteases have been considered as the first-line
mitochondrial quality control mechanism in mammalian cells (1-4).
Both ATP-dependent proteases LONPI1 and caseinolytic peptidase
P (CLPP) reside in the mitochondrial matrix and regulate mitochondrial
protein degradation. In this study, we clearly showed that LONP1-
mediated proteolysis regulates mitochondrial protein turnover in
skeletal muscle in vivo. We detected a marked increase in MitoTimer
red fluorescence and significantly higher mitochondrial unfolded
protein abundance in LONP1 mKO muscles. Moreover, we show that
functionally, loss of muscle LONP1 triggers extensive metabolic
reprogramming in skeletal muscle and protects the mice from diet-
induced obesity. Notably, we have recently demonstrated that LONP1
deficiency activates autophagy-lysosome degradation program of muscle
loss, resulting in reduced skeletal muscle mass and strength in partic-
ular during muscle disuse (32). Total lean mass was equivalently re-
duced in LONP1 mKO mice regardless of the diet; thus, the reduced
body weight in HFD-fed LONP1 mKO mice can be attributed to both
reduced fat mass and lean mass. The metabolic phenotype of LONP1
mKO mice were recapitulated in a mouse model that transgenic over-
expression of AOTC in muscle mitochondria, including increased
energy expenditure, improved insulin sensitivity, and reversed hepat-
ic steatosis. Muscle-specific deletion of CLPP using muscle creatine
kinase promoter—driven Cre does not lead to a metabolic beneficial
phenotype compared to WT controls (38). It is possible that LONP1
could compensate for the loss of CLPP in skeletal muscles. Thus, our
findings highlight the essential role of LONP1-dependent proteolysis
for preserving muscle mitochondrial proteostasis and controlling sys-
temic metabolic homeostasis.

Although UPR™ was first reported in mammalian cells, most of
the subsequent mechanisms were studied in C. elegans (5, 18, 30, 35).
Many aspects of mammalian UPR™ signaling are largely unknown.
Previous studies have proposed an important role of the transcription
factor ATF4 in regulating mammalian UPR™ (9, 11, 18, 30, 36, 37).
However, here we provided clear genetic data that demonstrate the
transcriptional response of the muscle UPR™ can only be explained
partially by ATF4, that is, only ~20% of genes depend on ATF4.
Although we found that LONP1 exerts control upon the local skel-
etal muscle amino acid and one-carbon metabolic program through
ATF4 signaling, the many effects of LONP1 on muscle genomic re-
programming are independent of ATF4. Therefore, our results
highlight an ATF4-independent mechanism in mediating the UPR™
in mammals. Studies in C. elegans have also demonstrated that UPR™
can be transmitted nonautonomously to tissues unaffected by the
initial insult (11, 18, 30). It is not clear whether this mechanism is
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Fig. 7. Mitochondrial proteostasis stress directs a long-range metabolic response independent of ATF4 in skeletal muscle. (A) Heatmap analysis of genes differen-
tially regulated in muscles from indicated mice. Each group is represented by RNA-seq data from two independent samples generated from muscles from indicated mice.
The differentially regulated genes were clustered into four groups, and a color scheme for fold change is provided. Red, relative increase in abundance; blue, relative
decrease. (B) GO enrichment analysis of clusters | (ATF4-dependent) and IIl (ATF4-independent) genes, with top 10 terms shown. (C) Expression of myokines genes (qRT-PCR)
in GC muscles from the indicated mice. n = 6. (D) H&E staining of eWAT, iWAT, and BAT of indicated mice. Scale bar, 50 um. n =4 to 8. (E) Mitochondrial respiration rates
were determined from the BAT of indicated genotypes using pyruvate or succinate as substrates. n =4 to 10. (F) H&E and Oil Red O staining of livers from indicated mice.
Scale bar, 50 um. n=4 to 6. (G) Liver triglyceride levels from indicated mice. n=5 to 7. Color legend for the panel: white, WT; gray, LONP1 mKO; orange, LONP1/ATF4
DmKO. Values represent means + SEM. *P < 0.05 versus WT controls; #P < 0.05 versus LONP1 mKO. One-way ANOVA tests were performed.

conserved in mammals. We found that loss of muscle LONP1 re-  between distal tissues in mammals. Our data also suggest a possible
sulted in UPR™ activation not only within the skeletal muscle but  involvement of muscle ATF4 in mediating the UPR™ activation in
also within the adipose tissues upon HFD feeding, suggesting the ~BAT of HFD-fed LONP1 mKO mice. Whereas our results provide
presence of similar mechanism to coordinate UPR™ activation  substantial evidence to suggest an ATF4-independent UPR™ mechanism
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stress in skeletal muscle that drives a long-range protective response to alleviate dietary obesity. Color legend for the panel: white, WT HFD; gray, ATF4 mKO HFD; orange,
LONP1 mKO HFD; diagonal hatch, LONP1/ATF4 DmKO HFD. Values represent means + SEM. *P < 0.05 versus WT controls. One-way ANOVA tests were performed.

in skeletal muscle, the precise mechanisms involved in the activa-
tion of muscle UPR™ program were not fully determined in this
study. Previous studies have implicated multiple other transcrip-
tional signaling, such as ATF5 and DDIT3/CHOP, in the regulation
of mammalian UPR™ (11, 36, 39). Notably, our data also showed
that expression levels of Atf5 and Ddit3 genes were up-regulated in
both LONP1 mKO and MCK-AOTC muscles, thereby suggesting al-
ternative ATF4-independent mechanisms. In addition, evidence has
emerged that intermediary metabolites derived from mitochondrial
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metabolism are critical for genomic reprogramming (40, 41). Given
that LONP1 deficiency also caused the divergent mitochondrial
metabolic changes in muscle, it is also possible that the altered mi-
tochondrial metabolism leads to activation of UPR™ gene programs
in LONP1 mKO muscles. Future studies will be necessary to further
delineate the muscle-UPR™ signaling.

A large number of studies have suggested that impaired activity
of mitochondrial oxidative phosphorylation could lead to obesity
and insulin resistance (42, 43), whereas increasing evidence also
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suggests that mice with skeletal muscle mitochondrial energetics
deficiency could be more insulin sensitive and protect against diet-
induced obesity (8, 10, 44, 45), and this phenomenon may be related
to a non-cell-autonomous role of the muscle mitochondrial stress
response (11). LONP1 mKO mice fed either CD or HFD had im-
paired mitochondrial structure and respiration function in skeletal
muscles. HFD feeding appears to induce more marked metabolic
remodeling in LONP1 mKO mice, which is consistent with the
metabolically favorable synergy between HFD and mitochondrial
stress (46). The concept of mitokines, induced by the stressed mito-
chondria, has been put forth to explain the systemic metabolic
benefits in the context of mitochondrial stress in skeletal muscles
(7,8, 10,11, 19, 21). The marked induction of mitokines FGF21 and
GDF15 in LONP1 mKO and MCK-AOTC muscles is of interest given
their well-known favorable effects on systemic energy metabolism
(13-17). Our data suggest that LONP1 mKO and MCK-AOTC mus-
cles secrete FGF21 and GDF15 into circulation to exert endocrine
effects, leading to diet-induced obesity resistance and improved
whole-body metabolism. Given that a broad array of myokine genes
were induced in LONP1 mKO and MCK-AOTC muscles, it is cer-
tainly possible, however, that other unknown mitokine factors may
also contribute to the improved metabolic profile in LONP1 mKO
and MCK-AOTC mice.

In summary, we have uncovered an essential role of LONP1-
dependent mitochondrial proteolysis in controlling muscle mito-
chondrial proteostasis stress response as well as systemic metabolic
homeostasis. Given the remarkable benefits of muscle UPR™ on
metabolic health, these findings highlight the potential therapeutic
opportunities for targeting muscle mitochondrial protein quality
control pathways to counteract obesity and metabolic diseases.

MATERIALS AND METHODS

Animal studies

All animal studies were conducted in strict accordance with the insti-
tutional guidelines for the humane treatment of animals and were
approved by the Institutional Animal Care and Use Committee at the
Model Animal Research Center of Nanjing University (approval no.
GZJ07). Male C57BL/6] WT mice were obtained from GemPharmatech
Co. Ltd. (Jiangsu, China). The generation of Lonplf/ " mice has been
described elsewhere (47). Mice were back-crossed to the C57BL/6]
background for more than six generations. To generate mice with
muscle-specific disruption of the LonpI allele, Lonp1”* mice were
crossed with mice expressing Cre recombinase under the control of
an HSA promoter (the Jackson Laboratory, stock no. 006139) to
achieve muscle-specific deletion of Lonpl (LONP1 mKO). To gener-
ate mice with muscle-specific overexpression of a mitochondrial-
localized mutant OTC (MCK-AOTC), cDNA encoding the rat
mutant Ofc gene was cloned into the Eco RV site downstream of the
mouse Mck gene promoter (gift of E. N. Olson, University of Texas
Southwestern). The transgene was linearized with Xho I and Sac II
digestion and microinjected into C57BL/6] embryos by the transgen-
ic mouse facility at the Model Animal Research Center of Nanjing
University. Transgenic mice were identified by PCR amplification of
a 552-base pair product using primers specific for the component
of the Mck gene promoter (5'- GGAACCAGTGAGCAAGTCAG)
and AOtc (5'- GTGAGACCTTTGAGAGAGCC). The CAG-CAT-
MitoTimer reporter mice were provided by Z. Yan (University of
Virginia). CAG-CAT-MitoTimer mice were crossed with HSA-Cre
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or LONP1 mKO mice to obtain HSA-Cre/MitoTimer or LONP1
mKO/MitoTimer mice to monitor the overall protein turnover status
of skeletal muscle mitochondria. To generate mice with a muscle-
specific disruption of the Atf4 allele in LONP1 mKO mice, Atf4ﬂ f
mice (GemPharmatech Co. Ltd.) were crossed with LONP1 mKO
mice to obtain Lonp1™, Atf4""154-Cr mice (herein named LONP1/
ATF4 DmKO mice). Male offspring were genotyped, and mice aged
2 to 18 weeks were used. Mice were allowed ad libitum access to stan-
dard laboratory rodent CD or an HFD (60% of calories from fat, re-
search diets no. D12492) as indicated. Mice were randomly assigned
to various analyses. Littermate controls (Lonp1 " mice) were used in
all cases. Investigators involved in the fluorescence imaging, RNA-
seq, and histological analysis were blinded. Investigators performing
animal handling, sampling, and raw data collection were not blinded.

Measuring in vivo mitochondrial protein turnover

In vivo MitoTimer measurements in skeletal muscle were conducted
as previously described (31). Briefly, fresh muscles were fixed di-
rectly with 4% paraformaldehyde for 2 hours at 4°C. Single-muscle
fibers were separated with microforceps under a stereomicroscope.
Fluorescence of MitoTimer was imaged in two channels via two
sequential excitations (488 nm, green; 561 nm, red) using a Zeiss
LSM880 confocal microscope (Carl Zeiss Microlmaging). Identical
acquisition parameters were set for all samples under the same ex-
perimental conditions. The mean intensity of the MitoTimer signal
was calculated using Image] software.

Measurement of mitochondrial unfolded proteins
Measurements of mitochondrial unfolded proteins were performed
as previously described (48). Briefly, isolated muscle mitochondria
were resuspended in phosphate-buffered saline with 1% Triton X-100.
A mixture of 40 pg of mitochondrial protein and 50 uM TPE-MI
dye (AIEgen Biotech Co. Ltd.) in a final volume of 50 pl was added
to a 96-well plate for fluorescence reading up to 2 hours. The load of
mitochondrial unfolded protein was represented as the highest rel-
ative fluorescence unit in each group.

Mitochondrial isolation and respiration studies

Mitochondria were isolated from mouse skeletal muscle as previ-
ously described (10, 49). Briefly, minced muscle was homogenized
with a glass dounce on ice, and then centrifuged twice at 600g for
15 min at 4°C. The resulting supernatants were carefully transferred
to a new tube and centrifuged at 8000g for 15 min at 4°C, and the
resulting supernatants were discarded. The pellet containing the
mitochondria was washed twice and centrifuged at 8000g for 15 min
at 4°C before resuspension.

Mitochondrial respiration rates were measured in muscle mito-
chondria with pyruvate or succinate as substrates as described pre-
viously (10, 49). Briefly, muscle mitochondria were resuspended in
buffer Z [105 mM potassium 2-[N-morpholino]-ethanesulfonic acid,
30 mM KCl, 10 mM KH,POy, 5 mM MgCl,, bovine serum albumin
(5 mg/ml), and 1 mM EGTA (pH 7.4)]. Measurements of oxygen
consumption in muscle mitochondria were performed in buffer Z
at 37°C and in the oxygen concentration range 220 to 150 nmol O,/
ml in the respiration chambers of an Oxygraph-2K (Oroboros Inc.,
Innsbruck, Austria). Following the measurement of basal, pyruvate
(10 mM)/malate (5 mM), or succinate (5 mM)/rotenone (10 uM)
respiration, maximal [adenosine 5’-diphosphate (ADP)-stimulated]
respiration was determined by exposing the mitochondria to 4 mM
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ADP. Uncoupled respiration was evaluated following the addition
of oligomycin (1 pg/ml). Respiration rates were determined and
normalized to mitochondrial protein contents using DatLab 5 soft-
ware (Oroboros Inc., Innsbruck, Austria), and the data were ex-
pressed as “pmol O, s mg mito protein™".”

For mitochondrial respiration rate measurement in BAT, ap-
proximately 2 mg of BAT was dissected and permeabilized with sa-
ponin (5 mg/ml). Following measurement of basal, pyruvate (10 mM)/
malate (5 mM), and succinate (5 mM)/rotenone (10 uM) respira-
tion, maximal (ADP stimulated) respiration was determined by ex-
posing the mitochondria to 4 mM ADP. Uncoupled respiration was
evaluated following the addition of antimycin (1.5 ug/ml). Respira-
tion rates were determined and normalized to tissue wet weight
using DatLab 5 software (Oroboros Inc., Innsbruck, Austria), and
the data were expressed as “pmol 02 s™' mg wet weight .

RNA-seq studies

Transcriptomics analyses were performed using RNA-seq as de-
scribed previously (50, 51). Total RNA was isolated from the entire
GC muscle of male LONP1 mKO, MCK-AOTC, or LONP1/ATF4
DmKO mice using RNAiso Plus (Takara Bio). RNA-seq using an Illu-
mina HiSeq 4000 was performed by Beijing Novogene Bioinformatics
Technology Co. Ltd. Two independent samples per group were ana-
lyzed. Paired-end, 150-nucleotide reads were obtained from the same
sequencing lane. The sequencing reads were then aligned to the
UCSC mm10 genome assembly using TopHat 2.0.14 with the default
parameters. Fragments per kilobase of exon per million mapped reads
were calculated using Cufflinks 2.2.1. The criteria for a regulated gene
were a fold change greater than 1.5 (either direction) and a significant
P value (<0.05) versus WT. GO enrichment analysis of differentially
regulated genes was performed using the R package “clusterProfiler”
(52) with fun = “enrichGO,” OrgDb = “org.Mm.eg.db,” ont = “ALL,”
pAdjustMethod = “BH,” pvalueCutoff = 0.01, qvalueCutoff = 0.05,
readable = TRUE” arguments. The compare cluster function was used
for comparisons between groups. The regulated GO terms were
ranked by P value and visualized using the packages of clusterProfiler
and ggplot2 in R. GSEA was carried out by comparing a set of differ-
entially regulated genes in LONP1 mKO muscles with the gene list of
regulated genes identified in MCK-AOTC muscles. To search for en-
riched motifs within the muscle-UPR™ gene sets, motif analysis was
performed using i-cisTarget. Genome browser tracks of RNA-seq
data were visualized in Integrative Genomics Viewer, version 2.8.10.
The volcano plot of regulated genes was generated by using R soft-
ware, version 4.0.2, and the ggplot2 package. Heatmaps were generated
using Morpheus (https://software.broadinstitute.org/morpheus). The
RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus and are accessible through GEO series accession numbers
GSE166071 (www.ncbinlm.nih.gov/geo/query/acc.cgitacc=GSE166071),
GSE192990, and GSE192991.

RNA analyses

Quantitative RT-PCR was performed as described previously (49, 53).
Briefly, total RNA was extracted from mouse muscle using RNAiso
Plus (Takara Bio). Isolated total RNA integrity was electrophoretically
verified by ethidium bromide staining. One-microgram total RNA
samples were then reverse transcribed using the PrimeScript RT Re-
agent Kit with gDNA Eraser (Takara Bio). Real-time qRT-PCR was
performed using the ABI Prism Step-One system with Reagent Kit
from Takara Bio. Specific oligonucleotide primers for target gene
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sequences are listed in table S2. Arbitrary units of target mRNA were
corrected to the expression of 36b4.

Transmission electron microscopy

Mice were euthanized and perfused with sodium phosphate buffer
[PB; 100 mM (pH 7.4)] and prefixed solution [2.5% (v/v) glutaral-
dehyde and 1% paraformaldehyde in PB]. Soleus muscle was dis-
sected, cut into small pieces, and fixed in the same prefixed solution
overnight at 4°C. After rinsing with PB, tissues were immersed in
0.2 M imidazole in PB for 15 min, and then postfixed with 1% osmi-
um tetraoxide in PB. After rinsing with high-purity water, the sam-
ples were stained with 1% aqueous lead at 4°C overnight. Gradient
dehydration was accomplished by incrementing the concentration
of acetone and embedded in epoxy resin (60°C for 24 hours). Sam-
ples were sectioned using a Leica EM UC7 and placed on copper
grids. Images were taken on an FEI Tecnai G2 20 Twin electron
microscope equipped with an Eagle 4k charge-coupled device digi-
tal camera (FEI; USA) in a double-blind manner (32).

Mitochondrial DNA analyses

Genomic/mitochondrial DNA was measured as described previously
(10, 49). Mitochondrial DNA content was determined by SYBR
Green analysis (Takara Bio). The levels of NADH (reduced form of
nicotinamide adenine dinucleotide) dehydrogenase subunit 1 (mito-
chondrial DNA) were normalized to the levels of lipoprotein lipase
(genomic DNA). The primer sequences are noted in Table S2.

Metabolic measurements in vivo

Mice were housed individually in metabolic cages under a 12-hour
light and dark cycle with free access to food and water using CLAMS
(Columbus Instruments). Mice were acclimated to the metabolic cage
for 1 day before recording according to the instructions of the manu-
facturer. Food, energy expenditure, physical activity, VO,, and VCO,
were assessed simultaneously (10).

Body composition analyses

Mouse body composition parameters including fat mass and lean
tissue mass were determined via dual-energy x-ray absorptiometry
using a Lunar PIXImus II densitometer (GE Healthcare) according
to the instructions of the manufacturer (10).

Glucose and insulin tolerance testing

Before studies, mice were fasted overnight (GTT) or for 4 hours (ITT).
For GTT studies, mice were injected with p-glucose (1.5 g/kg). For
ITT, mice received an intraperitoneal injection of human regular insu-
lin (Sigma-Aldrich) at a dose of 0.75 U/kg body weight. Blood glucose
levels were determined at 0, 15, 30, 60, 90, and 120 min after challenge
using a OneTouch UltraMini glucose meter (OneTouch). The area
under the curve (AUC) was defined as the difference between baseline
glucose levels and the deflection caused by the glucose or insulin chal-
lenge. Total AUC was calculated using the trapezoidal rule (10).

Blood and tissue chemistry

After a 12-week HFD regimen, mice were fasted overnight (16 hours)
beginning at 5 p.m. Blood samples were obtained for glucose and in-
sulin measurements. Plasma insulin levels were determined using an
insulin ELISA kit (Millipore). Nonfasting serum FGF21 levels were
measured by an FGF21 ELISA kit (Proteintech, KE10042) according
to the manufacturer’s instructions. Nonfasting serum GDF15 levels
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were determined using a GDF15 ELISA kit (ImmunoDiagnostics,
32980). Liver tissue (50 mg) was homogenized, and centrifuged
supernatants were harvested. The TG levels were determined with
the Free Glycerol Reagent (Sigma-Aldrich, F6428) using glycerol
(Sigma-Aldrich, G7793) as the standard for calculation (10).

Histological analyses

Mouse muscle tissues were frozen in isopentane that had been
cooled in liquid nitrogen. Wheat germ agglutinin (WGA) staining
was performed using fluorescein isothiocyanate (FITC)-conjugated
WGA (Sigma-Aldrich, #14859). Quantification of cross-sectional
area of the myofibers was performed with National Institutes of
Health Image] software. Adipose tissues were fixed in 4% formalde-
hyde overnight at 4°C immediately after euthanasia, embedded in
paraffin, and cut to 7-um sections on slides using a Leica RM2016
microtome. H&E and Masson’s trichrome staining were conducted
according to the standard protocol. For UCP1 IHC, brown adipose
tissue sections were rehydrated and then boiled in 10 mM citric acid
buffer, pH 6.0, at 95°C for antigen retrieval. THC was performed
using the UltraSensitive SP (Rabbit) IHC Kit (Maxim) according to
the manufacturer’s instructions using rabbit UCP1 antibodies (1:500;
ab10983, Abcam). DAB Staining Kit (DAB-0031, Maxim) was used
according to the manufacturer’s instructions. Livers of mice were
embedded in Tissue-Tek OCT cryostat molds (Leica) and frozen
at —80°C. Ten-micrometer-thick sections of livers were generated in
a cryostat. Tissue sections were stained in 0.5% Oil Red O and coun-
terstained with H&E.

Metabolite analysis by CE-MS

Analysis of skeletal muscle metabolites was performed as previously
described (54). Briefly, we conducted CE-MS-based metabolite
analysis on CE (G7100A, Agilent) coupled to time-of-flight (TOF)
MS (G6224A, Agilent). Whole pieces of GC muscle were weighed
and ground in 1 ml of methanol with internal standards [grinding
apparatus (Scientz-48), homogenize for 2 min at 40 Hz]. The lysate
was then mixed with 1 ml of chloroform and 400 ul of water by 30 s
of vortexing. After centrifugation at 16,000g for 15 min at 4°C, 400 pl
of aqueous phase was collected and then filtered through a 5-kDa
cutoft filter (Millipore, cat. UFC3LCCNB-HMT) by centrifuging at
13,000¢ for 4 hours at 4°C. The filtered aqueous phase was then
freeze dried in a vacuum concentrator and dissolved in water con-
taining IS3 (1:200; Human Metabolome Technologies, H3304-1104)
to adjust the migration time. Ten microliters of redissolved solution
was then loaded into an injection vial with a conical insert for CE-
TOF MS analysis. The fused silica capillary [50 um internal diameter
(i.d.) x 80 cm, Human Metabolome Technologies (HMT), Tsuruoka,
Japan] was used for sample separation. The qualitative analysis was
preceded on the basis of the preanalyzed metabolite standard library
(HMT). Peak extraction and identification were carried out with
Quantitative Analysis Software (Agilent). PCA analysis was generated
by using R software, version 4.0.2 with the factoextra/FactoMineR/
ggpubr and gplots packages. Heatmaps were generated using Mor-
pheus (https://software.broadinstitute.org/morpheus). Pathway anal-
ysis was conducted by using online software MetaboAnalyst 5.0.

Antibodies and immunoblotting studies

The antibodies with the indicated dilutions were as follows: anti-
UCP1 (1:1000; Abcam, ab10983), anti-LONP1 (1:2500; Proteintech,
15440-1-AP), anti-CLPP (1:2,500; Proteintech,15698-1-AP), anti-NDUFB8
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(1:1000; Proteintech, 14794-1-AP), anti-SDHA (1:1000; Proteintech,
14865-1-AP), anti-UQCRC2 (1:1000; Proteintech, 14742-1-AP),
anti-COX4 (1:1000; Proteintech, 11242-1-AP), anti-ATP5A (1:1000;
Proteintech, 14676-1-AP), anti-GAPDH (1:1000; Proteintech,
60004-1-Ig), anti-TIM23 (1:1000; BD Biosciences, #611222), anti-
TOM?20 (1:1000 dilution; Abclonal, #A6774), anti-o-tubulin (1:5000;
Bioworld, bs1699), anti-FLAG (1:1000; Sigma-Aldrich, #F1804), and
anti-FASN (1:1000; Cell Signaling Technology, #3180). Western
blotting studies were performed as previously described (49, 50, 53).
Blots were normalized to a-tubulin. The total protein concentration
was measured by bicinchoninic acid (BCA) assay using the Pierce
BCA Assay Kit Protocol (Thermo Fischer Scientific). Equal total
protein was loaded to each lane.

Statistical analyses

All studies were analyzed by Student’s f test or one-way analysis of
variance (ANOVA) coupled to a Fisher’s least significant difference
post hoc test when more than two groups were compared. No sta-
tistical methods were used to predetermine sample sizes, and sam-
ple size (range from n = 3 to n = 14) is explicitly stated in the figure
legends. All data points were used in statistical analyses. Data repre-
sent the means + SEM, with a statistically significant difference de-
fined as a value of P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0340

View/request a protocol for this paper from Bio-protocol.
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