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Abstract

Background In addition to its contractile properties and role in movement, skeletal muscle plays an important func-
tion in regulating whole-body glucose and lipid metabolism. A central component of such regulation is mitochon-
dria, whose quality and function are essential in maintaining proper metabolic homeostasis, with defects in processes
such as autophagy and mitophagy involved in mitochondria quality control impairing skeletal muscle mass and
function, and potentially leading to a number of associated diseases. Cold exposure has been reported to markedly
induce metabolic remodeling and enhance insulin sensitivity in the whole body by regulating mitochondrial biogen-
esis. However, changes in lipid metabolism and lipidomic profiles in skeletal muscle in response to cold exposure are
unclear. Here, we generated lipidomic or transcriptome profiles of mouse skeletal muscle following cold induction, to
dissect the molecular mechanisms regulating lipid metabolism upon acute cold treatment.

Results Our results indicated that short-term cold exposure (3 days) can lead to a significant increase in intramuscu-
lar fat deposition. Lipidomic analyses revealed that a cold challenge altered the overall lipid composition by increas-
ing the content of triglyceride (TG), lysophosphatidylcholine (LPC), and lysophosphatidylethanolamine (LPE), while
decreasing sphingomyelin (SM), validating lipid remodeling during the cold environment. In addition, RNA-seq and
gPCR analysis showed that cold exposure promoted the expression of genes related to lipolysis and fatty acid biosyn-
thesis. These marked changes in metabolic effects were associated with mitophagy and muscle signaling pathways,
which were accompanied by increased TG deposition and impaired fatty acid oxidation. Mechanistically, HIF-1a sign-
aling was highly activated in response to the cold challenge, which may contribute to intramuscular fat deposition
and enhanced mitophagy in a cold environment.

Conclusions Overall, our data revealed the adaptive changes of skeletal muscle associated with lipidomic and tran-
scriptomic profiles upon cold exposure. We described the significant alterations in the composition of specific lipid
species and expression of genes involved in glucose and fatty acid metabolism. Cold-mediated mitophagy may play a
critical role in modulating lipid metabolism in skeletal muscle, which is precisely regulated by HIF-1a signaling.
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Background

Skeletal muscle is a specialized thermogenic and meta-
bolic organ in mammals. They play an essential role in
maintaining thermal and metabolic homeostasis [1, 2].
Maintenance of skeletal muscle metabolism depends
on mitochondria, which is the essential organelles for
energy production in the body. The quality and function
of mitochondria are particularly important for maintain-
ing metabolic homeostasis in skeletal muscle. Enhanced
mitochondrial quality results in improved whole-body
metabolic homeostasis and increased energy expendi-
ture, which has been recognized as an important strat-
egy for combatting obesity and metabolic disorders in
the last decade [3-5]. However, mitochondrial dysfunc-
tion and disruption of the mitochondrial structure due to
environmental stress and chronic disease severely impair
skeletal muscle mass and function [6—8]. Therefore, cells
require sophisticated systems and fundamental mecha-
nisms for maintaining mitochondrial fitness to meet
environmental needs. Mitochondrial quality control
relies on diverse pathways: reactive oxygen species (ROS)
clearance, DNA repair, mitochondrial fusion and fission,
and protein refolding/degradation [9]. Mitophagy plays
an important role in eliminating damaged mitochondria
to maintain cell structure and function. This process has
been regarded as the major quality control mechanism
for selective targeting and removal of damaged or dys-
functional mitochondria to ensure metabolic demands
[10, 11]. Dysregulation of mitophagy has been implicated
in the pathogenesis of many chronic diseases, including
neurodegenerative diseases, metabolic disorders, and
heart failure [12-14].

Acute cold exposure has been reported to increase
energy expenditure and induce metabolic changes due
to activated adaptive thermogenesis in the whole body
[15-17]. Brown adipose tissue (BAT), as a major thermo-
genic organ, can contribute to improving lipid metabo-
lism by regulating the uptake of glucose and fatty acids
upon cold acclimation [18]. In addition, cold exposure
also causes the formation of beige fat, also known as
browning of white adipose tissue (WAT), which is con-
sidered to be an effective means of combating metabolic
diseases and obesity [19]. A recent study shows that cold
stress leads to dramatic changes in the overall lipid com-
position of WAT and transcriptional programs that are
negatively correlated to metabolic diseases [20]. In addi-
tion to adipose tissue, skeletal muscle also has the capac-
ity to induce energy-consuming futile cycles for both
shivering and non-shivering thermogenesis [21]. Impor-
tantly, skeletal muscle plays a beneficial role in improving
insulin sensitivity by regulating mitochondrial biogenesis
and metabolic responses in patients with type 2 diabe-
tes [22, 23]. However, how cold exposure regulates lipid
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metabolism in muscle and its molecular mechanisms are
largely unclear.

Our previous results indicated cold exposure can regu-
late the lipid metabolism and fatty acid composition in
the skeletal muscle of farmed animals by promoting fatty
acid biosynthesis and decreasing mitochondrial beta-
oxidation [24]. To better understand the regulation of
lipid metabolism and mitochondrial activity in skeletal
muscle during the cold environment, we examined total
triglyceride (TG) levels and lipid class composition in
skeletal muscle from mice following 3 days of cold expo-
sure. We found cold exposure led to a significant increase
in intramuscular fat deposition, which is associated with
the composition of different lipid classes, especially in
the levels of TG. RNA-seq and qPCR analysis showed
that the expression of genes related to glucose and lipid
metabolism altered significantly after cold exposure. In
addition, autophagy and mitophagy in skeletal muscle
were highly stimulated, which was accompanied by the
downregulation of gene expression related to fatty acid
oxidation and mitochondrial biogenesis. Mechanisti-
cally, we observed that HIF-la signaling was activated
in response to a cold challenge, which may contribute
to intramuscular TG deposition and mitophagy in cold
environments. Our findings demonstrate the critical role
of mitophagy in thermogenesis and lipid metabolism in
skeletal muscle during acute cold exposure.

Results

Cold stress promoted lipid droplet deposition in skeletal
muscle

In our previous study, acute cold exposure could induce
changes in lipid composition patterns and transcriptome
dynamics in adipose tissue, which may play a beneficial
role in combating obesity [20]. Since skeletal muscle
contributes to both adaptive and non-adaptive thermo-
genesis, we wanted to explore the adaptive changes and
metabolic remodeling of skeletal muscle in response to
cold exposure. In the present study, we maintained mice
at either room temperature (RT, 22°C) or in a cold envi-
ronment (COLD, 4°C) for 3days (Fig. 1A). We found
that cold exposure led to a significant decrease in serum
TG and cholesterol (CHO) level, but had no significant
effect on blood glucose changes (Fig. 1B—D). In addition,
cold exposure resulted in body weight loss and reduced
adipose tissue mass (Additional file 1: Fig. S1A, B).
Hematoxylin-eosin (H&E) staining results showed that
cold exposure induced inguinal WAT (iWAT) browning
(Additional file 1: Fig. S1C). Consistently, cold exposure
dramatically increased the uncoupling protein 1 (Ucpl)
protein levels in WAT and BAT (Additional file 1: Fig.
S1D, E). Additionally, mRNA levels for type II iodothyro-
nine deiodinase (Dio2), peroxisome proliferator-activated
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Fig. 1 Acute cold exposure results in increased levels of triglycerides in skeletal muscle. A Experimental plan for short-term cold exposure.

Muscle and adipose tissue were isolated from mice maintained at room temperature (RT, 23 °C) or cold (4°C) for 3days (n = 8). B-D Triglyceride
(TG), cholesterol (CHO), and glucose levels in serum (n = 6). E TA muscle weight of the RT and COLD group mice at 10 weeks of age (n = 6). F
Representative images of H&E staining of TA muscles of the RT and COLD group mice at 10 weeks of age. G Representative immunofluorescence
staining of a-laminin in the TA muscle of the RT and COLD group mice at 10 weeks of age. H Quantitative PCR (qPCR) analysis of Myod1, Myog,
Mymk, and Mymx in TA muscle during the cold challenge (n = 6). 1 TG content from TA muscle of the RT and COLD group mice at 10 weeks of

age (n = 6). J-K Western blot of FABP4 protein levels and quantitative analysis in TA muscle during the cold challenge. L gPCR analysis of Cebpa,
Adipog, Fabp4, Pparg, and Plin1 in TA muscle during the cold challenge (n = 6). Error bars represent s.e.m. *P<0.05, **P < 0.01, ***P<0.001, two-tailed

Student’s t-test

receptor gamma coactivator la (Ppargcla), cell death-
inducing DFFA-like effector a (Cidea), PR domain
containing 16 (Prdml6), and Ucpl were significantly
elevated in iWAT upon 3-day cold exposure (Additional
file 1: Fig. S1F, G). These results demonstrated that cold
exposure led to increased fat mobilization in the body.

Next, to determine whether cold exposure could result in
changes in skeletal muscle development and metabolism,
we examined different hind limb muscles. There was no
significant change in the hind limb muscle mass of adult
mice after short-term cold exposure, including tibialis
anterior (TA), gastrocnemius (GAS), extensor digitorum
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longus (EDL), and soleus (SOL) muscles (Fig. 1E; Addi-
tional file 1: Fig. SIH). We then examined muscle fiber
development and found no significant differences in the
morphological analysis of TA muscle (Fig. 1F, G), which
is often used to explore skeletal muscle development and
regeneration [25]. In addition, the average cross-sec-
tional area (CSA) of muscle fibers did not change signifi-
cantly (Fig. 1G). Notably, cold exposure did not change
the mRNA levels of the myogenic transcription factors
Mpyodl and Myog, but decreased the expression of the
fusion-related genes, Mymk and Mymx (Fig. 1H). Previ-
ous studies have shown that the increase in the extracel-
lular muscle energy supply is mediated via an increase in
the blood delivery of glucose, non-esterified fatty acids
(NEFAs), and TG [26]. Hence, we hypothesized that
reduced serum TG and CHO would be transported to
muscle due to its adaptive thermogenesis during cold
exposure. We first examined the TG content of the mus-
cle and found a robust increase in intramuscular fat (IMF)
deposition after cold exposure (Fig. 1I). In addition, cold
markedly elevated the mRNA and protein expression lev-
els of the fatty acid binding protein 4 (FABP4) (Fig. 1],
K). Moreover, the mRNA levels of fat deposition-related
genes, including peroxisome proliferator-activated recep-
tor gamma (Pparg) and perilipin 1 (Plinl), were signifi-
cantly elevated (Fig. 1L). Together, these results suggest
that short-term cold exposure resulted in increased mus-
cle fat deposition.

Cold stress induced changes in the overall composition
and distribution of lipids in skeletal muscle

Since cold resulted in increased fat deposition in mus-
cle, we wanted to investigate its impact on intramuscular
lipid composition. We applied mass-spectrometry-based
lipidomic analysis to analyze the distribution and altera-
tion of the lipid classes. With the orthogonal partial
least-squares discrimination analysis (OPLS-DA) model,
our analysis showed the clear separation of two classes
(Additional file 2: Fig. S2A). We detected over 888 dif-
ferent lipid species in skeletal muscle, consisting of 248
TGs, 150 phosphatidylcholines (PCs), 126 phosphati-
dylethanolamines (PEs), and other lipid classes (Addi-
tional file 2: Fig. S2B). The detected lipid classes and
their abbreviations are shown in Additional file 2: Fig.
S2C. Our data showed that the overall lipid composi-
tion of muscle was significantly altered after cold expo-
sure (Fig. 2A). Approximately 28% of total identified lipid
species were significantly changed during cold environ-
ment, with 215 lipid species increased and 32 decreased
(Fig. 2A), suggesting its potential contribution to muscle
lipid remodeling. Quantification results based on lipid
groups showed that the total lipid abundance of sphin-
golipids decreased significantly, but the abundance of
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glycerolipids, glycerophospholipids, fatty acyls, and sac-
charolipids remained unchanged after cold exposure
(Additional file 2: Fig. S2D). Differential analysis of lipid
class indicated that cold-treated muscle had elevated
the abundance of TG, lysophosphatidylcholine (LPC),
and lysophosphatidylethanolamine (LPE), showing 2.4-
fold, 1.3-fold, and 1.8-fold increases over RT muscle,
respectively (Fig. 2B). However, the sphingomyelin (SM)
content of muscle was significantly decreased (Fig. 2B).
We visualized all of the significantly changed lipid spe-
cies by the bubble map and found the abundance of TG
subclasses increased dramatically (Fig. 2C). To further
probe individual lipid species that were altered by cold,
we utilized the volcano plot to show changes in lipid sub-
classes of TG, LPC, LPE and SM (Fig. 2D). We next ana-
lyzed the composition of medium-and long-chain fatty
acids in skeletal muscle and found that C16:1, C20:3N6,
C20:4N6, C22:6N3, C14:1, C20:1, C18:3N3, and C20:5N3
were significantly increased after cold exposure (Addi-
tional file 2: Fig. S2E). In addition, cold-treated muscle
showed a marked increase in the content of total fatty
acid compared to RT muscle (Fig. 2E). Among these
fatty acids, cold significantly increased the intensity of
PUFAs, without affecting SFAs and MUFAs (Fig. 2F).
Notably, cold exposure dramatically increased the level
of n3-PUFA lipids, including DHA (C22:6N3) and EPA
(C20:5N3) (Fig. 2G; Additional file 2: Fig. S2E), which are
thought to improve muscle function and prevent mus-
cle atrophy by enhanced anti-inflammatory responses
as well as prevention of sarcopenia [27, 28]. Surprisingly,
we also found a dramatic increase in the contents of total
n6-PUFAs (Fig. 2G), which are reported to have some
adverse impacts on human health and muscle function
[20]. What is more, growing evidence suggests decreased
n6 to n3 ratio is associated with increased metabolic dis-
orders risk in type 2 diabetes patients [29]. We thus cal-
culated the n6-PUFA/n3-PUFA ratios and found that the
n6-PUFA/n3-PUFA ratio was significantly decreased by
cold exposure (Fig. 2G). Overall, these findings suggest
that cold exposure induced considerable alterations in
the composition and content of lipid species in skeletal
muscle.

Fatty acyl chains associated with TG undergo dynamic
change transitions

Significant changes in muscle TG class prompted us to
further determine the impact of cold exposure on the
individual fatty-acyl-chain composition associated with
TG lipid subclasses. Analysis of TG species revealed dra-
matic changes in the composition of the species (Addi-
tional file 3). We examined the top 20 species during cold
conditions according to the P values (Fig. 3A). Notably,
all species were significantly increased in muscle by cold
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Fig. 2 Changes in the overall lipid composition and distribution in TA muscle in response to cold exposure. A Volcano plot of lipid species altered
in COLD vs. RT muscle (n=28). The x-axis indicates the Log2 fold changes (log2FC) of all identified lipid species and the y-axis indicates the negative
Log10 P value. B The intensity of TG, LPC, LPE, and SM in the TA muscle of the RT and COLD group mice (n=8). C Log2 fold changes in significantly
changed lipid species in the cold-treated versus RT mice and the corresponding significance values displayed as —log10 (P value) (n=8). D Volcano
plots of TG, LPC, LPE, and SM species altered in COLD vs. RT muscle (n=8). E The intensity of total fatty acid in the TA muscle of the RT and COLD
group mice (n=38). F The intensity of SFA, MUFA, and PUFA in the TA muscle of the RT and COLD group mice (n=8). G The intensity of n3-PUFA,
n6-PUFA, and the percentages of n6-PUFA/n3-PUFA in the TA muscle of the RT and COLD group mice (n=8). Error bars represent s.e.m. *P < 0.05,
**P<0.01, ***P<0.001, two-tailed Student’s t-test

exposure (Fig. 3A). Among them, TG species containing  (58:8), showed the most dramatic relative increase in
monounsaturated or polyunsaturated fatty acyl chains, skeletal muscle upon cold exposure (Fig. 3A). Analysis
e.g., TG (51:6), TG (52:4), TG (58:5), TG (58:9), and TG  of the individual fatty-acyl-chain composition indicated
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that most of the fatty acyl chains in TG were signifi- fatty acids showed a marked increase in the TG pool of
cantly increased by cold exposure (Fig. 3B; Additional skeletal muscle by cold exposure (Fig. 3B; Additional
file 3). In addition, the contents of most odd-number file 3). Interestingly, we also analyzed the composition
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of medium- and long-chain fatty acids in skeletal mus-
cle and found that cold exposure could result in 3.5-fold,
5.0-fold, and 2.4-fold increases in the contents of DHA
(C22:6), EPA (C20:5), and DPA (C22:5), respectively
(Fig. 3B; Additional file 3), which is widely believed to be
strongly beneficial to human health [30]. Consistently,
significant increases in the total lipid density of SFAs,
MUFAs, and PUFAs associated with TG acyl chains were
observed in the cold exposure group (Fig. 3C). However,
the total percentage of SFA, MUFA, or PUFA associated
with TG remained unchanged in cold-treated skeletal
muscle (Fig. 3D). In parallel, we evaluated the carbon
numbers and double-bond content in TG, which has
been reported to reflect the degree of unsaturation of
very long chain fatty acid and human health [31]. Cold-
induced skeletal muscle displayed the most markedly
elevated levels of TG species with relatively lower double
bond numbers (1~2 double bonds) and relatively higher
acyl chain carbon numbers (58~62 carbons) (Fig. 3E, F).
These findings demonstrated that the fatty acyl chains
associated with TG undergo dynamic change upon cold
exposure.

Cold exposure caused transcriptional changes in skeletal
muscle

To explore the underlying mechanism of dynamic change
of skeletal muscle lipidome upon cold exposure, we
applied RNA sequencing (RNA-seq) to map the tran-
scriptional changes in skeletal muscle in response to
short-term cold exposure. We found a total of 1653 dif-
ferentially expressed genes, of which 793 were increased
and 860 were decreased (Fig. 4A). Heatmap cluster analy-
sis nicely distinguished the expression pattern of differen-
tially expressed genes in the RT and cold-treated muscles
(Additional file 4: Fig. S3A).

To unravel the function of differentially expressed
genes, we performed Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses using clusterProfiler software. GO enrichment
analysis of the elevated genes by cold stress revealed the
pronounced changes in response to nutrient levels, cel-
lular response to nutrient levels, response to extracellu-
lar stimulus, autophagy, and process utilizing autophagic
mechanism (Additional file 4: Fig. S3B). In contrast, the
enriched biological processes that were reduced in the
cold-treated muscle included external encapsulating
structure organization, extracellular structure organi-
zation, extracellular matrix organization, collagen fibril
organization, regulation of neurogenesis, and synapse
organization (Additional file 4: Fig. S3B), which play
a multifunctional role in skeletal muscle development
and muscle cell behavior. These results suggest that cold
exposure altered the expression of genes involved in
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metabolic progression. Similarly, KEGG pathway analysis
revealed a significant enrichment in several major meta-
bolic pathways, including the glucose metabolic process,
PI3K-Akt signaling pathway, MAPK signaling pathway,
AMPK singling pathway, and insulin resistance (Fig. 4B;
Additional file 4: Fig. S3C-G). We further determined
the expression pattern of significantly changed genes
involved in these pathways (Additional file 4: Fig. S3C-G).
Furthermore, we performed gene set enrichment analy-
sis (GSEA) to identify the biological processes of cold-
treated muscle. Notably, the GSEA results showed that
the cold-treated muscle exhibited significant changes in
the fatty acid catabolic process, neutral lipid metabolic
process, and glucose metabolic process (Fig. 4C-E).
These results indicated that cold exposure could lead
to changes in multiple signaling pathways in vivo. We
further generated heatmaps to show the expression of
genes enriched in glucose and lipid metabolic processes
and found that genes related to glucose metabolism had
strongly upregulated expression (Fig. 4F; Additional
file 4: Fig. S3C). A series of genes associated with lipid
metabolism were differentially expressed in cold-treated
muscle (Fig. 4F). Among them, the expression of genes
related to fatty acid and TG synthesis, including Scd1,
Dgat2, Lpin2, Cebpf3, Aldh2, Plin3, and Plin4, was highly
expressed in cold-treated muscle (Fig. 4F), suggesting
that cold promoted fatty acid synthesis in skeletal mus-
cle. To validate the lipid synthesis in muscle upon cold
stress, we performed the qPCR analysis to confirm sig-
nificantly increased expression levels of key muscle lipo-
genesis regulators in the cold-treated muscle, as revealed
by the higher level of ScdI and Fasn (Fig. 4G), which play
an essential role in fatty acid biogenesis and lipid deposi-
tion [32, 33]. Moreover, Pnpla2 (Atgl), a key component
regulating TG hydrolysis, was highly expressed in the
cold-treated muscle (Fig. 4G), suggesting cold exposure
increased TG breakdown in muscle.

To determine the role of cold exposure in regulating
lipid metabolism and remodeling in muscle, we inte-
grated lipidomics with transcriptomics to provide a com-
prehensive overview of the cold effect on muscle based
on KEGG (Fig. 4H). These differentially expressed genes
participated in muscle lipid remodeling through complex
networks. Based on the above results, the increased level
of TGs might be caused by activated intramuscular fatty
acid synthesis and TG hydrolysis.

Cold exposure induced mitophagy and mitochondrial
dysfunction

Autophagy has been reported to play an important role
in modulating lipid metabolism in multiple tissues. Nota-
bly, we also found that genes involved in autophagy and
mitophagy processes were significantly changed upon
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cold exposure based on GSEA analysis (Additional file 5:
Fig. S4A-C). RNA-seq and GSEA results prompted us
to investigate the potential role of autophagy in cold-
induced fatty acid metabolism. Heatmap cluster analy-
sis showed differentially expressed genes related to
autophagy and mitophagy that were highly induced by
cold exposure (Fig. 5A; Additional file 5: Fig. S4D). We
compared the expression of mitophagy-related genes in
the cold-treated and control groups. As shown by the
heatmap, the expression of damaged mitochondrial prim-
ing adapters (Pinkl and Park2) and several mitophagy
receptors (such as Buip3l, Bnip3, Ambral) was signifi-
cantly induced by cold exposure (Fig. 5A). The expression
of Thkl, encoding tank-binding kinase 1, which pro-
motes mitophagy, was also significantly increased after
cold exposure (Fig. 5A). Expression of Adipog mRNA in
the muscle was significantly increased after cold expo-
sure and showed a positive correlation with Pinkl mRNA
expression (Fig. 5B), suggesting increased muscle TG
positively correlated with activated autophagy.

To examine the effect of cold exposure on autophagy in
skeletal muscle in vivo, we first examined the biochemical
hallmarks of autophagy in the TA muscle during a cold
challenge. Notably, autophagy and mitophagy were sensi-
tive to acute cold exposure (Additional file 5: Fig. S4D-F).
LC3 is a soluble protein which is employed for quantify-
ing autophagy in vitro and in vivo. The content of LC3-
II is proportional to the degree of autophagy, and the
ratio of LC3B-II/I can reflect the level of autophagy [34].
Western blot analysis revealed slightly increased LC3-I
to LC3-II conversion and BNIP3 protein levels in total
muscle lysate (Additional file 5: Fig. S4E). qPCR analysis
showed that autophagy-related genes did not change sig-
nificantly after cold exposure, but mRNA expression lev-
els related to mitophagy were elevated (Additional file 5:
Fig. S4F). Similar results were observed in mitochondrial-
enriched samples prepared from the cold-treated muscle
compared to the controls (Fig. 5C). Consistent with the
enhanced mitophagy shown by analysis of mRNA and
protein, TEM images revealed the presence of numer-
ous mitophagosomes and damaged mitochondrial struc-
ture in the cold-challenged mouse muscle (Fig. 5D). In
addition, the qPCR analysis revealed marked decrease

(See figure on next page.)
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in mtDNA levels in the cold-treated muscle compared
with the controls (Fig. 5E). In parallel, we observed sig-
nificantly decreased levels of mitochondrially encoded
NADH dehydrogenase 1 (mt-NdI), mitochondrially
encoded DNA cytochrome c oxidase I (mt-Col), and
cytochrome ¢ oxidase II (mt-Co2) (Fig. 5F). Together,
these results suggest enhanced LC3-mediated mitophagy
was observed in muscle during acute cold exposure.

Although mitochondrial metabolism serves only a sec-
ondary role in supplying energy for thermogenesis in
skeletal muscle, it has been reported that the intermy-
ofibrillar mitochondria in skeletal muscle become more
elongated and tubular upon adaptation to severe cold
[35]. To reveal the role of mitochondria in skeletal mus-
cle during cold acclimatization, we observed inhibition of
mitochondrial biogenesis-related gene expression after
cold treatment in muscle. Similar to our in vivo obser-
vations after cold exposure, we found that the levels of
mitochondrial oxidative phosphorylation and UCP2 in
skeletal muscle were slightly decreased by cold exposure
(Fig. 5G; Additional file 5: Fig. S4G, H). In addition, fatty
acid oxidation-related protein levels, including CPT1a
and CPTI1pB, were significantly decreased after acute
cold stress (Fig. 5G). Consistent with our findings, cold-
stressed mice had a decreased oxidative capacity and
impaired mitochondrial function in the TA muscle, as
a result of reduced expression of genes related to fatty
acid oxidation and mitochondrial biogenesis (Fig. 5H,
I). These results suggested that short-term cold treat-
ment might cause damage to mitochondria and induce
mitophagy in skeletal muscle, resulting in lipid accumula-
tion in the cold-treated skeletal muscle.

Cold exposure activated the HIF-1a signaling pathway

to regulate triglyceride deposition and promote
mitophagy in skeletal muscle

To explore the cold exposure-induced signaling pathways
regulating mitochondrial dysfunction and autophagy, as
well as lipid metabolism in skeletal muscle, we focused
on pathways significantly enriched based on RNA-seq
results. Among these pathways, HIF-1a signaling path-
way has been reported to participate in the regulation of
lipid metabolism in a variety of tissues [36]. Furthermore,

Fig. 5 Cold exposure induced mitophagy and mitochondrial dysfunction. A Heatmap showing the differentially expressed genes related to
mitophagy after cold exposure (n = 4). B Correlation analysis of mRNA expression of Adipog with Bnip3 or Pink1 in TA muscle (n = 4).r, Pearson’s
correlation coefficient. C Immunoblot analysis of mitochondrial-associated LC3B levels in mitochondrial-enriched fraction from the RT and
COLD-treated mice, VDAC was used as a loading control. D Representative TEM images of TA muscle from the RT and COLD-treated mice (n

=4). EmtDNA levels in TA from the RT and COLD-treated mice (n = 6). F gPCR analysis of mitochondrial respiratory chain subunit genes in TA
muscle. Mt-ND1, mitochondrially encoded NADH dehydrogenase 1; Mt-Co1, mitochondrial cytochrome ¢ oxidase 2 gene; Mt-Co2, mitochondrial
cytochrome c oxidase 2 gene (n = 4). G Western blot of CPT1a, CPT13, and UCP2 protein expression in TA muscle from the RT and COLD-treated
mice, GAPDH was used as a loading control. H gPCR analysis of genes related to mitochondrial biogenesis in TA from the RT and COLD-treated mice
(n = 4).1gPCR analysis of genes related to fatty acid oxidation in TA from the RT and COLD-treated mice (n = 4). Error bars represent s.e.m. *P <0.05,

**P<0.01, ***P<0.001, two-tailed Student’s t-test
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HIF-1la signaling is also closely associated with
mitophagy and adaptive responses induced by cold expo-
sure [37, 38]. Therefore, we first determined the changes
in gene expression profiles upon cold exposure based

on RNA-seq results. The heatmap results showed that
several HIF-1a signaling pathway-related genes (Mtor,
Erbb2, Plcgl, Igflr, and Insr) were increased significantly
(Fig. 6A). Consistently, qPCR and western blot analysis
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Fig. 6 Activated HIF1a signaling regulates fat deposition and mitophagy in response to the cold challenge. A Heatmap showing the differentially
expressed genes related to HIF-1a signaling (n = 4). B mRNA expression of Hif-1a and Hif-2a in TA from the RT and COLD-treated mice (n = 4).C
Western blot of HIF-1a protein expression in TA from the RT and COLD-treated mice, GAPDH was used as a loading control. D Oil red O staining

in primary myoblasts from normoxia (21%) and hypoxia (1%) for 48 h. E Oil red O and BODIPY staining from the control (CON) and COCL2-treated
C2C12 myoblasts for 24h. F TG contents from CON and COCL2-treated C2C12 myoblasts for 24h (n = 6). G Immunoblot analysis of FABP4 levels
from the CON and COCL2-treated C2C12 myoblasts for 24h. H gPCR analysis of genes related to lipid metabolism from the CON and COCL2-treated
C2C12 myoblasts for 24 h (n = 4). 1, J Immunoblot analysis of LC3B, CPT1B, and BNIP3 levels from the CON and COCL2-treated C2C12 myoblasts for
24 h. K gPCR analysis of genes related to autophagy and mitophagy from the CON and COCL2-treated C2C12 myoblasts for 24h (n = 4). L mtDNA
levels in the CON and COCL2-treated C2C12 myoblasts for 24h (n = 6). Error bars represent s.e.m. *P<0.05, **P < 0.01, ***P <0.001, two-tailed
Student’s t-test
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showed that cold exposure enhanced HIF-Ia mRNA and
protein expression in skeletal muscle (Fig. 6B, C). It has
reported that HIF-1a drives lipid deposition in clear cell
renal cell carcinoma by repressing CPT1a, subsequently
reducing fatty acid transport into the mitochondria and
forcing fatty acids to be stored as lipid droplets [39]. We
hypothesized that the increased TG contents in the cold-
treated skeletal muscle might be a result of impaired
[-oxidation caused by cold-induced hypoxia and regu-
lated by the HIF-1la signaling pathway. Oil red O stain-
ing showed that hypoxia (1% O,) dramatically induced
lipid accumulation in primary myoblasts (Fig. 6D). We
next constructed a hypoxic cell model using COCl, and
Oil Red O staining showed that COCI, strongly induced
lipid accumulation in C2C12 myoblasts (Fig. 6E). Con-
sistently, we also found increased TG levels and elevated
gene and protein expression involved in fat synthesis and
adipocyte differentiation in the COCI,-treated C2C12
myoblasts (Fig. 6F-H). We next determined the role
of HIF-1a signaling in the regulation of autophagy and
mitophagy. qPCR and western blot results showed that
enhanced HIF-la significantly promoted intracellular
autophagy due to increased protein expression of BNIP3
and LC3B (Fig. 61, ]). In parallel, the mRNA levels related
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to autophagy and mitophagy, including Atg5, Atg7, Pinkl,
and Bnip3, were elevated significantly (Fig. 6K). Consist-
ently, the qPCR analysis revealed marked decreases in
mtDNA levels in the COCI2-treated C2C12 myoblasts
compared with the controls (Fig. 6L). Together, these
results suggested that the activated HIF-la signaling
pathway may contribute to elevated TG levels and mito-
chondrial dysfunction in skeletal muscle after cold expo-
sure (Fig. 7).

Discussion

In the current study, we found that short-term cold expo-
sure significantly increased intramuscular fat deposition.
Moreover, we applied mass-spectrometry-based lipid-
omics and RNA-seq to extend our understanding of the
alteration of lipid metabolism and its pathways in skel-
etal muscle in response to short-term cold exposure. Our
results showed that cold exposure induced significant
changes in the composition of specific lipid species, espe-
cially TG species. The length of acyl chains associated
with TG and the composition of medium- and long-chain
fatty acids were also influenced by cold treatment. RNA-
seq results indicated that a cold challenge induced gene
programs involved in the regulation of glucose and fatty
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acid metabolism. In addition, our results revealed that
LC3-mediated autophagy and mitophagy induced by the
HIF-1a signaling pathway may play a key role in excessive
lipid accumulation in cold-treated skeletal muscle.

Cold stress can activate thermogenic processes and
mobilize metabolic remodeling and multiple physi-
ological changes in vivo [40-42]. Our results showed
that acute cold exposure increased intramuscular fat
deposition, which was accompanied by changes in glu-
cose and lipid metabolic process in muscle. This finding
was consistent with previous reports that cold exposure
causes fiber type-specific responses in glucose and lipid
metabolism in rat skeletal muscles [16]. We found that
the mRNA levels of Fabp4, Pparg, and Plinl were sig-
nificantly elevated, confirming the cold-induced regula-
tion of lipid metabolism. Research indicates that acute
exercise increases TG synthesis in skeletal muscle and
prevents fatty acid-induced insulin resistance [43]. This
result may also reveal that increased TG in muscle is
due to partitioning more fatty acids toward TG synthe-
sis within muscle, reducing the accumulation of fatty
acid metabolites in cold environments. Skeletal muscle
fatty acid composition is tightly linked to lipid metab-
olism. Previous studies revealed extensive changes
in lipid compositions and lipid metabolism related-
pathways in BAT and iWAT in response to short-term
cold exposure [20, 44]. Thus, we further evaluated the
effect of cold exposure on the fatty acid profile of skel-
etal muscle. We found that the compositions of lipid
classes were remodeled selectively by short-term cold
adaptation in skeletal muscle, especially in terms of
the total contents of TGs. This finding further dem-
onstrated that the cold challenge induced increased
fat deposition in muscle. Notably, our previous results
showed that short-term cold exposure altered fatty acid
composition in fat-infiltrated muscles through directly
affecting lipid metabolic pathways including the PI3K-
AKT and MAPK signaling pathways [45]. Several
lipids have been recently identified as signaling mole-
cules (lipokines) involved in the regulation of systemic
metabolism and insulin sensitivity in the body [46, 47].
Lipidomic results showed that cold exposure caused
significant changes in the composition and content of
a class of lipids. Several pieces of evidence suggest that
aged muscle exhibits reduced TG and PE and increased
SM content [48], whereas cold induced intramuscular
lipid remodeling and the changes in fatty acid composi-
tion, especially reduced SM content and increased LPE
content, which may be useful for preventing aging and
metabolic diseases. In addition, a key finding was that
short-term cold exposure was sufficient to cause a sig-
nificant increase in the levels of n3-PUFA lipids, includ-
ing DHA (C22:6N3) and EPA (C20:5N3), which were
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copreventative and cotherapeutic for human health
[30]. These results indicate lipid remodeling induced by
cold may play a beneficial role in the body.

To identify the key signaling pathways involved in
cold exposure-induced changes in lipid metabolism, we
performed RNA-seq analysis and found a large number
of differentially expressed genes related to glucose and
lipid metabolism. This finding was consistent with our
lipidome results. Specifically, the expression levels of
a series of differentially expressed genes related to fatty
acid synthesis, such as Scdl and Fasn, were significantly
upregulated. In addition, enhanced TG lipolysis in mus-
cle was observed, as evidenced by increased expression
levels of Atgl and Hsl. Substantial evidence shows that
cold-induced adrenergic signaling also induces intracel-
lular TG lipolysis via the activation of triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL) in adipose
tissue [49]. Hence, cold exposure-mediated non-shiv-
ering thermogenesis could also lead to enhanced break-
down in muscle.

Skeletal muscle contributes to regulatory heat produc-
tion, which involves both shivering and non-shivering
processes. In particular, uncoupling in skeletal muscle
mitochondria has been suggested as a source of heat
production [42]. The switch in metabolism from carbo-
hydrate to lipid catabolism was observed in cold-accli-
mated hind limb muscles, which was accompanied by
an increased total mitochondrial complement and ATP
production capacity in the hind limb muscles of cold-
acclimated individuals [50]. This finding was consistent
with our results indicating that cold affected muscle lipid
metabolism and mitochondrial function. Different stud-
ies have indicated the effect of cold exposure on energy
metabolism in skeletal muscle under different experi-
mental conditions. It has recently been demonstrated
that cold acclimation (several weeks at 4°C), which
is mediated mostly by non-shivering thermogenesis,
enhanced mitochondrial yield and elaborate crista struc-
ture [40] and increased the fatty acid oxidative capacity
[50]. Another study showed that 7-day cold-challenged
skeletal muscle is activated but demonstrated no changes
in mitochondrial biogenesis and autophagy-related pro-
teins [51]. In our study, impaired mitochondrial function
and enhanced mitophagy were observed in cold-treated
muscle. Our data highlighted the crucial importance
of mitophagy in lipid metabolism and mitochondrial
homeostasis. Mitophagy is responsible for maintain-
ing the quantity and quality of mitochondria, as well as
normal cellular and organismal metabolism. During an
acute cold environment, enhanced mitophagy selectively
removed superfluous and damaged mitochondria, and it
was coordinated with mitochondrial biogenesis to reduce
the fatty acid oxidative capacity.
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Upon exposure to cold stress, the oxygen consump-
tion of animals increases by means of shivering and
non-shivering thermogenesis [52]. It was assumed that
an increased demand for oxygen during cold exposure
could induce local hypoxia [53]. Mitophagy is induced to
decrease mitochondrial quantity, thereby adapting cel-
lular metabolism to anaerobic conditions when exposed
to hypoxia [54]. In this study, short-term cold expo-
sure activated the HIF-1la signaling pathway in skeletal
muscle, which may disrupt mitochondrial homeostasis
in cells. Previous studies demonstrated that hypoxia
induced mitochondrial autophagy through a HIF-1la-
dependent adaptive metabolic response, which required
the constitutive expression of Buip3, Beclin-1, and Atg5
[55]. Mechanistic studies further revealed that hypoxia
induced dephosphorylation of FUNDCI1 and enhanced
its interaction with LC3 for selective mitophagy in mam-
malian cells [56]. Our RNA-seq data revealed that short-
term cold exposure induced significant enrichment in the
mitophagy pathway, the mRNA levels of Bunip3 and Bec-
lin-1 were significantly elevated, and the mRNA levels of
Fundcl were significantly decreased by cold treatment.
In addition, hypoxia has been shown to rapidly increase
the level of plasma triglycerides in mice by decreasing
plasma lipoprotein clearance [57]. The rate-limiting com-
ponent of mitochondrial fatty acid transport, CPT1q, is
repressed by hypoxia, impairing fatty acid metabolizing
enzymes, reducing fatty acid transport into the mito-
chondria, and forcing fatty acids to lipid droplets for
storage in cancer cells [39, 58]. We observed that the
expression of CPT1a was inhibited by cold exposure and
that hypoxia could induce lipid accumulation in muscle
cells in vitro. This evidence combined with our results
mentioned above supported the hypothesis that the oxy-
gen deficit induced by shivering and non-shivering ther-
mogenesis by short-term cold exposure might activate
the HIF-1a signaling pathway, subsequently impairing
mitochondrial function by inhibiting CPT1a and trigger-
ing mitophagy, which ultimately resulted in lipid accu-
mulation. However, additional studies are required to
determine how cold exposure induced the HIF-1a signal-
ing pathway.

In summary, our results revealed the crucial role of
short-term cold exposure in regulating lipid metabo-
lism and lipid remodeling in skeletal muscle. Enhanced
mitophagy further suggests its contribution to the main-
tenance of metabolic homeostasis, which was regulated
by HIF-1a signaling.

Conclusions

In conclusion, our results show that short-term cold
exposure leads to increased lipid deposition which is
associated with lipid remodeling in the muscle upon cold
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exposure. Transcriptome results confirmed the signifi-
cant changes in gene expression related to glucose and
lipid metabolism. Mechanistically, mitophagy may play a
critical role in mobilizing thermogenesis and regulating
metabolism in skeletal muscle, which is precisely regu-
lated by HIF-1a signaling.

Methods

Animals

All animal experiments were performed according to
protocols approved by the Zhejiang University Animal
Care and Use Committee. Ten-week-old male C57BL6/]
mice were purchased and housed under controlled tem-
perature at 22°C and a 12-h light/12 h dark cycle, with
free access to a standard chow diet and water. For acute
cold exposure experiments, six mice were placed at either
23°C or 4°C for 3days on a 12-h light-dark cycle and
then killed for serum and tissue collection. In all experi-
ments, TA, SOL, EDL, GAS, iWAT, and BAT were dis-
sected, frozen immediately in liquid nitrogen, and stored
at —80°C.

Cell culture and BODIPY staining

C2C12 myoblasts were maintained in 5% CO2 at 37°C
and grown in DMEM containing 10% fetal bovine
serum, penicillin (100 U/ml), and streptomycin (100 pg/
ml). C2C12 myoblasts were treated with PBS or 200
uM COCL2 (Sigma-Aldrich). For BODIPY staining,
cells were fixed with 4% paraformaldehyde for 15 min
and incubated with 0.5nM BODIPY FL (Invitrogen) for
10min. Then, lipid droplets were observed by fluores-
cence microscopy.

Hematoxylin-eosin (H&E) staining

TA muscle, brown and white adipose tissues from the
RT and cold-treated mice were fixed in 4% paraformal-
dehyde for 2 h at room temperature. Then, the tissues
were embedded into paraffin, blocked, and cut at 10 um
for H&E staining. The sections were deparaffinized, rehy-
drated, and stained with hematoxylin for 15 min. Sections
were then rinsed in running tap water, stained with eosin
for 3-5min, dehydrated, mounted, and captured.

Transmission Electron Microscopy (TEM)

TEM assays were performed as described. Electron pho-
tomicrographs were taken from cell ultrastructures under
a transmission electron microscope (Hitachi, H-7650).

Gene expression and mitochondrial DNA content

Total RNA extraction and quantitative real-time PCR
were performed as previously described [20]. Briefly,
total RNA was extracted from tissues and cells using TRI-
zol Reagent (Thermo Fisher Scientific). One microgram
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of RNA was reverse transcribed with a high-capacity
c¢DNA synthesis kit. Real-time PCR was conducted with
an Applied Biosystems StepOnePlus’ Real-Time PCR
System using SYBR Green Master Mix (Roche). The
relative abundance of mRNA was calculated after nor-
malization to 18S ribosomal RNA expression. Total DNA
was extracted from isolated TA muscle using the Tissue
Mitochondria Isolation Kit (Beyotime Biotechnology).
Relative mtDNA content was determined as the ratio of
the copy numbers from the mtDNA-encoded gene (ND1
and 16S) to the nuclear DNA-encoded gene (HK2). A list
of gene-specific primers is available in Additional file 6.

Protein extraction and western blotting

Total protein extraction and western blotting were per-
formed as previously described [20]. Briefly, homoge-
nized tissues and cells were lysed in RIPA buffer, and total
protein concentrations were determined using Pierce
BCA Protein Assay Reagent (Thermo Fisher Scientific).
Equivalent protein quantities were subjected to SDS-
PAGE, transferred to a polyvinylidene fluoride mem-
brane (Millipore Corporation), and blocked in 5% fat-free
milk for 1h at room temperature. The membranes were
then probed with primary antibodies in 5% milk over-
night at 4°C, followed by the appropriate HRP-conju-
gated secondary antibodies. The primary antibodies were
the following: rabbit anti-UCP1 (Abcam, Cat #: ab23841,
Lot: GR3188478-15, RRID: AB_2213764) 1:2000, rabbit
anti-FABP4 (HUABIO Biotechnology, Cat #: ET1703-
98) 1:2000, mouse anti-GAPDH (HUABIO Biotechnol-
ogy, Cat #: EM1101, Lot: HG0718, RRID: AB_2811078)
1:5000, rabbit anti-UCP2 (Proteintech, Cat# 11081-
1-AP, RRID: AB_2213793) 1:1000, rabbit anti-CPT1B
(GeneTex Cat# GTX117231, RRID:AB_10722705)
1:1000, rabbit anti-CPT1A (Abcam Cat# ab220789,
RRID:AB_2847832), rabbit anti-LC3B (Cell Signaling
Technology, Cat# 12741, RRID:AB_2617131) 1:1000, rab-
bit anti-VDAC (HUABIO Biotechnology, Cat# ET1601-
20), and rabbit anti-BNIP3 (Thermo Fisher Scientific,
Cat# PA5-22859, RRID:AB_11155377). The secondary
antibodies were the following: anti-rabbit IgG 1:5000
(Prod #: 31460, Lot #: RB230194, RRID: AB_228341,
Thermo Fisher Scientific) and anti-mouse IgG 1:5000
(Prod #: 31430, Lot #: RJ240410, RRID: AB_2040944,
Thermo Fisher Scientific). Immunodetection was per-
formed using an enhanced chemiluminescence western
blotting substrate (Google Biotechnology) and detected
with a ChemiScope3500 mini System.

Immunofluorescence

Cultured C2C12 myoblasts were fixed in 4% paraform-
aldehyde and permeabilized for 10min in 0.3% Triton
X-100 in PBS. The samples were blocked in 10% goat
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serum for 1h at room temperature. Primary antibod-
ies were incubated in a blocking buffer at 4°C over-
night. Subsequently, the samples were washed with PBS
and stained with the appropriate fluorescently labeled
secondary antibodies (Alexa Fluor 488 or 594) for 1h
at room temperature. After washing with PBS, DAPI
(Roche) was used to stain nuclei for 8 min. The primary
antibodies used were as follows: rabbit anti-laminin
(Sigma-Aldrich, Cat# L9393, RRID:AB_477163) 1:200.

Lipidomic analysis

Lipid extraction and mass-spectrometry-based lipid
detection were conducted as previously described [20].
Briefly, 200 pL cold water and 20 L lipid standard inter-
nal mixture were added to TA muscle for lipid extrac-
tion, and then, the samples were homogenized on an MP
homogenizer at 4°C. Afterwards, 800 pL cold methyl tert-
butyl ether and 240 uL. methanol were added to the sam-
ples and vortexed for 30 s, sonicated at 4°C for 20 min
and stood for 30 min, then centrifuged (14,000 g for 15
min at 10 °C) to extract lipids. The upper organic layer
was dried in a vacuum centrifuge. The dried samples
were resuspended in 200 pL of isopropanol acetonitrile
9:1 (v/v) and used for lipidomic analysis.

For lipidomic analysis, lipid extracts were analyzed
by LC-MS. LC-MS/MS analysis was performed on a
Q Exactive plus mass spectrometer (Thermo Scien-
tific) coupled to a UHPLC Nexera LC-30A (Shimadzu).
In brief, lipids were separated on a Waters ACQUITY
PREMIER CSH C18 Column (1.7 pmx2.1x100 mm)
under the following chromatographic conditions: mobile
phase A (acetonitrile: water = 6:4, v/v) and mobile phase
B (acetonitrile: isopropanol = 1:9, v/v) at a flow rate of
300 pL/min and column oven temperature at 45 °C. MS
detection was performed and analyzed with electrospray
ionization (ESI) in positive and negative ion modes. Full-
scan spectra were collected in mass-to-charge ratio (m/z)
ranges of 200—1800 and 250-1800 for positive and nega-
tive ion modes, respectively. Lipid identification, peak
extraction, peak alignment, and quantification were
assessed with LipidSearch software version 4.1 (Thermo
Scientific"). Differential abundance analysis was per-
formed using a two-tailed Student’s ¢-test. The result of
the lipidomic analysis is provided in Additional file 3.

RNA-seq analysis

Total RNA was extracted from muscle tissue and treated
with RNase-free DNase I to avoid contamination by
genomic DNA. A total amount of 2 pg RNA per sample
was used for the RNA sample preparation. The cDNA
library construction and sequencing were performed by
Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China).
DESeq2 was used to conduct transcriptome data analysis
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between two samples. Differentially expressed genes were
considered as if g value <0.05 and Log2 FoldChange> 1.
The results of RNA-seq analysis are provided in Addi-
tional file 7.

Data analysis

All the statistical evaluations of lipidomic data described
in this work were calculated from relative abundances.
Experimental data are presented as the mean4SEM.
Comparisons were made by unpaired two-tailed Stu-
dent’s ¢ tests. Differences among groups were considered
statistically significant at 2<0.05.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-023-01514-4.

Additional file 1: Fig. S1. Cold exposure for 3 days leads to IWAT brown-
ing and increased thermogenesis. (A-B) Cold exposure decreases the body
weight and the mass of BAT, eWAT and iWAT (n = 8). (C) H&E staining of
iWAT sections from control and cold-treated mice. (D) Western blots and
quantitative analysis of UCP1 protein levels in IWAT. (E) Western blots and
quantitative analysis of UCP1 protein levels in BAT. (F) mRNA of BAT- selec-
tive related genes in iWAT from control and cold-treated mice (n = 6). (G)
mRNA of UcpT genes in iWAT from control and cold-treated mice (n = 6).
Error bars represent s.e.m. * P <0.05, ** P <0.01, ** P <0.001, two-tailed
Student's t-test.

Additional file 2: Fig. S2. Cold exposure alters skeletal muscle lipid
composition. (A) OPLS-DA scores plot. Blue and green symbols represent
RT and COLD samples, respectively. (B) Composition of lipid classes that
were considered for subsequent analysis in all of the samples detected
by LC-MS. (C) Quantified lipid classes and their abbreviations. (D) The
intensity of glycerolipids, glycerophospholipids, fatty acyls, sphingolipids
and saccharolipids in the TA muscle of the RT and COLD group mice. (E)
Heatmap showing the total intensity of individual fatty acyl chains altered
in COLD vs RT muscle. Error bars represent s.e.m.* P <0.05, ** P<0.01, ***
P<0.001, two-tailed Student’s t-test.

Additional file 3. Lipidomic data of muscle after cold exposure.

Additional file 4: Fig. S3. Short-term cold exposure induces transcrip-
tome programs alterations. (A) Heatmap showing the differentially
expressed genes (padj<0.05 & Abs (Log2 fold changes) > 1) in TA muscles
from control and cold-treated mice (n = 4). Red and blue indicate
upregulated differential and downregulated differential expression
genes, respectively. (B) Gene Ontology analysis showing the enrichment
of functional categories (n = 4). (C) Heatmap showing the differentially
expressed genes related to glucose metabolic processes (n = 4). (D-G)
Heatmap showing the differentially expressed genes related to PI3K-Akt
signaling pathway, MAPK signaling pathway, AMPK signaling pathway and
Insulin resistance (n = 4).

Additional file 5: Fig. S4. Short-term cold exposure induces transcrip-
tome programs alterations. (A-C) Gene set enrichment analysis showing
significant enrichment in macroautophagy, autophagy, and mitophagy
from control and cold-treated mice. (D) Heatmap showing the differen-
tially expressed genes related to autophagy (padj < 0.05 & Abs (Log?2 fold
changes)> 1) in TA muscles from control and cold-treated mice. Red and
blue indicate upregulated differential and downregulated differential
expression genes, respectively (n = 4). (E) Western blot of BNIP3 and LC3B
proteins expression in TA muscles from RT and cold-treated mice, GAPDH
as loading control. (F) mRNA expression of the autophagy (Atg5 and Atg?)
and mitophagy (PinkT, Park2, and Bnip3) genes in TA muscles from RT and
cold-treated mice (n = 4). (G-H) Western blot and quantitative analysis

of mitochondrial fractions showing oxidative phosphorylation protein

in TA muscles from RT and cold-treated mice, GAPDH as loading control.
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Error bars represent s.e.m.* P <0.05, ** P<0.01, *** P<0.001, two-tailed
Student's t-test.

Additional file 6. Primers for qPCR.
Additional file 7. RNA-seq data of muscle after cold exposure.
Additional file 8. Full scans of immunoblots.

Additional file 9. Individual data values.

Acknowledgements
We would like to thank all lab members for their comments and discussions.

Authors’ contributions

TZS,WTC, and ZYX designed the experiments. WTC, ZYX, WJY, YBZ, LYW,

and YOH conducted the experiments. WTC and ZYX analyzed the lipidome
and transcriptome data. WTC and ZYX wrote the manuscript. TZS assisted in
interpreting and revising the article. All authors have read and approved the
final manuscript.

Funding

The project was partially supported by the National Key R&D Program of China
(2018YFA0800403), the Fundamental Research Funds for the Central University
(226-2022-00113), and the "Hundred Talents Program”funding from Zhejiang
University to TZS.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article, its supplementary information files, and publicly available repositories.
RNA sequencing and lipidomic data are available in Additional files 7 and 3,
respectively. Raw RNA-seq data are available in the Sequence Read Archive
database (PRINA911412). Raw lipidomic data are available in the public
Metabolights database (MTBLS6723). The individual data values for Figs. 4,
5,and 6, as well as Additional file 4: Fig. S3 and Additional file 5: Fig. S4, are
provided in Additional file 9.

Declarations

Ethics approval and consent to participate
All procedures involving mice were approved by the Zhejiang University
Animal Care and Use Committee.

Competing interests
The authors declare that they have no competing interests.

Received: 13 June 2022 Accepted: 12 January 2023
Published online: 08 February 2023

References

1. Goodpaster BH, Sparks LM. Metabolic flexibility in health and disease. Cell
Metab. 2017;25(5):1027-36.

2. Sato S, Basse AL, Schonke M, Chen S, Samad M, Altintas A, et al. Time
of exercise specifies the impact on muscle metabolic pathways and
systemic energy homeostasis. Cell Metab. 2019;30(1):92-110 e114.

3. Boengler K, Kosiol M, Mayr M, Schulz R, Rohrbach S. Mitochondria and
ageing: role in heart, skeletal muscle and adipose tissue. J Cachexia
Sarcopenia Muscle. 2017;8(3):349-69.

4. Yoshino M, Yoshino J, Kayser BD, Patti GJ, Franczyk MP, Mills KF, et al.
Nicotinamide mononucleotide increases muscle insulin sensitivity in
prediabetic women. Science. 2021,372(6547):1224-9.

5. Lee(, Zeng J, Drew BG, Sallam T, Martin-Montalvo A, Wan J, et al.

The mitochondrial-derived peptide MOTS-c promotes metabolic
homeostasis and reduces obesity and insulin resistance. Cell Metab.
2015;21(3):443-54.

6. Nisr RB, Shah DS, Ganley IG, Hundal HS. Proinflammatory NFkB signalling
promotes mitochondrial dysfunction in skeletal muscle in response to
cellular fuel overloading. Cell Mol Life Sci. 2019;76(24):4887-904.


https://doi.org/10.1186/s12915-023-01514-4
https://doi.org/10.1186/s12915-023-01514-4

Chen et al. BMC Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2023) 21:27

Nishida Y, Nawaz A, Kado T, Takikawa A, Igarashi Y, Onogi Y, et al.
Astaxanthin stimulates mitochondrial biogenesis in insulin resistant
muscle via activation of AMPK pathway. J Cachexia Sarcopenia Muscle.
2020;11(1):241-58.

Romani M, Sorrentino V, Oh CM, Li H, de LimaTl, Zhang H, et al. NAD(+)
boosting reduces age-associated amyloidosis and restores mitochondrial
homeostasis in muscle. Cell Rep. 2021;34(3):108660.

Onishi M, Yamano K, Sato M, Matsuda N, Okamoto K. Molecular
mechanisms and physiological functions of mitophagy. EMBO J.
2021;40(3):e104705.

Liu L, Sakakibara K, Chen Q, Okamoto K. Receptor-mediated mitophagy
in yeast and mammalian systems. Cell Res. 2014;24(7):787-95.

. Rugarli El, Langer T. Mitochondrial quality control: a matter of life and

death for neurons. EMBO J. 2012;31(6):1336-49.

Levine B, Kroemer G. Biological functions of autophagy genes: a disease
perspective. Cell. 2019;176(1-2):11-42.

Levine B, Packer M, Codogno P. Development of autophagy inducers in
clinical medicine. J Clin Invest. 2015;125(1):14-24.

FuT, Xu Z, Liu L, Guo Q, Wu H, Liang X, et al. Mitophagy directs
muscle-adipose crosstalk to alleviate dietary obesity. Cell Rep.
2018,23(5):1357-72.

van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vosselman MJ,
et al. Cold acclimation recruits human brown fat and increases nonshiver-
ing thermogenesis. J Clin Invest. 2013;123(8):3395-403.

Sepa-Kishi DM, Sotoudeh-Nia Y, Igbal A, Bikopoulos G, Ceddia RB. Cold
acclimation causes fiber type-specific responses in glucose and fat
metabolism in rat skeletal muscles. Sci Rep. 2017;7(1):15430.
Mahalingam S, Cheviron ZA, Storz JF, McClelland GB, Scott GR. Chronic
cold exposure induces mitochondrial plasticity in deer mice native to
high altitudes. J Physiol. 2020;598(23):5411-26.

Betz MJ, Enerbéck S. Targeting thermogenesis in brown fat and

muscle to treat obesity and metabolic disease. Nat Rev Endocrinol.
2018;14(2):77-87.

Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J, et al.
Prdm16 determines the thermogenic program of subcutaneous white
adipose tissue in mice. J Clin Invest. 2011;121(1):96-105.

Xu Z,You W, Zhou Y, Chen W, Wang Y, Shan T. Cold-induced lipid dynam-
ics and transcriptional programs in white adipose tissue. BMC Biol.
2019;17(1):74.

Bal NC, Maurya SK, Sopariwala DH, Sahoo SK, Gupta SC, Shaikh SA, et al.
Sarcolipin is a newly identified regulator of muscle-based thermogenesis
in mammals. Nat Med. 2012;18(10):1575-9.

Nowack J, Vetter SG, Stalder G, Painer J, Kral M, Smith S, et al. Muscle
nonshivering thermogenesis in a feral mammal. Sci Rep. 2019;9(1):6378.
Remie CME, Moonen MPB, Roumans KHM, Nascimento EBM, Gemmink A,
Havekes B, et al. Metabolic responses to mild cold acclimation in type 2
diabetes patients. Nat Commun. 2021;12(1):1516.

Xu Z, Chen W, Wang L, Zhou Y, Nong Q, Valencak TG, et al. Cold exposure
affects lipid metabolism, fatty acids composition and transcription in pig
skeletal muscle. Front Physiol. 2021;12:748801.

Yue F, Bi P, Wang C, Li J, Liu X, Kuang S. Conditional loss of Pten in myo-
genic progenitors leads to postnatal skeletal muscle hypertrophy but
age-dependent exhaustion of satellite cells. Cell Rep. 2016;17(9):2340-53.
van Hall G. The physiological regulation of skeletal muscle fatty acid
supply and oxidation during moderate-intensity exercise. Sports Med.
201545 Suppl 1(Suppl 1):523-32.

Dupont J, Dedeyne L, Dalle S, Koppo K, Gielen E. The role of omega-3

in the prevention and treatment of sarcopenia. Aging Clin Exp Res.
2019;31(6):825-36.

Ochi E, Tsuchiya Y. Eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) in muscle damage and function. Nutrients. 2018;10(5):552.
Luo HH, Zhao MD, Feng XF, Gao XQ, Hong M, Liu ML, et al. Decreased
plasma n6 : n3 polyunsaturated fatty acids ratio interacting with high
C-peptide promotes non-alcoholic fatty liver disease in type 2 diabetes
patients. J Diabetes Investig. 2021;12(7):1263-71.

Doughman SD, Krupanidhi S, Sanjeevi CB. Omega-3 fatty acids for nutri-
tion and medicine: considering microalgae oil as a vegetarian source of
EPA and DHA. Curr Diabetes Rev. 2007;3(3):198-203.

Rhee EP, Cheng S, Larson MG, Walford GA, Lewis GD, McCabe E,

et al. Lipid profiling identifies a triacylglycerol signature of insulin

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 17 of 18

resistance and improves diabetes prediction in humans. J Clin Invest.
2011;121(4):1402-11.

Liu G, Kuang S, Cao R, Wang J, Peng Q, Sun C. Sorafenib kills liver cancer
cells by disrupting SCD1-mediated synthesis of monounsaturated fatty
acids via the ATP-AMPK-mTOR-SREBP1 signaling pathway. FASEB J.
2019;33(9):10089-103.

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype
in cancer pathogenesis. Nat Rev Cancer. 2007;7(10):763-77.

Tanida I, Ueno T, Kominami E. LC3 and autophagy. Methods Mol Biol.
2008;445:77-88.

Bal NC, Maurya SK, Pani S, Sethy C, Banerjee A, Das S, et al. Mild cold
induced thermogenesis: are BAT and skeletal muscle synergistic partners?
Biosci Rep. 2017;37(5):BSR20171087.

Miska J, Lee-Chang C, Rashidi A, Muroski ME, Chang AL, Lopez-Rosas A,
etal. HIF-1ais a metabolic switch between glycolytic-driven migration
and oxidative phosphorylation-driven immunosuppression of Tregs in
glioblastoma. Cell Rep. 2019;27(1):226-237.€224.

Lin Q, Li S, Jiang N, Jin H, Shao X, Zhu X, et al. Inhibiting NLRP3 inflam-
masome attenuates apoptosis in contrast-induced acute kidney injury
through the upregulation of HIF1A and BNIP3-mediated mitophagy.
Autophagy. 2021;17(10):2975-90.

Liu R, Xu C, Zhang W, Cao Y, Ye J, Li B, et al. FUNDC1-mediated mitophagy
and HIFTa activation drives pulmonary hypertension during hypoxia. Cell
Death Dis. 2022;13(7):634.

DuW, Zhang L, Brett-Morris A, Aguila B, Kerner J, Hoppel CL, et al. HIF
drives lipid deposition and cancer in ccRCC via repression of fatty acid
metabolism. Nat Commun. 2017;8(1):1769.

Bal NG, Singh S, Reis FCG, Maurya SK, Pani S, Rowland LA, et al. Both
brown adipose tissue and skeletal muscle thermogenesis processes are
activated during mild to severe cold adaptation in mice. J Biol Chem.
2017;292(40):16616-25.

Bayley JS, Serensen JG, Moos M, Kostél V, Overgaard J. Cold acclimation
increases depolarization resistance and tolerance in muscle fibers from

a chill-susceptible insect, Locusta migratoria. Am J Physiol Regul Integr
Comp Physiol. 2020;319(4):R439-r447.

Wijers SL, Schrauwen P, Saris WH, van Marken Lichtenbelt WD. Human
skeletal muscle mitochondrial uncoupling is associated with cold
induced adaptive thermogenesis. PLoS One. 2008;3(3):e1777.

Schenk S, Horowitz JF. Acute exercise increases triglyceride synthesis in
skeletal muscle and prevents fatty acid-induced insulin resistance. J Clin
Invest. 2007;117(6):1690-8.

Marcher AB, Loft A, Nielsen R, Vihervaara T, Madsen JG, Sysi-Aho M, et al.
RNA-Seq and mass-spectrometry-based lipidomics reveal extensive
changes of glycerolipid pathways in brown adipose tissue in response to
cold. Cell Rep. 2015;13(9):2000-13.

Xu Z,You W, Chen W, Zhou Y, Nong Q, Valencak TG, et al. Single-cell RNA
sequencing and lipidomics reveal cell and lipid dynamics of fat infiltra-
tion in skeletal muscle. J Cachexia Sarcopenia Muscle. 2021;12(1):109-29.
Liu S, Brown JD, Stanya KJ, Homan E, Leidl M, Inouye K, et al. A diurnal
serum lipid integrates hepatic lipogenesis and peripheral fatty acid use.
Nature. 2013;502(7472):550-4.

Lynes MD, Leiria LO, Lundh M, Bartelt A, Shamsi F, Huang TL, et al. The
cold-induced lipokine 12,13-diHOME promotes fatty acid transport into
brown adipose tissue. Nat Med. 2017;23(5):631-7.

Lee SM, Lee SH, Jung Y, Lee Y, Yoon JH, Choi JY, et al. FABP3-mediated
membrane lipid saturation alters fluidity and induces ER stress in skeletal
muscle with aging. Nat Commun. 2020;11(1):5661.

Zechner R, Zimmermann R, Eichmann TO, Kohlwein SD, Haemmerle G,
Lass A, et al. FAT SIGNALS--lipases and lipolysis in lipid metabolism and
signaling. Cell Metab. 2012;15(3):279-91.

Shabalina IG, Hoeks J, Kramarova TV, Schrauwen P, Cannon B, Nedergaard
J. Cold tolerance of UCP1-ablated mice: a skeletal muscle mitochondria
switch toward lipid oxidation with marked UCP3 up-regulation not
associated with increased basal, fatty acid- or ROS-induced uncoupling
or enhanced GDP effects. Biochim Biophys Acta. 2010;1797(6-7):968-80.
Lu'Y, Fujioka H, Joshi D, Li Q, Sangwung P, Hsieh P, et al. Mitophagy is
required for brown adipose tissue mitochondrial homeostasis during
cold challenge. Sci Rep. 2018;8(1):8251.

Griggio MA. Thermogenic mechanisms in cold-acclimated animals. Braz J
Med Biol Res. 1988;21(2):171-6.



Chen et al. BMC Biology

53.
54.

55.

56.

57.

58.

(2023) 21:27

Hudlicka O. Development and adaptability of microvasculature in skeletal
muscle. J Exp Biol. 1985;115(1):215.

Wu H, Chen Q. Hypoxia activation of mitophagy and its role in disease
pathogenesis. Antioxid Redox Signal. 2015;22(12):1032-46.

Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, Wesley JB, et al.
Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic
response to hypoxia. J Biol Chem. 2008;283(16):10892-903.

Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, et al. Mitochondrial
outer-membrane protein FUNDC1 mediates hypoxia-induced mitophagy
in mammalian cells. Nat Cell Biol. 2012;14(2):177-85.

Jun JC, Shin M-K, Yao Q, Bevans-Fonti S, Poole J, Drager LF, et al. Acute
hypoxia induces hypertriglyceridemia by decreasing plasma triglyceride
clearance in mice. Am J Physiol Endocrinol Metab. 2012;303(3):E377-88.
Dutta A, Vats P, Singh VK, Sharma YK, Singh SN, Singh SB. Impairment of
mitochondrial B-oxidation in rats under cold-hypoxic environment. Int J
Biometeorol. 2009;53(5):397.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Cold exposure alters lipid metabolism of skeletal muscle through HIF-1α-induced mitophagy
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Cold stress promoted lipid droplet deposition in skeletal muscle
	Cold stress induced changes in the overall composition and distribution of lipids in skeletal muscle
	Fatty acyl chains associated with TG undergo dynamic change transitions
	Cold exposure caused transcriptional changes in skeletal muscle
	Cold exposure induced mitophagy and mitochondrial dysfunction
	Cold exposure activated the HIF-1α signaling pathway to regulate triglyceride deposition and promote mitophagy in skeletal muscle

	Discussion
	Conclusions
	Methods
	Animals
	Cell culture and BODIPY staining
	Hematoxylin-eosin (H&E) staining
	Transmission Electron Microscopy (TEM)
	Gene expression and mitochondrial DNA content
	Protein extraction and western blotting
	Immunofluorescence
	Lipidomic analysis
	RNA-seq analysis
	Data analysis

	Acknowledgements
	References


