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Abstract  
The main danger of cold stress to animals in cold regions is systemic metabolic changes and protein synthesis inhibition. 
RBM3, an exceptional cold shock protein, is rapidly upregulated in response to hypothermia to resist the adverse effects of 
cold stress. However, the mechanism of the protective effect and the rapid upregulation of RBM3 remains unclear. O-Glc-
NAcylation, an atypical O-glycosylation, is precisely regulated only by O-GlcNAc transferase (OGT) and O-GlcNAcase 
(OGA) and participates in the signal transduction of multiple cellular stress responses as a “stress and nutrition receptor.” 
Therefore, our study aimed to explore the mechanism of RBM3 regulating glucose metabolism and promoting survival in 
skeletal muscle under acute cold exposure. Meanwhile, our study verifies whether O-GlcNAcylation mediated by OGT 
rapidly upregulates RBM3. The blood and skeletal muscle of mice were collected at the end of cold exposure treatment for 
0, 2, and 4 h. Changes in levels of RBM3, AKT, glycolysis apoptosis, and OGT were measured. The results show that acute 
cold exposure upregulated RBM3, OGT, and AKT phosphorylation and increased energy consumption, which enhanced 
glycolysis and prevent apoptosis. In the 32 °C mild hypothermia model in vitro, overexpression of RBM3 enhanced AKT 
phosphorylation. Meanwhile, inactivation of AKT by wortmannin resulted in increased apoptosis and decreased glucose 
metabolism in skeletal muscle under acute cold exposure. In addition, OGT-mediated O-GlcNAcylation of p65 was con-
firmed in mouse myoblast cell line (C2C12) cells at mild hypothermia. O-GlcNAcylation level affected p65 activity and 
nuclear translocation. Compared with wild type (WT) mice, RBM3 and p65 phosphorylation were decreased in specific 
skeletal muscle Ogt (KO) mice, whereas AKT phosphorylation, glycolysis, and apoptosis were increased. Taken together, 
O-GlcNAcylation of p65 upregulates RBM3 to promote AKT phosphorylation, enhance glucose metabolism, and reduce 
apoptosis in skeletal muscle of mice under acute cold exposure.
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Introduction 

A cold environment is an inevitable and common stressor 
in humans and livestock living in cold areas. It destroys the 
homeostasis of thermostatic animals and leads to specific 
and non-specific reactions to cold adaptation, such as affect-
ing neuroendocrine, reproduction, and immunity, causing 
oxidative stress, autophagy, and apoptosis (Messmer et al. 
2014; Zhao et al. 2014; Lian et al. 2018). Exposure to low 
temperatures significantly alters metabolic levels in mam-
mals, increasing food intake, activation of lipid mobiliza-
tion in brown adipose tissue glucose mobilization, and sys-
temic energy consumption (Hao et al. 2015; Morton et al. 
2017; Wu et al. 2020). Among these cold-induced adaptive 
changes in glucose and fat metabolism, glucose uptake, 
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glycolysis, gluconeogenesis, and glycogen synthesis play 
key roles in resistance to cold (Sepa-Kishi et al. 2018). Skel-
etal muscle and brown adipose tissue, two major thermal 
tissues in mammals, cooperate in response to cold and main-
tain core body temperature (Blondin et al. 2015). The shiver-
ing and (Wellmann et al. 2010; Venugopal et al. 2016; Wong 
et al. 2016) non-shivering thermogenesis of skeletal muscle 
induced by cold and its activation of glucose conversion to 
maintain glucose levels during cold exposure are beneficial 
to mammalian survival (Pant et al. 2016). In addition, skel-
etal muscle can also be used as a secretory organ to secrete 
a variety of polypeptides in response to environmental and 
metabolic changes, and then crosstalk with fat, liver, and 
other organs to regulate energy homeostasis (Pedersen and 
Febbraio 2012; Giudice and Taylor 2017). Cold exposure 
has an adverse effect on the properties and quality of skeletal 
muscle (Short 2019).

While the body regulates energy metabolism to make 
positive changes in response to cold exposure, it also reg-
ulates the synthesis of some proteins to correspond with 
biological processes in homeostasis reconstruction (Kong 
et al. 2020). Protein synthesis is generally inhibited when 
mammals develop hypothermia due to cold exposure (Tong 
et al. 2013). In contrast, some proteins increase to play 
their specific functions, such as RBM3 (Zhu et al. 2016a). 
RBM3 participates in many physiological activities such as 
transcription and translation, microRNA biogenesis, cir-
cadian rhythm, neuroprotection, apoptosis, cell cycle, cell 
stem, cancer, immunity, and virus infection (Danno et al. 
2000; Sureban et al. 2008; Jögi et al. 2009). RBM3, as a 
stress response protein, regulates a variety of cell physi-
ological activities under various stress conditions, such 
as cold stress, endoplasmic reticulum stress, hypoxia, and 
radiation (Lebsack et al. 2010; Zhu et al. 2016b). However, 
RBM3 is widely considered a cold shock protein because 
of its sensitive and rapid response to cold stress (Xia et al. 
2018). RBM3 has an excellent cytoprotective effect under 
hypothermia, and even the upregulation of RBM3 in neu-
rons is irreplaceable as a potential effector for neuropro-
tective effects induced by mild hypothermia in the clinic 
(Peretti et al. 2015). RBM3 reduces cell apoptosis from 
endoplasmic reticulum stress (Zhu et al. 2016b). RBM3 has 
certain modulation on cell death induced by polyglutamine 
(Wellmann et al., 2010). In addition, it has been reported 
that RBM3 has a significant function in anti-apoptosis (Ma 
et al. 2018). RBM3 is also considered a key regulator in 
maintaining quality and ameliorating the atrophy of skel-
etal muscle (Dupont-Versteegden et al. 2008; Van Pelt et al. 
2018). RBM3 increases phosphorylation of AKT at mild 
hypothermia, and AKT signaling regulates nutrient absorp-
tion and metabolism through multiple downstream targets 
(Liu et al. 2021a, b, c). Some studies have demonstrated that 
the upregulation of RBM3 expression at mild hypothermia 

is regulated by p65 activity and phosphorylation (Ushio 
and Eto 2018). The cytoprotective mechanism of RBM3 
is unclear and its rapid upregulation in response to cold 
remains to be clarified.

O-GlcNAcylation is an atypical, reversible, and dynamic 
glycosylation modification, which is precisely maintained by 
the synergy of OGT and OGA (Yang and Qian 2017). OGT 
binds a single N-acetylglucosamine (GlcNAc) provided 
only by UDP-N-acetylglucosamine to serine and threonine 
residues of the target protein (Parker et al. 2021). In con-
trast, OGA hydrolyzes GlcNAc of O-GlcNAcylated protein 
(Martinez-Fleites et al. 2008). O-GlcNAcylation rapidly 
responds to various physiological signals and environmen-
tal conditions, thus controlling the activity and function 
of the target protein (Fisi et al. 2017; Balana et al. 2021). 
This leads to O-GlcNAcylation as a “stress receptor” (Akan 
et al. 2018). Glucose generates UDP-N-acetylglucosamine 
through the hexosamine biosynthesis pathway for O-Glc-
NAcylation, which is connected in a series with the metabo-
lism of glucose, lipid, amino acid, and nucleotide (Chatham 
et al. 2021). Therefore, O-GlcNAcylation combines the 
systemic metabolic state with the cellular regulation of sig-
nal transduction, transcription, and protein degradation as a 
“nutrition sensor” (Liu et al. 2021b). In addition, the over-
all O-GlcNAcylation increased and enhanced glycolysis in 
response to cold stress (Yao et al. 2018). As an emerging 
regulator of skeletal muscle, O-GlcNAcylation participates 
in many physiological processes of skeletal muscle, such 
as glucose metabolism and insulin resistance (Wang et al. 
2016; Lambert et al. 2018; Shi et al. 2018). OGT-mediated 
O-GlcNAcylation promotes p65 activation to regulate the 
expression of downstream proteins (Zhang et al. 2015).

Therefore, we speculate that that RBM3 plays a protective 
role by enhancing AKT phosphorylation to increase glucose 
metabolism and reduce apoptosis in skeletal muscle of mice 
under acute cold exposure, while RBM3 is upregulated by 
the O-GlcNAcylation of p65 mediated by OGT.

Materials and methods

Animal and acute cold exposure

The experimental animals were male C57BL/6 mice aged 
8 weeks old and weighing 25–28 g. Mice were randomly 
divided into three groups: control, 2 h, and 4 h acute cold 
exposure groups (eight mice per group). Each 4 mice were 
placed in standard polystyrene cages. Each cage contained 
200 g of soft sawdust bedding. Feeding temperature was set 
at 28 ± 0.5 °C, humidity was 40 ± 5%, illumination intensity 
was 200 lx, and the light–dark cycle ratio was 12/12. Mice 
were free to drink water but food intake was limited (from 
8:00 p.m. to 8:00 a.m.). At the end of adaptive feeding, the 
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cold exposure groups were exposed to 4 °C for 2 and 4 h. 
The control group remained at 28 °C. The mice were anes-
thetized with ether and euthanized by cervical dislocation. 
Blood and gastrocnemius were collected after the mice were 
anesthetized and then euthanized.

In a second set of experiments, mice were male C57BL/6 
mice weighing 25–28 g and aged 8 weeks, which were ran-
domly divided into the control cold exposure group, DMSO-
injected cold exposure group, and wortmannin (a classical 
AKT inhibitor)-injected cold exposure group (five mice in 
each group). Wortmannin was intraperitoneally injected 
into mice at a dose of 0.5 mg/kg according to their body 
weight. One hour after injection, the three groups of mice 
were exposed to 4 °C for 4 h at the same time. Feeding and 
treatment were strictly consistent. The sample collection 
procedure is the same as above.

Muscle-specific Ogt-deficient C57BL/6 mice (KO for 
short) were purchased from the Jackson Laboratory. Male 
KO mice aged 8 weeks and ten wild-type mice (WT for 
short) in the same nest were divided into a normal tempera-
ture control group and a 4-h cold exposure group (5 mice in 
each group). The 4-h cold exposure group was exposed to 
4 °C for 4 h. Feeding and treatment were strictly consistent. 
The sample collection procedure is the same as above.

Determination of biochemical indices

Serum glucose level was measured using a biochemical ana-
lyzer (IDEXX Laboratories, USA). Serum insulin and gluca-
gon levels were measured using an ELISA kit (#CEA448Mu 
and CEB266Mu, Cloud-Clone Corp., USA). Fructose-
1,6-diphosphate (FDP) and pyruvic acid (PA) contents in 
skeletal muscle were measured by assay kits (#BC2240 and 
BC2200, Solarbio, China). The above operations are carried 
out in full accordance with their instructions.

Determination of adenosine triphosphate (ATP), 
adenosine diphosphate (ADP), and adenosine 
monophosphate (AMP) in skeletal muscle of mice

Fresh skeletal muscle tissue with a mass of 100 mg was 
taken and put into a glass tissue homogenizer, and 1 mL 
of 0.5 mol/L of precooled HClO4 solution was added and 
homogenized on ice. The tissue homogenate obtained was 
transferred to another centrifuge tube and then centrifuged. 
The supernatant was transferred to a new centrifuge tube. 
The same volume of 1 mol/L K2HPO4 was added and the 
pH was adjusted to neutral after mixing. After the second 
centrifugation, the supernatant was filtered by a disposable 
needle filter (0.45 µm). Finally, ATP, ADP, and AMP were 
determined by HPLC.

Periodic acid Schiff (PAS) staining

Fresh skeletal muscle samples were fixed in 4% paraformalde-
hyde. The samples were routinely dehydrated and embedded 
in paraffin, and 5 µm thick sections were prepared. The sec-
tions were stained by the glycogen periodic acid Schiff stain kit 
(#G1281, Solarbio, China) for examining the glycogen content 
of gastrocnemius tissues.

Western blot analysis

An equivalent amount of protein from each group was sepa-
rated by SDS-PAGE, then electrotransferred to a PVDF mem-
brane (#IPVH00010, Millipore, Germany). The PVDF mem-
brane was immersed in 10 mL of Ponceau staining solution 
and shaken for 5 min. After the clear band appeared, each 
entire band was preserved by a Chemidoc XRS Gel Imag-
ing System and analyzed by ImageJ software. Subsequently, 
the membranes were sealed in the blocking buffer for 1 h at 
ordinary temperature and incubated with the primary anti-
bodies overnight at 4 °C with shaking. This was followed by 
incubation with the secondary antibody for 1 h at ordinary 
temperature. Then, the membranes were visualized by chemi-
luminescence detection using Luminata Crescendo Western 
HRP substrate (WBLUR0100, Millipore, Germany). Blots 
were preserved by the Chemidoc XRS Gel Imaging System 
and analyzed by ImageJ software.

Antibodies used were as follows: AKT (#9272, 1:1000), 
phospho-AKTSer473 (#4060, 1:1000), phospho-AKTThr308 
(#13,038, 1:1000), phospho-glycogen synthase kinase 3β 
(GSK3β)Ser9 (#9323, 1:1000), 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 2 (PFKFB2) (#13,045, 1:1000), 
phospho-PFKFB2Ser483 (#13,064, 1:1000), glycogen synthase 
(GS) (#3886, 1:1000), phospho-GSSer641 (#3891, 1:1000), 
phospho-p65Ser536 (#3033, 1:1000), phospho-insulin recep-
tor substrate (IRS)Ser302 (#2384, 1:1000), and OGT (#24,083, 
1:1000) were purchased from Cell Signaling Technology 
(USA); RBM3 (#ab134946, 1:500), glucose transporter 4 
(Glut4) (#ab654, 1:2000), GSK3β (#ab32391, 1:2000), and 
O-GlcNAc (#ab93858, 1:1000) were purchased from Abcam 
(UK); and p65 (#10,745–1-AP, 1:1000), IRS (#17,509–1-AP, 
1:1000), Cleaved Caspase-3 (#66,470–2, 1:500), B-cell lym-
phoma-2 (Bcl-2) (#60,178–1-lg, 1:2000), and Bcl-2 associ-
ated X protein (Bax) (#60,267–1-lg, 1:2000) were purchased 
from Proteintech (USA). Goat anti-rabbit IgG (#SA00001-2, 
1:20,000) and goat anti-mouse IgG (#SA00001-1, 1:20,000) 
were also purchased from Proteintech.

Cell culture, RBM3 overexpression, and mild 
hypothermia treatment

The mouse myoblast cell line (C2C12) was cultured in 
DMEM (#C11995500BT, Gibco, USA) containing 10% fetal 
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bovine serum (#10,099, Gibco) and 100 U/mL penicillin and 
streptomycin (#P1400, Solarbio, China) in a cell incubator 
at 37 °C with 5% CO2.

The RBM3 overexpression lentivirus was from Bei-
jing Hesheng Gene Technology Co., Ltd (Beijing, China). 
The virus was diluted with the appropriate multiplicity of 
infection (120:1) and mixed with a polybrene transfection 
enhancer (#H8761, Solarbio, China). The final polybrene 
concentration was 6 µg/mL, and the mixture was added to 
each well. The efficiency of lentivirus infection was detected 
by fluorescence microscopy 72 h later. Control cells, empty 
vector virus-infected cells, and RBM3 overexpressed cells 
were cultivated in a cell incubator at 32 °C for 4 h.

Validation of O‑GlcNAcylation of p65

Succinylated wheat germ agglutinin (sWGA) has a strong 
specificity for GlcNAc. Therefore, it can identify the Glc-
NAc linked on proteins to detect O-GlcNAcylated proteins. 
sWGA-agarose beads were added to 500 µg of total pro-
tein from each group and incubated for 12 h at 4 °C. The 
supernatant was discarded after centrifugation. The beads 
were washed three times (5 min each time) with lysis buffer. 
After the liquid was air-dried, the loading buffer was added 
and boiled for 10 min for denaturation. The supernatant was 
centrifuged for subsequent western blotting.

Monitoring of p65 signaling activity

C2C12 cells were transfected with a p65 reporter plasmid 
(#D2206, Beyotime, China) using Lipo8000™ transfection 
reagent (#DC0533, Beyotime, China). For more informa-
tion and operation of this plasmid and transfection, please 
refer to the instructions. After 48 h, the cells were divided 
into four groups: control, 4 h cold, 4 h cold + alloxan (an 
OGT inhibitor), and 4 h cold + thiamet G (an OGA inhibi-
tor). Alloxan and thiamet G were added to 4 h cold + alloxan 
group and 4 h cold + thiamet G group, respectively, for 6 h. 
All cold groups were hypothermic for 4 h at 32 °C. The final 
concentration of alloxan was 50 µmol/mL, while the final 
concentration of thiamet G was 20 µmol/mL. Cells of each 
group were collected and lysed. The activity of p65 were 
detected using a Dual-Lumi II luciferase reporter gene assay 
kit (#RG089S, Beyotime, China) with a chemiluminescence 
immunoassay analyzer. The relevant operation and calcula-
tion completely follow the instructions of the kit.

Statistical analysis

All data are shown as the mean ± SEM. All data were ana-
lyzed by GraphPad Prism. Comparisons between groups 
were performed by one-way or two-way ANOVA followed 
by Tukey’s post-hoc test. Statistically significant differences 

are indicated as * P < 0.05, ** P < 0.01, *** P < 0.001, and 
**** P < 0.0001.

Results

Acute cold exposure increases energy expenditure 
in mice

Serum glucose levels continued to decrease significantly 
with prolonged acute cold exposure (P < 0.05, Fig. 1A). 
Insulin and glucagon are a pair of important antagonistic 
hormones that regulate blood glucose levels. Serum insulin 
levels fluctuated at 2 h of acute cold exposure and subse-
quently recovered (P < 0.01, Fig. 1B). Acute cold exposure 
resulted in an increase of glucagon levels at 4 h (P < 0.001, 
Fig. 1C). Glycogen in skeletal muscle accounts for about 
two-thirds of the total glycogen in the whole body and is the 
most important form of energy storage in skeletal muscle. 
Changes in their ratios also indicate an increase in energy 
mobilization and suppression of energy reserves in mice 
under acute cold exposure (Fig. 1D). The glycogen of skel-
etal muscle was decreased by acute cold exposure in a time-
dependent manner (Fig. 1E and F), indicating that glycogen 
depletion of mouse skeletal muscle was caused by acute cold 
exposure. FDP (glycolytic intermediate) increased signifi-
cantly at 2 h of acute cold exposure (Fig. 1G), as did PA 
(glycolytic end product) (Fig. 1H). In addition, the level of 
ATP/(ADP + AMP) in skeletal muscle was increased after 
acute cold exposure (Fig. 1L). These results suggest that 
acute cold exposure increases systemic energy mobilization 
and expenditure, which promotes increased skeletal muscle 
glycolysis to meet the high levels of energy requirements.

Acute cold exposure upregulated RBM3, activated 
AKT, enhanced glucose metabolism, and reduced 
apoptosis in the skeletal muscle of mice.

RBM3 was upregulated in a time-dependent manner 
under acute cold exposure (Fig. 2B). Subsequently, acute 
cold exposure increased AKT phosphorylation at Ser473 
and Thr308 (Fig. 2C and D). Glut4 and the phosphoryla-
tion of GSK3β and PFKFB2 were enhanced (Fig. 2F-H), 
but GS phosphorylation was inhibited by acute cold expo-
sure (Fig. 2E). Cleaved caspase-3 did not change (Fig. 2I), 
while Bcl-2/Bax significantly increased (Fig. 2J). Notably, 
OGT and its mediated O-GlcNAcylation levels increased 
in a time-dependent manner and p65 phosphorylation also 
showed similar changes under acute cold exposure.

Based on the above results and related literature, we 
hypothesized that the upregulation of RBM3 mediated by 
acute cold exposure may increase AKT phosphorylation 
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to enhance glycolysis and reduce apoptosis, which may be 
achieved by the OGT-mediated O-GlcNAcylation of p65.

Overexpression of RBM3 enhanced 
the phosphorylation of AKTat Ser473 and Thr308 
inC2C12 cells under mild hypothermia

We overexpressed RBM3 successfully in  vitro. RBM3 
increased over time in all groups under mild hypothermia 
at 32 °C. RBM3 was significantly increased when C2C12 
cells were infected by RBM3 lentivirus (Fig. 3B and C). The 
phosphorylation of AKT at Ser473 and Thr308 was enhanced 
by mild hypothermia. More importantly, overexpression of 
RBM3 significantly increased the phosphorylation of AKT 
at Ser473 and Thr308 (Fig. 3B, D, and E). These results fur-
ther confirmed that RBM3 promoted the phosphorylation 
of AKT.

AKT and its phosphorylation are essential 
for promoting glucose metabolism 
and the cytoprotection of RBM3 in skeletal muscle 
of mice under acute cold exposure

The AKT phosphorylation was significantly decreased 
after the injection of wortmannin (Fig. 4B and C), which 
reduced the levels of GS, GSK3β, PFKFB2, and their 
phosphorylation (Fig. 4D–F). Bcl-2/Bax was significantly 
decreased and Caspase-3 was significantly increased after 
wortmannin injection (Fig. 4G and H). In addition, p65 
phosphorylation also showed similar changes (Fig. 4I). 
This is an interesting result, suggesting that AKT may have 
some feedback regulation on p65. IRS-1 phosphorylation 
has not changed (Fig. 4J).

Fig. 1   Acute cold exposure increased energy expenditure in skeletal 
muscle of mice. Simple acute cold exposure with different intensi-
ties at 4  °C was applied to C57BL/6 mice, and blood and skeletal 
muscle samples were collected from each group. Effect of acute cold 
exposure on serum glucose (A), insulin (B), glucagon (C), and insu-
lin/glucagon molar ratio (D) in each group of mice. Effects of acute 
cold exposure on the glycogen level (E and F) of skeletal muscle in 

each group of mice. Effect of acute cold exposure on the FDP (G) 
and PA (H) levels in the skeletal muscles of mice. Effect of acute cold 
exposure on ATP (I), ADP (J), AMP (K), and ATP/(ADP + AMP) 
(L) in the skeletal muscles of mice. The data are presented as the 
mean ± SEM (n = 8). Statistically significant differences are indicated: 
* P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001
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O‑GlcNAcylation of p65 is mediated by OGT 
to increase nuclear translocation and activity, 
upregulating RBM3 in C2C12 cells under mild 
hypothermia

We demonstrated that OGT mediates O-GlcNAcylated p65 
in vitro under mild hypothermia using a sWGA method for 
the first time. The western blot analysis of sWGA is shown in 
Fig. 5A. We also found that an increase of O-GlcNAcylation 
can promote the phosphorylation of p65 at Ser536, and vice 
versa (Fig. 5B–E). Subsequently, we isolated the nuclear 
protein and examined the changes in nuclear p65. We found 
that increased O-GlcNAcylation leads to an increase of 
nuclear p65, suggesting that O-GlcNAcylation promotes 
the nuclear translocation of p65 (Fig.  5F). Monitoring 
results of p65 signal activity showed that O-GlcNAcylation 

had a positive effect on p65 activity (Fig. 5F). Finally, the 
expression of RBM3 changed as expected (Fig. 5G). Based 
on the above results, it was confirmed that OGT-mediated 
O-GlcNAcylation enhanced the nuclear translocation and 
activity of p65 to promote RBM3 expression under mild 
hypothermia, which was also consistent with the role of 
O-GlcNAcylation as a stress receptor.

RBM3 upregulated by O‑GlcNAcylation of p65 
promotes AKT phosphorylation to enhance glucose 
metabolism and reduce apoptosis of skeletal 
muscles in mice during acute cold exposure

To further verify our conjecture, we first constructed skel-
etal muscle Ogt-knockout C57BL/6 mice using a Cre-LoxP 
conditional gene editing system (Fig. 6A). The expression 

Fig. 2   Acute cold exposure upregulated RBM3, activated AKT, 
enhanced glucose metabolism, and induced apoptosis in skeletal mus-
cle of mice. Simple acute cold exposure with different intensities at 
4 °C was applied to C57BL/6 mice, and skeletal muscle samples were 
collected from each group. Western blot analysis of RBM3, glucose 
metabolism, and apoptosis-related proteins in mouse skeletal muscle 
after acute cold exposure is shown in A. The protein expression levels 

and phosphorylation status of RBM3 (B), AKT (C and D), GS (E), 
GSK3β (F), PFKFB2 (G), Glut4 (H), Cleaved-Caspase3 (I), Bcl-2/
Bax (J), OGT (K), O-GlcNAc (L), and p65 (M) in the skeletal mus-
cles of mice. The data are presented as the mean ± SEM (n = 8). Sta-
tistically significant differences are indicated: * P < 0.05, ** P < 0.01, 
and *** P < 0.001
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Fig. 3   RBM3 overexpression and its enhanced phosphorylation of 
AKT at Ser473 and Thr308 in C2C12 cells under mild hypothermia. 
In vitro, C2C12 cells infected with RBM3 lentivirus for 72 h at 37 °C 
(A), followed by a mild hypothermia treatment for 4 h at 32 °C. West-
ern blot analysis of RBM3 and AKT expression and phosphorylation 
in each group (B). Effects of mild hypothermia and lentivirus infec-

tion on RBM3 (C) expression in C2C12 cells. Effects of RBM3 over-
expression on the phosphorylation of AKT at Ser473 (D) and Thr.308 
(E) in C2C12 cells. The data are presented as the mean ± SEM 
(n = 6). Statistically significant differences are indicated: * P < 0.05, 
** P < 0.01, and *** P < 0.001
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of OGT in the skeletal muscle of KO mice was significantly 
decreased in both the control and cold exposure groups 
(Fig. 7A and B). This was followed by an extremely sig-
nificant decline in O-GlcNAcylation levels (Fig. 7A and 
C), indicating that Ogt was successfully knocked out in the 
skeletal muscle of KO mice. OGT in the 4-h cold WT group 
was significantly increased, whereas OGT in the 4-h cold 
KO group was also increased but not significantly. A similar 
change occurred in O-GlcNAcylation (Fig. 7A–C).

We first measured the core body temperature of mice in 
each group and found that the body temperature in KO mice 
was lower than WT mice (Fig. 6B). This is a very interesting 
result, suggesting that OGT may contribute to thermogen-
esis and thermoregulation under acute cold exposure. The 
results showed that cold exposure significantly reduced the 
blood glucose level, and the blood glucose level of KO mice 
was significantly lower than that of WT mice (Fig. 6C). The 
results showed that there were similar changes in the insulin 
levels of each group during acute cold exposure, suggesting 
that OGT deletion may lead to insulin resistance (Fig. 6D).

The expression of RBM3 in skeletal muscle of KO mice 
was lower than that of WT mice, especially under acute cold 

exposure (Fig. 7D). Phosphorylation of AKT at Ser473 and 
Thr308 in skeletal muscle of KO mice was higher than that of 
WT mice (Fig. 7E and F). The effect of acute cold exposure 
and RBM3 on AKT phosphorylation was consistent with 
our hypothesis, but the increase in AKT phosphorylation 
caused by OGT deficiency was beyond our expectations, 
which aroused our interest. The phosphorylation of p65 at 
Ser536 in skeletal muscle of KO mice is lower than that of 
WT mice, which still supports our hypothesis. We think 
this interesting result is because OGT deficiency causes a 
dramatic decrease in O-GlcNAcylation, thus liberating the 
interaction with phosphorylation in AKT. The phosphoryl-
ation levels of GS, GSK3β, and PFKFB2 were enhanced 
in the skeletal muscle of KO mice (Fig. 7H–J). Similarly, 
the increased content of glycolytic intermediates and end 
products in skeletal muscle of KO mice also suggests an 
increased glycolytic flux (Fig. 6E and F). The ratio of Bcl-2 
to Bax and the expression of Caspase3 in skeletal muscle of 
KO mice were significantly higher than those of WT mice 
(Fig. 7K and L). These results suggest that the apoptosis 
of skeletal muscle in KO mice is increased and OGT has a 
certain level of cytoprotection.

Fig. 4   AKT and its phosphorylation are essential for promoting glu-
cose metabolism and cytoprotection of RBM3 in skeletal muscle of 
mice under acute cold exposure. Inhibition of AKT activation using 
wortmannin in vivoto explore its role in RBM3 cytoprotection under 
acute cold exposure. Western blot analysis of related proteins in 
mouse skeletal muscle with wortmannin injection under acute cold 

exposure (A). Effects of wortmannin on protein expression levels and 
phosphorylation of AKT (B and C), GS (D), GSK3β (E), PFKFB2 
(F), Bcl-2/Bax (G), Cleaved-Caspase3 (H), p65 (I), and OGT (J) in 
skeletal muscle of mice under acute cold exposure. The data are pre-
sented as the mean ± SEM (n = 5). Statistically significant differences 
are indicated: * P < 0.05, ** P < 0.01, and *** P < 0.001
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Discussion

A series of systemic metabolic changes ensued to main-
tain core body temperature in a cold environment through 

cold-induced thermogenesis (Blondin et al. 2015; Labbé 
et al. 2015). Acute cold exposure increases peripheral tis-
sue energy utilization and liver glycolysis and gluconeo-
genesis, thus satisfying increases in energy expenditure and 

Fig. 5   O-GlcNAcylation of p65 mediated by OGT increases its 
nuclear translocation and activity, thereby upregulating RBM3 in 
C2C12 cells under mild hypothermia. Global O-GlcNAcylation lev-
els were regulated by Alloxan (an OGT inhibitor) and Thiamet G 
(an OGA inhibitor) in C2C12 cells to explore its effects on p65 and 
RBM3. Western blot analysis of O-GlcNAcylated p65 detected by 
sWGA (A). Western blot analysis of related proteins in C2C12 cells 
under mild hypothermia (B). Effects of Alloxan and Thiamet G on 

O-GlcNAcylation (D) and OGT in C2C12 under mild hypothermia. 
Effects of overall O-GlcNAcylation level on the phosphorylation and 
nuclear translocation of p65 (E and F) and RBM3 (G) in C2C12 cells 
under mild hypothermia. p65 relative activity of each group deter-
mined by dual-luciferase assay (H). The data are presented as the 
mean ± SEM (n = 6). Statistically significant differences are indicated: 
* P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001
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contributing to blood glucose homeostasis, which is critical 
for ensuring an energy supply to tissues (Alvim et al. 2015; 
Wang et al. 2020). Our serum glucose test results showed 
that the serum glucose level continued to decline, which 
suggests that acute cold exposure affected the changes of 
energy metabolism in peripheral tissues and increased the 
utilization and uptake of glucose. The cooperation of insu-
lin and glucagon regulates the fluctuation of blood glucose 
levels over a small range under acute cold exposure (Wang 

and Wahl 2014). Serum insulin levels increased at the initial 
stage of acute cold exposure and then recovered. Insulin is 
secreted dynamically according to compensatory nutritional 
and metabolic changes, which maintain glucose homeosta-
sis. The increase in the insulin level may be caused by rapid 
energy mobilization during acute cold exposure. Serum 
glucagon levels were relatively steady at the initial stage of 
acute cold exposure and then increased. Glucagon promotes 
gluconeogenesis and glycogen decomposition to satisfy 

Fig. 6   Effects of OGT deficiency on body temperature, serum glu-
cose, serum insulin, skeletal muscle FDP, and PA in mice under 
acute cold exposure. Muscle-specific Ogt-deficient C57BL/6 mice 
were constructed to further verify in  vivo that O-GlcNAcylation of 
p65 upregulates RBM3 under acute cold exposure. Breeding strategy 
used to generate wild-type (WT) control mice and skeletal muscle-

specific Ogt-knockout (KO) mice (A). Changes of body temperature 
(B), serum glucose (C), serum insulin (D), skeletal muscle FDP (E), 
and PA (F) in mice induced by OGT deficiency under acute cold 
exposure. The data are presented as the mean ± SEM (n = 5). Statisti-
cally significant differences are indicated: * P < 0.05, ** P < 0.01, *** 
P < 0.001, and **** P < 0.0001
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energy demands in case of malnutrition. This resulted in 
the increase of serum glucagon with the extension of acute 
cold exposure time.

Our results show that the phosphorylation of PFKFB2 
at Ser483 was enhanced, indicating that acute cold exposure 
enhanced the glycolytic activity in mouse skeletal muscle. 
FDP is a metabolic intermediate product of glycolysis, which 
ensures adequate ATP (Zhang et al. 2017). The increase of 
FDP and PA (the product of glycolysis) levels more directly 
indicates that acute cold exposure increased glycolysis in the 
skeletal muscle of mice. This is also one of the main reasons 
why the significant increase trend of ATP/(ADP + AMP) is 
consistent with that of FDP and PFKFB2. PFKFB2 and its 
regulation of glycolysis are AKT-dependent (Novellasde-
munt et al. 2013; Rodríguez-García et al. 2017). We also 
observed increased phosphorylation of AKT at Ser473 and 
Thr308. AKT activation promotes the phosphorylation and 
inactivation of GSK3β, which in turn will further cause an 
increase in the activity and abundance of GS and a decrease 
in the phosphorylation of GS and ultimately upregulates 

glycogen synthesis (Frame and Cohen 2001; Li et al. 2019b). 
The phosphorylation level of GSK3β at Ser9 was increased 
and the phosphorylation level of GS at Ser461 was decreased, 
indicating that glycogen synthesis was activated by acute 
cold exposure. In addition, glucose transport in skeletal mus-
cle largely depends on Glut4 (Richter and Hargreaves 2013). 
Our study showed that Glut4 expression increased, which 
further explained how acute cold exposure increased glucose 
uptake and transport in mouse skeletal muscle.

RBM3, a highly efficient cold shock protein, is sensitive 
to hypothermia and is rapidly upregulated in response to 
cold stress and reduces stress damage, but is inactivated by 
heat (Jackson et al. 2015; Knott 2015). Inhibition of overall 
protein synthesis is caused by hypothermia, which is one 
of the main causes of body damage (Rathjen et al. 2019). 
However, RBM3 is completely contrary to this inhibition 
and even regulates the expression of some proteins at the 
translation level by binding to different transcripts, so that 
cells respond quickly to environmental signals and quickly 
adapt to the harsh environment (Al-Astal et al. 2016). Our 

Fig. 7   RBM3 upregulated by O-GlcNAcylation of p65 promotes 
AKT phosphorylation to enhance glucose metabolism and reduce 
apoptosis of skeletal muscles in mice during acute cold exposure. 
Simple acute cold exposure for 4 h at 4  °C was applied to KO and 
WT mice, and skeletal muscle samples were collected from each 
group. Western blot analysis of OGT, RBM3, glucose metabolism, 
and apoptosis-related proteins in the skeletal muscles of each group 

(A). The protein expression levels and phosphorylation status of OGT 
(B), O-GlcNAc (C), RBM3 (D), AKT (E and F), p65 (G), GS (H), 
GSK3β (I), PFKFB2 (J), Cleaved-Caspase3 (K), and Bcl-2/Bax (L) 
in the skeletal muscles of each group. The data are presented as the 
mean ± SEM (n = 5). Statistically significant differences are indicated: 
* P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001
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previous study has confirmed that the upregulation of 
RBM3 induced by acute cold exposure in the liver promotes 
survival (Shi et al. 2019). Similarly, acute cold exposure 
upregulated RBM3, which reduced apoptosis in the skel-
etal muscle of mice. There is a lot of evidence that RBM3 
upregulation caused by acute cold exposure plays a positive 
cytoprotective role (Chip et al. 2011; Peretti et al. 2015; 
Xia et al. 2018). RBM3 reduces radiation-induced apoptosis 
through PI3K/AKT/Bcl-2 (Ma et al. 2018). RBM3 affects 
p38, JNK, and the Bcl-2 family to reduce apoptosis under 
UV irradiation (Zhuang et al. 2017). RBM3 alleviated NO-
induced apoptosis by inhibiting the p38 signal to regulate 
miR-143 (Yang et al. 2017). Overexpression of RBM3 sig-
nificantly reduced necrosis and apoptosis to promote sur-
vival in C2C12 cells under mild hypothermia (Ferry et al. 
2011). In addition, RBM3 overexpression also reduced skel-
etal muscle atrophy in rats as a skeletal muscle mass regula-
tor (Dupont-Versteegden et al. 2008). We also found that 
Cleaved Caspase-3 levels did not change and that the Bcl-2/
Bax ratio increased under acute cold exposure. Hence, these 
results suggest that acute cold exposure-induced upregula-
tion of CIRP alleviates apoptosis in mouse skeletal muscle.

Based on these results, we speculate that the upregulation 
of RBM3 by mild hypothermia enhances glucose metabo-
lism and reduces apoptosis through promoting the phospho-
rylation of AKT in mouse skeletal muscle. We constructed 
RBM3 overexpression in vitro to clarify the impact of RBM3 
on AKT. Subsequently, we found that RBM3 overexpression 
significantly enhanced the phosphorylation of AKT at Ser473 
and Thr308 in C2C12 cells at 37 and 32 °C, which indicates 
that RBM3 activates AKT. The PI3K/AKT signaling path-
way regulates nutrition and metabolism through a variety of 
downstream targets (Cui et al. 2018; Hoxhaj and Manning 
2020). The IRS/PI3K/AKT pathway contributes to cell sur-
vival by enhancing glycolysis to maintain glucose homeo-
stasis during stress (Schultze et al. 2012; Huy et al. 2018; 
Abdel-Wahab et al. 2019). AKT is indispensable as a media-
tor to inhibit apoptosis and autophagy for cell survival (Ben-
brook and Masamha 2011; Yang et al. 2018). AKT protects 
cells from apoptosis by blocking the mitochondrial release 
of CYT-C and inactivating FoxOs (Fulda 2014; Goldbraikh 
et al. 2020). The phosphorylation of AKT at Ser473 inacti-
vates Bad and Caspase-9 (Li et al. 2012). AKT increases 
Bcl-2/Bax and reduces Caspase3 by weakening apoptosis 
induced by TNF-α (Li et al. 2019a). Our results also showed 
that wortmannin significantly inhibited the phosphorylation 
of AKT, which led to the weakening of glucose metabo-
lism and the increase of apoptosis. This further indicates 
that AKT and its phosphorylation are a regulatory center 
controlling glucose metabolism and apoptosis.

OGT activity and overall O-GlcNAcylation level are 
regulated by various stress stimuli, thus participating in 
many cell processes to increase survival (Lee et al. 2016; 

Han et al. 2017). OGT is essential for energy homeostasis, 
systemic insulin sensitivity, and mitochondrial biogenesis 
(Shi et al. 2018). O-GlcNAcylation promotes cold-induced 
thermogenesis through mitochondrial biogenesis in brown 
adipose tissue (Ohashi et al. 2017). This may be the reason 
that core body temperature and blood glucose were lower 
in KO mice. On the other hand, it is also possible that the 
defect of OGT leads to the damage of heat preservation. 
Evidence shows that OGT plays a key role in the deposition 
of fat, especially visceral fat (Yang et al. 2020). Hypother-
mia caused by a drop in core body temperature results in a 
vicious cycle of dysregulation of metabolic homeostasis and 
disruption of certain physiological systems such as altered 
microcirculation, hypoxia, and ROS production, ultimately 
leading to apoptosis and/or necrosis (Castellani and Young 
2016). Transcription and translation of cold shock proteins 
such as RBM3, cold-inducible RNA-binding proteins, and 
heat shock proteins are activated under these adverse condi-
tions and exert their cytoprotective effects (Shi et al. 2019). 
Our previous studies found that when OGT and overall 
O-GlcNAcylation are increased by acute cold exposure, 
they have certain cytoprotective effects in the liver (Yao 
et al. 2018; Liu et al. 2021a). Consistent with this, OGT 
and overall O-GlcNAcylation were also increased in mouse 
skeletal muscle under acute cold exposure. We found a very 
interesting phenomenon, changes in the trends of OGT, 
O-GlcNAcylation, p65 phosphorylation, and RBM3 are 
highly consistent, which encourages us to explore their 
potential relationship. Several studies have shown that 
OGT may mediate the O-GlcNAcylation of p65 under cer-
tain conditions (Xing et al. 2011; Hu et al. 2022). However, 
our study has discovered that O-GlcNAcylated p65 exists in 
the skeletal muscle of mice under acute cold exposure. The 
O-GlcNAcylation of p65 inhibits the interaction between 
NF-κB and IκB and promotes the nuclear translocation and 
transcriptional activation of p65 (Ma et al. 2013). In our 
study, the O-GlcNAcylation of p65 enhanced its activity 
and nuclear translocation in C2C12 cells during mild hypo-
thermia and contributes to the upregulation of RBM3. We 
confirmed that OGT deletion reduced the rapid response 
of RBM3 in skeletal muscle of KO mice under acute cold 
exposure. However, the decrease of RBM3 in skeletal mus-
cle of KO mice was not as great as expected. This may be 
because RBM3 has compensatory pathways that are not 
dependent on OGT. There is an internal ribosome entry site 
in the 5′precursor sequence of RBM3 mRNA, which could 
recruit ribosomes to enhance its expression (Matsuda et al. 
2011). This is similar to the mild cold-responsive element 
found in the upstream sequence of the CIRP promoter to 
enhance translation, for rapid expression in response to cold 
exposure (Sumitomo et al. 2012). In addition, it was reported 
that FAK/Src signaling upregulates RBM3 to play a cyto-
protective role under mild hypothermia (Yuan et al. 2021). 
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Meanwhile, HIF-1, TrkB, and MZF1 also promote RBM3 
transcription under mild hypothermia (Wellmann et al. 2004; 

Peretti et al. 2021; Zhang et al. 2021). These are the reason 
why the expression of RMB3 decreased but not completely 

Fig. 8   The potential physiological mechanism of RBM3 in skeletal muscle of mice under acute cold exposure 
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decreased in KO mice. Therefore, it should be noted that the 
regulation of RBM3 expression is not entirely dependent on 
OGT-mediated O-GlcNAcylation of p65. O-GlcNAcylation 
is a key regulator of glycolysis, and an OGT defect relieves 
the O-GlcNAcylation restriction on glycolysis (Bacigalupa 
et al. 2018). PI3K/AKT regulates the phosphorylation of 
NF-κB (Lee et al. 2003; Liu et al. 2019). The elimination of 
PI3K/AKT-mediated glycolysis flux limitation by the nutri-
tional and stress sensor effects of O-GlcNAcylation due to 
OGT deficiency explains the abnormal increase of AKT 
phosphorylation and glucose metabolism in KO mice. Our 
results also confirm this and these changes are consistent 
with the above increases in AKT phosphorylation. These 
results suggest that AKT may be involved in the interaction 
between dynamic phosphorylation and O-GlcNAcylation of 
p65 to form a negative feedback regulation. This is interest-
ing and will be investigated in our next research direction.

Conclusion

In summary, O-GlcNAcylation of p65 upregulates RBM3 to 
promote AKT phosphorylation to enhance glucose metabo-
lism and reduce apoptosis in skeletal muscle under acute 
cold exposure. A potential physiological mechanism of 
RBM3 function in mouse skeletal muscle under acute cold 
exposure is proposed in Fig. 8.
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