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Abstract
Background Skeletal muscle is negatively impacted by conditions such as spaceflight or prolonged bed rest, 
resulting in a dramatic decline in muscle mass, maximum contractile force, and muscular endurance. Electrical 
stimulation (ES) is an essential tool in neurophysiotherapy and an effective means of preventing skeletal muscle 
atrophy and dysfunction. Historically, ES treatment protocols have used either low or high frequency electrical 
stimulation (LFES/HFES). However, our study tests the use of a combination of different frequencies in a single 
electrical stimulation intervention in order to determine a more effective protocol for improving both skeletal muscle 
strength and endurance.

Methods An adult male SD rat model of muscle atrophy was established through 4 weeks of tail suspension (TS). To 
investigate the effects of different frequency combinations, the experimental animals were treated with low (20 Hz) or 
high (100 Hz) frequency before TS for 6 weeks, and during TS for 4weeks. The maximum contraction force and fatigue 
resistance of skeletal muscle were then assessed before the animals were sacrificed. The muscle mass, fiber cross-
sectional area (CSA), fiber type and related protein expression were examined and analyzed to gain insights into the 
mechanisms by which the ES intervention protocol used in this study regulates muscle strength and endurance.

Results After 4 weeks of unloading, the soleus muscle mass and fiber CSA decreased by 39% and 58% respectively, 
while the number of glycolytic muscle fibers increased by 21%. The gastrocnemius muscle fibers showed a 51% 
decrease in CSA, with a 44% decrease in single contractility and a 39% decrease in fatigue resistance. The number of 
glycolytic muscle fibers in the gastrocnemius also increased by 29%. However, the application of HFES either prior 
to or during unloading showed an improvement in muscle mass, fiber CSA, and oxidative muscle fibers. In the pre-
unloading group, the soleus muscle mass increased by 62%, while the number of oxidative muscle fibers increased 
by 18%. In the during unloading group, the soleus muscle mass increased by 29% and the number of oxidative 
muscle fibers increased by 15%. In the gastrocnemius, the pre-unloading group showed a 38% increase in single 
contractile force and a 19% increase in fatigue resistance, while in the during unloading group, a 21% increase in 
single contractile force and a 29% increase in fatigue resistance was observed, along with a 37% and 26% increase 
in the number of oxidative muscle fibers, respectively. The combination of HFES before unloading and LFES during 
unloading resulted in a significant elevation of the soleus mass by 49% and CSA by 90%, with a 40% increase in the 
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Background
Skeletal muscle atrophy is commonly associated with 
aging, malnutrition, fasting and disuse conditions such as 
bed rest, inactivity, and microgravity  [1, 2], resulting in 
a decrease in muscle mass and fiber cross-sectional area 
(CSA). Muscle atrophy is also frequently accompanied 
by changes in muscle fiber type and declining contractile 
function  [3–5], leading to impaired mobility and incon-
venience [6], increased risk of injury, and slower recov-
ery [7, 8]. The imbalance between skeletal muscle protein 
synthesis and degradation, and the shift in muscle fiber 
types are the main causes of skeletal muscle atrophy [9–
13]. Exercise is a proven and effective method of treating 
skeletal muscle atrophy by promoting protein synthe-
sis through the PI3K/AKT/mTOR pathway and reduc-
ing protein degradation through the downregulation 
of MuRF1 expression [14–18]. However, exercise may 
not be feasible for individuals with trauma or post-sur-
gery, making alternative methods of muscle contraction 
necessary.

In the 1960s, the field of physical medicine introduced 
physiological electrical stimulation (ES), a technique 
that simulates muscle contraction. This led to the devel-
opment of a functional electrical stimulation system for 
clinical use, designed to trigger useful muscle contrac-
tion and maintain muscle quality and function [19, 20]. 
Today, ES is not only used as a rehabilitation treatment 
[21–23], but also as an effective training tool for people 
with physical weakness and for the general population 
to improve their sports performance [24]. Studies have 
shown that different electrical stimulation frequencies 
have varying effects on skeletal muscles. High frequency 
electrical stimulation (HFES, > 40 Hz in general) mimics 
resistance training to promote skeletal muscle protein 
synthesis and increase muscle mass, helping to prevent 
the decline of muscle mass and contractility that often 
occurs with aging and denervation [25–27]. Low fre-
quency electrical stimulation (LFES, 5 to 30  Hz in gen-
eral) mimics aerobic exercise and promotes the biological 
activity of mitochondria [23, 28–31]. Noteworthy, fre-
quencies under 16 Hz were not strong enough to produce 
a significant contraction [32]. Although the contraction 
force generated by LFES (10-30 Hz) is low, the duration 
of the contraction force can last 24 h or longer, an effect 

not seen with higher frequency stimulation [19]. Despite 
the extensive research on the effects of single-frequency 
electrical stimulation on skeletal muscles, there have 
been relatively fewer studies exploring the impact of 
combining high and low frequency electrical stimulation 
on skeletal muscle mass and contractile function. This 
remains an area of active research, as researchers aim to 
better integrate electrical stimulation protocols with spe-
cific treatment goals and develop effective stimulation 
treatment plans to improve the contractility and fatigue 
resistance of skeletal muscles.

In this study, various treatment regiments combining 
high frequency or low frequency electrical stimulation 
at different stages of muscle atrophy were used to evalu-
ate their effects. The maximum contractile and fatigue 
resistance of skeletal muscle, skeletal muscle weight, 
fiber CSA were measured to determine the most effec-
tive treatment regimen. Our results showed that a pre-
treatment with HFES can mitigate the negative impact 
of muscle unloading on the soleus and gastrocnemius 
muscles. Additionally, LFES treatment during unload-
ing, following HFES pretreatment, was found to be more 
effective in resisting soleus muscle atrophy and prevent-
ing a decline in the contractile function of gastrocnemius 
muscle. The protein expression of nuclear factor of acti-
vated T cell (NFAT) and calcium/calmodulin-dependent 
phosphatase calcineurin (CaN), which can impact the 
fiber type of skeletal muscle [33, 34], were also detected 
using Western Blot analysis.

Materials and methods
Animals
In this study, 43 adult male Sprague-Dawley rats (aged 
10 weeks) were randomly divided into eight groups, as 
depicted in Fig. 1a. The groups were: control (Con, n = 6), 
tail suspension (TS, n = 6), HFES before TS intervention 
(Pre-H, n = 5), HFES during TS (Dur-H, n = 6), HFES 
before and during TS (H-H, n = 5), LFES before and dur-
ing TS (L-L, n = 5), HFES before TS plus LFES during TS 
(H-L, n = 6) and LFES before TS plus HFES during TS 
(L-H, n = 4). The rats were housed in individually venti-
lated cages under standard housing conditions (22  °C, 
12  h light/dark cycle), with unlimited access to food 
and water. Chloral hydrate was used to anesthetize the 

number of oxidative muscle fibers in the gastrocnemius. This combination also resulted in a 66% increase in single 
contractility and a 38% increase in fatigue resistance.

Conclusion Our results indicated that using HFES before unloading can reduce the harmful effects of muscle 
unloading on the soleus and gastrocnemius muscles. Furthermore, we found that combining HFES before unloading 
with LFES during unloading was more effective in preventing muscle atrophy in the soleus and preserving the 
contractile function of the gastrocnemius muscle.
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animals during ES treatment. Animal procedures were 
approved by Animal Care and Use Committee of South 
China Normal University.

Tail suspension
The rat tail suspension (TS) procedure is commonly 
used method to induce muscle atrophy in rats. In brief, 
the rat’s tail was secured with pressure-sensitive tape 
and gauze, and the body was suspended at a 30° angle 
to the horizontal surface with the forelimbs still able to 
touch the floor of the cage and access to food and water 
[35, 36] (as shown in Fig. 1b). The tail adhesion position 
was checked after each electrical stimulation treatment 
to avoid falling or injury. All groups, except the control 
group, underwent tail suspension for 4 weeks.

Electrical stimulation program
The Artisan Technology Group S48 STIMULATOR was 
employed to deliver electrical stimulation to the gastroc-
nemius and soleus muscles in rats. Two sterile stainless-
steel needles, with a diameter of 0.3  mm and length of 
13  mm, were connected to the cathode and anode of 
the stimulator and pulses were transmitted between the 

needles to cause skeletal muscle contractions. To specify 
the exact electrode placement, the cathode (negatively 
charged electrode) was positioned 5  mm below the fib-
ulae head, laterally and posteriorly to the knee-joint, 
in close proximity to the superficial fibular nerve and 
deep fibular nerve. On the other hand, the anode (posi-
tive electrode) was located externally and inferiorly to 
the caput fibulae, near the tibial nerve  [37]. The depth 
of needle insertion varied from 0.5 to 1.0 cm, depending 
on the thickness of skin and fatty tissue. The stimulation 
protocol aimed to recruit hindlimb gastrocnemius and 
soleus muscle contractions (as shown in Fig. 1c). To min-
imize the impact of other factors, the Con and TS group 
received the same anesthesia and acupuncture proce-
dure as the ES treatment group, but without electrical 
stimulation (SHAM treatment). All experimental animals 
received ES or SHAM treatment for 6 weeks before and 
4 weeks during TS. ES treatment was administered every 
two days and the stimulation parameters are presented in 
Table 1 [23, 25, 38, 39].

HFES treatment consists of 5 sets of stimulation, with 
each set consisting of 10 repetitions of 3 s of stimulation 
followed by 7 s of interval. The interval between each set 

Table 1 Electrical Stimulation Scheme
Scheme Fre/Hz Volt/V Duration/ms Delay/ms Stimulation time Interval time
HFES 100 10 1 10 3 s 7 s

LFES 20 8 9 90 45 min -

Fig. 1 The experimental method
(a). Research group. (Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during 
TS, H-L: HFES before TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS). (b). Skeletal muscle atrophy model: 
rat tail suspension. (c). Illustration of Electrical stimulation on muscle. In the electrical stimulation procedure, two steel needles were used as electrodes 
and connected to the stimulator. The positive electrode was positioned behind the junction of the two gastrocnemius muscle bundles, near the peroneal 
nerve, while the negative electrode was placed at the lower end of the ventral part of the gastrocnemius muscle and close to the Achilles tendon. (d). 
To test the mechanical properties of the gastrocnemius muscle, a wire was attached to the distal end of the gastrocnemius tendon. External electrical 
stimulation was applied, causing the gastrocnemius muscle to contract, and allowing the measurement of the mechanical changes resulting from dif-
ferent electrical stimulation signals
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was 10  min, for a total of 45  min of stimulation; LFES 
treatment consists of a total of 45  min of continuous 
stimulation.

Gastrocnemius mechanical performance test
To assess the impact of unloading and electrical stimu-
lation on skeletal muscle function, the single contrac-
tile force and fatigue resistance were measured using 
the I-WORX muscle strength test system (I-Worx RA 
834, USA). The evaluators responsible for conducting 
the measurements were blinded to the treatment group 
assignments, ensuring unbiased assessments of the mus-
cle function. The force transducer’s output was recorded 
by an oscilloscope (546601B; Hewlett-Packard, Palo Alto, 
CA) and a chart recorder (BD-11E; Kipp and Zonen, 
Delft, The Netherlands). The Achilles tendon of the gas-
trocnemius muscle was sectioned and attached to a sen-
sor (Fig. 1d). The gastrocnemius muscle was electrically 
stimulated 10 times with a frequency of 5 Hz and voltage 
of 10 V to measure its single contractile force  [40]. The 
fatigue resistance of gastrocnemius muscle was deter-
mined through stimulation at frequencies of 0.25  Hz, 
0.33  Hz, 0.4  Hz, 0.5  Hz, 1  Hz with a constant voltage 
of 5  V, applied 300 times. The gastrocnemius muscle’s 
fatigue resistance was calculated by dividing the muscle 
strength reduction value by the single contraction force 
after undergoing the fatigue protocol.

Sample preparation and histological analysis
One day after the final electrical stimulation session, all 
rats were humanely euthanized with an overdose of iso-
flurane. The soleus and gastrocnemius muscle were then 
harvested, weighed, embedded in a tragacanth matrix, 
and frozen in liquid nitrogen-cooled isopentane for his-
tochemical analysis.

Histochemical
Transverse sections of 8-µm were prepared using a 
cryostat microtome (Leica CM 1850, Germany). These 
sections were then stained for myofiber adenosine tri-
phosphatase (ATPase) following pre-incubation at pH 4.5 
and 4.2, to distinguish between type I and type II muscle 
fibers, respectively [41, 42]. For hematoxylin and eosin 
(HE) staining, transverse 8-µm sections were taken from 
the midpoint of the muscle proximal-distal axis, fixed 
with 4% formaldehyde, and stained with hematoxylin 
and eosin. CSA and fiber type of 600–700 soleus muscle 
fibers and 1200–1400 gastrocnemius muscle fibers were 
analyzed through Image J software (NIH, Bethesda, MD, 
USA) for each rat. To ensure the results of the experi-
ment are not biased, all evaluators in assessing the histol-
ogy were blinded to the treatment group information.

Western bloting
The tissues of the soleus muscles were extracted and 
lysed using RIPA buffer (Beyotime, China). The protein 
concentration was the determined using BCA method, 
followed by boiling and centrifugation. For SDS-PAGE 
analysis, 30 ug of protein was loaded and separated. The 
resulting protein was then transferred to PVDF mem-
branes (Millipore, USA) and blocked with 5% non-fat dry 
milk for one hour at room temperature. After washing 
with PBST, the membranes were incubated with primary 
antibodies against NFATC2 (1:1000, CST, USA), CaN 
(1:1000, CST, USA), or GAPDH (1:500, Santa Cruz, USA) 
at 4 °C overnight, and subsequently incubated with goat 
anti-rabbit-HRP (1:2000, Beyotime, China) secondary 
antibodies at room temperature for 1 h. The presence of 
immunoreactive bands was detected using ChemiDoc™ 
Touch Imaging System (Bio-Rad, USA).

Statistical analysis
Statistical analysis was performed using SPSS software 
(SPSS Inc., Chicago, IL) and results were presented as 
the mean ± standard deviation (SD). We have used the 
Bonferroni method to correct the P value, and then the 
Independent Samples T-test was used to compare the dif-
ference among groups during the post-hoc multiple com-
parison. Graphical representations of the results were 
generated using GraphPad Prism 8 software (GraphPad 
Software, San Diego, USA).

Results
Body weight and muscle mass
Previous studies have shown that HFES is more effective 
in increasing muscle mass compared to LFES. We con-
ducted an experiment to determine the effect of HFES 
before or with TS. After four weeks of TS, there was no 
change in body weight among the groups (Fig. 2a), but the 
soleus muscle mass was reduced by 39% (Fig. 2b). HFES 
administered before or with TS was found to alleviate the 
loss of soleus muscle mass (Fig. 2b). It is suggesting that 
skeletal muscle atrophy can not only be prevented dur-
ing TS but also beforehand. Thus, we used a combination 
of low or high frequency electrical stimulation before or 
during TS to find the most effective method to combat 
skeletal muscle atrophy (Fig.  1a). Our findings showed 
that the H-L and L-L groups had a significant increase in 
soleus muscle weight compared with TS group, but there 
was no difference between H-L and L-L group (Fig. 2d). 
There was no difference in gastrocnemius muscle weight 
between any of the groups (Fig. 2c, e).

Cross section area
After four weeks of unloading, a 58% decrease was 
observed in the CSA of soleus fibers and a 51% decrease 
in the CSA of gastrocnemius fibers (Fig. 3b). The CSA of 
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fibers in soleus and gastrocnemius muscles in the con-
trol group was concentrated in the range of 2500–4000 
µm2 but decreased to 1000–2000 µm2 after four weeks 
of unloading (Figs.  3c and 4c). Pre-training with HFES 
for six weeks before unloading prevented the decline in 
CSA in the soleus and gastrocnemius muscles induced by 
TS (Figs. 3c and 4c). On the other hand, HFES treatment 

during unloading only maintained gastrocnemius CSA 
(Fig. 4b) but not soleus CSA (Fig. 3b).

The results of CSA in the combined intervention group 
showed a similar trend as the changes in skeletal muscle 
mass. The H-L, L-H and L-L groups all alleviated the 
decline in CSA induced by unloading, and maintained 
CSA within the range of 2000 to 3000 µm2, except for 
H-H electrical stimulation group (Fig.  3e, f ). Among 
these groups, the effect of H-L was the best, which was 
consistent with the muscle weight.

Muscle single contractile force and fatigue resistance
The TS leads to a decrease in skeletal muscle mass and 
CSA. To investigate the impact of unloading on skel-
etal muscle contractile performance, we evaluated the 
gastrocnemius single contractility and fatigue resis-
tance. Our findings indicate that four weeks of unload-
ing resulted in a 44% decrease in maximal gastrocnemius 
contractile force and a 39% decrease in fatigue resistance 
(Fig. 5a and b), suggesting degeneration in skeletal mus-
cle function due to the TS.

As expected, HFES with or before the TS led to an 
increase in gastrocnemius contractility and fatigue resis-
tance in the Pre-H group (38% and 19%, respectively) and 
Dur-H group (21% and 29%, respectively) (Fig. 5a and b). 
However, neither group fully restored these parameters 
to normal levels.

The results of the combined intervention group 
(H-L) showed an improvement in single contractility 
(66% increase compared to the TS group) and fatigue 
resistance (38% increase) that returned to control lev-
els (Fig.  5c and d). The combination of H-L was more 

Fig. 3 Skeletal muscle electrical stimulation can resist the decrease in the CSA of soleus muscle fibers due to unloading
(a, d). The Hematoxylin eosin (HE) staining of soleus muscle, the scale bar represents 100 μm. (b, e). The influence of the CSA of soleus muscle fibers in 
different intervention stages and different electrical stimulation treatments. (c, f). The influence of frequency domain on the CSA distribution of soleus 
muscle fibers in different intervention stages and different electrical stimulation treatments
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES before 
TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS)

 

Fig. 2 The body weight of rats at the time of sacrifice and unloading 
causes skeletal muscle atrophy, and electrical stimulation therapy 
maintains skeletal muscle mass
(a). Body weight of rats at sacrifice. (b, c). The effect of different interven-
tion stages on skeletal muscle quality. (d, e). The effect of different stimula-
tion schemes on skeletal muscle quality
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS inter-
vention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES 
before TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: 
LFES before and during TS)
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effective than other intervention programs in resisting 
the decline of gastrocnemius muscle mechanical per-
formance, with the maximal single-muscle contraction 
being increased in the H-L form of electrical stimula-
tion (Fig.  5c). In addition, fatigue resistance showed a 
similar effect with either H-L or H-H. Therefore, our data 
suggest that H-L treatment is more effective in resist-
ing the decline of gastrocnemius muscle mechanical 
performance.

Skeletal muscle fiber type
The tail suspension has been shown to cause the conver-
sion of oxidative muscle fibers to glycolytic muscle fibers 
[43]. We used ATPase staining to examine the effect of 
unloading on the soleus and gastrocnemius muscle-fiber 
types. The results showed that four weeks of unload-
ing results in a decrease in the proportion of oxidative 
muscle fibers from 91 to 73% in the soleus and from 49 
to 35% in the gastrocnemius (Figs. 6b and 7b), while the 
corresponding proportion of glycolytic muscle fibers 
increased. Both Pre-H and Dur-H stimulation alleviated 
the fiber type changes caused by tail suspension. Among 
the combined intervention group, H-L was found to be 
the most effective in maintaining muscle fiber types, as 
it improved both the soleus and gastrocnemius muscles, 
while L-L had no effect on myofiber type in the soleus 
muscle (Figs. 6b and 7b).

NFAT (nuclear factor of activated T cells) is a nerve 
activity sensor in skeletal muscle that controls myofiber 
switching [33]. The motor neuron stimulation result-
ing in a sustained increase in the intracellular calcium-
regulatory pool that activates CaN, leading to increased 

transcription of genes expressed selectively in fatigue-
resistant subtypes (Type I) of skeletal myofibers [44]. 
We found that after 4 weeks of tail suspension, the pro-
tein expression of CaN and NFAT in the soleus muscle 
was significantly lower than that in the Control group, 
although pre-training with HFES or treatment during 
unloading was able to up-regulate the protein expression, 
but not to the levels of the control group (Fig. 8a, c). H-L 
was found to be the most effective intervention in signifi-
cantly up-regulating the protein expressions of NFAT and 
CaN, while H-H, L-L, and L-H had no effect (Fig. 8b, d).

These findings are consistent with the changes in mus-
cle weight, CSA, muscle contractile performance, and 
muscle fiber type, indicating that H-L is the most effi-
cient method in resisting the decline in skeletal muscle 
performance caused by tail suspension.

Discussion
Several studies have shown that unloading leads to a 
decline in skeletal muscle mass and function [2, 11]. To 
counteract this, electrical stimulation is employed as a 
means of promoting the recovery of skeletal muscle mass 
[23, 45, 46]. However, little research has been done on the 
use of electrical stimulation to recover skeletal muscle 
function, such as contractile force and fatigue resistance. 
The present study aimed to evaluate the therapeutic ben-
efits of various electrical stimulation regimens on skeletal 
muscle mass and function impacted by muscle disuse.

After 4 weeks of unloading, there was a noticeable 
decrease in fiber CSA in the gastrocnemius and soleus 
muscles, along with a shift in the frequency domain 
to the left. The soleus muscle showed greater atrophy, 

Fig. 4 Skeletal muscle electrical stimulation can resist the decrease in the CSA of gastrocnemius muscle fibers due to unloading
(a, d). The Hematoxylin eosin (HE) staining of gastrocnemius muscle, the scale bar represents 100 μm. (b, e). The influence of the CSA of gastrocnemius 
muscle fibers in different intervention stages and different electrical stimulation treatments. (c, f). The influence of frequency domain on the CSA distribu-
tion of gastrocnemius muscle fibers in different intervention stages and different electrical stimulation treatments
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES before 
TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS)
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suggesting that tail suspension has a more pronounced 
effect on oxidative fibers. After being subjected to differ-
ent electrical stimulation regimens, the quality of skeletal 
muscle and the fiber CSA improved, although not fully 
restoring to the control levels. Our findings indicate that 
pretreatment with HFES at the early stage of unloading 
is more effective in preventing atrophy than interven-
tion during unloading. The results of the combined group 
suggest that LFES treatment during unloading (H-L 
group) may be more beneficial than HFES before and 
during unloading(H-H group). The results also indicate 
that HFES treatment during unloading is not the recom-
mended, however, this study does not provide definitive 
proof for this conclusion.

Skeletal muscle is categorized based on the predomi-
nant type of myosin heavy chain (MHC) gene expressed 
in motor units. To date, several MHC gene coding pro-
teins, including slow and rapid contractile proteins, 
have been identified. These MHC proteins determine 
the inherent contraction rate of skeletal muscle fibers 
[47]. The contraction speed of skeletal muscle fibers is 

primarily controlled by motor neurons through the activ-
ity mode induced in the fibers, within the range of inher-
ent contraction rate. For example, studies have shown 
that under low-frequency stimulation, the contraction 
speed of soleus (Sol) and extensor digitorum longus 
(Edl) muscles exhibit significant differences due to the 
inherent differences in their muscle fibers. This internal 
variation may explain why similar nerve impulse, inner-
vation, or hormones can have varying effects on differ-
ent types of muscle fibers [48]. Additionally, type I fibers 
are believed to be particularly sensitive to unloading [49]. 
Previous studies have demonstrated that after 14 days 
of hindlimb suspension, 14% of the oxidative muscle 
fibers protein spectrum is reconfigured from the oxida-
tive muscle fibers to the glycolytic muscle fibers [3]. In 
the soleus muscle, the proportion of glycolytic muscle 
fibers increases to more than 40%, whereas under nor-
mal conditions, it is less than 15%  [50]. Conversely, in 
the gastrocnemius or anterior tibial muscles, the pro-
portion of oxidative muscle fibers increases and the pro-
portion of glycolytic muscle fibers decreases, indicating 
that changes in loading state can lead to changes in skel-
etal muscle fiber type  [51]. Our study found that after 4 
weeks of suspension, the muscle fiber types of the soleus 
and gastrocnemius muscles changed compared with the 
control group. The proportion of oxidative muscle fibers 
in the soleus and gastrocnemius muscles decreased by 
21% and 29%, respectively.

The composition of skeletal muscle fiber is influenced 
by various loading states and different forms of contrac-
tion  [52–54]. Tonic motor activity at 10–15  Hz, which 
are typical of slow-twitch muscle fibers, result in a sus-
tained increase in Ca2+ concentration ranged from 100 
to 300  nm [55], which activates the expression of calci-
neurin and NFAT protein, leading to increased capillary 
density and mitochondrial activity and a gradual trans-
formation of fast-twitch muscle fibers into slow-twitch 
muscle fibers [56]. Our study found that unloading 
caused a significant decrease in the content of oxida-
tive muscle fibers in soleus muscle, and that LFES was 
more effective in treating this issue compared to HFES. 
This may be since LFES mimics the slow-twitch muscle 
fiber-dominant contraction of soleus muscle, preserving 
the expression of CaN and NFAT proteins and the mor-
phological and histological characteristics of oxidized 
muscle fibers. While HFES may alleviate the changes 
in muscle fiber types during unloading, it did not fully 
restore it to the control level. However, if LFES treatment 
is used before and during unloading, the effect will be 
greatly reduced, which further demonstrates the effec-
tiveness of LFES treatment during unloading after HFES 
pretreatment.

Studies have shown that after undergoing tail suspen-
sion and reloading, mice exhibit a significant decrease 

Fig. 5 Electrical stimulation can reverse the decrease in gastrocne-
mius contraction caused by unloading
(a). The effect of different intervention stages on single contraction force 
of gastrocnemius muscle. (b). The effect of different intervention stages 
on fatigue resistance of gastrocnemius muscle. (c). The effect of different 
electrical stimulation schemes on single contraction force of gastrocne-
mius muscle. (d). The effect of different electrical stimulation schemes on 
fatigue resistance of gastrocnemius muscle
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS inter-
vention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES 
before TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: 
LFES before and during TS)

 



Page 8 of 11Shi et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:84 

in their skeletal muscle function, suggesting that the 
skeletal muscle strength of mice does not return to nor-
mal levels naturally [11, 36, 54]. The decrease in muscle 
strength may be due to the reduction of contractile tis-
sue in the gastrocnemius muscle, but it is also possible 
that the gastrocnemius muscle’s reduced strength is a 
result of a decline in fluid levels in the hind limbs caused 

by the unloading process. This decline in fluid levels may 
affect the function of fast-contracting muscles, which are 
known to be more sensitive to changes in hydration  [57, 
58]. Thus, the decline in skeletal muscle function could 
be a result of the decrease quality of gastrocnemius con-
traction tissue and fluid imbalances.

Fig. 7 Electrical stimulation therapy can reverse the changes in gastrocnemius muscle fiber types caused by tail suspension
(a). The Adenosine triphosphate (ATPase) staining of gastrocnemius muscle, the scale bar represents 100 μm. (b). The effect of different intervention 
stages on gastrocnemius muscle fiber types. (c). The effect of different stimulation schemes on gastrocnemius muscle fiber types
 (Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES 
before TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS)

 

Fig. 6 Electrical stimulation therapy can reverse the changes in soleus muscle fiber types caused by tail suspension
(a). The Adenosine triphosphate (ATPase) staining of soleus muscle, the scale bar represents 100 μm. (b). The effect of different intervention stages on 
soleus muscle fiber types. (c). The effect of different stimulation schemes on soleus muscle fiber types
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES before 
TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS)
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Consideration must also be given to the fact that a 
4-week period of unloading can result in skeletal mus-
cle damage and impairments in neuromuscular control  
[59]. The decrease in muscle strength during unload-
ing was found to be significantly greater than the loss of 
muscle mass. The gastrocnemius muscle mass at the end 
of unloading was no different from that of the control 
group. H&E staining results showed no evidence of skel-
etal muscle damage and repair, indicating that tail sus-
pension does not cause skeletal muscle damage, but we 
cannot rule out the possibility of nerve damage or dys-
function affecting skeletal muscle function.

Although tail suspension leads to skeletal muscle dys-
function, single contractility and fatigue resistance were 
found to be significantly lower than normal levels. This 
study discovered that electrical stimulation can partially 
alleviate the decline in skeletal muscle function. This 
may be due to electrical stimulation maintaining invol-
untary contraction activity, enhancing the quality of con-
tractile tissue, and preserving fiber type, or the ability of 
electrical stimulation to simulate the nervous system in 
controlling muscle contraction. Ultimately, the result is 
increased contractile activity of skeletal muscle and the 
preservation of its function.

Conclusion
Present study highlights the rapid loss of skeletal muscle 
mass and a significant reduction in fiber CSA because 
of a 4-week unloading intervention. The fiber type also 
changed, as observed in other studies, resulting in vary-
ing degrees of decline in the maximal single contractile 
force and fatigue resistance of the gastrocnemius mus-
cle. We found that pretreatment with HFES followed by 

continuous LFES during unloading can preserve the con-
tractile function of skeletal muscle by counteracting the 
pathological effects of muscle atrophy, fiber area reduc-
tion, and fiber type change caused by tail suspension. 
However, further studies are required to investigate the 
effects of different frequency electrical stimulation on the 
different types of skeletal muscle fibers at different load-
ing stages, as well as the underlying regulatory factors.

Our study has several limitations that should be noted. 
Firstly, female animals can introduce additional variables 
due to the impact of their physiological period, which is 
why we focused only on male animals. Secondly, while we 
found that a combination of HFES pretreatment followed 
by LFES during tail suspension can prevent degradation 
of the mechanical properties of the gastrocnemius mus-
cle, further exploration is needed to determine the best 
method of applying these findings in practice. Finally, 
while tail suspension was used to create a skeletal mus-
cle atrophy model, it is not directly comparable to the 
muscle atrophy and complications that result from aging, 
long-term bed rest, or other conditions. However, this 
study still provides valuable insights for special popula-
tions, such as astronauts.

Abbreviations
LFES  Low-frequency electrical stimulation
HFES  High-frequency electrical stimulation
SD  Sprague-Dawley
TS  Tail suspension
Pre-H  HFES pretreatment and then tail suspension
Dur-H  HFES training during tail suspension
H-H  HFES pretreatment then HFES during tail suspension
H-L  HFES pretreatment then LFES during tail suspension
L-H  LFES pretreatment then HFES during tail suspension
L-L  LFES pretreatment then LFES during tail suspension
CSA  Cross section area

Fig. 8 Electrical stimulation promotes NFATC2 and CaN expression in soleus
(a, b) Representative Western blotting for NFATC2 and CaN. Tubulin was used as a loading control. (c, d) The optical density values are normalized to their 
respective tubulin loading control and the means ± SD are graphed (relative expression) to semi-quantitatively compare the protein levels
(Con: control group, TS: Tail suspension group, Pre-H: HFES before TS intervention, Dur-H: HFES during TS, H-H: HFES before and during TS, H-L: HFES before 
TS plus LFES during TS, L-H: LFES before TS plus HFES during TS, L-L: LFES before and during TS)
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FES  Functional electrical stimulation
NFAT  Nuclear factor of activated T cell
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H&E  Hematoxylin-eosin
MHC  Myosin heavy chain

Acknowledgements
We appreciate the technique support and helpful comments from Dr. 
Chongyun Wu, Dr. Ling Zhu and Dr. Jinfu Wu from our laboratory.

Author contributions
RD designed the study, secured funding, analyzed data. HS performed 
experiments, analyzed data and wrote the manuscript, FL, FZ and CL 
performed experiments, CL analyzed data. All authors read, edited, and 
approved the final manuscript.

Funding
This work was funded by the National Natural Science Foundation of China 
(NSFC) (grant no.31971096), and Guangzhou Scientific Research Grant 
(SL2022B04J00013).

Data availability
The datasets used and/or analyzed in this study are available upon reasonable 
request from the corresponding author.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
This study was approved by the Institutional Animal Care and Use Committee 
and performed according to the regulations of South China Normal University 
Ethics Committee for Scientific Study (Approval number: SCNU-SPT-2018-005).

Consent for publication
Not applicable.

Author details
1Lab of Regenerative Medicine in Sports Science, School of Physical 
Education and Sports Science, South China Normal University, 
Guangzhou, China

Received: 28 July 2022 / Accepted: 19 June 2023

References
1. McKinnell IW, Rudnicki MA. Molecular mechanisms of muscle atrophy. Cell. 

2004;119(7):907–10.
2. Lala-Tabbert N, Lejmi-Mrad R, Timusk K, Fukano M, Holbrook J, St-Jean M, et 

al. Targeted ablation of the cellular inhibitor of apoptosis 1 (cIAP1) attenuates 
denervation-induced skeletal muscle atrophy. Skelet Muscle. 2019;9(1):13.

3. Ohira Y, Jiang B, Roy RR, Oganov V, Ilyina-Kakueva E, Marini JF, et al. Rat soleus 
muscle fiber responses to 14 days of spaceflight and hindlimb suspension. J 
Appl Physiol (1985). 1992;73(2 Suppl):51S–7S.

4. Stelzer JE, Widrick JJ. Effect of hindlimb suspension on the functional proper-
ties of slow and fast soleus fibers from three strains of mice. J Appl Physiol 
(1985). 2003;95(6):2425–33.

5. Egawa T, Goto A, Ohno Y, Yokoyama S, Ikuta A, Suzuki M, et al. Involvement of 
AMPK in regulating slow-twitch muscle atrophy during hindlimb unloading 
in mice. Am J Physiol Endocrinol Metab. 2015;309(7):E651–62.

6. Bodine SC. Disuse-induced muscle wasting. Int J Biochem Cell Biol. 
2013;45(10):2200–8.

7. Reid MB, Moylan JS. Beyond atrophy: redox mechanisms of muscle dysfunc-
tion in chronic inflammatory disease. J Physiol. 2011;589(Pt 9):2171–9.

8. Boonyarom O, Inui K. Atrophy and hypertrophy of skeletal muscles: structural 
and functional aspects. Acta Physiol (Oxf ). 2006;188(2):77–89.

9. Pellegrino MA, Desaphy JF, Brocca L, Pierno S, Camerino DC, Bottinelli R. 
Redox homeostasis, oxidative stress and disuse muscle atrophy. J Physiol. 
2011;589(Pt 9):2147–60.

10. Takahashi H, Suzuki Y, Mohamed JS, Gotoh T, Pereira SL, Alway SE. Epigallo-
catechin-3-gallate increases autophagy signaling in resting and unloaded 
plantaris muscles but selectively suppresses autophagy protein abundance 
in reloaded muscles of aged rats. Exp Gerontol. 2017;92:56–66.

11. Alway SE, Bennett BT, Wilson JC, Sperringer J, Mohamed JS, Edens NK, et al. 
Green tea extract attenuates muscle loss and improves muscle function dur-
ing disuse, but fails to improve muscle recovery following unloading in aged 
rats. J Appl Physiol (1985). 2015;118(3):319–30.

12. Brooks MJ, Hajira A, Mohamed JS, Alway SE. Voluntary wheel running 
increases satellite cell abundance and improves recovery from disuse in gas-
trocnemius muscles from mice. J Appl Physiol (1985). 2018;124(6):1616–28.

13. Coggan AR, Spina RJ, King DS, Rogers MA, Brown M, Nemeth PM, et al. Skel-
etal muscle adaptations to endurance training in 60- to 70-yr-old men and 
women. J Appl Physiol (1985). 1992;72(5):1780–6.

14. Mascher H, Tannerstedt J, Brink-Elfegoun T, Ekblom B, Gustafsson T, Blom-
strand E. Repeated resistance exercise training induces different changes 
in mRNA expression of MAFbx and MuRF-1 in human skeletal muscle. Am J 
Physiol Endocrinol Metab. 2008;294(1):E43–51.

15. Baar K, Nader G, Bodine S. Resistance exercise, muscle loading/unloading and 
the control of muscle mass. Essays Biochem. 2006;42:61–74.

16. Bacurau AV, Jannig PR, de Moraes WM, Cunha TF, Medeiros A, Barberi L, et 
al. Akt/mTOR pathway contributes to skeletal muscle anti-atrophic effect of 
aerobic exercise training in heart failure mice. Int J Cardiol. 2016;214:137–47.

17. Hughes DC, Ellefsen S, Baar K. Adaptations to endurance and strength train-
ing. Cold Spring Harb Perspect Med. 2018;8(6):a029769.

18. Bhat M, Ismail A. Vitamin D treatment protects against and reverses 
oxidative stress induced muscle proteolysis. J Steroid Biochem Mol Biol. 
2015;152:171–9.

19. Doucet BM, Lam A, Griffin L. Neuromuscular electrical stimulation for skeletal 
muscle function. Yale J Biol Med. 2012;85(2):201–15.

20. Mettler JA, Magee DM, Doucet BM. High-frequency neuromuscular 
electrical stimulation increases Anabolic Signaling. Med Sci Sports Exerc. 
2018;50(8):1540–8.

21. Dolhem R. The history of electrostimulation in rehabilitation medicine. Ann 
Readapt Med Phys. 2008;51(6):427–31.

22. Rebai H, Barra V, Laborde A, Bonny JM, Poumarat G, Coudert J. Effects of two 
electrical stimulation frequencies in thigh muscle after knee surgery. Int J 
Sports Med. 2002;23(8):604–9.

23. Atherton PJ, Babraj J, Smith K, Singh J, Rennie MJ, Wackerhage H. Selective 
activation of AMPK-PGC-1alpha or PKB-TSC2-mTOR signaling can explain 
specific adaptive responses to endurance or resistance training-like electrical 
muscle stimulation. FASEB J. 2005;19(7):786–8.

24. Banerjee P, Caulfield B, Crowe L, Clark A. Prolonged electrical muscle stimula-
tion exercise improves strength and aerobic capacity in healthy sedentary 
adults. J Appl Physiol (1985). 2005;99(6):2307–11.

25. Dow DE, Dennis RG, Faulkner JA. Electrical stimulation attenuates denerva-
tion and age-related atrophy in extensor digitorum longus muscles of old 
rats. J Gerontol A Biol Sci Med Sci. 2005;60(4):416–24.

26. Dreibati B, Lavet C, Pinti A, Poumarat G. Influence of electrical stimulation 
frequency on skeletal muscle force and fatigue. Ann Phys Rehabil Med. 
2010;53(4):266–71. 71 – 7.

27. Gondin J, Cozzone PJ, Bendahan D. Is high-frequency neuromuscular electri-
cal stimulation a suitable tool for muscle performance improvement in both 
healthy humans and athletes? Eur J Appl Physiol. 2011;111(10):2473–87.

28. Johnson LA, Fuglevand AJ. Mimicking muscle activity with electrical stimula-
tion. J Neural Eng. 2011;8(1):016009.

29. Dupont Salter AC, Richmond FJ, Loeb GE. Prevention of muscle disuse 
atrophy by low-frequency electrical stimulation in rats. IEEE Trans Neural Syst 
Rehabil Eng. 2003;11(3):218–26.

30. Kang LH, Hoh JF. Chronic low-frequency stimulation transforms cat 
masticatory muscle fibers into jaw-slow fibers. J Histochem Cytochem. 
2011;59(9):849–63.

31. Tamaki H, Yotani K, Ogita F, Hayao K, Kirimto H, Onishi H, et al. Low-frequency 
electrical stimulation of denervated skeletal muscle retards muscle and 
trabecular bone loss in aged rats. Int J Med Sci. 2019;16(6):822–30.

32. Kebaetse MB, Turner AE, Binder-Macleod SA. Effects of stimulation frequen-
cies and patterns on performance of repetitive, nonisometric tasks. J Appl 
Physiol (1985). 2002;92(1):109–16.



Page 11 of 11Shi et al. Journal of NeuroEngineering and Rehabilitation           (2023) 20:84 

33. Calabria E, Ciciliot S, Moretti I, Garcia M, Picard A, Dyar KA, et al. NFAT isoforms 
control activity-dependent muscle fiber type specification. Proc Natl Acad Sci 
U S A. 2009;106(32):13335–40.

34. Wu H, Rothermel B, Kanatous S, Rosenberg P, Naya FJ, Shelton JM, et al. 
Activation of MEF2 by muscle activity is mediated through a calcineurin-
dependent pathway. EMBO J. 2001;20(22):6414–23.

35. Morey ER, Sabelman EE, Turner RT, Baylink DJ. A new rat model simulating 
some aspects of space flight. Physiologist. 1979;22(6):23–4.

36. Oliveira JRS, Mohamed JS, Myers MJ, Brooks MJ, Alway SE. Effects of hindlimb 
suspension and reloading on gastrocnemius and soleus muscle mass and 
function in geriatric mice. Exp Gerontol. 2019;115:19–31.

37. Huang Y, Yu M, Kuma A, Klein JD, Wang Y, Hassounah F, et al. Downregulation 
of let-7 by electrical acupuncture increases protein synthesis in mice. Front 
Physiol. 2021;12:697139.

38. Boonyarom O, Kozuka N, Matsuyama K, Murakami S. Effect of electrical 
stimulation to prevent muscle atrophy on morphologic and histologic prop-
erties of hindlimb suspended rat hindlimb muscles. Am J Phys Med Rehabil. 
2009;88(9):719–26.

39. Su Z, Hu L, Cheng J, Klein JD, Hassounah F, Cai H, et al. Acupuncture plus low-
frequency electrical stimulation (Acu-LFES) attenuates denervation-induced 
muscle atrophy. J Appl Physiol (1985). 2016;120(4):426–36.

40. Gilliam LA, Ferreira LF, Bruton JD, Moylan JS, Westerblad H, St Clair DK, 
et al. Doxorubicin acts through tumor necrosis factor receptor subtype 
1 to cause dysfunction of murine skeletal muscle. J Appl Physiol (1985). 
2009;107(6):1935–42.

41. Ogilvie RW, Feeback DL. A metachromatic dye-ATPase method for the simul-
taneous identification of skeletal muscle fiber types I, IIA, IIB and IIC. Stain 
Technol. 1990;65(5):231–41.

42. Punkt K, Naupert A, Asmussen G. Differentiation of rat skeletal muscle fibres 
during development and ageing. Acta Histochem. 2004;106(2):145–54.

43. Feng HZ, Chen X, Malek MH, Jin JP. Slow recovery of the impaired fatigue 
resistance in postunloading mouse soleus muscle corresponding to 
decreased mitochondrial function and a compensatory increase in type I 
slow fibers. Am J Physiol Cell Physiol. 2016;310(1):C27–40.

44. Hoppeler H, Baum O, Lurman G, Mueller M. Molecular mechanisms of muscle 
plasticity with exercise. Compr Physiol. 2011;1(3):1383–412.

45. Ashida Y, Himori K, Tatebayashi D, Yamada R, Ogasawara R, Yamada T. 
Effects of contraction mode and stimulation frequency on electrical 
stimulation-induced skeletal muscle hypertrophy. J Appl Physiol (1985). 
2018;124(2):341–8.

46. Bueno CRS, Pereira M, Favaretto IAJ, Bortoluci CHF, Santos T, Dias DV, et al. 
Electrical stimulation attenuates morphological alterations and prevents 
atrophy of the denervated cranial tibial muscle. Einstein (Sao Paulo). 
2017;15(1):71–6.

47. Baldwin KM, Haddad F, Pandorf CE, Roy RR, Edgerton VR. Alterations in 
muscle mass and contractile phenotype in response to unloading models: 
role of transcriptional/pretranslational mechanisms. Front Physiol. 2013;4:284.

48. Lomo T, Westgaard RH, Hennig R, Gundersen K. The response of Denervated 
muscle to Long-Term Electrical Stimulation. Eur J Transl Myol. 2014;24(1):3300.

49. Thomason DB, Booth FW. Atrophy of the soleus muscle by hindlimb 
unweighting. J Appl Physiol (1985). 1990;68(1):1–12.

50. Pierno S, Desaphy JF, Liantonio A, De Bellis M, Bianco G, De Luca A, et al. 
Change of chloride ion channel conductance is an early event of slow-to-
fast fibre type transition during unloading-induced muscle disuse. Brain. 
2002;125(Pt 7):1510–21.

51. Baehr LM, West DWD, Marshall AG, Marcotte GR, Baar K, Bodine SC. 
Muscle-specific and age-related changes in protein synthesis and protein 
degradation in response to hindlimb unloading in rats. J Appl Physiol (1985). 
2017;122(5):1336–50.

52. Crew JR, Falzari K, DiMario JX. Muscle fiber type specific induction of slow 
myosin heavy chain 2 gene expression by electrical stimulation. Exp Cell Res. 
2010;316(6):1039–49.

53. Vromans M, Faghri PD. Functional electrical stimulation-induced muscular 
fatigue: Effect of fiber composition and stimulation frequency on rate of 
fatigue development. J Electromyogr Kinesiol. 2018;38:67–72.

54. Alway SE, Bennett BT, Wilson JC, Edens NK, Pereira SL. Epigallocatechin-
3-gallate improves plantaris muscle recovery after disuse in aged rats. Exp 
Gerontol. 2014;50:82–94.

55. Hennig R, Lomo T. Firing patterns of motor units in normal rats. Nature. 
1985;314(6007):164–6.

56. Pette D. What can be learned from the Time course of changes in low-
frequency stimulated muscle? Eur J Transl Myol. 2017;27(2):6723.

57. Farhat F, Grosset JF, Canon F. Water deprivation decreases strength in fast 
twitch muscle in contrast to slow twitch muscle in rat. Acta Physiol (Oxf ). 
2018;224(1):e13072.

58. Degens H, Wust RCI, Water. The fountain of strength. Acta Physiol (Oxf ). 
2018;224(1):e13153.

59. Baehr LM, West DW, Marcotte G, Marshall AG, De Sousa LG, Baar K, et al. Age-
related deficits in skeletal muscle recovery following disuse are associated 
with neuromuscular junction instability and ER stress, not impaired protein 
synthesis. Aging. 2016;8(1):127–46.

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


	An electrical stimulation intervention protocol to prevent disuse atrophy and muscle strength decline: an experimental study in rat
	Abstract
	Background
	Materials and methods
	Animals
	Tail suspension
	Electrical stimulation program
	Gastrocnemius mechanical performance test
	Sample preparation and histological analysis
	Histochemical
	Western bloting
	Statistical analysis

	Results
	Body weight and muscle mass
	Cross section area
	Muscle single contractile force and fatigue resistance
	Skeletal muscle fiber type

	Discussion
	Conclusion
	References


