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Abstract
Purpose Corticosteroid (CS) therapy for infectious and rheumatological diseases showed to decrease serum magnesium 
 (Mg++) level and induce muscle atrophy in patients. The present study investigated the effects of  Mg++ supplementation 
on preventing CS-induced muscle atrophy in an animal model, which provided experimental data for potential clinical 
translation.
Methods Twelve 24-week-old male Sprague–Dawley rats were treated with lipopolysaccharide (LPS) and CS methyl-
prednisolone (MPS) to induce muscle atrophy, with half of the rats also given daily 50 mg/kg  Mg++ oral supplementation. 
Additional six rats without LPS + CS treatments were used as normal controls. After treatment for 6 weeks, serum was 
collected for  Mg++ quantification, animal dual-energy X-ray absorptiometry (DXA) was performed for tissue composition, 
and the extensor digitorum longus (EDL) was collected for muscle functional test and histology including muscle fiber size, 
intramuscular fat infiltration and fiber typing. In vitro myotube atrophy model was used to study the in vitro effect associated 
with in vivo muscle atrophy.
Results LPS + CS treatments induced hypomagnesemia while the serum  Mg++ level was in normal range after  Mg++ sup-
plementation. DXA showed 53.0% lower fat percent and 29.7% higher lean mass in LPS + CS + Mg group when compared 
to LPS + CS group. Muscle functional test showed 22.2% higher specific twitch force and 40.3% higher specific tetanic 
force in LPS + CS + Mg group when compared to LPS + CS group. Histological analysis showed 4.1% higher proportion of 
muscle fibers area to total area and 63.6% lower intramuscular fat infiltration in EDL sections in LPS + CS + Mg group when 
compared to LPS + CS group. LPS + CS + Mg group had 33.0% higher area proportion and 29.4% higher cross-sectional 
area (CSA) of type IIb muscle fiber. Myoblast culture results showed that  Mg++ supplementation group had larger myotube 
diameter. The mRNA expressions of the muscle atrophy marker genes MuRF1 and MAFbx were lower in  Mg++ supplemen-
tation group both in vitro and in vivo.
Conclusion The current study demonstrated that  Mg++ supplementation successfully alleviated CS-associated muscle atrophy 
in rats at both functional and morphology levels, indicating a translational potential for patients undergoing CS therapy. This 
study provided the evidence for the first time that  Mg++ supplementation could prevent muscle atrophy—an adverse effect 
of CS therapy, currently also adopted for treating coronavirus disease 2019 (COVID-19).
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Introduction

Pulsed and long-term corticosteroid (CS) were frequently 
indicated in the treatment of infectious and rheumatoid dis-
eases for modifying the disease progression and life-saving, 
such as Severe Acute Respiratory Syndrome (SARS), Sys-
temic Lupus Erythematosus (SLE), and severe coronavirus 
disease 2019 (COVID-19) [1, 2]. A large clinical trial in 
the UK demonstrated that treatment with CS reduced one-
third of deaths of patients critically ill with COVID-19 [3]. 
However, the side-effects of CS might include myopathy, 
electrolyte abnormalities, obesity, diabetes, osteoporosis, and 
osteonecrosis, etc., that were similar to Cushing’s syndrome 
[4, 5].

CS-associated muscle atrophy was first described in 1932 
in Cushing’s syndrome [6] with an incidence of 60% in CS-
treated patients [7]. Recent studies showed increased mus-
cular consequences in infectious diseases such as SARS and 
COVID-19 with therapeutic CS [8, 9]. Evidence showed 
that CS had a direct effect on increasing muscle protein 
degradation and inhibiting amino acid transport to muscle 
cells [10, 11]. CS also induced electrolyte abnormalities, 
such as lower serum magnesium (Mg) in patients [12]. Mg 
deficiency was associated with the increase of numerous 
clinical risks, including sarcopenia, vascular and metabolic 
disorders, insulin resistance, alterations in lipid metabolism 
[13], which were just similar to Cushing’s symptoms. There 
was a vicious circle between Mg deficiency and metabolic 
diseases, while Mg supplementation benefited the patients 
in alleviating the symptoms [14, 15]. Evidence showed 
that Mg deficiency was associated with impaired muscle 
function [16]. The serum Mg concentration was indepen-
dently correlated with muscle performance in the elderly 
[17], and Mg supplementation benefited muscle strength 
in humans [18]. Thus, besides direct effects, CS could also 
impair the skeletal muscle indirectly through CS-induced 
Mg deficiency.

We hypothesized that  Mg++ supplementation could alle-
viate CS-induced muscle atrophy. A rat model with CS-
associated muscle atrophy symptom was used in this study 
[19]. The serum  Mg++ level, tissue composition, muscle 
function and morphology were evaluated to understand the 
effect of  Mg++ supplementation in vivo. The direct effects 
of CS and  Mg++ on myoblasts in vitro were also investi-
gated. The in vivo mRNA expression of muscle atrophy 
marker genes MuRF1 and MAFbx were examined. The 
results of this study demonstrated for the first time that 
the CS-associated muscle atrophy was alleviated by  Mg++ 
supplementation.

Materials and methods

Ethics statement

All the experimental protocols were reviewed and 
approved by the Animal Experimental Ethics Commit-
tee of the Chinese University of Hong Kong (Ref No. 
17–087-MIS). We followed both the Guide for the Care 
and Use of Laboratory Animal (1996) [20] and the 
ARRIVE (Animals in research: reporting in vivo experi-
ments) guidelines [21].

Experimental animals and study design

Eighteen 24-week-old male Sprague–Dawley rats with 
body weight of 500 ~ 550  g were used in this study. 
They were housed in a standard temperature-controlled 
animal room (25  °C) and received food and water 
ad libitum.

Animals were randomly divided into three groups 
(n = 6). Twelve rats were used to induce CS-associated 
muscle atrophy with the induction procedure as follows: 
on day 1, under general anesthesia with i.p. injection 
of 90  mg/kg of ketamine and 10  mg/kg of xylazine, 
each rat was intravenously injected with 0.2 mg/kg of 
lipopolysaccharide (LPS, Escherichia coli O111:B4; 
Sigma-Aldrich, St. Louis, MO, USA) via tail vein with a 
controlled stable speed of injection steadily over 30 min 
for each rat to mimic the clinical inflammatory diseases 
to be indicated for CS therapy [19]. Clinically, high dose 
MPS (30 mg/kg) was prescribed to severe sepsis patients 
[22]. The dosage for rats was calculated based on a guide 
for dose conversion between animals and human [23]. 
Long-term CS therapy was used for the treatment of vari-
ous clinical conditions [24]. To simulate long-term CS 
therapy on severe infection, on day 2, 3, 4 of the first 
week, three intraperitoneally injections of high-dose 
CS methylprednisolone (MPS, 100 mg/kg body weight, 
Pfizer Manufacturing Belgium NV) were given, and then 
low doses of MPS (40 mg/kg, i.p.) were given three times 
a week from the second week through week 6. Week 6 
was selected as the time point for efficacy assessment 
based on the previous dual-energy X-ray absorptiometry 
(DXA) results that shorter treatment could not induce 
lower muscle mass in rat [19]. Six rats without LPS + CS 
treatment were used as normal controls. Saline was used 
as the vehicle control with the same injection procedures 
as LPS and MPS treatments. The LPS + CS-treated rats 
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were randomly divided into the  Mg++ supplementation 
group (LPS + CS + Mg group) and the LPS + CS group. 
For the LPS + CS + Mg group, from the first day of 
MPS injection, magnesium sulfate  (MgSO4) dissolved 
in drinking water (providing 50 mg/kg/day  Mg++) was 
orally administrated daily to rats with oral gavage [25]. 
Drinking water was administrated daily to the normal 
group and LPS + CS group with oral gavage. The body 
weight of the rats was monitored twice a week. At the 
end of week 6, the rats were euthanized by intravenous 
injection of pentobarbital, and samples were collected for 
further analysis (Fig. 1).

Animal dual‑energy X‑ray absorptiometry (DXA)

For determination of the tissue composition of lean weight 
and fat percent, at week 6 before euthanasia, rats were 
scanned and analyzed using UltraFocus™ Digital Radi-
ography System (Faxitron Bioptics, LLC, USA) with × 1.0 
magnification at the lower body. Limited by the animal DXA 
machine, a whole-body scan could only be carried out on 
mice in our setting. The region of interest (ROI) was circled 
manually as an oval shape with a 0.8–1.0  cm2 size adjacent 
to the lateral tibia but not including any bone tissue. The 
ROI was chosen at the low limb excluded the bone region 
because the fat percent in normal rat was as low as 1.5% in 

this ROI to study the tissue composition alterations in the 
LPS + CS-treated groups [19].

Ex vivo muscle functional test

At week 6 before euthanasia and under general anesthesia, 
the extensor digitorum longus (EDL) of the left hind limb 
was dissected. CS was catabolic for fast-twitch muscles 
(e.g., EDL) while slow-twitch muscles (e.g., soleus) were 
more resistant to CS [26], the EDL was, therefore, chosen 
for analysis in the present study. For stabilization, the freshly 
isolated muscle was incubated in the Krebs solution with 
bubbled gas (95%  O2 and 5%  CO2) for 15 min. After stabili-
zation, the muscle function was investigated with the dual-
mode muscle lever arm system (305C-LR, Aurora Scientific 
Inc., Newmarket, Canada) [27, 28]. For the warm-up, two 
tetanic contractions (10 pulses with the Pulse Frequency 
200 Hz and Pulse Width 0.2 ms) with a 3-min rest interval 
were induced before the functional test. Optimal length (L0) 
was measured from a serial isometric twitch (one pulse with 
0.2 ms width) with 30-s intervals with increasing muscle 
length until maximal force. Under L0, the Twitch force (F0) 
was the max force generated by a single stimulus (one pulse 
with 0.2 ms width). Under L0, the Tetanic force (Ft) was the 
max force generated by tetanic contractions (80 pulses and 
the Pulse Frequency: 200 Hz, Pulse Width 0.2 ms). 30-s 

Fig. 1  Animal treatment protocols. Rats were treated with one injec-
tion of lipopolysaccharide (LPS) for simulating inflammation dis-
eases and subsequent injections of CS methylprednisolone (MPS) for 

disease treatment for 6  weeks. Daily oral supplementation of  Mg++ 
was performed from the first day of MPS injection for 6 weeks before 
sample collection
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rest was needed after each twitch stimulation, and 3-min 
rest was needed after each tetanic stimulation. The muscle 
mass was measured immediately after the functional test. 
The Dynamic Muscle Control system (DMC v5.4; Aurora 
Scientific, Inc.) was used to record muscle functional test 
results, and the Dynamic Muscle Analysis system (DMA 
v3.2; Aurora Scientific, Inc.) was used for the analysis of 
the functional test results.

The physiological cross-sectional area (PCSA) was cal-
culated by dividing the muscle mass (MM) with the mus-
cle optimal length (L0) and the density (D) of mammalian 
skeletal muscle (1.06 mg/mm3). Normalized by PCSA, the 
specific twitch force  (SF0) and specific tetanic force  (SFt) 
were obtained as the following equations [27]:

Histological and immunofluorescence analyses

At week 6 before euthanasia, the EDL of the right hind 
limb was dissected under general anesthesia, and then fro-
zen immediately in liquid nitrogen-chilled 2-methylbutane 
in optimal length for 20 s. The frozen muscles were stored 
at − 80 °C, then transverse sectioned with 8 μm thickness 
using a cryostat (Cryocut 1800, Leica) at − 20 °C and 
stored at − 80 °C for further analysis. After cryosection, 
the other half of EDL was stored at − 80 °C for mRNA 
quantification.

The cryosections were thawed at room temperature, fixed 
in 10% buffered formalin for 10 min, and then stained with 
hematoxylin and eosin (H&E) and Oil Red O for histologi-
cal evaluations of muscle fiber and intramuscular fat infil-
tration. Briefly, for H&E staining, the fixed cryosections 
were stained with hematoxylin for 1 min, differentiated 
and blued and then stained with eosin for 2 min. For Oil 
Red O staining, the fixed cryosections were stained with 
0.5% Oil Red O working solution in isopropanol for 15 min 
and counterstained with hematoxylin for 30 s after washed 
with distilled water. Digital images were captured (Leica 
DM6000B, Leica Micro-systems, Wetzlar, Germany). The 
proportion of muscle fiber area to total area of the muscle 
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cross-section and the muscle fiber cross-sectional area 
(CSA) were determined on H&E-stained images with the 
aid of image morphometry software Image J (ImageJ 1.51j8, 
National Institutes of Health, USA). The outline of the indi-
vidual fibers was traced, and the area was expressed in μm2. 
For analyzing intramuscular fat infiltration, the proportion 
of Oil Red O-stained area to total area was determined on 
Oil Red O-stained images with Image J (ImageJ 1.51j8, 
National Institutes of Health, USA). The area of red stain-
ing was automatically differentiated and calculated by the 
default program.

For muscle fiber typing, immunofluorescence (IF) 
staining of myosin heavy chain (MHC) was performed 
with a primary antibody cocktail including antibodies 
against MHC I (BA−F8), MHC IIa (SC−71), and MHC 
IIb (BF−F3) (DSHB, IA, USA), and the secondary anti-
body cocktail including Alexa Fluor 350 IgG2b, Alexa 
Fluor 488 IgG1, and Alexa Fluor 555 IgM (Invitrogen, 
CA, USA). The concentrations of both cocktails were 
4 μg/mL[29]. After the image acquisition with a micro-
scopic imaging system (Leica DM6000B, Leica Micro-
systems, Wetzlar, Germany), areas of MHC I (blue), MHC 
IIa (green), MHC IIb (red) were quantified with Image J 
(ImageJ 1.51j8, National Institutes of Health, USA). Data 
were expressed with the area proportion and the CSA of 
the different fiber types.

Serum  Mg++

Serum was collected at week 6 and stored at − 80 °C. Col-
ourimetric test was performed to determine the serum  Mg++ 
level using Mg  LiquiColor® kit (Stanbio Laboratory, Texas, 
USA).

Cell culture

The mouse myoblast cell line C2C12 (ATCC, Rockville, 
MD, USA) was grown in the growth medium, which was 
DMEM containing 10% FBS in a 5%  CO2 humidified 
atmosphere at 37 °C. For myoblast differentiation, the 
growth medium in C2C12 myoblast cultures was replaced 
by the differentiation medium, which was DMEM con-
taining 2% horse serum (HS) in a 5%  CO2 humidified 
atmosphere at 37 °C. The medium was changed every 
day. After 2  days of incubation with differentiation 
medium, cells were treated with CS (1 µM MPS) with 
or without 10  mM magnesium chloride for 2  days. 
The control group was treated with solvent only. After 
2 days of MPS or solvent treatment, the myotube diam-
eter was measured and the total mRNA was extracted for 
quantification.
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Measurement of myotube diameter

Myotube cultures were photographed under a phase-
contrast microscope at × 100 magnification on day 4. The 
myotube diameters were measured from 10 random fields 
using ImageJ software (ImageJ 1.51j8, National Institutes 
of Health, USA).

Quantitative real‑time PCR (qPCR) analysis

MyoD, MyoG, Myf-5, Myf-6, Foxo3, MuRF1, and MAFbx 
mRNA levels were quantified by real-time PCR. GAPDH 
mRNA was used as the endogenous control for normaliza-
tion. Total RNA was extracted using RNeasy Mini Kit (Qia-
gen, USA). Quantity and quality of RNA were measured 
using a Nanodrop (ND-2000, Thermo Scientific, Wilm-
ington, DE, USA). The cDNA was synthesized using the 
PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). 
The real-time PCR was performed using  SYBR® Premix 
Ex Taq™ (Tli RNaseH Plus, TaKaRa) and further pro-
cessed using a QuantStudio™ 12 K Flex Real-Time PCR 
system (Life Technologies, Thermo Fisher Scientific). The 
2-ΔΔCT method was used to calculate the relative mRNA 
expression. The sequences of the forward and reverse prim-
ers were listed as below: MyoD: 5’- CCA CTC CGG GAC 
ATA GAC TTG -3’, 5’-AAA AGC GCA GGT CTG GTG 
AG -3’; MyoG: 5’- GAG ACA TCC CCC TAT TTC TAC 
CA -3’, 5’- GCT CAG TCC GCT CAT AGC C -3’; Myf-5: 
5’- CAC CAC CAA CCC TAA CCA GAG -3’, 5’- AGG 
CTG TAA TAG TTC TCC ACC TG -3’; Myf-6: 5’- AGA 
GGG CTC TCC TTT GTA TCC -3’, 5’- CTG CTT TCC 
GAC GAT CTG TGG -3’; Foxo3: 5’- CTG GGG GAA CCT 
GTC CTA TG -3’, 5’- TCA TTC TGA ACG CGC ATG 
AAG -3’; MuRF1: 5’- CCA GGC TGC GAA TCC CTA 
C -3’, 5’- ATT TTC TCG TCT TCG TGT TCC TT -3’; 
MAFbx: 5’- CAG CTT CGT GAG CGA CCT C -3’, 5’- 
GGC AGT CGA GAA GTC CAG TC -3’; and GAPDH: 
5’- CAT GGC CTT CCG TGT TCC TA -3’, 5’- CCT GCT 
TCA CCA CCT TCT TGA T -3’.

Statistical analysis

Results were expressed as mean ± SD with one-way ANOVA 
or two-way repeated measures ANOVA if the data were with 
different time points, followed by Bonferroni post-test to 
assess statistical significance. Statistical analysis was per-
formed using SPSS 17.0 software (Chicago, IL, USA). 
p < 0.05 was considered significant.

Results

Mg++ supplement corrects serum  Mg++ level 
in LPS + CS‑treated rats

We tested the serum  Mg++ levels among the three groups 
at week 6 after LPS + CS treatment. Results showed that 
the LPS + CS group had 37.4% lower serum  Mg++ levels 
(0.46 ± 0.07 mM) than the normal group (0.73 ± 0.10 mM) 
(p < 0.01, Fig. 2). The serum  Mg++ levels of rats in the 
LPS + CS group were below the normal range in the cur-
rent study (0.53 ~ 0.93 mM, mean ± 2SD).  Mg++ supple-
mentation group had 54.3% higher serum  Mg++ levels 
(0.71 ± 0.13 mM) compared to that in the LPS + CS group 
(p < 0.01, Fig. 2). The serum  Mg++ levels of rats in the 
LPS + CS + Mg group were within the normal physiologi-
cal range.

Mg++ regulates tissue composition 
in LPS + CS‑treated rats

The LPS + CS group had 12.8% decreased body weight 
3 days after the first LPS injection (p < 0.01 compared with 
earlier time point, Fig. 3A), and after that, the body weight 

Fig. 2  Serum  Mg++. Comparison of the serum  Mg++ level among the 
three groups at week 6 after LPS + CS treatment. **p < 0.01
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of the LPS + CS group was consistently lower than that of 
the normal group (p < 0.01, Fig. 3A). There was no differ-
ence between the LPS + CS + Mg group and the LPS + CS 
group for the body weight (p > 0.05, Fig. 3A). Dual-energy 
X-ray absorptiometry (DXA) analysis showed that after 
6 weeks of treatment, the fat percentage of the CS group 
was 14.9-fold higher, and the lean mass of the CS group was 
28.2% lower when compared to the normal group; Mg sup-
plementation had 53.0% lower fat percent and 29.7% higher 
lean mass when compared to the CS group (p < 0.01 for all, 
Fig. 3B, C, D).

Mg++ preserves muscle function in LPS + CS‑treated 
rats

Ex vivo muscle function test was performed at week 6 on 
the extensor digitorum longus (EDL). The morphological 
parameters were measured during the ex vivo muscle func-
tion test. Results showed that the muscle mass of EDL in 
the LPS + CS group was 14.8% lower than that in the nor-
mal group (p < 0.05, Fig. 4A), and the optimal length (L0) 
in the LPS + CS group was 22.4% lower than that in the nor-
mal group (p < 0.05, Fig. 4B), while there was no significant 
difference between the LPS + CS + Mg group and LPS + CS 
group or normal group (p > 0.05, Fig. 4A). There was no 
significant difference among groups for the physiological 
cross-sectional area (PCSA) (p > 0.05, Fig. 4C). For the 
muscle strength, contractibility, and relaxation parameters 
under twitch stimulation (Fig. 4D), the specific twitch force 
in the LPS + CS group was 23.3% significantly lower than 
that in the normal group (p < 0.01, Fig. 4E), while  Mg++ 
treatment had 22.2% higher specific twitch force when 
compared to the LPS + CS group (p < 0.05, Fig. 4E). There 
was no significant difference for the time to max-force or 
the half-relaxation time among groups (p > 0.05, Fig. 4F, 
G). Then we tested the muscle strength, contractibility, and 
relaxation parameters under tetanic stimulation (Fig. 4H). 
The results showed that the specific tetanic force in the 
LPS + CS group was 40.3% lower than that in the normal 

group (p < 0.001, Fig. 4I), the time to max-force in the 
LPS + CS group was 17.9% shorter than that in the normal 
group (p < 0.01, Fig. 4J), whereas  Mg++ treatment group 
showed higher specific tetanic force (42.0%) and longer 
time to max tetanic force (18.9%) when compared to the 
LPS + CS group (p < 0.05 for both, Fig. 4I, J). The half-
relaxation time for the LPS + CS group was 27.5% longer 
compared to that in the normal group (p < 0.01, Fig. 4K), 
but  Mg++ treatment group had 15.8% shorter half-relaxation 
time (p < 0.05, Fig. 4K).

Mg++ protects muscle morphology 
in LPS + CS‑treated rats

Histology and histomorphometry analysis were performed 
on the transverse sectioned EDL 6 weeks after CS treat-
ment. Quantification results on the H&E-stained images 
showed that the proportion of muscle fiber area to total 
area of the LPS + CS group was 6.0% lower than normal 
(p < 0.01, Fig. 5A, D), and that  Mg++ supplementation 
group had 4.1% greater the proportion of muscle fiber 
area to total area when compared to the LPS + CS group 
(p < 0.05, Fig. 5A, D). There was no significant difference 
in muscle fiber CSA among groups (p > 0.05, Fig. 5E). Oil 
Red O staining showed that LPS + CS treatment for 6 weeks 
induced fat infiltration between muscle fibers (Fig. 5B). 
Quantification of Oil Red O-stained images showed that 
the proportion of stained areas in LPS + CS group was 12.8-
fold higher than normal (p < 0.001, Fig. 5F), but  Mg++ sup-
plementation group had 63.6% lower the proportion of the 
stained area when compared to LPS + CS group (p < 0.001, 
Fig. 5F). Myosin heavy chain (MHC) immunofluorescence 
staining results showed that the percentage area of type 
IIb in the LPS + CS group was 35.6% lower than normal 
(p < 0.01, Fig. 5C, G), but that of type IIa was 71.9% higher 
than normal (p < 0.05, Fig. 5C, G). LPS + CS + Mg group 
showed 33.0% higher percentage of type IIb fibers than the 
LPS + CS group (p < 0.01, Fig. 5C, G). The type IIb muscle 
fiber CSA of the LPS + CS group was 28.9% lower than nor-
mal (p < 0.01, Fig. 5C, H). LPS + CS + Mg group showed 
29.4% higher type IIb muscle fiber CSA than the LPS + CS 
group (p < 0.05, Fig. 5C, H). No significant differences were 
detected for the type I or type IIa muscle fiber CSA among 
groups (p > 0.05, Fig. 5C, H).

Mg++ inhibits C2C12 myotube atrophy induced 
by CS in vitro

We investigated the  Mg++ effect on myotube atrophy induced 
by CS using the C2C12 myoblast cell line (Fig. 6A). The dif-
ferentiation of C2C12-myoblast to myotube was observed 

Fig. 3  Mg++ regulates tissue composition in CS-treated rats. A The 
body weights of rats in CS group and CS + Mg group were signifi-
cantly decreased 3  days after the first LPS injection, and then con-
sistently lower when compared to the normal rats. B Representative 
images showed animal dual-energy X-ray absorptiometry (DXA) 
scanning at the lower limb of rats after 6  weeks of treatment. The 
region of interest (ROI) was set at a region adjacent to the lateral tibia 
but not including any bone tissue (arrows). C Results showed that the 
fat percent of CS group was significantly higher, and the lean mass 
of CS group was significantly lower at lower limb when compared 
to normal group; but  Mg++ supplementation significantly decreased 
the fat percent and elevated the lean mass when compared to the CS 
group. **p < 0.01, ***p < 0.001

◂
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Fig. 4  Mg++ preserves muscle 
function after CS treatment. 
A–C Muscle parameters 
measured during ex vivo muscle 
function test: A muscle mass, 
B optimal length (L0), and C 
physiological cross-sectional 
area (PCSA). D Representative 
force–time graphs during twitch 
stimulations. E–G Comparison 
of muscle strength, contractibil-
ity, and relaxation parameters 
under twitch stimulation: E 
specific twitch force, F time to 
max-force, and G half-relaxa-
tion time among groups. H Rep-
resentative force–time graphs 
during tetanic stimulations. I–K 
Comparison of muscle strength, 
contractibility, and relaxa-
tion parameters under tetanic 
stimulation: I specific tetanic 
force, J time to max-force, and 
K half-relaxation time among 
groups. *p < 0.05, **p < 0.01, 
***p < 0.001
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in phase-contrast brightfield images. Been treated with 2% 
HS for 4 days, the fusion of cells and the formation of elon-
gated myotubes were observed (Fig. 6B). The qPCR analysis 
detected the expression of myogenic and atrophic markers 
in cultured myoblast after 4 days of their differentiation. 
Results showed that after 2 days of CS treatment during the 
differentiation from myoblast to myotube, the diameter of 
the C2C12 myotubes was smaller than that of control group 
(p < 0.01, Fig. 6C).  Mg++ treatment group had significantly 
larger diameter of the C2C12 myotubes when compared to 
the CS group (p < 0.05, Fig. 6C). For the myoblast differ-
entiation marker genes MyoD, MyoG, Myf-5, and Myf-6, 
there was no significant difference in their mRNA expres-
sion among groups (p > 0.05, Fig. 6D–G). For the genes 
regulating protein degradation, the Foxo3 mRNA expres-
sion was not significantly affected by CS or  Mg++ treatment 
(p > 0.05, Fig. 6H), while the MuRF1 (official name Trim63) 
and MAFbx (official gene name Fbxo32) mRNA expres-
sions were both significantly greater in CS treatment group 
(p < 0.01 for both, Fig. 6I, J).  Mg++ treatment group had 
significantly lower expressions of the MuRF1 and MAFbx 
mRNA compared to the CS group (p < 0.01 for both, Fig. 6I, 
J).

Mg++ inhibits LPS + CS‑induced gene expression 
associated with muscle atrophy in vivo

We quantified the mRNA levels of MuRF1 and MAFbx 
in EDL in  vivo. Results showed that LPS + CS group 
had 41.3% greater MuRF1 (p < 0.01, Fig. 7A) and 32.1% 
greater MAFbx (p < 0.05, Fig. 7B) mRNA expressions 
in EDL of rats.  Mg++ supplementation group had 39.6% 
lower MuRF1 and 46.7% lower MAFbx mRNA expres-
sions when compared to the CS group (p < 0.01 for both, 
Fig. 7A, B).

Discussion

The present study demonstrated that supplementation 
of  Mg++ alleviated CS-associated muscle atrophy in 
rats, primarily evidenced by the muscle function tests 
where LPS + CS-induced lower specific twitch force and 
the specific tetanic force, while  Mg++ supplementation 
resulted in greater specific twitch force and the specific 
tetanic force than those LPS + CS-treated animals. This 
might suggest that  Mg++ supplementation could become 
a cost-effective prevention strategy for CS-associated 
muscle atrophy. In fact, as CS-associated musculoskel-
etal disorders have significant implications in our clinics, 

recent efforts have been made to develop relevant preven-
tion and treatments, including anti-adipogenic and mus-
cle tonifying herbs for the prevention of CS-associated 
osteonecrosis [30–32].

Mg++ is the fourth abundant cation in the body and 
is the second abundant within the cell.  Mg++ is a co-
factor for more than 300 cellular enzymes involving in 
energy production and protein and nucleic acid synthe-
sis [33]. CS therapy was reported to be associated with 
hypomagnesemia, i.e., if the serum  Mg++ concentration 
was below the normal range [34]. The causes of  Mg++ 
deficiency in CS-treated patients were multi-factorial, 
including the primary disease itself, decreased  Mg++ 
absorption, and increased urinary excretion of  Mg++ [12, 
34]. Our data suggested that CS treatment induced Mg 
deficiency in the current rat experimental model, and that 
 Mg++ supplementation maintained or increased the serum 
 Mg++ level back to normal range. The study, therefore, 
revealed the beneficial effect of simple  Mg++ supplemen-
tation in the prevention of metabolic disorder associated 
with CS therapy.

CS-induced muscle atrophy in this rat model, as evi-
denced by the lower muscle mass measured by DXA, 
decreased weighting of EDL and lower optimal length 
of EDL confirmed by muscle functional test. The mus-
cle functional results consistently demonstrated the CS-
induced muscle weakness including a reduction in the 
specific twitch force and the specific tetanic force, which 
were consistent with previous studies and clinical situa-
tions [35–37]. In the LPS + CS group, the time to peak 
tetanic force was shorter and the half relaxation time was 
longer compared to those in the normal control group, also 
indicating that muscle weakness was induced by LPS + CS 
treatment.  Mg++ supplementation elevated muscle mass 
shown by DXA measurements, improved strength muscle 
function in the specific twitch force and the specific tetanic 
force, held the time to peak tetanic force and the half relax-
ation time, suggesting the beneficial effect of  Mg++ sup-
plementation on attenuating CS-associated muscle atrophy 
and weakness.

For the relationship between  Mg++ and lipid metabo-
lism, our histological results showed that  Mg++ supple-
mentation significantly lowered the intramuscular fat infil-
tration induced by LPS + CS treatment, and DXA results 
showed that  Mg++ supplementation significantly lowered 
the fat percent in the lower body. Correspondingly, the 
previous study showed that  Mg++ supplementation signifi-
cantly decreased the bone marrow fat area fraction in the 
same CS-treated rat model [25]. In vitro study suggested 
that  Mg++ did not affect pre-adipocyte differentiation [38], 
which suggested that  Mg++ indirectly decreased the fat 
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accumulation in muscle and bone marrow by regulating 
systemic lipid metabolism. Clinical studies showed that 
 Mg++ intake was negatively associated with the incidence 
of metabolic syndrome, i.e., there were inverse relations 
between  Mg++ intake and fasting glucose level, waist cir-
cumference, and blood triglycerides [39, 40].  Mg++ could 
modulate blood lipids as dietary  Mg++ contributed to the 
reduction of total serum cholesterol, low-density lipopro-
tein (LDL) cholesterol, and triglyceride [41]. It was dem-
onstrated that serum lipid level was positively associated 
with muscle adiposity [42] and bone marrow fat [43]. Thus, 
the role of  Mg++ supplementation in intramuscular fat 
accumulation could be secondary to the effect on systemic 
lipid metabolism.

For the muscle fiber typing, the results of the cur-
rent study demonstrated that CS treatment resulted in 
lower proportion of type IIb fiber area to total area and 
lower type IIb CSA. Although CS was reported to had 
pathologic changes to all types of muscle fibers [44], the 
previous study also demonstrated that the slow-twitch 
muscles were more resistant to CS [26], which supported 
the relevant finding of the current study. Similarly, the 
decline in muscle mass in the elderly was mainly due to 
the reduction in type II but not type I muscle fiber CSA 

[45]. However, the LPS + CS group had higher proportion 
of type IIa fiber area to total area yet with no difference 
on type IIa CSA. The higher proportion area of type IIa 
might be compensatory to the lower proportion area of 
type IIb.  Mg++ supplementation significantly elevated the 
proportion of type IIb fiber area to total area and type IIb 
CSA when compared to the LPS + CS group, suggesting 
its protecting effect on muscle fiber IIb atrophy associ-
ated with CS treatment.

Muscle RING finger 1 (MuRF1) and muscle atrophy 
F-box (MAFbx) are markers of muscle atrophy. Report 
showed that they were muscle-specific E3 ubiquitin ligase 
that transcriptionally increased under muscle atrophy con-
ditions [46]. Our in vitro study showed that CS group had 
lower diameter of the myotubes and greater MuRF1 and 
MAFbx expression, evidence that CS induced muscle atro-
phy by directly inducing muscle protein degradation. For 
the degradation of intact myofibrillar proteins, they were 
disassembled and removed from the myofibril by the cal-
cium-dependent calpain system first and then degraded by 
the proteasome [47].  Mg++ could act as a calcium antago-
nist to block the calcium-activated protein degradation [48]. 
The in vitro study indicated that  Mg++ supplementation 
reversed the CS-induced lower diameter of the myotubes 
and activated MuRF1 and MAFbx expression, thus provid-
ing evidence that  Mg++ protected muscle from atrophy by 
inhibiting muscle protein degradation. The in vivo MuRF1 
and MAFbx expression were corresponding with the in vitro 
study.

In conclusion,  Mg++ supplementation promoted the ana-
bolic effect on muscle function and morphology by inhibiting 
fat accumulation and muscle fiber protein degradation. The 
present study demonstrated for the first time that  Mg++ sup-
plementation attenuated the adverse effect of CS treatment on 
muscle atrophy in a rat model. Our preclinical study provided 
a scientific foundation for facilitating the supplementation of 
 Mg++ as a potential clinical application for patients indicated 
for CS therapy.

Fig. 5  Mg++ protects muscle morphology. A Representative H&E 
staining of transverse sectioned EDL showed that LPS + CS treat-
ment for 6 weeks induced fibrous and fatty tissue infiltration between 
muscle fibers. B Representative Oil Red O staining of transverse sec-
tioned EDL showed that LPS + CS treatment for 6 weeks induced fat 
infiltrated between muscle fibers. C Representative myosin heavy 
chain (MHC) immunofluorescence (IF) staining of transverse sec-
tioned EDL at week 6 after LPS + CS treatment. D Quantification 
results from H&E-stained images showed the proportion of mus-
cle fibers area to total area and E muscle fiber cross-sectional area 
(CSA). F Quantification results from Oil Red O-stained images 
showed the Oil Red O-stained area proportion. G Quantification 
results from MHC IF images showed the area proportion and H the 
CSA of fiber type I (blue), type IIa (green) and IIb (red). *p < 0.05, 
**p < 0.01, ***p < 0.001

◂
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Fig. 6  Mg++ inhibits C2C12 myotube atrophy induced by CS. A Pro-
cedure of the C2C12 myotube atrophy experiment. B Representative 
images of myotubes after 4  days differentiation, scale bar = 50  μm. 
C The myotube diameter decreased 2 days after CS treatment.  Mg++ 
significantly increased the myotube diameter when compared to the 

CS group. D–J qPCR results showed the relative level of myogenic 
marker genes MyoD (D), MyoG (E), Myf-5 (F), and Myf-6 (G); and 
protein degradation regulating genes Foxo3 (H), MuRF1 (I), and 
MAFbx (J) mRNA expressions among groups. **p < 0.01, n = 4
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