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Abstract
Skeletal muscle function declines in aging process or disease; however, until now, skeletal muscle has
remained one of the organs most undertreated with medication. In this study, naringenin (NAR) was
found to build muscle endurance and ameliorate muscle dysfunction during aging and in mdx mice by
increasing oxidative myo�ber numbers and aerobic metabolism. The transcription factor Sp1 was
identi�ed as a direct target of NAR and approved to mediate the function of NAR according to the results
that Sp1 de�ciency suppressed the bene�t effect of NAR. Moreover, the binding site was further validated
to be GLN-110. NAR enhances the binding of Sp1 to the CCCTGCCCTC sequence of the Esrrg promoter by
promoting Sp1 phosphorylation, thus upregulates Esrrg expression. The discovery of the Sp1-ERRγ
transcriptional axis is of great signi�cance in basic muscle research, and the new function of NAR has
potential implications for the prevention of age-or disease-related muscle atrophy.

Introduction
Skeletal muscle is the largest organ in the body and plays an extremely important role in supporting
movement, heat production and metabolic regulation. However, its function is impaired by aging, a
sedentary lifestyle, and muscle-related diseases, causing it to show reduced endurance or strength.
Skeletal muscle atrophy and reduced muscle function accompany the aging process1. Muscle mass
decreases by approximately 3-8% per decade after the age of 302. Studies have shown that older
individuals have reduced expression of mitochondrial respiratory chain complexes and reduced aerobic
respiration in skeletal muscle3,4. Moreover, various muscular diseases lead to muscle atrophy and
dysfunction. For example, Duchenne muscular dystrophy (DMD), the most common muscular dystrophy
in children, causes proximal muscle weakness and calf hypertrophy, eventually leading to degeneration of
skeletal and cardiac muscle5,6. Therefore, healthy skeletal muscle is vital to organisms, and muscle
impairment greatly affects health and quality of life. 

Strategies to combat muscle loss and functional decline are urgently needed. Exercise has been
demonstrated to be an effective strategy to improve muscle function and reverse muscle aging to some
extent. However, exercise is not appropriate for patients who are bedridden for a long time or who have
other clinical complications. Therefore, drug therapies to reduce skeletal muscle loss and restore muscle
function are needed. In recent years, the signaling pathways involved in muscle dysfunction have been
clari�ed, and different types of molecular mediators, such as proin�ammatory cytokines, growth factors
and transforming growth factor-β (TGF-β) family effectors, have been found to participate in skeletal
muscle atrophy7,8. Focusing on these contributing factors, several studies have identi�ed therapeutic
targets or drugs for ameliorating muscle loss. For example, cyclooxygenase 2 (COX2) inhibitors
signi�cantly reduce the plasma levels of interleukin 6 (IL-6) and interleukin 1 (IL-1) and increase muscle
mass in aged rats9. Myostatin (MSTN) powerfully reduces muscle mass. LY2495655, a humanized
MSTN antibody, increased muscle mass in elderly individuals in a clinical trial; however, grip strength was
not affected10. Even though decreases in muscle mass can be ameliorated with some drugs, most trials
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have failed to show signi�cant improvements in functional parameters8. Skeletal muscle remains one of
the most pharmacologically undertreated organs. In addition to the effectiveness of a drug, drug safety
also needs to be considered. Testosterone has been shown to prevent age-associated loss of muscle
strength and improve physical function11,12; however, its clinical use is substantially limited by severe
side effects13. Therefore, new natural medicines that are safer and more effective than existing drugs
need to be discovered that can improve the physiological function of skeletal muscle or protect against
muscle atrophy.

Naringenin (NAR), a naturally occurring dihydro�avanone, has important biological activities and has
positive effects on metabolic diseases, cardiovascular diseases, cancer, pulmonary disorders,
neurodegenerative diseases and gastrointestinal pathologies14. For example, NAR supplementation
increases energy expenditure, enhances insulin sensitivity, and increases hepatic fatty acid oxidation,
thereby reducing fat mass and improving metabolic function15-19. In terms of the mechanism of action,
NAR affects energy metabolism mainly through the PPAR family, PGC-1 family and AMPK signaling
pathway20-22, but there are few studies on the direct targets of NAR. The effects of NAR on skeletal
muscle are less well studied; the existing �ndings are mainly related to diabetic obesity. In L6 myotubular
cells, NAR activates AMPK and directly stimulates muscle glucose uptake in an insulin-independent
manner, which suggests that NAR may regulate skeletal muscle glucose homeostasis23. NAR can
alleviate palmitic acid- and fructose-induced insulin resistance by increasing the expression of GLUT4 in
mouse skeletal muscle24. In L6 skeletal muscle cells, NAR increases glucose uptake by myocytes by
activating AMPK and thereby increasing GLUT4 translocation23,25. However, the effects and direct targets
of NAR on muscle endurance and muscle atrophy are still unclear.

In this study, we explored whether NAR can improve muscle function and protect against muscle atrophy
in the contexts of aging process or muscle diseases. Using young adult mice, middle-aged mice and mdx
mice (a preclinical model of DMD) as models, we assessed the effect of NAR on exercise capacity and
aerobic metabolic levels in skeletal muscle. We found that NAR increases oxidative myo�ber numbers,
enhances aerobic respiration in vivo and in vitro and ameliorates muscle dysfunction in both middle-aged
and mdx mice. Mechanistically, we found that Sp1 is the direct binding target of NAR and that NAR exerts
its effects on skeletal muscle through activation of the Sp1-Estrogen-related receptor γ (ERRγ)
transcriptional axis. Our results will provide new strategies for improving muscle function and treating
muscle atrophy.

Results
NAR improves muscle endurance and protects against age- or disease-related muscle atrophy

To investigate the protective effect of NAR against age-related muscle atrophy, we �rst used 10-month-old
middle-aged male mice as an experimental model. The results showed that NAR signi�cantly increased
the running distance of the mice (Fig. 1a), suggesting that it enhanced muscle exercise endurance. In
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addition, NAR increased grip strength (Fig. 1b) and the relative weight of the gastrocnemius (Fig. 1c,d),
but it did not affect body weight (Extended Data Fig. 1a) in these middle-aged mice. The deep color of the
gastrocnemius suggested that the content of oxidative myo�bers may have been increased after NAR
treatment (Fig. 1d). Thus, in 10-month-old mice, NAR not only prevented muscle atrophy but also
enhanced muscle function. We next sought to determine whether NAR improved muscle function in
young mice under normal physiological conditions. Using 2-month-old mice, we found that NAR again
increased aerobic endurance capacity (Fig. 1e), but had no signi�cant effect on grip strength (Fig. 1f).
Congruously, it did not affect the relative weight of the gastrocnemius (Fig. 1g) or body weight (Extended
Data Fig. 1b), but the gastrocnemius had a redder phenotype in treated mice than in untreated mice (Fig.
1h). Thus, in young mice under normal physiological conditions, NAR also markedly increased
the exercise endurance. In addition to age-related muscle atrophy, we further explored the effect of NAR
on disease-related muscle dystrophy using mdx mice, which are a preclinical model of DMD. Consistent
with previous publications26, the mdx mice showed a typical phenotype of reduced endurance capacity,
as indicated by running distance (Fig. 1i), and muscle pseudohypertrophy (Fig. 1k,l). NAR increased the
running distance (Fig. 1i) and grip strength (Fig. 1j) of the mdx mice but did not in�uence body weight
(Extended Data Fig. 1c) or the relative content of the gastrocnemius (Fig. 1k,l). In summary, NAR can
improve muscle endurance and protect against age- or disease-related muscle atrophy.

NAR improves muscle endurance by increasing the number of oxidative myo�bers and enhancing aerobic
metabolism in vivo

The increased muscle endurance and reddened phenotype suggested that NAR likely in�uences myo�ber
types and energy metabolic patterns. Therefore, we further examined the effects of NAR on different
types of myo�bers in the gastrocnemius of 10-month-old mice, 2-month-old mice and 4-month-old mdx
mice. The results showed that NAR upregulated the expression of Myh7 (corresponding to MyHC I) (Fig.
2a), and Myh4 (corresponding to MyHC IIb) (Fig. 2c), but not Myh2 (corresponding to MyHC IIa) (Fig. 2b)
in the gastrocnemius of 10-month-old mice. In addition, immuno�uorescence (IF) showed that NAR
increased the content of type I oxidative myo�bers in gastrocnemius (Fig. 2d). To further explore the
effect of NAR on skeletal muscle energy metabolism, the expression levels of several genes related to
energy metabolism were examined. Aerobic metabolism-related genes (Mb, Atp5b, Cycs, Cox5b and
Cox2) and β-oxidation related genes (Cpt1b and Ucp3) were upregulated by NAR (Fig. 2e), consistent with
the increased content of type I oxidative myo�bers. The glucose metabolism-related gene (Pdk4) also
tended to be upregulated but not signi�cant (Fig. 2e). Therefore, NAR not only increased the muscle mass
to resist the muscle atrophy caused by aging, but also improved muscle endurance by increasing the
oxidative myo�ber content. 

Similarly, in 2-month-old mice, NAR increased the expression of Myh7 and Myh2 in the gastrocnemius
(Fig. 2f,g), while it did not signi�cantly alter the level of Myh4 (Fig. 2h). These �ndings were consistent
with the lack of effect of NAR on grip strength in young mice (Fig. 1f). Accordingly, IF staining showed
that there were more type I oxidative myo�bers in the NAR group than in the vehicle group (Fig. 2i). In
terms of energy metabolism, NAR upregulated the expression of aerobic metabolism-related genes, β-
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oxidation-related genes and glucose metabolism-related genes in the gastrocnemius (Fig. 2J). In addition,
NAR upregulated the relative levels of the �ve oxidative phosphorylation (OXPHOS) complexes in
mitochondria (Fig. 2k). Taken together, the results indicated that NAR increased muscular endurance in
young mice by increasing the number of oxidative myo�bers and aerobic metabolism without affecting
glycolytic myo�bers.

In 4-month-old mdx mice, there were no differences in the levels of �ber type-related genes between the
vehicle- and NAR- treated groups (Fig. 2l-n). However, the expression levels of Mb, Atp5b, Cox2, Ucp3 and
Pdk4 were upregulated in the NAR-treated group (Fig. 2o), indicating increased aerobic metabolism, which
might have contributed to the improved muscle function in the mdx mice after NAR treatment. 

In conclusion, NAR improves muscle endurance by increasing the number of oxidative myo�bers and
enhancing aerobic metabolism in vivo.

NAR increases the content of oxidative myo�bers and enhances aerobic metabolism in C2C12 myotubes

To further explore the cellular mechanism by which NAR regulates skeletal muscle function, we employed
C2C12 myoblasts, which can differentiate and fuse to form myotubes. The C2C12 myotubes were treated
with different concentrations of NAR for 24 h. Many cells died when the NAR concentration was above
800 μM (Extended Data Fig. 2a). Therefore, NAR at concentrations below 400 μM was chosen to treat
cells. The expression of the oxidative myo�ber-related genes Myh7 and Myh2 was upregulated by NAR in
a dose-dependent manner, while that of the glycolytic myo�ber-related gene Myh4 was not (Fig. 3a),
suggesting an increased content of oxidative myo�bers. We then evaluated the effects of NAR on cellular
energy metabolism and found that NAR increased the mitochondrial membrane potential (Fig. 3b), but
had no in�uence on the number of mitochondria (Fig. 3c). In addition, the total ATP level was dose-
dependently increased by NAR (Fig. 3d), which suggested that NAR promoted energy production.
Furthermore, the Seahorse cellular energy metabolism meter showed that the myotubes treated with 200
μM NAR had an increased oxygen consumption rate (OCR) (Fig. 3e), increased basal respiration (Fig. 3f),
increased maximal respiration (Fig. 3g) and increased spare respiratory capacity (Fig. 3h). These results
con�rmed that NAR promoted aerobic respiration in C2C12 myoblasts. 

Next, differentially expressed genes (DEGs) between C2C12 myotubes treated with NAR and C2C12
myotubes not treated with NAR were analyzed using RNA-seq. Gene Ontology (GO) analysis revealed that
the upregulated genes but not the downregulated genes, were associated with mitochondrial function
(Extended Data Fig. 2b,c). Mitochondrial inner membrane-related genes were enriched in the NAR-treated
group (Fig. 3i). In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed that the
genes of mitochondrial energy metabolism-related pathways were upregulated by NAR (Extended Data
Fig. 2d,e). Further analysis of metabolism-related pathways revealed that multiple genes involved in
mitochondrial OXPHOS and the tricarboxylic acid (TCA) cycle were upregulated by NAR (Fig. 3J and
Extended Data Fig. 2f-h). These results were further con�rmed by western-blot and qPCR in terms of the
upregulation of the �ve OXPHOS complexes (Fig. 3k) and the expression of key enzymes in the OXPHOS
process, the TCA cycle and the β-oxidation process (Fig. 3l). Therefore, NAR increases the oxidative
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myo�ber content and enhances aerobic respiration by improving mitochondrial activity in skeletal
muscle.

ERRγ mediates NAR-induced promotion of the oxidative myo�ber numbers and aerobic metabolism 

We analyzed the DEGs between C2C12 myotubes treated with or without NAR and found signi�cant
upregulation of genes related to the transcription processes (Fig. 4a), and the expression of the nuclear
transcription factor ERRγ (encoded by Esrrg) was more signi�cantly upregulated gene by NAR more than
other nuclear transcription factors (Fig. 4b). A previous study has shown that ERRγ is highly expressed in
oxidative myo�bers and that it can regulate many metabolism-related genes27. Our results showed that
NAR increased ERRγ levels in a dose-dependent manner in C2C12 myotubes (Fig. 4c,d). In addition, both
the protein and mRNA levels of ERRγ were increased by NAR in 10-month-old mice in vivo (Fig. 4e,f).
Moreover, we found that ERRγ levels were also upregulated by NAR in the young adult mouse model and
the mdx mouse model, further suggesting that ERRγ mediates NAR function (Fig. 4g-j). Subsequently, to
validate this hypothesis, ERRγ was knocked down with siRNA at the cellular level. De�ciency of ERRγ
suppressed NAR-mediated upregulation of oxidative myo�ber-related Myh7 and Myh2 and aerobic
metabolism-related Atp5b and Cpt1b (Fig. 4k), indicating that ERRγ mediated the NAR-induced increases
in oxidative myo�ber numbers and aerobic metabolism. Similarly, we used the ERRγ-speci�c inhibitor 4-
hydroxytamoxifen (4-OHT) and found it suppressed that NAR-induced upregulation of Myh7, Myh2, Atp5b
and Cpt1b, consistent with the results of the knockdown experiment (Fig. 4l). In conclusion, ERRγ
mediates NAR-induced promotion of oxidative myo�ber numbers and aerobic metabolism, which in turn
improves endurance exercise capacity in mice.

Sp1 is a direct binding protein of NAR in C2C12 cells

To further clarify the reason for the upregulation of ERRγ expression by NAR, we biotinylated NAR for
labeling (Fig. 5a). NAR-biotin still had the ability to upregulate Esrrg expression (Fig. 5b). Lysates of
C2C12 cells were co-incubated with biotin or NAR-biotin. Next, a�nity cleavage magnetic beads were
used to enrich the nonspeci�c proteins bound to biotin as well as speci�c proteins bound to NAR-biotin.
The two sets of proteins obtained were separated by SDS-PAGE (Fig. 5c) and analyzed by mass
spectrometry (MS). The results showed that a total of 492 proteins were more than twofold upregulated
in the NAR-biotin group, of which 207 proteins were only in the NAR-biotin group (Fig. 5d). GO analysis of
the molecular functions of the 492 upregulated proteins revealed that transcription process-related
proteins were most likely direct binding target proteins of NAR (Fig. 5e and Extended Data Fig. 3a). The
transcription factor Sp1 was present only in the biotinylated NAR group. Therefore, Sp1 is most likely the
binding protein of NAR. 

To validate the direct interaction of NAR with Sp1, western blotting was �rst used to demonstrate that
Sp1 was signi�cantly enriched in biotinylated NAR-bound proteins (Fig. 5f). Then, the binding a�nity of
NAR for Sp1 was further analyzed using cellular thermal shift assay (CETSA). The results showed an
obvious shift in the solubility pro�le of Sp1 in C2C12 myotube cell lysates treated with 4 mM NAR for 30
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min. In the control group, 50% Sp1 protein degradation occurred at 63 ℃, while the temperature increased
to 69 ℃ in the samples treated with 4 mM NAR in cell lysates for 30 min. The increased stability of the
Sp1 protein in the NAR-treated samples indicated that NAR bound directly to the Sp1 protein (Fig. 5g). 

To better show the interaction of NAR with Sp1, we predicted the 3D structure of Sp1 by SWISS-MODEL
and the I-TASSER web server �rstly (Extended Data Fig. 3b). The top predicted structure by the I-TASSER
web server from a total of �ve models was chosen as the �nal structure for subsequent analysis
(Extended Data Fig. 3c). Next, four possible binding sites of the Sp1 protein were predicted by the
POCASA server (Fig. 5h). The four binding sites were used for subsequent analysis of protein-ligand
interactions (Fig. 5i and Extended Data Fig. 3d). Two hydroxyl groups in the NAR molecule interacted with
the ASN-81, SER-83 and GLN-110 residues in Pocket 1 of Sp1 (Fig. 5i). Therefore, the conformation of
NAR with the highest docking score (-6.584) was the most likely combination for NAR/ Sp1 binding.

Sp1 is involved in NAR-mediated upregulation of ERRγ and improvement of muscle function

To determine whether Sp1 is involved in the function of NAR in skeletal muscle, we �rst examined the
effects of NAR on skeletal muscle function and metabolism after using Sp1-speci�c inhibitor (Mit-A) in
10-month-old mice. We found that the enhancing effects of NAR on aerobic running distance, grip
strength and the relative content of the mouse gastrocnemius were suppressed (Fig. 6a-c), with no
in�uence on body weight (Extended Data Fig. 4a). The increase in the number of oxidative myo�bers (Fig.
6d) and the upregulation of the oxidative myo�ber-related genes Myh7 and glycolytic myo�ber-related
genes Myh4 (Fig. 6e) induced by NAR were also suppressed. In addition, NAR-mediated ERRγ
upregulation was inhibited by Mit-A at both the protein and RNA levels (Fig. 6f,g). Furthermore, the
upregulation of downstream genes of ERRγ, including myoglobin, Atp5b, Cycs, Cox5b, Cpt1b and Ucp3
were suppressed (Fig. 6h). These results suggest that the NAR-induced increases in endurance and grip
strength in 10-month-old mice are achieved through the Sp1 in vivo.

Furthermore, at the cellular level, when the activity of Sp1 was inhibited with Mit-A, NAR-induced
upregulation of ERRγ was suppressed at both the protein and mRNA levels (Fig. 6i,j). Accordingly, upon
Sp1 knocked-down (Extended Data Fig. 4b,c), the changes induced by NAR in the levels of ERRγ and its
downstream genes Myh7, Atp5b and Cpt1b were also reversed (Fig. 6k,l). Thus, NAR functions by directly
binding to Sp1 at both the animal and cellular levels.

NAR enhances the interaction of Sp1 with the Esrrg promoter by increasing the phosphorylation of Sp1

Next, we sought to determine how NAR regulates ERRγ expression through Sp1. Dual luciferase reporter
assay re�ected the initiation e�ciency of the different Esrrg promoter fragments (Extended Data Fig. 5a).
This Esrrg promoter was found to be responsive to Sp1 induction (Extended Data Fig. 5b,c). To further
identify the cis-acting element in the Esrrg promoter that responds to Sp1, we constructed a series of
truncated Esrrg promoter �uorescent reporter plasmid (Fig. 7a). We found that when the promoter was
truncated to the +3 region, the constructed reporter plasmid still responded to Sp1 induction (Fig. 7b).
Only the region from -1518 to +3 was unable to respond to Sp1 (Fig. 7c,d), suggesting that the sequence
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from +3 to +100 contains a cis-acting promoter element that responds to Sp1. By sequence comparison
and prediction, the Sp1 might bind to the sequence (CCCTGCCCTC) of Esrrg promoter. Therefore, we
further induced targeted mutation of the Sp1 binding sequence in this region (Fig. 7c) and found that the
mutated reporter vector was less responsive to Sp1 (Fig. 7e), suggesting that the +3 to +100 region of the
Esrrg promoter is required for the response to Sp1.

To determine whether the binding of Sp1 with the Esrrg promoter responds to NAR induction, the different
effects of NAR on a control reporter vector, a �uorescent reporter vector containing the region from +3 to
+100 of the Esrrg promoter, and the mutant reporter vector were measured. The results showed that the
response of the �uorescent reporter vector pSE+3 to NAR was 4.5-fold, much higher than the 1.7-fold
response of the control and the 2.5-fold response of the mutant (Fig. 7f). To further validate this result, we
performed chromatin immunoprecipitation (ChIP) experiments using an antibody against Sp1, which
showed a signi�cant increase in the amount of the +3 to +100 region of the Esrrg promoter fragment that
was bound by Sp1 upon NAR induction (Fig. 7g). These results suggest that Sp1 is able to bind to the
Esrrg promoter and that the binding is signi�cantly enhanced upon NAR treatment, which may account
for the upregulation of Esrrg by NAR. This conclusion was further con�rmed by the �nding that a speci�c
inhibitor of Sp1, Mit-A, reversed the increased Esrrg promoter activity induced by NAR (Fig. 7h). 

From Figure 5I, we obtained the possible binding sites (Pocket 1, 2, 3 and 4) of Sp1 with NAR, so we next
used a �uorescent reporter vector containing the +3 to +100 region of the Esrrg promoter and a series of
Sp1 mutant vectors to verify the real binding sites of Sp1 with NAR. Particularly, the mutation of GLN-100
in Pocket 1, THR-252 in Pocket 2, ASP-579, SER-699, ASN-782 in Pocket 3 and GLY-350 in Pocket 4 were
analyzed, respectively. The results showed that the response of the �uorescent reporter vector pSE+3 with
the unmutated Sp1 vector to NAR was 4.5-fold, much higher than the 1.7-fold response of the Sp1-MT-
Pocket1-GLN vector (Fig. 7i). However, the responses of the other mutated Sp1 vectors to NAR are similar
to the unmutated Sp1 vector (Extended Data Fig. 5d). Therefore, mutation of GLN-110 in the Pocket 1 of
Sp1 disrupted the binding of NAR, indicating that NAR interacted with the Sp1 protein via an H-bond with
GLN-110 of Sp1 in the Pocket 1.

The mechanism by which direct binding of Sp1 to NAR increases Sp1 transcriptional activity is unclear.
Recent data demonstrate an important role for the phosphorylation state of Sp1 in the regulation of
multiple genes28,29. Here, we try to verify this problem by computational methods. The basic principle of
the calculation method is that NAR interacts with binding pocket of Sp1 and leads to conformational
changes in some other residues of Sp1 protein, which contain phosphorylation sites, thus promoting the
phosphorylation of Sp1. Firstly, 16 speci�c phosphorylation sites of Sp1 are obtained by searching the
Uniport database30 (UniPortKB-O89090) (Supplementary Table 2).

25 potential binding sites of Sp1 protein were predicted by Cavity submodule and ranked with Drug Score
and Druggability (Supplementary Table 4). The top 3 potential binding sites, Cavity 2, Cavity 12, and
Cavity 8 were shown in Extended Data Fig. 5e. 10 out of the 25 binding sites containing phosphorylation
sites were identi�ed by comparing 16 Sp1 phosphorylation sites and the residues contained in the 25
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potential binding sites (Supplementary Table 5). The Cavity 8 included the binding site of NAR to Sp1 and
one phosphorylation site, SER-61. The 10 binding sites were selected as the orthosteric site and predicted
correlate allosteric sites by CorrSite2.0 submodule. Nine potential allosteric sites of Cavity 8 were
predicted (Supplementary Table 6), but the other nine cavities had no predicted potential allosteric sites
(Supplementary Table 7). 

Based on the results mentioned above, we speculated that the binding of NAR to Sp1 may lead to
conformational changes of phosphorylation sites such as SER-61, THR-280, THR-652, THR-669, SER-671,
THR-682, SER-699, and SER-703. Since the SER-61 residue is located around the binding site of NAR, the
binding of NAR to Sp1 may lead to its conformational change. Other sites are located in the potential
allosteric sites of cavity 8, indicating that the conformational changes of these allosteric sites may lead
to the conformational changes of Cavity 8. Conversely, it was speculated that the binding of NAR to
Cavity 8 may also lead to the conformational changes of these allosteric sites and these phosphorylation
sites. 4 out of 9 potential allosteric sites of Cavity 8 contains phosphorylation site, and the detailed
phosphorylation sites of each allosteric site are shown in Supplementary Table 8. Therefore, it was
speculated that the binding of NAR to the Cavity 8 would cause conformational changes in
phosphorylation sites, which in turn made Sp1 more likely to be phosphorylation (Fig. 7j).

We assayed the level of posttranslational phosphorylation of Sp1 following NAR treatment using
immunoprecipitation (IP) since previous research has showed that Sp1 activity is dependent on Sp1
phosphorylation29. The results showed that Sp1 phosphorylation increased upon NAR binding (Fig. 7k),
which in turn led to an increase in Sp1 transcriptional activity. 

Discussion
Muscle loss and dysfunction are major issue in life and health, and �nding a solution has long been a
research pursuit. In this study, we uncovered a new function of NAR; it improves muscle endurance and
protects against muscle atrophy in aging process and in mdx mice by increasing oxidative myo�ber
numbers and enhancing aerobic respiration in vivo and in vitro. Importantly, the Sp1 was identi�ed as a
direct binding target of NAR. Binding of NAR increases Sp1 phosphorylation and transcription factor
activity. Furthermore, Sp1 was found to be a new transcription factor of Esrrg and the Sp1-ERRγ
transcriptional axis was discovered to be involved in NAR-mediated energy metabolism and muscle
remodeling (Fig. 7l). These �ndings have important implications for the prevention of muscle atrophy
related to aging process, a sedentary lifestyle or muscle disease

The loss of muscle mass and strength during aging process is an issue that cannot be ignored. The
atrophy of skeletal muscle and the decrease in exercise tolerance due to aging mainly manifest as
decreases in muscle mass and mitochondrial aerobic respiration3,4,31-34. Therefore, we used a middle-
aged mouse model to demonstrate the role of NAR in improving muscle function and preventing muscle
loss. In the context of increasingly severe aging problems worldwide, NAR shows great promise for
widespread application to prevent or treat muscle atrophy. Even in the young adult mouse model, NAR
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can enhance the aerobic capacity of muscles under normal physiological conditions, suggesting the
possibility of its application in endurance athletes such as long-distance runners. In addition, this new
function of NAR has potential application value for modern youth, among whom a lack of exercise or
sedentary lifestyle leads to decreases in skeletal muscle metabolism and increased risks of metabolic
diseases such as obesity and diabetes. Notably, NAR also improved endurance and grip strength in mdx
muscular dystrophy mice. Although it did not signi�cantly affect the type or content of myo�bers, the
promoting effect of NAR on aerobic metabolism explains this phenomenon to a certain extent. In
conclusion, although the mechanism is not fully understood, the improvement of the mdx phenotype by
NAR also expands the potential application of NAR to the treatment of muscular diseases. Together, the
�ndings indicate that the role of NAR in improving muscle function will bene�t multiple populations.

Although diverse biological activities of NAR in different diseases have been well studied, there is a lack
of research on the direct targets of action, which greatly limits the application of NAR. To date, only two
studies have explored the direct targets of NAR. Collapsin response mediator protein 2 (CRMP2) has been
identi�ed as a candidate for direct binding with NAR to explain the protective effect of NAR in Alzheimer's
disease (AD)35. Another study has demonstrated that NAR binds directly to the PPARα ligand-binding
domain (LBD) region and activates PPARα through a dual luciferase reporter system, thereby reducing
Very Low-density Lipoprotein (VLDL) levels and decreasing lipid accumulation in the liver20. However,
whether Pparα is a direct target of NAR has not yet been proven by additional evidence. In our study, we
identi�ed Sp1 as a direct binding protein of NAR through IP-MS and validated the binding a�nity of NAR
for Sp1 through CETSA in muscle cells. The activity of Sp1 is regulated by posttranslational
modi�cations, such as phosphorylation, glycosylation and acetylation, among which phosphorylation
has been the most studied; we also found that NAR activated Sp1 transcription factor activity by
promoting the phosphorylation of Sp1, revealing the mechanism by which NAR regulates Sp1. To our
knowledge, this is the �rst study to identify the direct target of NAR in regulation of myo�ber types and
energy metabolism in skeletal muscle.

Sp1, as a widely expressed transcription factor, is involved in many biological processes and plays an
important role in a variety of diseases. Until now, very few drug compounds or natural extracts have been
used to speci�cally target Sp1 for treating diseases. The drugs used so far mostly work by affecting Sp1
and DNA interaction36. For example, the interaction of the popular used mithramycin A with the GC-rich
regions of the promoter results in the blocking of Sp1 binding sits37. We identi�ed for the �rst time that
NAR can directly bind to Sp1 to regulate its activity specially, and further predicted and validated the
binding site. It was predicted by simulation that the binding of NAR to Sp1 might lead to a
conformational change in Sp1, leading to more phosphorylation. This discovery provides a new
mechanism for drug therapy targeting Sp1. Direct interaction is more speci�c, preventing small molecules
from binding to DNA and affecting the binding of other transcription factors. Therefore, as a natural
compound, the direct regulation of NAR on Sp1 activity has broad application prospects.

ERRγ, an orphan nuclear hormone receptor with ligand-independent transcriptional activity, plays an
important role in pathological conditions such as insulin resistance, alcoholic liver injury, and cardiac



Page 11/36

hypertrophy and regulates energy metabolism in cardiac, skeletal muscle and pancreatic beta
cells27.Therefore, ERRγ is a good target for the treatment of metabolic diseases. ERRγ expression can be
regulated by the transcription factors c-Jun, Stat3, CREB, HIF1a, and ATF6a in response to external
stimulation27. In our study, we identi�ed Sp1 as a new transcription factor of ERRγ, providing a new
mechanism for the regulation of ERRγ expression. The binding of NAR and Sp1 further promotes the
binding of Sp1 to the ERRγ promoter. The establishment of the Sp1-ERRγ axis not only reveals the
mechanism by which NAR regulates muscle function, but also provides a new target for amelioration or
treatment of skeletal muscle dysfunction and may be further used in drug screening.

Although we found that NAR enhances the transcription factor activity of Sp1 by promoting the
phosphorylation of Sp1, the speci�c phosphorylation site has not yet been veri�ed, and how NAR affects
Sp1 phosphorylation remains unclear. In addition, the low solubility of NAR limits its effectiveness in
animals. Improving the water solubility of NAR through nanopackaging or other technologies will help
facilitate the widespread application of NAR, which is a problem for us to solve in the future. 

In conclusion, this work demonstrates for the �rst time that NAR improves the endurance and aerobic
metabolic capacity of skeletal muscle in young mice, protects against muscle atrophy in middle-aged
mice and relieves DMD. Furthermore, it identi�es Sp1 as a new direct target of NAR and establishes a new
relationship between Sp1 and the target gene Esrrg, thereby elucidating the molecular mechanism by
which NAR binds Sp1 to enhance the interaction between Sp1 and the Esrrg promoter and thus
upregulate Esrrg expression. Therefore, our study explored a new application of NAR. The discovery of the
Sp1-ERRγ transcriptional axis provided a new strategy for optimizing medication improving muscle
function, preventing muscle decline in middle age and treating muscle atrophy due to disease.

Methods
General chemistry. NAR (Naringenin) (Lot# QY00305-180610, purity ≥ 98%) was purchased from Qing
Yun Biology Co., Ltd (Nanjing, China). The purity of the Naringenin probe (NAR-Biotin) was determined on
a Waters ACQUITY UPLC system with an ELSD, a PDA detector, a sample manager, and a binary solvent
manager. Preparative HPLC was performed on a Waters 2545 Binary Gradient Module instrument with
Waters 2489 UV/Visible and Waters 2424 ELSD Detectors, a sample manager 2767 using a Waters
Sun�re Prep C18 column (5 μm, 30 ×150 mm). Electrospray ionization (ESI)-MS spectra were obtained on
a Waters 2695 instrument with a 2998 PDA detector coupled with a Waters ACQUITY ELSD and a Waters
3100 SQDMS detector using a Waters Sun�re RP C18 column (4.6 × 150 mm, 5 μm) with a 1.0 mL/min
�ow rate. HRESI-MS was performed on a Waters ACQUITY UPLC System (Waters Corporation, Milford,
MA, USA) equipped with an ESI ion source. MS detection was conducted with a Synapt G2-Si Q-TOF
mass spectrometer (Waters Corporation, Milford, MA, USA). 1H and 13C NMR spectra were recorded on a
Bruker AVANCE III 500 MHz instrument. Chemical shifts are reported in ppm (δ), and coupling constants
(J values) are reported in hertz. Chemical shifts are reported in ppm with Me4Si as a reference standard. 
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Synthesis of the NAR (Naringenin) probes (NAR-biotin). NAR (272 mg, 1.0 mmol), biotin (244 mg, 1.1
mmol, 1.1 eq.) and DMAP (12.2 mg, 0.1 mmol, 0.1 eq.) were dissolved in 20 ml of anhydrous DMF. EDCI
(310 mg, 2.0 mmol, 2.0 eq.) and Et3N (277 μL, 202 mg, 2.0 eq.). The solution was stirred at the room
temperature overnight. The reaction was quenched with 2 M HCl solution (4 ml), diluted with 100 ml of
water, and then extracted with ethyl acetate. The combined organic phase was washed with water, and
brine and dried with anhydrous MgSO4. The organic solvents were evaporated under reduced pressure
and the residue was puri�ed by preparative HPLC (MeCN in water containing 0.1% HCOOH, 40-60%, 0-35
min) to give the product (300 mg, 60% yield). Purity at 288 nm: 99.93%; 1H NMR (500 MHz, Py-d5) δ 7.64
and 7.38 (d, J = 8.6 Hz, each 1H), 7.60 and 7.47 (br.s, each 1H), 6.50 and 6.43 (d, J = 2.2 Hz, each 1H),
5.55 (dd, J = 13.1, 3.0 Hz, 1H), 4.58 (m, 1H), 4.42 (m, 1H), 3.26 (m, 1H), 3.19 (dd, J = 17.0, 13.1 Hz, 1H),
2.98 (dd, J = 12.5, 5.0 Hz, 1H), 2.91 (m, 1H), 2.89 (dd, J = 17.0, 3.0 Hz, 1H), 2.56 (t, J = 7.4 Hz, 2H), 1.85-
1.94 (m, 2H), 1.70-1.76 (m, 2H), 1.58-1.63 (m, 2H); 13C NMR (125 MHz, Py-d5) δ 196.31, 172.51, 169.18,
165.64, 164.82, 164.15, 152.07, 137.40, 128.60, 128.60, 123.05, 123.05, 103.27, 97.94, 96.68, 79.48,
62.97, 61.08, 56.71, 43.85, 41.54, 34.60, 29.54, 29.37, 25.52; ESI-MS m/z 499.24 [M+H]+, 497.24 [M-H]+;
HRESI-MS (m/z) calc. for C25H27N2O7S [M+H]+: 499.1539; found: 499.1544.

 

Mice and cell lines. HEK293T cells (human embryonic kidney cells, female), and C2C12 cells (mouse
mesenchymal precursor cells, sex unknown) obtained from the American Type Culture Collection (ATCC).
The cells were cultured at 37 °C, under 5 % CO2 in 4.5 g/L (25 mM) glucose Dulbecco’s modi�ed Eagle’s
medium, supplemented with 10% fetal bovine serum (Gibco) and penicillin/ streptomycin (Gibico
15070063). C2C12 cell differentiation toward myotubes was induced with 2% horse serum (Gibico) for
three days. The mice used in this experiment included 10-month-old and 2-month-old C57BL/6N male
mice purchased from Vital River Company and C57BL/10ScSnJGpt-Dmdem3Cd4/Gpt (mdx), male mice
aged 4 months purchased from GemPharmatech. Until the beginning of the experiments, these mice were
housed in standard cages in groups of 2–6 animals under standardized conditions in a temperature-
controlled room of 21-23 ℃ maintained on a 12:12 h light-dark cycle with standard mouse chow and
water available ad libitum. The mice were randomly divided into vehicle and NAR groups for
intramuscular injection of the gastrocnemius. All animal studies were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of the Standing Committee on Animals at the
University of the Chinese Academy of Sciences.

 

Mice skeletal muscle intramuscular injection. The gastrocnemius muscles of the hind limbs of mice were
treated with 40 μL vehicle (20% DMSO and 80% saline) or NAR (8 mM in contained 20% DMSO and 80%
saline) by intramuscular injection once every two days for a total of �fteen doses. For 10-month-old mice,
50 μM Mit-A (Abcam ab142723) was preinjected to block the transcriptional activity of Sp1.
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Treadmill test. The mice were acclimated to the treadmill 2 days prior to the experiments by running for 5
min/day at 15 cm/s and a 15 degrees incline followed by 15 min a day at 25 cm/s and a 15 degrees
incline in a LE8710RTS Treadmill Inspection System (Panlab/Harvard Apparatus). For exercise
experiments, the speed was increased by 5 cm/s every 5 min until 30 cm/s was reached, and the mice
were run until exhaustion. Then, the total distance traveled by the running mice was calculated.

 

Grip-strength test. Muscle strength was recorded using a GT3 grip-test meter system (Bioseb, Vitrolles,
France). Mice were allowed to hold on to a metal grid with their four paws and were gently pulled
backwards by the tail until they could no longer hold the grid. The peak pull force was recorded on a
digital force transducer. The maximum value of 10 measurements was used to represent the grip strength
of each mouse.

 

IF staining of frozen sections. Gastrocnemius were embedded in optimum cutting temperature (OCT)
compound before being frozen in liquid-nitrogen and then stored at 80 °C. The frozen muscle sections (8
μm) were �xed in cold acetone (−20 °C precooling) for 20 min, washed three times with PBS, and
permeabilized with 0.5% of Triton X-100/PBS (PBST) three times for 10 min each time. After washing, the
slides were blocked through incubation with 5% of BSA at room temperature for 2 h before being
incubated with the following antibodies: BA-F8 for MHC type 1 (1:100), BF-F3 for MHC 2b (1:100), and
SC-71 for MHC-2a (1:100) (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, USA).
The slides were incubated with Alexa Fluor 350-, 488- and 594-conjugated secondary antibodies (1:100)
(Invitrogen) at room temperature for 1 h in the dark. The slides were then observed under a confocal laser
scanning microscope (Carl Zeiss LSM710 and Aperio Versa 200). 

 

Oxygen consumption measurements. Oxygen consumption was measured using an XF24 extracellular
�ux analyzer from Seahorse Bioscience. For this measurement, C2C12 myotubes on an XF24 V28 cell
culture microplate (Seahorse Bioscience, North Billerica, MA, USA) were pretreated with DMSO or 400 μM
NAR for 24 h. For the detailed experimental procedures, please refer to the experimental guide (Agilent
Seahorse XF Cell Mito Stress Test Kit).

 

RNAi and inhibition experiments. siRNAs (JST) targeting mouse Sp1 and Esrrg were transfected into
C2C12 cells at a �nal concentration of 50 nM using Lipofectamine 2000 transfection reagent (Invitrogen
11668019) according to the manufacturer’s instructions. The siRNA sequences were shown in
Supplementary Table 1. The cells were then differentiated for 3 days prior to treatment with or without
400 μM NAR for 24 h. For the Sp1 and ERRγ inhibition study, myotubes were pretreated for 2 h with
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DMSO, 250 nM Mit-A or 10 μM 4-OHT (MCE, HY-16950). Then, the myotubes were treated with or without
400μM NAR for 24 h.

 

Plasmid preparation, cell transfection and luciferase reporter assays. Sp1 cDNA sequences were
ampli�ed by PCR from total cDNA extracted from mouse gastrocnemius tissue (the primer sequences are
shown in Supplementary Table 1), digested by double digestion and transformed with the pcDNA3.1
vector digested with the same endonuclease to obtain the Sp1 overexpression vector. Based on the
mouse Esrrg genome sequence provided by the NCBI database, a sequence from 100 bp downstream to
1575 bp upstream of the Esrrg transcription start site was ampli�ed by PCR. Primer 5 software was used
to design primers suitable for PCR ampli�cation of Esrrg promoter sequences of different lengths (the
primer sequences are shown in Supplementary Table 1). 

The Esrrg promoter sequences obtained by PCR were double cleaved with KpnI/HindIII (NEB) restriction
endonucleases, recovered by agarose gel electrophoresis and ligated with the same endonuclease-
digested pGL3-basic vector using T4 ligase (NEB) to obtain pSE-1518, pSE-1518DEL, pSE-1080 and pSE-
129 �uorescent reporter plasmids. The pSE+3 and pSE+38 �uorescent reporter plasmids were obtained
using the pSE-129 plasmid as a template by circular PCR (the primer sequences are shown in
Supplementary Table 1). The pSE+3MT �uorescent reporter plasmids were obtained using the pSE+3
plasmid as a template by circular PCR (the primer sequences are shown in Supplementary Table 1).
Additionally, the mutated Sp1 plasmid vectors Sp1-MT-Pocket1-GLN, Sp1-MT-Pocket2-THR, Sp1-MT-
Pocket3-Total and Sp1-MT-Pocket4-GLY were obtained using the Sp1 overexpression plasmid as a
template by circular PCR (The primer sequences are shown in Supplementary Table 1).  

Twenty-four hours before the experiment, HEK293T cells were inoculated into 12-well plates. The
transfection was started after 24 h when the cells had grown to 85% density. pGL3-basic plasmids
containing Esrrg promoter fragments of different lengths, the internal reference reporter vector plasmid
pRL-TK and the pcDNA-3.1-Sp1 overexpression vector containing these mutation Sp1 vectors were
cotransfected into the cells in 12-well plates at a ratio of 20:1:20. 

After 24 h, the plates were pretreated with DMSO or NAR for 12 h, washed twice with PBS, and then
subjected to a dual luciferase reporter gene assay according to the instructions of the Novozymes dual
luciferase assay kit. Promoter activity is expressed in relative luciferase units. The ratio of �re�y
luciferase to renilla luciferase was calculated as the initiation e�ciency of the corresponding promoter
fragment. The pGL3 vector served as the negative control. 

 

Gene expression detection. Total RNA from mouse skeletal muscle or C2C12 myotubes was extracted
using TRIzol Reagent (Thermo Scienti�c 15596018). cDNA was synthesized using HiScript II Reverse
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Transcriptase (Vazyme R201). Quantitative real-time PCR was performed with SYBR Green Fast qPCR
Mix (Genstar A304) (The primers are described in Supplementary Table 1).

 

Western blot analysis. Protein amounts were assessed using a BCA Protein Assay Kit (Beyotime P0012),
and 20-30 μg of protein was used in each SDS–PAGE experiment. Detailed information on the primary
and secondary antibodies is given in Supplementary Table 9.

 

ChIP assay. C2C12 myoblasts were grown on 100 mm dishes. After differentiation and fusion to form
myotubes in differentiation medium, the C2C12 myotubes were treated with 400 μM NAR for 24 h. The
speci�c experimental procedures were carried out according to the kit instructions (Millipore #17-408).
Cell nuclei were sonicated to shear DNA in 500 μl of sonication buffer, using a Sonicator (4417 detector)
(18 times, 15 s on/30 s off each time, 9 W power) to obtain fragments with lengths between 300 and 600
bp. IP was carried out overnight at 4 °C using 5 μg of an anti-Sp1 antibody (Abcam ab227383), 5 μg of an
anti-histone H3 antibody (Millipore) or 5 μg of normal rabbit IgG antibodies (Millipore) and 40 μg of
chromatin. DNA was analyzed by real-time PCR directed to the Sp1-speci�c binding region of the Esrrg
promoter. The primer used for qPCR is in Supplementary Table 1.

 

Acquisition of NAR-interacting proteins. Two 100 mm dishes C2C12 myotubes were washed three times
with PBS, and the myotubes were then lysed in 2 mL of Hypotonic Lysis Buffer (20 mM HEPES, 2 mM
EDTA, 2 mM MgCl2, 1% cocktail, pH=7.4). The cells were scraped off using a cell scraper and lysed on ice
for 45 min. Then, the cells were centrifuged at 12,000 ×g for 15 min at 4 °C. To reduce false positives, 40
μL of streptavidin magnetic beads (Thermo Scienti�c #65001) were added to the supernatant, and the
mixture was incubated for 2 h at 4 °C with reverse rotation. The supernatant was divided equally into two
parts: 4 mM NAR-biotin containing 1% DMSO was added to the treated group, and 4 mM biotin
containing 1% DMSO was added to the control group. The groups were incubated overnight at 4 °C with
inversion, and then 20 μL streptavidin magnetic beads (Thermo Scienti�c #65001) were added to each
group. The groups were incubated for 2 h at 4 °C with inversion. The supernatants were discarded, and
the magnetic beads were cleaned three times with three kinds of buffer (Buffer A: TBS, 0.5% Triton X-100,
cocktail; Buffer B: TBS, 0.1% Triton X-100, cocktail; Buffer C: TBS, cocktail). The obtained binding proteins
were subjected to SDS–PAGE, Coomassie Brilliant Blue staining and liquid chromatography (LC)–tandem
MS (MS/MS) analysis.

 

LC-MS/MS analysis. After SDS–PAGE and Coomassie Brilliant Blue staining, the gel strips were decolored
and enzymatically digested overnight with trypsin. The peptides were then extracted in multiple steps
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using different concentrations of acetonitrile.

LC–MS/MS analysis was performed on a nanoLC-Q Exactive system. Brie�y, the �ow rate through the
column was set to 0.3 µL/min, and the applied distal spray voltage was set to 2.0 kV. Data collection was
performed using one full scan (MW 300–1,600) followed by data-dependent MS2 scans of the 20 most
abundant ions after the full MS1 scan.

The peptide mixture obtained by enzymatic digestion was �rst analyzed by LC–MS/MS. Then, a protein
search was performed in the UniProt-proteome-mouse (update-20171001) database using the SEQUEST
HT search engine of Thermo Proteome Discoverer (2.2.0.388). The search parameters were as follows:
trypsin digestion with 2 missed cut sites, precursor ion mass error less than 10 ppm, fragment ion mass
error less than 20 mDa, alkylation of cysteine as the �xed modi�cation, and oxidation of methionine as
the variable modi�cation. The �ltering parameters for the search results were as follows: Percolator was
used for the �ltering of the spectra, the Delta Cn was less than 0.1, the FDR was set to 1%, high peptide
con�dence was chosen and the FDR at the protein level was also set to 1%. Label-free quanti�cation
(LFQ) was performed using Consensus node and the following parameters for peptide quanti�cation:
unique + razor; precursor abundance based on intensity; normalization mode, none or total peptide
amount; ratio calculation, pairwise ratio-based, and maximum allowed FC, high (100). Only proteins that
were quanti�ed in all three replicates with an average ratio (treated group/control group) above 2 were
selected for further GO analysis with the R language.

 

Transcriptome analysis by RNA-seq. Total RNA of DMSO- and NAR-treated C2C12
myotubes was extracted by using TRIzol Reagent (Thermo Scienti�c 15596018). The samples were sent
to Biomarker Technologies (http://www.biomarker.com.cn/) for sequencing. The fragments per kilobase
of exon model per million mapped reads (FPKM) values of the mRNA were used for further analysis.
Differential expression analysis of the two groups was performed using DESeq2. Genes with an adjusted
P value < 0.05 found by DESeq2 were considered differentially expressed. An FDR < 0.05 and an FC
≥1.5 were set as the thresholds for signi�cant differential expression. GO enrichment analysis and KEGG
pathway enrichment analysis of the upregulated genes and downregulated genes among the
DEGs were implemented with the GOseq R packages and KOBAS software.

 

Sp1 phosphorylation detection. C2C12 myotubes were treated with or without NAR for 24 h and then
lysed in RIPA lysis buffer (GenStar E123-01) containing 1% protease inhibitor cocktail (MCE HY-
K0010) and 1% phosphatase inhibitor cocktail (MCE HY-K0023). The cells were scraped off using cell
scrapers and lysed on ice for 45 min. The proteins were initially precleared with Protein A/G Magnetic
Beads (Thermo Scienti�c 88803) at 4 °C for 1 h. The precleared supernatant was incubated with the anti-
Sp1 antibody (Abcam ab227383) at 4 °C overnight with gentle shaking. This incubation was followed
by the addition of Protein A/G Magnetic Beads (Thermo Scienti�c 88803) and incubation at 4 °C for 1 h.
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The protein-antibody-bead complex was washed three times with lysis buffer for 5 min each time at 4 °C.
The complex was resuspended in loading buffer (Thermo Scienti�c 39000) and boiled for 10 min before
being subjected to Western blot analyses.

 

CETSA. C2C12 myotubes were cultured for 48 h in medium containing DMSO or 400 μM NAR. Then, the
medium was washed away with PBS, and the cells were collected. RIPA lysis buffer (GenStar #E121-01)
containing 1% protease inhibitor cocktail (MCE HY-K0010) was added. The cells were repeatedly frozen
and thawed 3 times in liquid nitrogen and then centrifuged at 12,000 ×g for 15 min at 4 °C. The
supernatant of the DMSO group was divided equally into two parts. One part was treated with 4 mM NAR
for 30 min. The other part of the DMSO-treated group and the 400 μM NAR- treated group were treated
with DMSO for 30 min. For each group, 50 μL (1 mg/mL) was separated and heated with a S1000TM

thermal cycler (Bio–Rad) at different temperature gradients for 5 min. The samples were then centrifuged
at 12,000 ×g for 15 min. The supernatant was removed to prepare electrophoresis samples.

 

Prediction of Sp1 protein structure and ligand binding site. The transcription factor protein Sp1 is
encoded by the Sp1 gene and belongs to the Sp/KLF family 36. Homology modeling and threading have
been used to predict the Zinc Finger structure of Sp1. 

Homology modeling, also known as comparative modeling, a commonly used structure prediction
method 38. Homology modeling aims to build a 3-dimensional structure of a target protein from its
primary amino-acid sequence based on an alignment with a known sequence (template) 39. Here, the
SWISS-MODEL workspace (https://swissmodel.expasy. org/interactive) was employed to build the 3D
structure of the Sp1 protein. 

The I-TASSER server (https://zhanggroup.org/I-TASSER/) is another tool for automated protein structure
prediction. I-TASSER is also atemplate-based method, that employs a multiple-threading approach to
identify known structures with structural similarities to the target protein on the basis of a limited number
of protein folds 40,41.

Once the 3D structure of the Sp1 protein is derermined, the next setp is to predict ligand binding sites. Roll
is a new algorithm for predicting bingding sites and has been implemented in a program named
POCASA 42. In this study, a web server of POCASA 1.1
(http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/) was used to predict the ligand binding sites of the
Sp1 protein. The parameter settings of POCASA were set by default; for example, the radius of the probe
sphere was set to 2 Å, and the size of the unit grid was set to 1 Å. 

 

https://zhanggroup.org/I-TASSER/
http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/
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Molecular docking. Molecular docking was used to explore the interaction between the small molecule
NAR and the protein Sp1.Glide and other modules in Maestro 11.2 software (Schrodinger, LLC: New York,
NY, 2010) were used for molecular docking. First, the structure of the Sp1 protein was preprocessed,
which included addition of hydrogens, removal of waters, protein H-bond network optimization and
structure restraint minimization, with the Protein Preparation Wizard module. Then, the predicted binding
sites of Sp1 were imported into the program as a docking grid box for the next procedure. After that,
possible ionization states at the target pH of 7.0±1.0 and stereoisomers (at most 10 per ligand) were
generated for NAR via the LigPrep module. Finally, these preprocessed ligands were docked into the
predicted binding sites of the SP1 protein through the Ligand Docking with Glide module.

 

The allosteric site prediction of Sp1. The possible binding sites and allosteric sites of Sp1 were predicted
by CavityPlus (http://www.pkumdl.cn:8000/cavityplus/tutorial.php). CavityPlus is an integrated platform
for precise predicting protein binding cavity and functional analysis 43. There are several modules with
different functions, including Cavity 43-45, CavPharmer, CorrSite and CovCys. Firstly, potential binding
sites on the surface of a given protein structure are predicted and ranked with ligandability and
druggability scores. Once protein cavity is determined, CorrSite 43,44,46 is used to identify potential
allosteric sites on the basic of motion correlation analysis between allosteric and orthosteric cavities. 

For the Cavity submodule, Sp1 protein structure was uploaded in Cavity and selected the “No Ligand”
mode, used the default settings for advanced parameters (Supplementary Table 3). The “ActiveSiteType”
parameter in CorrSite2.0 submodule was set to “Cavity Pockets” and then predicted potential allosteric
sites correlated with the orthosteric cavity.

 

Quanti�cation and statistical analysis. All experiments were performed at least three times. The number
of replicates (n) for each animal experiment is shown in the �gure legends. When three or more group
were compared, one-way ANOVA was conducted with treatment as the independent factor. Two-tailed
Student’s t test was used for two groups of measurements. The data are presented as the mean ± SEM.
ns was considered to indicate no signi�cant difference, *P <0.05 was considered to indicate statistical
signi�cance, and **P <0.01 was considered to indicate extreme statistical signi�cance. Excel and
GraphPad were used for all statistical analyses.
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Figures

Figure 1

NAR improves muscle endurance and protects against age- or disease-related muscle atrophy.

a-d, Maximum treadmill running distance (a), limb grip strength normalized to body weight (b),
gastrocnemius (GAS) muscle weights normalized to body weight (c) and gastrocnemius muscle
morphology (d) of middle-aged mice with gastrocnemius intramuscular injection of vehicle or NAR.
n=6/group, 10-month-old C57 mice.
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e-h, Maximum treadmill running distance (e), limb grip strength normalized to body weight (f),
gastrocnemius (GAS) muscle weights normalized to body weight (g) and gastrocnemius muscle
morphology (h) of young mice with gastrocnemius intramuscular injection of vehicle or NAR. n=9-
10/group, 2-month-old C57 mice.

i-l, Maximum treadmill running distance (i), limb grip strength normalized to body weight (g),
gastrocnemius (GAS) muscle weights normalized to body weight (k) and gastrocnemius muscle
morphology (l) of C57 or mdx mice with gastrocnemius intramuscular injection of vehicle or NAR. n=4-
6/group, 4-month-old C57 mice or 4-month-old mdx mice.
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Figure 2

NAR increases the number of oxidative myo�bers and enhances aerobic metabolism in vivo.

a-c, mRNA expression of Myh7 (a) Myh2 (b) and Myh4 (c) in the gastrocnemius muscles of 10-month-old
C57 mice treated with vehicle or NAR. n=6/group.
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d, IF staining of different types of myosin heavy chain (MyHC) and quantitative statistical results of
MyHC I myo�bers in the gastrocnemius muscle of 10-month-old C57 mice treated with vehicle or NAR.
The MyHC isoforms are shown with colors: green (MyHC I), blue (MyHC IIa), magenta (MyHC IIb) and
unstained (MyHC IIx). Scale bar: 100 μm. n=6/group.

e, mRNA expression of aerobic metabolism-related genes in the gastrocnemius muscles of 10-month-old
C57 mice treated with vehicle or NAR. n=6/group.

f-h, mRNA expression of Myh7 (f) Myh2 (g) and Myh4 (h) in the gastrocnemius muscles of 2-month-old
C57 mice treated with vehicle or NAR. n=9-10/group.
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Figure 3

NAR increases the content of oxidative myo�bers and enhances aerobic metabolism in C2C12 myotubes.

a, mRNA expression of Myh7, Myh2 and Myh4 in C2C12 myotubes treated with DMSO or different
concentrations of NAR.
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b, Mitochondrial membrane potential in C2C12 myotubes treated with DMSO or different concentrations
of NAR.

c, Relative mitochondrial DNA (mtDNA) content in C2C12 myotubes treated with DMSO or different
concentrations of NAR as measured by qPCR and normalized to nuclear DNA (nDNA).

d, ATP levels in C2C12 myotubes treated with DMSO or different concentrations of NAR.

e, OCRs of C2C12 myotubes treated with DMSO or NAR. Oligomycin was added to block ATP-coupled
respiration, FCCP was added to induce maximal respiration, and antimycin A/rotenone was added to
block mitochondrial electron transport. n=four biological replicates.

f-h, Basal respiration (f), maximal respiration (g) and spare respiratory capacity (h) of C2C12 myotubes
treated with DMSO or NAR.

i, Scatter plot of the GO analysis results regarding mitochondria-related cellular components in C2C12
myotubes treated with DMSO or NAR, as identi�ed by RNA-seq. The top 13 enriched pathways are shown.

j, Scatter plot of the KEGG metabolic process pathways in C2C12 myotubes treated with DMSO or NAR,
as identi�ed by RNA-seq. Different shapes represent different metabolic processes, and the top 12
enriched pathways are shown.

k, Western blot analyses of the levels of �ve OXPHOS complexes including complex I subunit NDUFB8,
complex II subunit 30kDa, complex III subunit Core 2, complex IV and ATP synthase subunit alpha and
the statistical results for C2C12 myotubes treated with DMSO or NAR. β-Actin was used as the loading
control.

l, mRNA expression of genes related to OXPHOS, the TCA cycle and β-oxidation in C2C12 myotubes
treated with DMSO and NAR. Due to limited space, changes without signi�cant differences are not
marked.
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Figure 4

ERRγ mediates the NAR-induced promotion of oxidative myo�ber content and aerobic metabolism.

a, Genes related to transcription processes that were enriched in the molecular function category in GO
analysis for the DEGs (P<0.05). NAR-upregulated (orange) and NAR-downregulated (blue) genes are
shown. The bars represent the enrichment P values for the biological processes identi�ed from GO
enrichment analysis, and the dashed lines indicate the enrichment (FDR<0.05).
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b, Transcription factors enriched in the molecular function category in GO analysis in for the DEGs (Fold
change > 2).

c-d, Western blot (c) and qPCR (d) analyses of ERRγ levels statistical results for C2C12 myotubes treated
with vehicle (DMSO) or NAR. β-Actin was used as the loading control.

e-f, Western blot (e) and qPCR (f) analyses of ERRγ levels and the statistical results for the gastrocnemius
muscles of middle-aged mice treated with vehicle or NAR. β-Actin was used as the loading control.
n=6/group, 10-month-old C57 mice.

g-h, Western blot (g) and qPCR (h) analyses of ERRγ levels and statistical results for the gastrocnemius
muscles of young mice treated with vehicle or NAR. β-Actin was used as the loading control.

i-j, Western blot (i) and qPCR (j) analyses of ERRγ levels and the statistical results for the gastrocnemius
muscles of C57 and mdx mice treated with vehicle or NAR. β-Actin was used as the loading control. 4-
month-old C57 mice or 4-month-old mdx mice were used.

k, mRNA expression of Esrrg, Myh7, Myh2, Atp5b and Cpt1b in C2C12 myotubes (NC group and Esrrg
knockdown group) treated with DMSO or NAR.

l, mRNA expression of Myh7, Myh2, Atp5b and Cpt1b in C2C12 myotubes (NC group and 4-OHT treated
group) treated with DMSO or NAR. 
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Figure 5

Sp1 is a direct binding protein of NAR in C2C12 cells.

a, Structures of NAR (Naringenin) and NAR-biotin.
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b, mRNA expression of Myh7, Myh2, and Myh4 in C2C12 myotubes treated with DMSO, 400 μM NAR and
400 μM NAR-biotin.

c, SDS-PAGE separation of the proteins immunoprecipitated with biotin or NAR-biotin for MS analysis.

d, Venn diagram of the differentially expressed proteins between the biotin and NAR-biotin groups. The
numbers in the overlapping areas are the numbers of DEGs. Blue represents proteins that were present
only in the NAR-biotin group.

e, Sankey plot showing all transcription factor targets and transcription processes identi�ed by LC-
MS/MS from GO molecular function analysis.

f, Western blot analyses of Sp1 levels in two sets of experiments including biotin and NAR-biotin.

g, CETSA performed to evaluate the interaction between NAR and Sp1 in cell lysates.

h, Possible binding sites of the Sp1 protein predicted by the POCASA server. The gray protein surface
represents the Sp1 protein, and the green blocks represent predicted possible binding sites.

i, Glide docking model of the compound NAR bound with the Sp1 predicted structure. The docking scores
based on the binding sites was -6.584 (Pocket 1). The NAR compound is shown as blue sticks. The
yellow dashed lines illustrate three predicted H-bonds with the ASN-81, SER-83 and GLN-110 residues of
Sp1.
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Figure 6

Sp1 is involved in NAR-mediated upregulation of ERRγ and improvement of muscle function.

a-b, Maximum treadmill running distance (a) and grip strength (b) of the middle-aged mice treated with or
without NAR after Mit-A pretreatment. n=6/group, 10-month-old C57 mice.

c, Gastrocnemius (GAS) weights normalized to body weights for the middle-aged mice with Mit-A- or Mit-
A-NAR-gastrocnemius intramuscular injection. n=6/group, 10-month-old C57 mice.
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d, IF staining of different types of MyHC and quantitative statistical results for MyHC I myo�bers in the
gastrocnemius muscles of middle-aged mice treated with or without NAR after Mit-A pretreatment. MyHC
isoforms are shown with color: green (MyHC I), blue (MyHC IIa), magenta (MyHC IIb) and unstained
(MyHC IIx). Scale bar: 100 μm. n=6/group, 10-month-old mice.

e, mRNA expression of Myh7, Myh2 and Myh4 in the gastrocnemius muscles of middle-aged mice treated
with or without NAR after Mit-A pretreatment. n=6/group, 10-month-old C57 mice.

f-g, Western blot (f) and qPCR (g) analyses of ERRγ levels and statistical results for the gastrocnemius
muscles of middle-aged mice treated with or without NAR after Mit-A pretreatment. β-Actin was used as
the loading control. n=6/group, 10-month-old C57 mice.

h, mRNA expression of energy metabolism-related genes in the gastrocnemius from the middle-aged mice
treated with or without NAR after Mit-A pre-treatment. n=6/group, 10-month-old C57 mice.

i-g, Western blot (i) and qPCR (j) analyses of ERRγ levels in the C2C12 myotubes treated with NAR, Mit-A
or both. β-Actin is used as loading control.

k, Western blot analyses of ERRγ levels in Sp1 knockdown C2C12 myotubes treated with DMSO or NAR.

l, qPCR analyses of Esrrg, Myh7, Atp5b and Cpt1b levels in Sp1 knockdown C2C12 myotubes treated with
DMSO or NAR.
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Figure 7

NAR enhances the interaction of Sp1 with ERRγ promoter through increasing the phosphorylation of Sp1.

a, Deletion constructs of the Esrrg promoter region. Schematic diagram of pGL3-basic constructs
containing different Esrrg promoter regions.
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b, Reporter gene activity in Sp1 overexpressing HEK293T cells. The �re�y luciferase activity was
normalized to the renilla luciferase activity.

c, Schematic of the pSE-1518DEL deletion vector of the Esrrg promoter fragment (top) and the multiple
site mutation sequences of the pSE+38MT and pSE+38 dual luciferase truncation vectors (bottom).

d-e, Deletion analysis (d) and mutation analysis (e) of the potential transcription factor binding site (Sp1)
on the Esrrg promoter in HEK293T cells.

f, Analysis of the induction and response of NAR by mutation of the potential binding site of the
transcription factor Sp1 on the Esrrg promoter in HEK293T cells.

g, ChIP analysis of genomic DNA from C2C12 myotubes revealing that Sp1 binds to the Esrrg promoter
and responds to NAR induction in vivo.

h, Analysis of the induction and response of NAR by inhibition of the activity of the transcription factor
Sp1 in HEK293T cells.

i, Analysis of the induction and response of NAR by mutation of the predicted NAR binding site in the Sp1
overexpression vector (Sp1-MT-Pocket1-GLN) in HEK293T cells.

j, Potential phosphorylation sites of Sp1 produced by binding of NAR.

k, Western blot analysis of the effect of NAR on the phosphorylation level of Sp1. Total Sp1 level was
used as the loading control.

l, Scheme of NAR improving muscle endurance. NAR directly binds to Sp1, promoting phosphorylation
and thus increasing the binding of Sp1 to the Esrrg promoter, which in turn leads to enhanced Esrrg
transcription and ultimately to upregulation of ERRγ expression.
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