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IRF4 in Skeletal Muscle Regulates Exercise Capacity via
PTG/Glycogen Pathway

Xiaopeng Zhu, Ting Yao, Ru Wang, Shanshan Guo, Xin Wang, Zhenqi Zhou, Yan Zhang,
Xiaozhen Zhuo, Ruitao Wang, John Zhong Li,* Tiemin Liu,* and Xingxing Kong*

Exercise-induced fatigue and exhaustion are interesting areas for many
researchers. Muscle glycogen is critical for physical performance. However,
how glycogen metabolism is manipulated during exercise is not very clear.
The aim here is to assess the impact of interferon regulatory factor 4 (IRF4) on
skeletal muscle glycogen and subsequent regulation of exercise capacity.
Skeletal muscle-specific IRF4 knockout mice show normal body weight and
insulin sensitivity, but better exercise capacity and increased glycogen content
with unaltered triglyceride levels compared to control mice on chow diet. In
contrast, mice overexpression of IRF4 displays decreased exercise capacity
and lower glycogen content. Mechanistically, IRF4 regulates
glycogen-associated regulatory subunit protein targeting to glycogen (PTG) to
manipulate glucose metabolism in skeletal muscle. Knockdown of PTG can
reverse the effects imposed by the absence of IRF4 in vivo. These studies
reveal a regulatory pathway including IRF4/PTG/glycogen synthesis on
controlling exercise capacity.
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1. Introduction

Muscle glycogen synthesis comprises a
principal pathway of glucose storage. Im-
pairment of muscle glucose uptake and
glycogen synthesis are major contributors
to insulin resistance and type 2 diabetes
mellitus (T2DM).[1] Results also suggest
that muscle glycogen availability can affect
performance during both short-term and
more prolonged high-intensity intermittent
exercise.[2] One of the first studies using
the needle biopsy technique to obtain
samples of human skeletal muscle showed
a marked muscle glycogen depletion after
prolonged (≈2 h) cycling exercise, and the
time until exhaustion was correlated to the
pre-exercise glycogen concentration.[3]

Since then, many studies have con-
firmed that exercise capacity is severely
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compromised when muscle glycogen content is depleted to very
low levels.[4,5] However, the exact mechanism(s) by which causes
glycogen depletion remains uncertain.

Glycogen synthesis depends on the activity of glycogen
synthase (GS) and protein phosphatase 1 (PP1). For glycogen
synthesis to occur, GS and PP1 must localize to glycogen
particles, which occurs through glycogen-associated regulatory
subunits (PP1 G-subunits). PP1 G-subunits constitute a family of
proteins including PPP1R3A, PPP1R3B, PPP1R3C, PPP1R3D,
and PPP1R3E. G-subunits display tissue- and species-specific
expression. In rodent skeletal muscle, several members of
the G-subunits gene family are expressed; the muscle-specific
PPP1R3A and PPP1R3C (encoding protein named protein tar-
geting to glycogen (PTG)), which are expressed mostly in muscle
and liver; and the relatively wide spread isoform PPP1R3D.
PPP1R3B[6] and PPP1R3E[7] genes are not significantly ex-
pressed in rodent. Among them, PTG plays a crucial role in
controlling glycogen synthesis,[8–10] and its overexpression
dramatically increases glycogen content because of a redistribu-
tion of PP1 and GS to glycogen particles.[8,9,11,12] However, the
upstream of PTG is rarely investigated.

Rosen and his co-workers identified IRF4 as an antiadipogenic
transcription factor following a screen based on epigenomic
changes during differentiation.[13] Our previous work suggested
that IRF4 serves as a key molecular node in virtually all of the
metabolic actions of adipose tissue. Specifically, we have ad-
dressed that IRF4 regulates lipolysis and lipogenesis in white and
brown adipocytes, thermogenesis in brown adipocytes, and M2
polarization in adipose-resident macrophages.[14,15] IRF4 is regu-
lated transcriptionally by nutritional state and cold exposure, and
directly interacts with co-factors such as PGC-1𝛼 in brown fat.
PGC-1𝛼 can regulate metabolic genes in skeletal muscle and con-
tributes to the response of muscle to exercise. Recently, there are
some studies showing a link between exercise and thermogen-
esis. In terms of this, we propose to delve more deeply into the
mechanisms by which IRF4 exerts its metabolic actions in skele-
tal muscle.

To investigate the role of IRF4 in skeletal muscle tissue, we
generated mouse lines in which loss- or gain-of-function of IRF4
was induced in a skeletal muscle-specific manner. Here, we de-
scribed that muscle-specific IRF4 deletion (muscle-specific IRF4
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knockout (MI4KO)) increased glycogen content in skeletal mus-
cle prior to exercise when compared to wild-type (WT) mice on
chow diet. Conversely, mice that overexpressed IRF4 transgeni-
cally in skeletal muscle displayed decreased exercise capacity.
Most importantly, within the skeletal muscle, loss of IRF4 caused
upregulation of PTG expression and, subsequently, increased GS
protein level. Finally, knockdown of PTG can block the effects im-
posed by the absence of IRF4, further showing the role of IRF4
in regulating PTG expression. Collectively, these studies indicate
that IRF4 is a coordinator of glycogen synthesis via regulation of
PTG.

2. Results

2.1. IRF4 Expression Is Regulated by Exercise in Skeletal Muscle

We first addressed whether skeletal muscle IRF4 expression was
regulated by exercise. Indeed, Irf4 expression was upregulated
after exercise in skeletal muscle of trained mice (Figure 1a). IRF4
expression was also measured in skeletal muscle from mice with
acute exercise compared to sedentary mice. Its expression was
increased even after one bout exercise (Figure 1b). It is interesting
that the expression of IRF4 was also increased in adipose tissue
and heart after exercise (Figure S1a,b, Supporting Information),
indicating that the increased expression of IRF4 after exercise is
a systemic effect.

In addition, hindlimb suspension (HLS) of rodents by the tail
is a well-established approach to create a ground-based model of
microgravity and musculoskeletal disuse that mimics many of
the physiological changes associated with space flight, prolonged
bed rest, as well as with extremely nonexercising.[16,17] WT mice
were randomly separated into three groups (control/ nonsuspen-
sion, unload/ 1 week suspension, reload/reloaded for 7 days after
7 days HLS). In comparison to the controls, the weight of gas-
trocnemius (GAS) and soleus (SOL) muscle were significantly
decreased in unload group and recovered in reload group (Fig-
ure S1c,d, Supporting Information). Irf4 messenger ribonucleic
acid (mRNA) level was decreased in skeletal muscle from HLS
mice and was back to normal after 7 days reload (Figure 1c; Fig-
ure S1e, Supporting Information). These data suggest that IRF4
in the skeletal muscle is correlated with physical activity.

2.2. Mice Loss of IRF4 in Skeletal Muscle Shows Normal Body
Weight and Insulin Sensitivity on Chow Diet

We next developed a system by crossing myosin light polypeptide
1 (Myl1)-cre,[18] which is skeletal-muscle selective, with IRF4
flox mice (Figure S2a, Supporting Information) to target the
IRF4 gene and generate skeletal muscle-specific-null alleles. The
resulting Irf4flox/flox;Cre+ animals had remarkably little IRF4
protein left in the skeletal muscle while other tissues, such as fat,
heart, and spleen, showed no change (Figure 2a,b). Since muscle
tissue contains endothelial cells, Schwann cells associated with
axons, satellite cells, adipocytes, and fibroblasts, in addition to
skeletal muscle fibers, not all nuclei in skeletal muscle tissue
are contained within muscle cells. Indeed, histological studies
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Figure 1. The association of IRF4 in skeletal muscle with exercise. a) qPCR analysis of Irf4 expression in skeletal muscle of mice in sedentary and exercise
groups (n = 7, ***p < 0.001). Male C57BL/6J wid-type (WT) mice were individually housed in cages with access to a running wheel (free wheel-running)
for 30 days and sacrificed after 1 h treadmill exercise. b) Western blot analysis of the expression of IRF4 in skeletal muscle of WT mice in sedentary, 0
h after exercise, and 3 h after exercise group. Protein amount was quantified using ImageJ (n = 3–4, *p < 0.05). c) qPCR analysis of Irf4 expression in
skeletal muscle of WT mice in control (nonsuspension), unload (suspension for 7 days), and reload (7 days reload after 7 days suspension) (n = 4, *p
< 0.05). All results are expressed as means ± SEM.

indicate that ≈45% of the nuclei within skeletal muscle tissue
are contained within muscle fibers.[19] Therefore, we reasoned
that selective and efficient deletion of floxed Irf4 sequences in
nuclei from skeletal muscle depot would result in ≈50% deletion
of floxed Irf4 sequences in RNA isolated from skeletal muscle
tissue (Figure S2b, Supporting Information).

Metabolic phenotypes of MI4KO mice were first calculated. On
a regular chow diet, both male and female MI4KO mice displayed
no body weight or body composition difference with the control
littermates (Figure 2c,d; Figure S2c, Supporting Information).
Skeletal muscle is a major tissue involved in glucose metabolism.
We then performed the insulin tolerance test and glucose toler-
ance test (ITT and GTT). These mice have normal GTT and ITT
relative to control mice on chow diet in both genders (Figure 2e,f;
Figure S2d,e, Supporting Information). We also examined skele-
tal muscle by microscopy to see whether the absence of IRF4 had
any gross morphological consequences. Examination of skeletal
muscle sections from the MI4KO mice by hematoxylin and eosin
(H&E) staining did not reveal any abnormalities as compared
with flox littermates (Figure 2g). There were no significant dif-

ferences in muscle weights between MI4KO and flox mice (Fig-
ure 2h).

2.3. Mice Lacking IRF4 in Skeletal Muscle Have Increased
Exercise Capacity

To test whether IRF4 knockout would affect exercise capacity,
we subjected MI4KO and control mice to a high-intensity tread-
mill regimen (Figure S3a, Supporting Information). Surpris-
ingly, MI4KO male mice demonstrated increased exercise capac-
ity compared to control mice (Figure 3a,b). Grip strength, how-
ever, was unaffected (Figure S3b, Supporting Information). Dif-
ferent muscle fiber types were reported to contribute to exer-
cise capacity.[20–22] However, that was not the case in our study,
as the skeletal muscle displayed a normal distribution of Type
I and Type II fibers (Figure 3c). And there were no differences
in muscle-fiber-type genes (Figure S3c, Supporting Information).
We next measured blood glucose levels before and after running
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Figure 2. Loss of IRF4 in skeletal muscle shows normal systemic metabolism. a,b) Western blot analysis of the expression of IRF4 in tissues of MI4KO
and flox mice. Protein amount was quantified using ImageJ (n = 3, *p < 0.05). c) The body weight of male MI4KO and flox mice on chow diet (n =
8−10, *p < 0.05). d) The body composition of male MI4KO and flox mice on the age of 20 weeks (n = 8−10). e,f) The glucose tolerance test and insulin
tolerance test in male MI4KO and flox mice on chow diet at the age of 9 and 10 weeks, respectively (n = 8). g) H&E staining of SOL, GAS, TA, EDL,
and VAS of male MI4KO and flox mice (scale bars, 50 µm). The percentage of central nuclei was measured by manual counting (n = 3). h) The muscle
weight of MI4KO and flox mice (n = 5). All results are expressed as means ± SEM. SOL, soleus; GAS, gastrocnemius; TA, tibialis anterior; EDL, extensor
digitorum longus; VAS, vastus.
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Figure 3. Ablation of IRF4 in skeletal muscle increases the exercise capacity. a,b) The running time and distance of male MI4KO and flox mice (n =
10–11, **p < 0.01). c) ATPase staining of SOL, GAS, TA, EDL, and VAS of male MI4KO and flox mice (scale bars, 50 µm). Myofiber type distribution was
quantified by manual counting (n = 3). d,e) The glucose level of male MI4KO and flox mice before and after running exhaustion (n = 10–11). f,g) The
lactate level of male MI4KO and flox mice before and after running exhaustion (n = 7). h) The glycogen level of GAS in male MI4KO and flox mice before
exercise (n = 6, *p < 0.05). i) The glycogen level of GAS in male MI4KO and flox mice after exhausting exercise (n = 4). j) The muscle triglyceride level
in male MI4KO and flox mice (n = 6). All results are expressed as means ± SEM.

to confirm that all mice ran to their limit of fatigue and to test
whether differences in blood glucose levels might have affected
exercise capacity. Blood glucose levels declined with exercise in
both groups, with no significant difference in pre- or postexer-
cise levels between the groups (Figure 3d,e). Lactate formation
causes acidosis, and muscular fatigue[23,24] is present in the peri-
odic literature and in biochemistry, physiology, and exercise phys-

iology textbooks. Recent studies highlight lactate as a biomarker
of fatigue rather than as a direct cause.[25–27] Serum lactate lev-
els were absolutely elevated in both groups after exercise but no
significant differences between two groups (Figure 3f,g). Since
glycogen depletion can contribute to exercise fatigue (“glycogen
shunt” hypothesis),[28] we assessed baseline glycogen levels in
muscles of both groups and found that MI4KO mice had more
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glycogen content in skeletal muscle than flox mice before exercise
(Figure 3h; Figure S3d,e, Supporting Information). However, the
glycogen content in muscle of MI4KO and flox mice was not sig-
nificantly different after exhausting exercise (Figure 3i), indicat-
ing that the increased exercise capacity of MI4KO mice is resulted
from increased glycogen content before exercise. The skeletal
muscle triglyceride content did not show any differences between
the two groups (Figure 3j; Figure S3f, Supporting Information).

2.4. Targeted Expression of IRF4 Causes Reduced Exercise
Capacity

We next tested whether overexpression of IRF4 in skeletal mus-
cle (muscle-specific IRF4 overexpression (MI4OE)) would yield
opposing effects to the knockout. By crossing the Myl1-cre with
Rosa26-LSL-IRF4 mice[29] (Figure S4a, Supporting Information),
skeletal muscle Irf4 mRNA was increased more than 100-fold,
but protein only increased by ≈3–5 fold (Figure 4a; Figure S4b,
Supporting Information). No overexpression was seen in other
tissues (Figure 4b). MI4OE mice showed no significant differ-
ence of body weight and muscle weights on chow diet (Fig-
ure 4c,d; Figure S4c, Supporting Information). In addition, we
addressed the effect of IRF4 overexpression on glucose home-
ostasis in skeletal muscle. We found that MI4OE mice had nor-
mal glucose and insulin tolerance test relative to control mice
(Figure 4e,f; Figure S4d,e, Supporting Information).

We also assessed whether overexpression of IRF4 could affect
the running ability in mice. MI4OE mice displayed reduced exer-
cise capacity, with lower glycogen levels in skeletal muscle before
running (Figure 4g–i). Grip strength was similar in both groups
(Figure S4f, Supporting Information).

2.5. IRF4 Regulates Glycogen Synthesis Potentially through PTG
in Skeletal Muscle

To further investigate the molecular changes in skeletal muscle
induced by IRF4 knockout or overexpression, we performed
two independent RNA-seq assays. One is on SOL muscle from
MI4KO and flox mice, and results were normalized to the flox
mice; this indicated 447 genes are different corresponding to a
|fold-change| of ≥1.5 and a p-value of <0.05 (Figure 5d; Figure
S5a and Table S1, Supporting Information). The other is on
GAS muscle from MI4KO and MI4OE mice, and results were
normalized to the MI4KO mice; this revealed 872 differentially
regulated genes corresponding to a |fold-change| of ≥1.5 and
a p-value of <0.05 (Figure 5a,d; Table S2, Supporting Informa-
tion). Among the differentially regulated genes in GAS, there
were 312 upregulated genes and 560 downregulated genes in
overexpressed IRF4 muscle compared to IRF4 knockout muscle
tissue (Figure 5d). The Ingenuity Pathway Analysis (IPA) of
GAS data showed that most significant differentially expressed
genes were related to glucose metabolism disorders, and other
pathways involved in diseases and functions associated with
metabolism (Figure 5c). Interestingly, when compared changed
genes in both SOL and GAS analyses, 31 genes were overlapped
(Table S3, Supporting Information). Ppp1r3c (PTG) is not only

on the top ten overlapped altered genes list, but also is the only
gene related to glycogen synthesis (Figure 5b,d,e; Figure S5b,
Supporting Information). PTG is known to bring PP1 and GS
into close proximity for the regulation of glycogen synthesis
(Figure S5c, Supporting Information). The other muscle-specific
glycogen-targeting subunit, Ppp1r3a, and glycogen metabolism
related genes were not altered in the two groups (Figure 5b;
Figure S5b,d, Supporting Information). The Ptg mRNA was
nearly 2-fold increased (Figure 5f) and protein level was about
3-fold higher in muscle of MI4KO mice compared to flox mice
(Figure 5g). Conversely, Ptg mRNA and protein levels were
reduced when IRF4 was overexpressed in skeletal muscle (Fig-
ure 5h,i). PTG is a critical regulator of PP1, a phosphatase of
glycogen synthase. Therefore, we further explored the phospho-
rylation of GS in the mice. MI4KO mice had a trend toward
lower phosphorylation of GS in GAS compared to flox mice
(Figure 5j). MI4OE mice had a higher phosphorylation of GS
in GAS compared to control mice (Figure 5k) prior to running.
Besides these, we found that the total level of GS was changed,
increased in skeletal muscle with IRF4 ablation, and decreased
in muscle with IRF4 overexpression. These results are consistent
with the notion that PTG promotes the dephosphorylation of GS
and increases the activity of GS.[30–34]

Muscle glycogen concentration was reported to be significantly
higher in the freely hanging limbs from head-down suspension
rats.[35] In this study, we found downregulation of Irf4 (Figure 1c)
and upregulation of Ptg expression in hanging limbs (Figure S5e,
Supporting Information), which may contribute to the increased
glycogen content. Concomitant with this, PTG was decreased af-
ter acute exercise (Figure S5f,g, Supporting Information), while
IRF4 expression was increased (Figure 1b) and glycogen was de-
creased. Taken together in the context of IRF4 ablation, these re-
sults provide evidence that regulation of PTG expression may be
directly responsible for the increased glycogen levels observed in
our studies.

2.6. PTG Is Required for the Glycogen Induction in
IRF4-Depleted Muscle

IRF4 has defined roles in transcriptional regulation and binds
to interferon-stimulated response elements (ISRE). Next, we
searched ISRE on the promoter of PTG. However, there was
no ISRE on PTG promoter, suggesting that IRF4 may indi-
rectly regulate PTG expression. Mammalian target of rapamycin
(mTOR)/sterol regulatory element-binding protein 1 (SREBP1)
signaling pathway was reported to regulate PTG expression.[10]

We thus assessed phosphorylation of mTOR and its targeted gene
p70S6K. mTOR signaling was induced in IRF4 disrupted muscle
(Figure 6a).

To further test whether PTG mediates the effect of muscle
IRF4 loss on glycogen, we carried out a PTG loss-of-function
approach in vivo. We forced knockdown of PTG directly in
the GAS muscle of mice using adeno-associated viruses (AAV)
delivery. Three small hairpin ribonucleic acids (shRNAs) (Table
S4, Supporting Information) to target PTG were designed using
the BLOCK-iT RNAi Designer. Ptg expression was 50% knocked
down by two of them (Figure S6a, Supporting Information). We
thus chose NO.2 to confirm its effect in protein level in cells
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Figure 4. Muscle-specific IRF4 overexpression mice display reduced exercise capacity. a,b) Western blot analysis of the expression of IRF4 in tissues of
MI4OE and WT mice. Protein amount was quantified using ImageJ (n = 3, *p < 0.05). c) The body weight of male MI4OE and WT mice on chow diet (n
= 8–10). d) The muscle weight of MI4OE and WT mice (n = 5). e,f) The glucose tolerance test and insulin tolerance test in male MI4OE and WT mice
on chow diet at the age of 9 and 10 weeks, respectively (n = 8). g,h) The running time and distance of male MI4OE and WT mice (n = 8–12, *p < 0.05).
i) The glycogen level of GAS in male MI4OE and WT mice (n = 8–9, *p < 0.05). All results are expressed as means ± SEM.

(Figure S6b, Supporting Information) and then generate AAV.
AAV was injected once, and experiments were carried out after
4 weeks recovery. There were no differences in GAS weight
between AAV–shPTG and AAV–green fluorescent protein (GFP)
injection mice (Figure S6c, Supporting Information). PTG
protein was decreased in GAS from AAV–shPTG injected mice
compared to that from control mice (Figure 6b). Glycogen con-
tent in GAS was back to normal when treated MI4KO mice with

AAV–shPTG (Figure 6c). C2C12 cell experiment also showed
the same trend of glycogen content (Figure 6d). Additionally, the
phosphorylation of GS in GAS of MI4KO mice with AAV-shPTG
was increased compared with MI4KO mice with AAV–GFP (Fig-
ure 6e). Even only GAS muscle was injected with AAV–shPTG,
it was sufficient to block IRF4 effects on exercise capacity (Fig-
ure 6f,g). Our data thus strongly suggest a model in which IRF4
inhibits PTG expression and then regulates glycogen synthesis

Adv. Sci. 2020, 7, 2001502 2001502 (7 of 13) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. RNA-seq of skeletal muscle from MI4KO and MI4OE mice. a) Heat map of differentially expressed genes in GAS of MI4KO and MI4OE mice
(n = 3). b) Volcano plot of differentially expressed genes in GAS of MI4KO and MI4OE mice (Down: p < 0.05 and log FC <−0.58; Up: p < 0.05 and log
FC > 0.58). Genes that relative to glycogen metabolism were labeled. c) The Ingenuity Pathway Analysis (IPA) of RNA-seq on GAS. d) The comparison
of genes that changed in the RNA-seq of SOL or GAS (Down: p < 0.05 and log FC <−0.58; Up: p < 0.05 and log FC > 0.58). e) Top ten genes changed in
both SOL and GAS. f) qPCR analysis of Ppp1r3c (Ptg) expression in skeletal muscle of MI4KO and flox mice (n = 4, *p < 0.05). g) Western blot analysis
of the expression of PTG in skeletal muscle of MI4KO and flox mice. Protein amount was quantified using ImageJ (n = 6, *p < 0.05). h) qPCR analysis
of Ptg expression in skeletal muscle of MI4OE and WT mice (n = 6, *p < 0.05). i) Western blot analysis of the expression of PTG in skeletal muscle of
MI4OE and WT mice. Protein amount was quantified using ImageJ (n = 6, *p < 0.05). j) Western blot analysis of the expression of phospho-glycogen
synthase (P-GS [Ser641]) and total GS in GAS of MI4KO and flox mice. Protein amount was quantified using ImageJ (n = 3, *p < 0.05). k) Western blot
analysis of the expression of P-GS (Ser641) and GS in GAS of MI4OE and WT mice. Protein amount was quantified using ImageJ (n = 3, *p < 0.05, **p
< 0.01). All results are expressed as means ± SEM.
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Figure 6. PTG mediates the effect of IRF4 on exercise capacity and glycogen synthesis. a) Western blot analysis of mTOR signaling pathway in GAS of
MI4KOmice. Protein amount was quantified using ImageJ (n = 3–6, *p < 0.05). b) Western blot analysis of the expression of PTG in skeletal muscle of
MI4KO mice with or without AAV–shPTG injection. Protein amount was quantified using ImageJ (n = 3, **p < 0.01). c) The glycogen level of GAS in
male flox and MI4KO mice with or without AAV–shPTG injection (n = 6–7, *p < 0.05 and **p < 0.01). d) The glycogen level of C2C12 myoblast (n =
4, *p < 0.05). Cells were transfected with pLKO.1-shLacZ, pLKO.1-shIRF4, pLKO.1-shPTG, or pLKO.1-shIRF4 with pLKO.1-shPTG. The cellular glycogen
level was measured after 72 h of transfection. e) Western blot analysis of the expression of P-GS (Ser641) and GS in GAS of flox mice and MKO mice
with AAV injection. Protein loading was adjusted to GS total level. Protein amount was quantified using ImageJ (n = 4, *p < 0.05). f,g) The running time
and distance of male flox and MI4KO mice with or without AAV–shPTG injection (n = 6, *p < 0.05 and **p < 0.01). h) A schematic model showing that
IRF4 regulates exercise capacity in skeletal muscle. All results are expressed as means ± SEM.
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in skeletal muscle, eventually manipulates exercise capacity
(Figure 6h, Work model).

3. Discussion

In summary, we have discovered a novel role of IRF4 in skele-
tal muscle which affects physical activity. IRF4 expression is in-
creased in skeletal muscle of mice (both nontrained and trained)
after exercise, whereas in HLS mice it is decreased. Mice lack-
ing IRF4 in the skeletal muscle display a normal metabolic phe-
notype but induce exercise capacity. Moreover, overexpression of
IRF4 shows opposite effects. Metabolically, PTG is required for
this effect in skeletal muscle.

For many years, people have been trying to find ways to run for
a long time and fast, with very limited improvements. Skeletal
muscle glycogen is thought to be critical for exercise capacity.[36]

Glycogen synthesis and glucose uptake are closely related, since
GS and facilitated glucose transporter 4 (GLUT4) are co-regulated
by Akt.[37,38] Additionally, adenosine monophosphate-activated
protein kinase (AMPK) activation promotes glucose uptake
via facilitated GLUT4 during exercise and increases glyco-
gen synthesis in skeletal muscle.[39,40] There are many factors
that can alter glucose entry into muscle, including inflamma-
tory/bacterial factors that can impair insulin action and glucose
transporter-mediated uptake of glucose. Klip group investigated
that nucleotide oligomerization domain (NOD) proteins con-
tribute to glucose uptake in adipose tissue, liver, and muscle
cells.[41,42] Schertzer group indicated that IRF4 was responsible
for NOD2-induced insulin sensitizing and anti-inflammatory
effects during obesity and endotoxemia.[43] In our study, we did
not notice any changes in inflammatory genes changed for IRF4
ablation muscle based on RNA-seq data. We demonstrated an
IRF4-mediated feedback signaling pathway between exercise and
exercise-induced exhaustion. When running, IRF4 was induced
and then inhibited PTG-associated glycogen synthesis, which
eventually led to glycogen depletion and causing exhaustion. The
glycogen contents in skeletal muscle was higher in MI4KO mice
than in flox mice prior to exercise. However, after running until
they were exhausted, the levels of glycogen were similar in both
models. In addition, GS protein level was higher and phospho-
rylation level had a trend to be lower in IRF4 ablation muscle.
These results suggest that glycogen synthesis and re-synthesis
are critical for IRF4 to suppress exercise capacity. We previ-
ously found that brown adipose-tissue-specific IRF4 knockout
(BATI4KO) mice exhibit decreased exercise capacity. Further-
more, loss of IRF4 in BAT increases myostatin expression, which
plays a role in BAT and skeletal muscle crosstalk.[44] However,
the MI4KO mice showed increased exercise capacity, and there
is no altered myostatin expression in IRF4 ablation skeletal
muscle compared to control. This suggested that IRF4 regulates
exercise capacity in a tissue-specific manner. Another study
reported a role of IRF4 in the regulation of pathological cardiac
hypertrophy, which mediated by cyclic adenosine monophos-
phate (cAMP) response element-binding protein (CREB).[45]

Moreover, CREB/cAMP in skeletal muscle can regulate exercise
performance and glycogen content.[46] These studies suggested
that IRF4 may regulate glycogen through CREB. However, we
did not see any CREB-responsive genes expression altered, or

muscle hypertrophy (shown in activation of the CREB study) in
MI4KO mice compared to controls. Other than that, increased
PTG expression and glycogen content in IRF4 deleted skeletal
muscle contribute to improved exercise capacity.

Moreover, the expression of IRF4 was upregulated not only in
skeletal muscle but also in adipose tissue and heart after exer-
cise, indicating that exercise exerts a systemic effect on IRF4 ex-
pression. How does exercise regulate IRF4 expression? One piece
of our previous work focused on the role of IRF4 in brown fat
and found PGC-1𝛼 may regulate IRF4 expression when exposed
to cold stress.[15] Another work from Rosen group suggested
that Foxo1 can mediate insulin signaling on IRF4 expression.[13]

PGC-1𝛼 and Foxo1 are both very important factors to regulate en-
ergy homeostasis in metabolic tissues and they are responsive to
exercise.[47–50] PGC-1𝛼 and Foxo1 could be involved in regulat-
ing exercise-induced IRF4 expression in different tissues. Except
for those, endocrine response, stress, or nervous system may be
considered as well. Further studies need to be done.

In order to illustrate what kind of gene sets altered in skele-
tal muscle, we performed two RNA-seq assays on SOL and GAS,
respectively. Both assays showed changes in hundreds of genes,
buy only 31 genes out of the 447 in SOL and 872 in GAS over-
lapped. This may be that SOL and GAS have different proportions
of fiber types, which leads to different function and metabolism.
SOL is predominantly type I fiber, whereas GAS is a type I and
type II fiber mixed muscle.[51] Type I fiber is responsible for slow
twitch, whereas type II fiber is responsible for fast twitch. Thus,
they have significant differences in function and metabolism,
hence the reason why only 31 genes overlapped. Among the
31 genes, one of the significantly upregulated genes was PTG,
which regulates glucose metabolism. Other genes, such as Foxo1
and Nnmt, are involved in energy metabolism as well. However,
whether they are responsible for IRF4-induced activity is not clear
yet, and further studies need to be done. IPA analysis indicates
that loss of IRF4 in skeletal muscle may contribute to glucose
metabolism disorder. However, neither MI4KO nor MI4OE mice
showed any body weight or insulin sensitivity differences on nor-
mal chow diet. To investigate whether IRF4 in skeletal muscle has
a role in regulating systemic energy homeostasis, further exper-
iments need to be done, thus, when using high-fat diet on mice.
Those studies are still ongoing.

PTG, a scaffolding protein that targets protein PP1 to glyco-
gen, is reported to play a critical role in glycogen synthesis.[8,10,52]

Study showed that heterozygous PTG deletion did not lead to
impaired glycogen synthesis and reduced glycogen levels in
GAS.[52] In our study, we also found that knockdown of PTG
in C2C12 myoblast did not significantly change the content of
glycogen. However, the glycogen level in GAS of MI4KO mice
with AAV–shPTG injection was significantly reduced. The rea-
son of this inconsistency could be that PTG does not affect the
basal level of glycogen, whereas it regulates glycogen contents
induced by IRF4 ablation in skeletal muscle. Despite lack of
studies on PTG’s role in skeletal muscle, disruption of striated
muscle Ppp1r3a leads to increased body weight and fat deposi-
tion, whereas PTG showed compensatory stimulation by insulin
in the absence of Ppp1r3a.[53] PTG expression is increased in
the absence of IRF4 and decreased when IRF4 is overexpressed
in skeletal muscle. Knockdown of PTG in vivo can block the
effects of IRF4 deletion. As a result, we conclude that PTG is
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a potential mediator that regulates IRF4’s function in glycogen
synthesis in skeletal muscle. Then the coming question is how
IRF4 regulates PTG expression. As a transcriptional factor, IRF4
can regulate lots of genes in immune (IL-4,[54] Bcl-6, CD23, and
IL-1𝛽 [55]) and in metabolism (hormone-sensitive lipase (HSL),
adipose triglyceride lipase (ATGL),[13] and uncoupling protein 1
(UCP1)[15]). However, there is no IRF4 binding elements on the
PTG promoter. Hypoxia-inducible factor 1 (HIF1)[56] and fork-
head protein FOXA2[57] were reported to transcriptionally reg-
ulate PTG. We did not see any HIF1 expression differences in
skeletal muscle of MI4KO compared to flox mice. Additionally,
FOXA2 was rarely expressed in muscle. Conversely, mTOR and
SREBP pathways were reported to regulate PTG expression in
liver.[10] We have reported that IRF4 can regulate mTOR signal-
ing in BAT.[15] Here, mTOR pathway was also induced in IRF4-
deleted muscle. We therefore presumed that IRF4 may regulate
PTG through mTOR pathway, not directly binding at transcrip-
tional level.

Given numerous benefits of exercise in preventing metabolic
diseases, identification of druggable targets that mimic or boost
the molecular cascade of endurance training has been a long-
standing, but elusive, medical goal.[58] Our study identifies IRF4
as the signaling node that regulates metabolic adaptation to ex-
tracellular stimuli; this is supported by our findings that IRF4
levels in skeletal muscle were increased by exercise, and that the
genetic IRF4 KO mouse model facilitated a reprogramming of
glycogen synthesis. MI4KO mice showed endurance exercise ca-
pacity without previous training. Thus, we propose that IRF4 may
play an important role in manipulating exercise fatigue.

4. Experimental Section
Animals: B6.129S1-Irf4tm1Rdf/J mice (IMSR_JAX:0 09380) and

Myl1tm1(cre)Sjb/J mice (IMSR_JAX:02 4713) were purchased from Jack-
son Laboratory. Rosa26-LSL-IRF4 mice were generated as previously
reported.[17] Mice were maintained under a 12 h light/12 h dark cycle at
constant temperature (23 °C) with free access to food and water. Irf4flox/flox

mice were first crossed to Myl1-Cre mice. The MI4KO mice were obtained
by mating F1Irf4flox/+;Cre+ mice to littermate Irf4flox/+;Cre− mice. The
MI4OE mice were obtained by crossing Myl1-Cre mice with Rosa26-LSL-
Irf4 mice. All animal studies were approved by the Institutional Animal
Care and Use Committee of UCLA.

Exercise Protocol 1: Long-Term Training Exercise Followed by an Acute Ex-
ercise: 8 week male C57BL/6J WT mice were individually housed in cages
with free access to a running wheel (free wheel running). Mice were ex-
ercised for 30 days and then randomly divided into the sedentary and ex-
ercise groups (one-bout treadmill exercise). For treadmill exercise, mice
were acclimated to the treadmill by running for 10 min at 10 m min−1 for
2 days prior to experimentation. On the third day, mice run the treadmill
at 12 m min−1 with 5° incline for 90 min.

Exercise Protocol 2: Acute Endurance Treadmill Exercise: 8 week male
C57BL/6J WT mice were randomly divided into the sedentary, 0 h post ex-
ercise, and 3 h post exercise groups.[59] Mice in the sedentary group were
fasted for 6 h prior to tissue harvest. Mice in the 0 h post exercise and 3
h post exercise groups were fasted for 3 h prior to exercise. Mice were ac-
climated to the treadmill for 2 days and run the treadmill on the third day
as described in the “Exercise Protocol 1: Long-Term Training Exercise Fol-
lowed by an Acute Exercise” Section. Mice in the 0 h post exercise group
were sacrificed immediately post exercise. Mice in the 3 h post exercise
group were sacrificed 3 h post exercise.

Exercise Capacity Measurement: Mice at the age of 8 weeks were re-
quired an acclimation period of 2 days to the treadmill before the exercise

test. For adaptive exercise, the treadmill was set at a 20° incline and began
with a 5 min 0 m min−1 acclimation period, followed by 10 m min−1 for
10 min and 14 m min−1 for another 10 min. For exercise test, the treadmill
was set at a 10° incline, began at a speed of 10 m min−1 for 5 min, and
increased by 2 m min−1 every 5 min until the mice were exhausted (mice
spent more than 5 s on the electric shocker without resuming running).

HLS Model: The HLS method was performed as previous
described.[60] Briefly, 10 week male mice were HLS for 7 days. The
reloaded mice were suspension for 7 days and then reloaded for another
7 days. The weight of skeletal muscle was measured after the mice were
sacrificed.

Body Composition Measurement: The body composition of mice was
noninvasively measured using the Minispec mq10 NMR Analyzer (Bruker)
according to the manufacturer’s instructions.

Glucose and Insulin Tolerance Tests: For GTT, mice were fasted
overnight before experiment. Glucose (1 g kg−1) was administered in-
traperitoneally (i.p.), and blood glucose levels were measured at 0, 15, 30,
60, and 120 min after injection by using a blood glucose meter (Bayer).
For ITT, mice were fasted for 6 h before experiment. Insulin (0.7 U kg−1)
was administered i.p., and blood glucose was measured at 0, 15, 30, 60,
and 120 min after injection.

Histology: For H&E staining, skeletal muscles of male mice were har-
vested and fixed in 10% formalin (Sigma–Aldrich) and embedded in paraf-
fin wax. 5 µm sections were cut and stained with hematoxylin and eosin
using a standard protocol. For ATPase staining, skeletal muscles of male
mice were harvested and frozen in embedding medium containing a 3:1
mixture of tissue freezing medium and gum tragacanth. ATPase staining
was performed as described previously.[61,62] Briefly, sections were cut and
preincubated for 15 min at pH 4.5 and incubated for 45 min at pH 9.4 for
the standard ATPase reaction.

Glucose and Lactate Measurement: The blood lactate and glucose of
mice were measured before and after treadmill by using a blood glucose
meter (Bayer) and a blood lactate meter (Nova Biomedical), respectively.

Glycogen Extraction and Measurement: Muscle tissue (10 mg) was
rapidly homogenized with 200 µL double distilled water (ddH2O) for 10
min on ice. Then, the homogenates were boiled for 10 min to inactivate
enzymes. After that, the homogenates were centrifuged at 18 000 rpm for
10 min at 4 °C. The supernatant was collected and measured via using
Glycogen Assay Kit II (Abcam) according to the manufacturer’s instruc-
tions.

Triglyceride Extract and Measurement: The lipid of skeletal muscle
was extracted by using the chloroform/methanol method as previously
described.[63] Briefly, skeletal muscle was homogenized in phosphate-
buffered saline (PBS) and then extracted using chloroform/methanol
(2:1). After drying, the precipitate was resuspended in ethanol. Total
triglyceride level in skeletal muscle was measured by using L-type Triglyc-
eride Assay Kit (FUJIFILM Wako Diagnostics USA) according to the man-
ufacturer’s instructions.

Protein Extraction and Western Blot Analysis: Proteins were extracted
with radioimmunoprecipitation assay (RIPA) buffer (Boston BioProd-
ucts) containing protease and phosphatase inhibitors (Thermo Fisher).
Protein concentration was quantified using Rapid Gold BCA Protein
Assay Kit (Thermo Fisher) according to the manufacturer’s instructions.
For western blot analysis, 40 µg of lysate was loaded onto sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels,
blotted onto polyvinylidenedifluoride (PVDF) membranes (Millipore),
and incubated with antibodies. IRF4 (RRID: AB_2 264 940) and PTG
(MBS9413679) rabbit polyclonal antibody were purchased from Protein-
tech and MyBioSource, respectively. Phospho-glycogen synthase (Ser641)
(94 905), glycogen synthase (RRID:AB_2 279 563), 𝛽-Actin mouse
(RRID: AB_330 288), phospho-mTOR (Ser2448) (RRID: AB_330 970),
mTOR (RRID: AB_330 978), phospho-p70 S6 kinase (Thr389) (RRID:
AB_2 269 803), and p70 S6 kinase (RRID: AB_390 722) antibodies were
purchased from Cell Signaling Technology. Protein amount was measured
using ImageJ Java 1.6.0_2.4 software.

Analysis of Gene Expression by Quantitative Real-Time PCR: Total RNA
was extracted using the TRIzol method (Thermo Fisher) according to the
manufacturer’s instructions. A total of 1 µg of RNA was converted into
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complementary deoxyribonucleic acid (cDNA) using High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher) according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was performed with a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher) using SYBR
Green PCR Master Mix (Life Technologies) according to the manufac-
turer’s instructions. The relative abundance of mRNAs was standardized
with Tbp mRNA as the invariant control. Table S4 (Supporting Informa-
tion) lists the sequence of the primers used in this study.

Plasmids’ Construction: The pENTR/U6-shPTG encoding three differ-
ent shRNAs targeting mouse PTG was constructed by inserting small hair-
pin RNA sequence into the pENTR/U6 vector according to the manu-
facturer’s instructions. The sequence of three different shRNAs targeting
mouse PTG was listed in Table S4 (Supporting Information).

Cell lines, Culture Conditions, and Transfection: C2C12 myoblasts were
grown in high glucose Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–
streptomycin (P/S, Gibco) in a 5% CO2 atmosphere at 37 °C. For plas-
mid transfection, lipofectamine LTX & PLUS was used according to the
instructions of manufacturer (Thermo Fisher).

AAV–shPTG Production, Purification, and Injection: AAV2/9-U6 shPTG-
CMV-GFP was produced and purified by Boston Children’s Hospital Viral
Core using sequence (shPTG-2) as shown in Table S4 (Supporting Infor-
mation). For PTG knockdown experiment in vivo, a dose of 1.3 × 1011

genome copy (GC) of AAV–shPTG was injected into the gastrocnemius
muscle of MI4KO mice. A dose of 1.3 × 1011 GC of AAV–GFP was injected
into the gastrocnemius muscle of control groups. After 4 weeks, the exer-
cise capacity was measured. The mice were sacrificed 4 days post exercise.

RNA-seq Library Generation, Sequencing, and Analysis: A total of 14
samples (4 SOL from MI4KO mice and 4 soleus from flox mice; 3 gas-
trocnemius from MI4KO mice and 3 GAS from MI4OE mice) were used
for RNA-seq. Libraries for RNA-Seq were generated with Kapa Stranded
mRNA. The data were sequenced on HiSeq3000 using a single-read 50 bp
read run. Data quality check was done on Illumina SAV. Demultiplexing
was performed with Illumina Bcl2fastq2 v 2.17 program. The reads were
mapped to the latest UCSC transcript set using Bowtie2 version 2.1.0,[64]

and the gene expression level was estimated using RSEM v1.2.15.[65]

Trimmed mean of M-values (TMM) was used to normalize the gene ex-
pression. Differentially expressed genes were identified using the edgeR
program,[66] as defined by having a fold change of at least 1.5 and a p-
value of <0.05. IPA was performed for subsequent pathway analysis.[67]

Statistical Analysis: All data were presented as mean ± standard er-
ror of mean (SEM). For two groups, unpaired two-tailed Student’s t-test
or nonparametric test was performed for comparison. For more than two
groups, one-way analysis of variance (ANOVA) and posthoc multiple com-
parison (least significant difference (LSD) method) were performed for in-
tergroup comparisons. p < 0.05 was considered statistically significant.

Additional Information: Accession codes: The RNA-seq data have been
deposited in Gene Expression Omnibus (GEO) under the accession code.
All bioinformatics software used in the study are publicly available.

Data Availability: The accession number for the RNA-Seq data re-
ported in this paper is GEO: GSE136623 and GSE140633. All bioinformat-
ics software used in the study are publicly available.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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