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Abstract: Skeletal muscle unloading results in atrophy. We hypothesized that pannexin 1 ATP-
permeable channel (PANX1) is involved in the response of muscle to unloading. We tested this
hypothesis by blocking PANX1, which regulates efflux of ATP from the cytoplasm. Rats were divided
into six groups (eight rats each): non-treated control for 1 and 3 days of the experiments (1C and
3C, respectively), 1 and 3 days of hindlimb suspension (HS) with placebo (1H and 3H, respectively),
and 1 and 3 days of HS with PANX1 inhibitor probenecid (PRB; 1HP and 3HP, respectively). When
compared with 3C group there was a significant increase in ATP in soleus muscle of 3H and 3HP
groups (32 and 51%, respectively, p < 0.05). When compared with 3H group, 3HP group had:
(1) lower mRNA expression of E3 ligases MuRF1 and MAFbx (by 50 and 38% respectively, p < 0.05)
and MYOG (by 34%, p < 0.05); (2) higher phosphorylation of p70S6k and p90RSK (by 51 and 35%
respectively, p < 0.05); (3) lower levels of phosphorylated eEF2 (by 157%, p < 0.05); (4) higher level
of phosphorylated GSK3β (by 189%, p < 0.05). In conclusion, PANX1 ATP-permeable channels are
involved in the regulation of muscle atrophic processes by modulating expression of E3 ligases, and
protein translation and elongation processes during unloading.
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1. Introduction

During hypokinesia, skeletal muscle undergoes atrophy due to the disbalance between
protein synthesis and protein degradation [1–3]. Initial changes in signaling pathways
occur within minutes/hours after unloading [4,5]. Nevertheless, physiological mechanisms
that regulate these processes are not completely understood. It was previously reported
that ten days of muscle unloading leads to the accumulation of high-energy phosphates
(PCr) [6] and calcium ions [7–9] in muscle fibers. At the same time, in a different study
it was shown that at fourteen days of unloading ATP and PCr content are decreased [10].
Pharmacologically-induced decrease in the levels of high-energy phosphates and calcium
ions in unloaded skeletal muscle results in the decrease of both muscle atrophy and
slow-to-fast fiber type switching in soleus muscle [6,9,11,12]. Moreover, previous studies
showed that extracellular ATP is one of the major autocrine-paracrine regulators of cell
signaling activated in response to diverse stimuli, including hormones, neurotransmitters,
mechanical stimuli, and inflammation [13]. Extracellular ATP might be one of the major
regulators of physiological processes activated in unloaded skeletal muscle, including
changes in the gene expression patterns.

The release of ATP into extracellular space is regulated via dihydropteridine receptor
(DHPR) and PANX1 channels [14]. We hypothesized that muscle unloading changes
plasma membrane potential and leads to the activation of Ca-dependent DHPR channels
located in close proximity to the PANX1 channels. Pannexins were first reported in 2000 as
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a new family of proteins capable to form membrane channels [15]. The pannexin family has
three members (PANX1, PANX2, and PANX3) [16]. PANX1 is ubiquitously expressed while
PANX2 and PANX3 have more limited expression pattern. The predominant isoform in
skeletal muscle is PANX1 [17]. This is a 48 kilodalton protein that allows transport of ATP
from sarcoplasm into extracellular space [16,18,19]. Panx2 and Panx3 are expressed only at
very low RNA levels without verifiable protein expression (https://www.proteinatlas.org;
accessed on 9 September 2021). We previously reported that inhibition of DHPR and
decrease of high-energy phosphates diminishes unloading-induced muscle atrophy and
metabolic changes [9,11,12]. Physiological mechanisms of these effects were not fully
elucidated in our previous studies.

In our current model, three days of muscle unloading promotes the release of ATP
and other nucleotides from the sarcoplasm into extracellular space and can facilitate their
interaction with the P2Y channels. Activation of P2Y channels leads to the activation of PI3K
and subsequently to the stimulation of IP3 receptors located in the nuclei and sarcoplasmic
reticulum. Previous studies showed that agonist-activated purinergic receptors promoted
the release of calcium ions via IP3-dependent and RyR-independent mechanisms [20].
Casas and colleagues [14] reviewed interactions of DHPR, PANX1, G proteins, PLC, and
PI3K in the sarcolemma. Dr. Jaimovich’s laboratory at the University of Chile investigated
role of PI3K in this signaling pathway [21–23].

The goal of the current study is to assess the role of high-energy phosphates and
their transport via PANX1 channels in the regulation of unloading-induced signaling
pathways. Using an inhibitor of PANX 1, probenecid (PRB), during one and three days
of hindlimb suspension, we evaluated how unloading-induced increase of ATP affects
signaling pathways regulating protein synthesis and degradation. If our hypothesis is
correct, inhibition of PANX1 during unloading will result in the significant changes of the
key players in signaling pathways.

2. Results
2.1. Effect of Probenecid on the Unloaded Soleus Muscle Weight, Panx1 Expression and ATP Content

After one day of unloading there were no significant changes in soleus muscle weight
between 1C, 1H, and 1HP groups (Table 1). After three days of unloading, soleus muscle
weight was significantly lower in both 3H and 3HP groups (by 16 and 18%, respectively,
p < 0.05) when compared with 3C (Table 1).

Table 1. Soleus Muscle Weight.

Group Soleus Muscle Weight

1C 89.0 ± 3.8 mg
1H 84.2 ± 1.5 mg

1HP 84.4 ± 2.6 mg
3C 90.6 ± 3.0 mg
3H 73.7 ± 1.7 * mg

3HP 73.6 ± 2.9 * mg
* indicates a significant difference from the control.

There were no significant differences in the ATP content between 1C, 1H, and 1HP
groups after one day of unloading (Figure 1A). At three days of unloading ATP content
of soleus muscle increased by 32% (3H group, p < 0.05). Inhibition of PANX1 with PRB
resulted in further increase of ATP content (by 19%, 3HP group, p < 0.05; Figure 1A).

Expression of Panx1 was not changed after one and three days of unloading (Figure 1B,C).
Inhibition of PANX1 with PRB resulted in the significant increase of Panx1 mRNA expres-
sion in both 1HP and 3HP groups (by 77 and 44%, respectively, p < 0.05) when compared
with C and H groups (Figure 1B,C).

https://www.proteinatlas.org
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Figure 1. Evaluation of the ATP content (A) and Panx1 mRNA expression (B,C) in soleus muscles of non-treated control 
rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and 1 and 3 days of HS with PRB inhibitor (1HP and 
3HP). Levels of Panx1 mRNA were normalized to the levels of Gapdh in each sample (B,C). n = 8. * indicates a significant 
difference from the control, # indicates a significant difference from the HS group, p < 0.05. 

2.2. Effect of Probenecid on the Catabolic Processes in Unloaded Soleus Muscle 
After one and three days of unloading the expression of MAFbx and MuRF1 in soleus 

muscle was significantly increased (Figure 2). When compared with 1H and 3H groups, 
MuRF1 mRNA expression was diminished in both 1HP and 3HP groups (by 25 and 50%, 
respectively, p < 0.05; Figure 2AB). Expression of MAFbx mRNA was significantly reduced 
only in 3HP group (by 38%, p < 0.05; Figure 2D) when compared with 3H group. 

 
Figure 2. Evaluation of the MuRF1(A,B) and MAFbx (C,D) mRNA expression in soleus muscles of 
non-treated control rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and 1 and 
3 days of HS with PRB inhibitor (1HP and 3HP). Levels of MuRF1 and MAFbx mRNA were normal-
ized to the levels of Gapdh in each sample. n = 8. * indicates a significant difference from the control, 
# indicates a significant difference from the HS group, p < 0.05. 

Expression of MAFbx and MuRF1 is regulated by the transcription factors MYOG 
[24–26] and FOXO3 [27,28]. Unloading resulted in increased expression of MYOG in 3H 
group (by 44%, p < 0.05; Figure 3A) when compared with 3C group. There was a trend for 
the increase of MYOG expression in 1H group, but the values did not reach statistically 
significant levels (Figure 3A). Inhibition of PANX1 with PRB blocked unloading-induced 
MYOG upregulation in 1HP and 3HP groups (p < 0.05). In fact, MYOG expression in 1HP 
group was significantly lower than in 1C group (p < 0.05; Figure 3A). 

Figure 1. Evaluation of the ATP content (A) and Panx1 mRNA expression (B,C) in soleus muscles of non-treated control
rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and 1 and 3 days of HS with PRB inhibitor (1HP and
3HP). Levels of Panx1 mRNA were normalized to the levels of Gapdh in each sample (B,C). n = 8. * indicates a significant
difference from the control, # indicates a significant difference from the HS group, p < 0.05.

2.2. Effect of Probenecid on the Catabolic Processes in Unloaded Soleus Muscle

After one and three days of unloading the expression of MAFbx and MuRF1 in soleus
muscle was significantly increased (Figure 2). When compared with 1H and 3H groups,
MuRF1 mRNA expression was diminished in both 1HP and 3HP groups (by 25 and 50%,
respectively, p < 0.05; Figure 2AB). Expression of MAFbx mRNA was significantly reduced
only in 3HP group (by 38%, p < 0.05; Figure 2D) when compared with 3H group.
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Figure 2. Evaluation of the MuRF1 (A,B) and MAFbx (C,D) mRNA expression in soleus muscles
of non-treated control rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and
1 and 3 days of HS with PRB inhibitor (1HP and 3HP). Levels of MuRF1 and MAFbx mRNA were
normalized to the levels of Gapdh in each sample. n = 8. * indicates a significant difference from the
control, # indicates a significant difference from the HS group, p < 0.05.

Expression of MAFbx and MuRF1 is regulated by the transcription factors MYOG [24–26]
and FOXO3 [27,28]. Unloading resulted in increased expression of MYOG in 3H group (by
44%, p < 0.05; Figure 3A) when compared with 3C group. There was a trend for the increase
of MYOG expression in 1H group, but the values did not reach statistically significant
levels (Figure 3A). Inhibition of PANX1 with PRB blocked unloading-induced MYOG
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upregulation in 1HP and 3HP groups (p < 0.05). In fact, MYOG expression in 1HP group
was significantly lower than in 1C group (p < 0.05; Figure 3A).
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Figure 3. Evaluation of the MYOG (A), p-FoxO3 (B) and p-AKT (C) content in soleus muscles of
non-treated control rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and 1 and
3 days of HS with PRB inhibitor (1HP and 3HP). Values are normalized to the level of GAPDH (A),
total FoxO3 (B) and total Akt (C) in each sample. n = 8. * indicates a significant difference from the
control, # indicates a significant difference from the HS group, p < 0.05.

Transcriptional activity of FoxO3 is regulated by phosphorylation [29]. AKT can
regulate FoxO3 phosphorylation at Thr32, Ser253 and Ser315 sites [30]. Unloading resulted
in significant decrease of phospho-FoxO3 (p-FoxO3) in both 1H and 3H groups (by 7%
and 58%, respectively, p < 0.05; Figure 3B) when compared with 1C and 3C groups. PRB
treatment has not prevented the decrease of p-FoxO3. In fact, FoxO3 phosphorylation was
lower in both 1HP and 3HP groups when compares with 1H and 3H groups (Figure 3B).

Similarly, phospho-AKT (p-AKT) content was significantly decreased in all four
groups with soleus muscle unloading (Figure 3C).

2.3. Effect of Probenecid on the Anabolic Processes in Unloaded Soleus Muscle

eEF2 is a key regulator of protein translation [31]. Unloading resulted in a signifi-
cant increase of phospho-eEF2 (p-eEF2) in both 1H and 3H groups (by 146% and 126%,
respectively, p < 0.05; Figure 4A) when compared with 1C and 3C groups. Inhibition of
PANX1 with PRB had no effect on the p-eEF2 content at one day of unloading but decreased
unloading-induced eEF2 phosphorylation in 3HP group (by 157%, p < 0.05; Figure 4A)
when compared with 3H group. In fact, eEF2 phosphorylation in 3HP group was lower
than in 3C group (Figure 4A).
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p70S6K and p90RSK regulate skeletal muscle protein synthesis [1]. One day of un-
loading increased the content of phospho-p70S6K (p-p70S6K; by 66% in group 1H, p < 0.05;
Figure 4B) when compared with 1C group. At three days of unloading the content of
p-p70S6K in unloaded muscle was not different from the control (Figure 4B). Inhibition of
PANX1 with PRB resulted in a significant increase of p-p70S6K content in both 1HP and
3HP groups (by 172% and 53%, respectively, p < 0.05; Figure 4B) when compared with 1C
and 3C groups.

At one day of unloading, phospho-p90RSK (p-p90RSK) content showed a decreasing
trend without reaching statistically significant values in both 1H and 1HP groups when
compared with 1C group (Figure 4C). When compared with the control group, three days
of unloading resulted in the significant decrease of p-p90RSK content in 3H group (by 27%,
p < 0.05) while in 3HP group it was similar to the control value (Figure 4C).

2.4. Effect of Probenecid on the Signaling Cascades Regulating Homeostasis of Unloaded Soleus Muscle

We evaluated signaling cascades regulating muscle homeostasis and affecting muscle
atrophy: GSK-3β, ERK1/2, and AMPK. Unloading had no effect on the level of phospho-
pGSK-3β (p-GSK-3β) in soleus muscle (1H and 3H groups) when compared with the
control (Figure 5A). Treatment with PRB resulted in significant increase of p-GSK-3β
content in both 1HP and 3HP groups (by 111% and 206%, respectively, p < 0.05) when
compared with 1C and 3C groups (Figure 5A).
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of non-treated control rats (1C and 3C), rats after 1 and 3 days of unloading (1HS and 3HS), and
1 and 3 days of HS with PRB inhibitor (1HP and 3HP). Values are normalized to the level of total
GSK3b (A), total ERK1/2 (B) and total AMPK (C) in each sample. n = 8. * indicates a significant
difference from the control, # indicates a significant difference from the HS group, p < 0.05.

Phospho-Erk1/2 (p-Erk1/2) content was decreased after muscle unloading (1H and
3H groups) when compared with the control (Figure 5B). Treatment with PRB diminished
unloading-induced p-Erk1/2 changes in soleus muscle (Figure 5B). In 1HP group p-Erk1/2
content was not different from the control (1C), and in 3HP group it was lower than in the
control (3C) but significantly higher than in the 3H group (Figure 5B).

Unloading had not produced any changes in the phospho-AMPK (p-AMPK) content in
soleus muscle (1H and 3H groups; Figure 5C). Treatment with PRB significantly increased
p-AMPK content in both 1HP and 3HP groups (by 146% and 191%, respectively, p < 0.05)
when compared with the control (Figure 5C).

3. Discussion

ATP is one of the crucial signaling molecules and it regulates diverse cellular processes.
ATP can be an important regulator of skeletal muscle adaptation to unloading. We previ-
ously showed that skeletal muscle atrophy and metabolic changes induced by unloading
were diminished by the decrease of high-energy phosphate levels [9,11,12]. Nevertheless,
the mechanism of this regulation was not explored.
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In the current study we showed that ATP content was increased in skeletal muscle after
three days of unloading in both PANX1 inhibitor-treated and in untreated rats. Furthermore,
PANX1 inhibition with PRB resulted in nineteen percent increase of ATP content in the
unloaded muscle. It was previously implied that ATP is released via PANX1 channels [14].
Panx1 overexpression in rat myoblast L6 cell line resulted in increased extracellular ATP
levels at rest and after electrical stimulation [32]. When PRB was used for blocking PANX1
it was suppressing ATP release [33]. We suggest that the increased Panx1 mRNA expression
detected in our study is a compensatory reaction to the functional blockade of PANX1
activity in unloaded muscle.

In our study, PANX1 inhibition had no effect on the decrease of muscle weight in
response to unloading. In both PRB-treated and -untreated rats the weight of soleus muscle
was decreased by a similar degree. Unloading activates muscle atrophy via upregulation
of skeletal muscle-specific E3 ubiquitin ligases MAFbx and MuRF1, as well as some other
pathways [2,34]. Nevertheless, sometimes there are discrepancies between the degree of
muscle atrophy and the level of expression of E3 ligases [3]. Inhibition of PANX1 with PRB
in the current study significantly reduced the upregulation of both MAFbx and MuRF1. We
hypothesize that the upregulation of MAFbx and MuRF1 expression after unloading can be
associated with the activation of purinergic receptors by ATP. It is known that purinergic
receptors have different sensitivity to ATP, ADP, AMP and adenosine [35]. We propose
that in our model ATP is released from unloaded muscle fibers into extracellular space via
PANX1. Binding of ATP to P2Y receptors can activate signaling cascades and expression of
genes regulating unloading-induced muscle atrophy. Our experiments for the first time
showed that blocking PANX1 with PRB during unloading results in the reduced expression
of E3 ubiquitin ligases.

Several transcription factors regulate MAFbx and MuRF1 expression during unload-
ing [2]. Their activity is controlled by diverse signaling cascades. We tested the role of two
such factors: FoxO3 and MYOG. Expression of MYOG is increased in muscle after pro-
longed immobilization [36] and unloading [37]. MYOG can directly interact with MAFbx
and MuRF1 promoters [24,25]. In our study, the level of MYOG expression was increased
in muscle after unloading. It was significantly reduced in unloaded muscle of PRB-treated
rats. This decrease in MYOG expression could have contributed to the reduced expression
of the E3 ubiquitin ligases in muscle of PRB-treated rats.

Some studies indicate that transcription factor FoxO3 can interact with the promoters
of MAFbx [2,27,28] and MuRF1 [2] and regulate their expression. In our study, FoxO3
phosphorylation was significantly reduced in unloaded muscle. The decrease in FoxO3
phosphorylation was even more pronounced in the muscle of PRB-treated rats. Therefore,
it is very unlikely that FoxO3 contributes to the diminished upregulation of MAFbx and
MuRF1 observed in the unloaded muscle of PRB-treated rats. Based on the results of the
current study it can be suggested that MYOG is the transcription factor that significantly
contributes to the downregulation of MAFbx and MuRF1 expression in unloaded muscle
of PRB-treated rats.

AKT phosphorylates FoxO3 on Thr32, Ser203 and Ser315 causing its retention in
the cytoplasm and blocking nuclear translocation [30]. In the current study AKT phos-
phorylation was significantly reduced in unloaded muscle of rats with and without PRB
treatment. This correlates with the reduced phosphorylation of FoxO3 in the same samples,
suggesting that AKT can be involved in the regulation FoxO3 phosphorylation described
in the current study. It has to be mentioned that total AKT and FoxO3 protein levels were
upregulated in denervated mouse soleus muscle, while AKT and FoxO3 phosphorylation
was not changed [38].

We showed that after one day of unloading the content of p-eEF2 was increased in
muscle of both PRB-treated and untreated rats. This finding is in line with the previous
studies reporting that the content of p-eEF2 is increased in unloaded skeletal muscle [39–41].
At three days of unloading the level of p-eEF2 in muscle of untreated rats was elevated,
while the content of p-eEF2 in muscle of PRB-treated rats was similar to the control values.
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At the same time, the content of p-p70S6K and p-p90RSK in muscle of PRB-treated rats at
three days of unloading was elevated. p-p70S6K and p-p90RSK can regulate activity of
eEF2 kinase (eEF2K). p-p70S6K and p-p90RSK phosphorylate eEF2K on Ser366 and inhibit
its activity [42]. This can result in the dephosphorylation of eEF2 and increased process of
translation elongation. Therefore, the inhibition of PANX1 with PRB restores elongation
processes in the unloaded muscle via eEF2 kinase-dependent pathway.

GSK-3β performs numerous functions in the cells [43]. In the current study p-GSK-3β
content was not changed by unloading. At the same time, unloaded muscle of PRB- treated
rats had significantly increased levels of p-GSK-3β. It is proposed that GSK-3β can interact
with more than a hundred of different proteins and can phosphorylate many of these
proteins. GSK-3β-dependent protein phosphorylation can lead to their ubiquitination via
β-TrCP [44]. Decreased PI3K/AKT signaling leads to GSK-3β-mediated desmin phos-
phorylation, degradation of myofibrils and muscle atrophy [45,46]. Phosphorylation of
GSK-3β on Ser9 by AKT inhibits its activity [47,48] and significantly decreases accessibil-
ity of Ser9 site. The content of p-AKT was equally decreased in muscle of all unloaded
groups. Therefore, a different kinase was mediating increased phosphorylation of GSK-3β
in the unloaded muscle of PRB treated rats. GSK-3β phosphorylation can be regulated
by cGMP-dependent kinase [49], as well as by PKC, PKA, Rho, cdc2, and CaMKII [50].
It is conceivable that some of these kinases can regulate GSK-3β phosphorylation in the
unloaded muscle of PRB-treated rats.

GSK-3β-regulated effects are mediated via TSC2/mTOR pathway [51]. The mTORC1
pathway regulates protein synthesis via p70S6K phosphorylation [1]. High levels of GSK-
3β phosphorylation were correlated with increased p70S6K phosphorylation in unloaded
muscle of PRB-treated rats in our study. Previous studies showed that p70S6K phosphory-
lation was increased in muscle after one day of unloading [5,41,52] but returned to control
values by the third day. High content of p-p70S6K in unloaded muscle of PRB- treated
rats at both one and three days of unloading in our study indicates possible association
between the activity of PANX1 and indicators of protein synthesis. Increased p70S6K phos-
phorylation in unloaded muscle of PRB-treated rats can be related to the phosphorylation
and inhibition of GSK-3β.

p90RSK regulates mTOR activity and protein synthesis via phosphorylation of TSC2
and Raptor [53,54]. Protein synthesis can be also affected by the ERK1/2 pathway [1].
ERK1/2 can phosphorylate and activate p90RSK with subsequent phosphorylation of
multiple cellular substrates [55,56]. In particular, p90RSK phosphorylation can regulate
the activity of GSK-3β [49]. We reported previously that p90RSK phosphorylation was
decreased after three days of muscle unloading [39]. In the current study we also showed
that p90RSK phosphorylation was decreased after unloading. Inhibition of PANX1 in
unloaded muscle of PRB-treated rats attenuated the decline of p90RSK phosphorylation
at both one and three days of unloading. ERK1/2 phosphorylation was also decreased
by muscle unloading. PRB treatment significantly diminished the unloading-induced
decline of ERK1/2 phosphorylation. It can be suggested that regulation of the key anabolic
markers during muscle unloading is affected by the PANX1-mediated transport of high-
energy phosphates.

AMPK is a key regulator of energy homeostasis. The level of AMPK phosphorylation
may vary with the duration of muscle unloading [41,57,58]. In the current study the content
of p-AMPK was not significantly changed by unloading. PRB treatment increased AMPK
phosphorylation in unloaded muscle at both one and three days of unloading. AMPK
phosphorylation may be regulated by several mechanisms, including methylation. It
was recently reported that CARM1 can methylate AMPK during early stages of muscle
unloading and, as a result, reduce AMPK phosphorylation [59]. We suggest that CARM1
can be involved in the regulation AMPK phosphorylation in the unloaded muscle of PRB-
treated rats, but this requires further studies. AMPK activation is regulated by calcium [60].
There might be an association between inhibition of PANX1 with PRB, changes in calcium
concentration and the increased phosphorylation of AMPK.
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In brief, inhibition of pannexin channels during one or three days of skeletal muscle
unloading results in: (1) decreased activity of catabolic signaling, including decreased
mRNA expression of the E3 ubiquitin ligases MAFbx and MuRF1, increased content of
p-GSK-3β, impeding of the eEF2 phosphorylation and as a result maintaining protein
elongation at the control level; and (2) high level of phosphorylation of muscle anabolic
markers p70S6K and p90RSK.

4. Materials and Methods
4.1. Ethical Approval

Experiments were performed at the Institute of Biomedical Problems, RAS, Russia.
The experiments were approved by the Committee on Bioethics of the Russian Academy
of Sciences (protocol 537; 18 February 2020). The study was conducted in accordance with
the internationally accepted regulations and rules of biomedical ethics. It is in compliance
with the principles and regulations described by Grundy [61].

4.2. Animal Procedures

Forty-eight male Wistar rats (three months old, 180–200 g body weight) were randomly
assigned to one of the six groups (8 animals per group): non-treated control for 1 and 3 days
of experiments (1C and 3C, respectively), 1 and 3 days of unloading/hindlimb suspension
(HS) with placebo (1H and 3H, respectively), and 1 and 3 days of HS with PANX1 inhibitor
probenecid (PRB) administration (1HP and 3HP, respectively). PRB (Biokanol Pharma
GmbH, Germany) was dissolved in PBS at concentration of 20 mg/mL and delivered orally
via gavage at a dose of 50 mg/kg of body weight. Rats in control groups received equal
amount of placebo solution via gavage. The dose of PRB used in the experiments was
established based on the previously published studies [33,62–65]. In addition, PRB has
been approved by FDA since 1979 for the treatment of gout and gouty arthritis. Under
normal physiological conditions, muscle pannexin channels are not active and blocking
their activity with probenecid (50 mg/kg of body weight) does not change muscle ATP
content [65].

Animals were kept at 22 ◦C in a light-controlled environment (12:12 h light-dark
cycle) with unlimited access to water and food. At the completion of one- or three-day
experiments rats were euthanized by the intraperitoneal injection of 10% avertin solution
at 5 mL/kg of body weight (Sigma-Aldrich Corp., St. Louis, MO, USA). Soleus muscle was
dissected, weighed, divided into aliquots, frozen in liquid nitrogen, and stored at −85 ◦C
for the subsequent analyses.

4.3. Hindlimb Suspension

Hindlimb suspension was performed using a traction method of noninvasive tail-
casting [66]. With this method of unloading rats are free to move around the cage using
forelimbs and have food and water ad libitum.

4.4. Evaluation of ATP Content

ATP Colorimetric/Fluorometric Assay Kit (MAK190; Sigma, St. Louis, MO, USA)
was used for measurements of the ATP content in soleus muscle samples according to the
manufacturer’s instructions. In brief, muscle samples were weighted and homogenized
with 2N of perchloric acid (PCA; 10 µL per mg of muscle). Samples were kept on ice for
30–45 min and centrifuged at 13,000× g for 2 min at 4 ◦C. The supernatant was transferred
into a fresh tube, the volume was measured, and ATP Assay Buffer was added to adjust
the volume to 500 µL per mg of muscle tissue. Perchloric acid was neutralized with 2M
KOH until the pH reached 6.5–8 and samples were centrifuged at 13,000 × g for 2 min at
4 ◦C. Supernatant was used for ATP quantification. Fifty microliters of supernatant were
aliquoted into the plate wells. Fifty microliters of ATP standards (2–10 nmol/well) were
also aliquoted into the plate wells. Fifty microliters of ATP reaction mix were added to



Int. J. Mol. Sci. 2021, 22, 10444 9 of 14

each well and the plate was incubated for 30 min in the darkness. After that, plates were
scanned with Epoch Microplate Spectrophotometer (BioTek, Winooski, VT, USA) at 570 nm.

ATP concentration was evaluated using the following formula:

ATP concentration = B ∗ DDF/V

B—amount of ATP in the sample well calculated based on the standard curve.
V—sample volume added into the wells (50 µL).
DDF (deproteinization dilution factor) was calculated using the following formula:
DDF = (500 µL + volume KOH (µL))/initial sample volume PCA.

4.5. Protein Extraction and Western Blot Analysis

Protein extracts were prepared from frozen soleus muscle. Muscle samples were
homogenized in RIPA buffer (#sc-24948, Santa Cruz Biotechnology, Dallas, TX, USA). To
protect integrity of the proteins we used Complete Protease Inhibitor Cocktail (#sc-29130,
Santa Cruz Biotechnology, Dallas, TX, USA), Phosphatase Inhibitor Cocktail B (#sc-45045,
Santa Cruz Biotechnology, Dallas, TX, USA), PMSF (1 mM), aprotinin (10 µg/mL), leupeptin
(10 µg/mL), and pepstatin A (10 µg/mL). To evaluate protein concentration in the samples
Quick Start Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) was used.
After dilution in Laemmli buffer samples were run on 10% SDS-PAGE (20 µg/lane) and
transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA).
Membranes were blocked with blocking buffer (5% nonfat milk powder, TBS pH 7.4, and
0.1% Tween-20) and incubated overnight at 4 ◦C with the solution of primary antibodies.

The following primary antibodies were used: against total AKT (1:1000; #9272, Cell
Signaling Technology, Danvers, MA, USA) and phosphorylated AKT (p-AKT, Ser 473;
1:1500, #4058, Cell Signaling Technology, Danvers, MA, USA), against total p70S6K (1:1000,
Cell Signaling Technology, Danvers, MA, USA, #9202) and phosphorylated p70S6K (p-
p70S6K; Thr389; 1:2000, Santa Cruz Biotechnology, Dallas, TX, USA, sc-11759), against total
p90RSK (1:2000, Cell Signaling Technology, Danvers, MA, USA, #9326) and phosphorylated
p90RSK (p-p90RSK; Thr359/Ser363; 1:2000, Cell Signaling, Danvers, MA, USA, #9344),
against total GSK-3β (1:1000, Cell Signaling Technology, Danvers, MA, USA, #12456) and
phosphorylated GSK-3β (p-GSK-3β; Ser 9; 1:1000, Cell Signaling Technology, Danvers, MA,
USA, #9322), against total Erk1/2 (1:1000, Cell Signaling Technology, Danvers, MA, USA,
#4695) and phosphorylated Erk1/2 (p-Erk1/2; Thr202/Tyr204; 1:1000, Cell Signaling Tech-
nology, Danvers, MA, USA, #9101), against total eEF2 (1:1000, Cell Signaling Technology,
Danvers, MA, USA, #2332) and phosphorylated eEF2 (p-eEF2; Thr56; 1:1000, Cell Signaling,
USA, #2331), against total AMPK (1:1000, Cell Signaling Technology, Danvers, MA, USA,
#2532) and phosphorylated AMPK (p-AMPK; Thr172; 1:1000, Cell Signaling Technology,
USA,#2531), against total FOXO3 (1:1000, Cell Signaling Technology, Danvers, MA, USA,
#2497) and phosphorylated FOXO3 (p- FOXO3; Ser253; 1:1000, Cell Signaling Technology,
Danvers, MA, USA, #9466), and against myogenin (MYOG, 1:500, Invitrogen, Waltham,
MA, USA, # MA5-11658).

After three washes with TBS-Tween (TBS and 0.1% Tween-20), the membranes were
incubated for one hour with secondary antibodies at room temperature. Horseradish
peroxidase-conjugated goat anti-rabbit (1:30,000, #111-035-003, Jackson Immuno Research,
West Grove, PA, USA) or goat anti-mouse (1:20,000, #1706516, Bio-Rad, Hercules, CA, USA)
secondary antibodies were used. The membranes were washed again in TBS-Tween three
times and incubated with Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules,
CA, USA). Blots were evaluated using a C-DiGit Blot Scanner (LI-COR Biotechnology,
Lincoln, NE, USA) and Image Studio C-DiGit software. Equal protein loading was verified
by membrane staining with Ponceau S (data not shown). The protein expression data for
each group are expressed as a percentage of the control group values.
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4.6. RNA Isolation and Reverse Transcription

Frozen soleus muscle (8–10 mg) was used for isolation of total RNA using RNeasy
Micro Kit (Qiagen, Hilden, Germany). Microspin FV-2400 (Biosan, Riga, Latvia) was used
for homogenization and centrifugation of the samples. Purified RNA was treated with
proteinase K and DNase I, and concentration was evaluated using a NanoPhotometer
(Implen GmbH, Munich, Germany). RNA quality of purification was evaluated according
to 260/280 and 260/230 ratios. Purified RNA was frozen in aqueous solution at −85 ◦C
for storage. Reverse transcription was performed by incubating 0.5 micrograms of RNA,
random hexamers d(N)6, dNTPs, RNase inhibitor, and MMLV (Moloney Murine Leukemia
Virus) reverse transcriptase (Moscow, Russia) for 60 min at 42 ◦C.

4.7. Quantitative PCR Analysis

Amplification was performed by mixing one microliter of cDNA with twenty-four mi-
croliters of SYBR Green PCR reaction solution containing 1×Quantitect SYBR Green Master
Mix (Syntol, Moscow, Russia) and 10 pM of each forward and reverse primer. Sequences
of the primers are presented in Table 2. Primers were synthesized by Syntol (Moscow,
Russia). Annealing was performed at optimal temperature for each PCR primer-pair. The
amplification was monitored using an iQ5 Multicolor Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA). Amplification specificity was confirmed by
melting curve analysis. Relative quantification was performed on the basis of the threshold
cycle (CT value) for each PCR sample [67]. Initially, two housekeeping genes were evalu-
ated for the normalization: Gapdh and β-actin. Similar results were obtained when Gapdh
and β-actin were used (data not shown). Gapdh was chosen for the normalization of all
quantitative PCR analysis experiments in the current study.

Table 2. Primers used for QRT-PCR.

Gene Accession
Number Forward Primer Reverse Primer

b-actin NM_031144.3 5′-TCATGAAGTGTGACGTTGACATCC-3′ 5′-GTAAAACGCAGCTCAGTAACAGTC-3′

Gapdh NM_017008.4 5′-ACGGCAAGTTCAACGGCACAGTCAA-3′ 5′-GCTTTCCAGAGGGGCCATCCACA-3′

MAFbx NM_133521.1 5′-CTACGATGTTGCAGCCAAGA-3′ 5′-GGCAGTCGAGAAGTCCAGTC-3′

MuRF1 NM_080903.2 5′-GCCAATTTGGTGCTTTTTGT-3′ 5′-AAATTCAGTCCTCTCCCCGT-3′

Panx1 NM_199397.2 5′-CGATGCTGGAGCAGTACTTGAAGA-3′ 5′-AGGAGAGGCTGAAGTAGTAGCT-3′

4.8. Statistical Analysis

PCR data are expressed as median and interquartile range (0.25–0.75). Statistical
analysis was performed using REST 2009 v.2.0.12 (Qiagen, Hilden, Germany) and Origin
Pro v.8.0 (OriginLab Corp., Northampton, MA, USA) programs. Western blot data are
expressed as means± SE. Significant differences between groups were statistically analyzed
using two-way ANOVA followed by Tukey’s test. When normality testing failed, data
were analyzed by nonparametric methods (Kruskal–Wallis ANOVA followed by Dunnett’s
test). Differences with values of p < 0.05 were considered statistically significant.

5. Conclusions

Current study for the first time demonstrates that during skeletal muscle unloading
PANX1 ATP-permeable channels are involved in the regulation of muscle atrophic processes
by modulating expression of E3 ligases and protein translation and elongation processes.
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Abbreviations

AKT protein kinase B alpha
AMPK adenosine monophosphate-activated protein kinase
β-TrCP beta-transducin repeat containing protein
CaMKII Ca2+/calmodulin-dependent protein kinase II
CARM1 coactivator-associated arginine methyltransferase 1
cdc2 cell division control 2
DHPR dihydropteridine receptor
GS glycogen synthase
eEF22 eukaryotic translation elongation factor
eEF2K eukaryotic translation elongation factor 2 kinase
Erk1/2 extracellular signal-regulated kinase 1/2
FoxO3 forkhead box O3
GSK3β glycogen synthase kinase-3β
HS hindlimb suspension
IP3 inositol trisphosphate
MAFbx ubiquitin ligase muscle atrophy F-box
MYOG myogenin
MuRF1 muscle-specific RING finger protein 1
mTORC1 mammalian target of rapamycin complex 1
PI3K phosphatidylinositol 3-kinase
PCr phosphocreatine
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PKC protein kinase C
PANX1 pannexin channel 1
PLC phospholipase C
p70S6K 70-kDa ribosomal protein S6 kinase
p90RSK90 kDa ribosomal protein S6 kinase 1
PRB probenecid
P2Y purinergic G protein-coupled receptor
Rho Ras Homolog Family Member
RyR ryanodine receptor
TSC2 tuberous sclerosis complex 2

References
1. Glass, D.J. Signalling pathways that mediate skeletal muscle hypertrophy and atrophy. Nature 2003, 5, 87–90. [CrossRef]
2. Bodine, S.C.; Baehr, L.M. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am. J. Physiol.

Metab. 2014, 307, E469–E484. [CrossRef]
3. Bodine, S.C.; Edward, F. Adolph distinguished lecture. Skeletal muscle atrophy: Multiple pathways leading to a common

outcome. J. Appl. Physiol. 2020, 129, 272–282. [CrossRef]
4. Mirzoev, T.M.; Shenkman, B.S. Regulation of protein synthesis in inactivated skeletal muscle: Signal inputs, protein kinase

cascades, and ribosome biogenesis. Biochemistry 2018, 83, 1299–1317. [CrossRef]
5. Shenkman, B.S. How postural muscle senses disuse? Early signs and signals. Int. J. Mol. Sci. 2020, 21, 5037. [CrossRef]

http://doi.org/10.1038/ncb0203-87
http://doi.org/10.1152/ajpendo.00204.2014
http://doi.org/10.1152/japplphysiol.00381.2020
http://doi.org/10.1134/S0006297918110020
http://doi.org/10.3390/ijms21145037


Int. J. Mol. Sci. 2021, 22, 10444 12 of 14

6. Ohira, Y.; Yasui, W.; Kariya, F.; Wakatsuki, T.; Nakamura, K.; Asakura, T.; Edgerton, V. Metabolic adaptation of skeletal muscles to
gravitational unloading. Acta Astronaut. 1994, 33, 113–117. [CrossRef]

7. Ingalls, C.P.; Warren, G.L.; Armstrong, R.B. Intracellular Ca2+ transients in mouse soleus muscle after hindlimb unloading and
reloading. J. Appl. Physiol. 1999, 87, 386–390. [CrossRef]

8. Ingalls, C.P.; Wenke, J.C.; Armstrong, R.B. Time course changes in [Ca2+]i, force, and protein content in hindlimb-suspended
mouse soleus muscles. Aviat. Space Environ. Med. 2001, 72, 471–476.

9. Shenkman, B.S.; Nemirovskaya, T.L. Calcium-dependent signaling mechanisms and soleus fiber remodeling under gravitational
unloading. J. Muscle Res. Cell Motil. 2008, 29, 221–230. [CrossRef]

10. Gupta, R.C.; Misulis, K.E.; Dettbarn, W.D. Activity dependent characteristics of fast and slow muscle: Biochemical and histo-
chemical considerations. Neurochem. Res. 1989, 14, 647–655. [CrossRef]

11. Nemirovskaya, T.L.; Shenkman, B.S.; Matsievskii, D.D.; Eyu, B.; Maevskii, E.; Grishina, E. Decreased concentration of high-energy
phosphates prevents a decrease in redox potential of skeletal muscles under gravitational unloading. Dokl. Biol. Sci. 2000, 370,
10–13. [PubMed]

12. Vilchinskaya, N.A.; Mochalova, E.P.; Paramonova, I.I.; Belova, S.P.; Mirzoev, T.M.; Shenkman, B.S. The effect of β-GPA on the
markers of anabolic and catabolic signaling pathways in rat soleus muscle at the initial stage of Hindlimb unloading. Biochem.
Suppl. Ser. A Membr. Cell Biol. 2020, 14, 1–6. [CrossRef]

13. Lazarowski, E.R.; Boucher, R.C.; Harden, T.K. Mechanisms of release of nucleotides and integration of their action as P2X- and
P2Y-receptor activating molecules. Mol. Pharmacol. 2003, 64, 785–795. [CrossRef] [PubMed]

14. Casas, M.; Buvinic, S.; Jaimovich, E. ATP signaling in skeletal muscle: From fiber plasticity to regulation of metabolism. Exerc.
Sport Sci. Rev. 2014, 42, 110–116. [CrossRef]

15. Panchina, Y.; Kelmanson, I.; Matz, M.; Lukyanov, K.; Usman, N.; Lukyanov, S. A ubiquitous family of putative gap junction
molecules. Curr. Biol. 2000, 10, R473–R474. [CrossRef]

16. Penuela, S.; Gehi, R.; Laird, D.W. The biochemistry and function of pannexin channels. Biochim. Biophys. Acta Biomembr. 2013,
1828, 15–22. [CrossRef]

17. Shestopalov, V.I.; Panchin, Y. Pannexins and gap junction protein diversity. Experientia 2007, 65, 376–394. [CrossRef]
18. MacVicar, B.; Thompson, R. Non-junction functions of pannexin-1 channels. Trends Neurosci. 2010, 33, 93–102. [CrossRef]
19. Dahl, G. ATP release through pannexon channels. Philos. Trans. R. Soc. Lond. Biol. Sci. 2015, 370, 1672. [CrossRef]
20. May, C.; Weigl, L.; Karel, A.; Hohenegger, M. Extracellular ATP activates ERK1/ERK2 via a metabotropic P2Y1 receptor in a Ca2+

independent manner in differentiated human skeletal muscle cells. Biochem. Pharmacol. 2006, 71, 1497–1509. [CrossRef]
21. Jaimovich, E.; Carrasco, M.A. IP3 dependent Ca2+ signals in muscle cells are involved in regulation of gene expression. Biol. Res.

2002, 35, 195–202. [CrossRef]
22. Jaimovich, E.; Reyes, R.; Liberona, J.L.; Powell, J.A. IP3 receptors, IP3 transients, and nucleus-associated Ca2+ signals in cultured

skeletal muscle. Am. J. Physiol. Physiol. 2000, 278, C998–C1010. [CrossRef] [PubMed]
23. Valladares, D.; Utreras-Mendoza, Y.; Campos, C.; Morales, C.; Vegas, A.D.; Contreras-Ferrat, A.; Westermeier, F.; Jaimovich, E.;

Marchi, S.; Pinton, P.; et al. IP3 receptor blockade restores autophagy and mitochondrial function in skeletal muscle fibers of
dystrophic mice. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3685–3695. [CrossRef] [PubMed]

24. Moresi, V.; Williams, A.H.; Meadows, E.; Flynn, J.M.; Potthoff, M.; McAnally, J.; Shelton, J.M.; Backs, J.; Klein, W.H.;
Richardson, J.A.; et al. Myogenin and class II HDACs control neurogenic muscle atrophy by inducing E3 ubiquitin ligases. Cell
2010, 143, 35–45. [CrossRef] [PubMed]

25. Bricceno, K.V.; Sampognaro, P.J.; Van Meerbeke, J.P.; Sumner, C.J.; Fischbeck, K.H.; Burnett, B.G. Histone deacetylase inhibition
suppresses myogenin-dependent atrogene activation in spinal muscular atrophy mice. Hum. Mol. Genet. 2012, 21, 4448–4459.
[CrossRef] [PubMed]

26. Furlow, J.D.; Watson, M.L.; Waddell, D.; Neff, E.S.; Baehr, L.M.; Ross, A.P.; Bodine, S. Altered gene expression patterns in muscle ring
finger 1 null mice during denervation- and dexamethasone-induced muscle atrophy. Physiol. Genom. 2013, 45, 1168–1185. [CrossRef]

27. Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. Foxo
Transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell 2004, 117,
399–412. [CrossRef]

28. Clavel, S.; Siffroi-Fernandez, S.; Coldefy, A.S.; Boulukos, K.; Pisani, D.; Dérijard, B. Regulation of the intracellular localization of
Foxo3a by stress-activated protein kinase signaling pathways in skeletal muscle cells. Mol. Cell. Biol. 2010, 30, 470–480. [CrossRef]

29. Brown, A.K.; Webb, A.E. Regulation of FOXO factors in mammalian cells. Curr. Top. Dev. Biol. 2017, 127, 165–192. [CrossRef]
30. Kodani, N.; Nakae, J. Tissue-specific metabolic regulation of FOXO-binding protein: FOXO does not act alone. Cells 2020, 9,

702. [CrossRef]
31. Knight, J.R.P.; Garland, G.; Poyry, T.; Mead, E.; Vlahov, N.; Sfakianos, A.; Grosso, S.; De-Lima-Hedayioglu, F.; Mallucci, G.R.;

von der Haar, T.; et al. Control of translation elongation in health and disease. Dis. Model Mech. 2020, 13, dmm043208. [CrossRef]
32. Arias-Calderón, M.; Almarza, G.; Díaz-Vegas, A.; Contreras-Ferrat, A.; Valladares, D.; Casas, M.; Toledo, H.; Jaimovich, E.;

Buvinic, S. Characterization of a multiprotein complex involved in excitation-transcription coupling of skeletal muscle. Skelet.
Muscle 2016, 6, 15. [CrossRef]

33. Silverman, W.; Locovei, S.; Dahl, G. Probenecid, a gout remedy, inhibits pannexin 1 channels. Am. J. Physiol.-Cell Physiol. 2008,
295, C761–C767. [CrossRef] [PubMed]

http://doi.org/10.1016/0094-5765(94)90115-5
http://doi.org/10.1152/jappl.1999.87.1.386
http://doi.org/10.1007/s10974-008-9164-7
http://doi.org/10.1007/BF00964874
http://www.ncbi.nlm.nih.gov/pubmed/10781319
http://doi.org/10.1134/S1990747819060102
http://doi.org/10.1124/mol.64.4.785
http://www.ncbi.nlm.nih.gov/pubmed/14500734
http://doi.org/10.1249/JES.0000000000000017
http://doi.org/10.1016/S0960-9822(00)00576-5
http://doi.org/10.1016/j.bbamem.2012.01.017
http://doi.org/10.1007/s00018-007-7200-1
http://doi.org/10.1016/j.tins.2009.11.007
http://doi.org/10.1098/rstb.2014.0191
http://doi.org/10.1016/j.bcp.2006.02.003
http://doi.org/10.4067/S0716-97602002000200010
http://doi.org/10.1152/ajpcell.2000.278.5.C998
http://www.ncbi.nlm.nih.gov/pubmed/10794674
http://doi.org/10.1016/j.bbadis.2018.08.042
http://www.ncbi.nlm.nih.gov/pubmed/30251688
http://doi.org/10.1016/j.cell.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20887891
http://doi.org/10.1093/hmg/dds286
http://www.ncbi.nlm.nih.gov/pubmed/22798624
http://doi.org/10.1152/physiolgenomics.00022.2013
http://doi.org/10.1016/S0092-8674(04)00400-3
http://doi.org/10.1128/MCB.00666-09
http://doi.org/10.1016/bs.ctdb.2017.10.006
http://doi.org/10.3390/cells9030702
http://doi.org/10.1242/dmm.043208
http://doi.org/10.1186/s13395-016-0087-5
http://doi.org/10.1152/ajpcell.00227.2008
http://www.ncbi.nlm.nih.gov/pubmed/18596212


Int. J. Mol. Sci. 2021, 22, 10444 13 of 14

34. Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.-M.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F.J.; Na, E.; Dharmarajan, K.; et al.
Identification of ubiquitin ligases required for skeletal muscle atrophy. Science 2001, 294, 1704–1708. [CrossRef]

35. Ralevic, V.; Knight, G.; Burnstock, G. Effects of hibernation and arousal from hibernation on mesenteric arterial responses of the
golden hamster. J. Pharmacol. Exp. Ther. 1998, 287.

36. Yoshihara, T.; Machida, S.; Kurosaka, Y.; Kakigi, R.; Sugiura, T.; Naito, H. Immobilization induces nuclear accumulation of
HDAC4 in rat skeletal muscle. J. Physiol. Sci. 2016, 66, 337–343. [CrossRef] [PubMed]

37. Mochalova, E.P.; Belova, S.P.; Kostrominova, T.Y.; Shenkman, B.S.; Nemirovskaya, T.L. Differences in the role of HDACs 4 and 5
in the modulation of processes regulating MAFbx and MuRF1 expression during muscle unloading. Int. J. Mol. Sci. 2020, 21, 4815.
[CrossRef] [PubMed]

38. Gao, H.; Li, Y.-F. Distinct signal transductions in fast- and slow- twitch muscles upon denervation. Physiol. Rep. 2018, 6, e13606.
[CrossRef] [PubMed]

39. Shenkman, B.S.; Belova, S.P.; Lomonosova, Y.N.; Kostrominova, T.Y.; Nemirovskaya, T.L. Calpain-dependent regulation of the
skeletal muscle atrophy following unloading. Arch. Biochem. Biophys. 2015, 584, 36–41. [CrossRef]

40. Lomonosova, Y.N.; Belova, S.P.; Mirzoev, T.M.; Kozlovskaya, I.B.; Shenkman, B.S. Eukaryotic elongation factor 2 kinase activation
in M. soleus under 14-day hindlimb unloading of rats. Dokl. Biochem. Biophys. 2017, 474, 165–167. [CrossRef]

41. Tyganov, S.; Mochalova, E.P.; Belova, S.P.; Sharlo, K.A.; Rozhkov, S.V.; Vilchinskaya, N.A.; Paramonova, I.I.; Mirzoev, T.;
Shenkman, B.S. Effects of plantar mechanical stimulation on anabolic and catabolic signaling in rat postural muscle under
short-term simulated gravitational unloading. Front. Physiol. 2019, 10, 1252. [CrossRef]

42. Wang, X.; Li, W.; Williams, M.R.; Terada, N.; Alessi, D.; Proud, C.G. Regulation of elongation factor 2 kinase by p90RSK1 and p70
S6 kinase. EMBO J. 2001, 20, 4370–4379. [CrossRef]

43. Ahmad, F.; Woodgett, J.R. Emerging roles of GSK-3α in pathophysiology: Emphasis on cardio-metabolic disorders. Biochim.
Biophys. Acta Mol. Cell Res. 2020, 1867, 118616. [CrossRef]

44. Robertson, H.; Hayes, J.D.; Sutherland, C. A partnership with the proteasome; the destructive nature of GSK3. Biochem. Pharmacol.
2017, 147, 77–92. [CrossRef]

45. Aweida, D.; Rudesky, I.; Volodin, A.; Shimko, E.; Cohen, S. GSK3-beta promotes calpain-1-mediated desmin filament depolymer-
ization and myofibril loss in atrophy. J. Cell Biol. 2018, 217, 3698–3714. [CrossRef]

46. Cohen, S. Role of calpains in promoting desmin filaments depolymerization and muscle atrophy. Biochim. Biophys. Acta Mol. Cell
Res. 2020, 1867, 118788. [CrossRef]

47. Jefferson, L.S.; Fabian, J.R.; Kimball, S.R. Glycogen synthase kinase-3 is the predominant insulin-regulated eukaryotic initiation
factor 2B kinase in skeletal muscle. Int. J. Biochem. Cell Biol. 1999, 31, 191–200. [CrossRef]

48. Léger, B.; Cartoni, R.; Praz, M.; Lamon, S.; Dériaz, O.; Crettenand, A.; Gobelet, C.; Rohmer, P.; Konzelmann, M.; Luthi, F.; et al.
Akt signalling through GSK-3β, mTOR and Foxo1 is involved in human skeletal muscle hypertrophy and atrophy. J. Physiol.
2006, 576, 923–933. [CrossRef]

49. Fang, X.; Yu, S.X.; Lu, Y.; Bast, R.; Woodgett, J.; Mills, G.B. Phosphorylation and inactivation of glycogen synthase kinase 3 by
protein kinase A. Proc. Natl. Acad. Sci. USA 2000, 97, 11960–11965. [CrossRef]

50. Song, B.; Lai, B.; Zheng, Z.; Zhang, Y.; Luo, J.; Wang, C.; Chen, Y.; Woodgett, J.; Li, M. Inhibitory phosphorylation of GSK-3 by
CaMKII couples depolarization to neuronal survival. J. Biol. Chem. 2010, 285, 41122–41134. [CrossRef]

51. Gu, Y.; Gao, L.; Han, Q.; Li, A.; Yu, H.; Liu, D.; Pang, Q. GSK-3beta at the crossroads in regulating protein synthesis and lipid
deposition in zebrafish. Cells 2019, 8, 205. [CrossRef]

52. Mirzoev, T.; Tyganov, S.; Vilchinskaya, N.; Lomonosova, Y.; Shenkman, B. Key markers of mTORC1-dependent and mTORC1-
independent signaling pathways regulating protein synthesis in rat soleus muscle during early stages of hindlimb unloading.
Cell. Physiol. Biochem. 2016, 39, 1011–1020. [CrossRef] [PubMed]

53. Roux, P.; Ballif, B.A.; Anjum, R.; Gygi, S.P.; Blenis, J. Tumor-promoting phorbol esters and activated Ras inactivate the tuberous
sclerosis tumor suppressor complex via p90 ribosomal S6 kinase. Proc. Natl. Acad. Sci. USA 2004, 101, 13489–13494. [CrossRef]

54. Carrière, A.; Cargnello, M.; Julien, L.-A.; Gao, H.; Bonneil, E.; Thibault, P.; Roux, P. Oncogenic MAPK signaling stimulates
mTORC1 activity by promoting RSK-mediated raptor phosphorylation. Curr. Biol. 2008, 18, 1269–1277. [CrossRef]

55. Aronson, D.; Violan, M.; Dufresne, S.D.; Zangen, D.; Fielding, R.; Goodyear, L.J. Exercise stimulates the mitogen-activated protein
kinase pathway in human skeletal muscle. J. Clin. Investig. 1997, 99, 1251–1257. [CrossRef] [PubMed]

56. Yu, M.; Blomstrand, E.; Chibalin, A.V.; Krook, A.; Zierath, J.R. Marathon running increases ERK1/2 and p38 MAP kinase
signalling to downstream targets in human skeletal muscle. J. Physiol. 2001, 536, 273–282. [CrossRef]

57. Vilchinskaya, N.A.; Mochalova, E.P.; Nemirovskaya, T.L.; Mirzoev, T.M.; Turtikova, O.V.; Shenkman, B.S. Rapid decline in MyHC
I(beta) mRNA expression in rat soleus during hindlimb unloading is associated with AMPK dephosphorylation. J. Physiol. 2017,
595, 7123–7134. [CrossRef]

58. Stouth, D.W.; Manta, A.; Ljubicic, V. Protein arginine methyltransferase expression, localization, and activity during disuse-
induced skeletal muscle plasticity. Am. J. Physiol. Physiol. 2018, 314, C177–C190. [CrossRef]

59. Stouth, D.W.; VanLieshout, T.L.; Ng, S.Y.; Webb, E.K.; Manta, A.; Moll, Z.; Ljubicic, V. CARM1 regulates AMPK signaling in
skeletal muscle. iScience 2020, 23, 101755. [CrossRef]

60. Mathew, T.; Ferris, R.; Downs, R.; Kinsey, S.; Baumgarner, B. Caffeine promotes autophagy in skeletal muscle cells by increasing
the calcium-dependent activation of AMP-activated protein kinase. Biochem. Biophys. Res. Commun. 2014, 453, 411–418. [CrossRef]

http://doi.org/10.1126/science.1065874
http://doi.org/10.1007/s12576-015-0432-1
http://www.ncbi.nlm.nih.gov/pubmed/26759025
http://doi.org/10.3390/ijms21134815
http://www.ncbi.nlm.nih.gov/pubmed/32646070
http://doi.org/10.14814/phy2.13606
http://www.ncbi.nlm.nih.gov/pubmed/29464929
http://doi.org/10.1016/j.abb.2015.07.011
http://doi.org/10.1134/S1607672917030048
http://doi.org/10.3389/fphys.2019.01252
http://doi.org/10.1093/emboj/20.16.4370
http://doi.org/10.1016/j.bbamcr.2019.118616
http://doi.org/10.1016/j.bcp.2017.10.016
http://doi.org/10.1083/jcb.201802018
http://doi.org/10.1016/j.bbamcr.2020.118788
http://doi.org/10.1016/S1357-2725(98)00141-1
http://doi.org/10.1113/jphysiol.2006.116715
http://doi.org/10.1073/pnas.220413597
http://doi.org/10.1074/jbc.M110.130351
http://doi.org/10.3390/cells8030205
http://doi.org/10.1159/000447808
http://www.ncbi.nlm.nih.gov/pubmed/27536969
http://doi.org/10.1073/pnas.0405659101
http://doi.org/10.1016/j.cub.2008.07.078
http://doi.org/10.1172/JCI119282
http://www.ncbi.nlm.nih.gov/pubmed/9077533
http://doi.org/10.1111/j.1469-7793.2001.00273.x
http://doi.org/10.1113/JP275184
http://doi.org/10.1152/ajpcell.00174.2017
http://doi.org/10.1016/j.isci.2020.101755
http://doi.org/10.1016/j.bbrc.2014.09.094


Int. J. Mol. Sci. 2021, 22, 10444 14 of 14

61. Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and Experimental Physiology.
Exp. Physiol. 2015, 100, 755–758. [CrossRef] [PubMed]

62. Burma, N.E.; Bonin, R.P.; Leduc-Pessah, H.; Baimel, C.; Cairncross, Z.F.; Mousseau, M.; Shankara, J.V.; Stemkowski, P.L.;
Baimoukhametova, D.; Bains, J.S.; et al. Blocking microglial pannexin-1 channels alleviates morphine withdrawal in rodents. Nat.
Med. 2017, 23, 355–360. [CrossRef] [PubMed]

63. Carrillo-Mora, P.; Méndez-Cuesta, L.A.; La Cruz, V.P.-D.; Der Goes, T.I.F.-V.; Santamaría, A. Protective effect of systemic l-
kynurenine and probenecid administration on behavioural and morphological alterations induced by toxic soluble amyloid beta
(25–35) in rat hippocampus. Behav. Brain Res. 2010, 210, 240–250. [CrossRef] [PubMed]

64. Navis, K.E.; Fan, C.Y.; Trang, T.; Thompson, R.J.; Derksen, D.J. Pannexin 1 channels as a therapeutic target: Structure, inhibition,
and outlook. ACS Chem. Neurosci. 2020, 11, 2163–2172. [CrossRef] [PubMed]

65. He, H.; Liu, D.; Long, Y.; Wang, X.; Yao, B. The pannexin-1 channel inhibitor probenecid attenuates skeletal muscle cellular energy
crisis and histopathological injury in a rabbit endotoxemia model. Inflammation 2018, 41, 2030–2040. [CrossRef] [PubMed]

66. Morey-Holton, E.; Globus, R.K.; Kaplansky, A.; Durnova, G. The Hindlimb unloading rat model: Literature overview, technique
update and comparison with space flight data. Adv. Space Biol. Med. 2005, 10, 7–40. [CrossRef]

67. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]

http://doi.org/10.1113/EP085299
http://www.ncbi.nlm.nih.gov/pubmed/26076765
http://doi.org/10.1038/nm.4281
http://www.ncbi.nlm.nih.gov/pubmed/28134928
http://doi.org/10.1016/j.bbr.2010.02.041
http://www.ncbi.nlm.nih.gov/pubmed/20219555
http://doi.org/10.1021/acschemneuro.0c00333
http://www.ncbi.nlm.nih.gov/pubmed/32639715
http://doi.org/10.1007/s10753-018-0846-z
http://www.ncbi.nlm.nih.gov/pubmed/30014232
http://doi.org/10.1016/s1569-2574(05)10002-1
http://doi.org/10.1093/nar/29.9.e45

	Introduction 
	Results 
	Effect of Probenecid on the Unloaded Soleus Muscle Weight, Panx1 Expression and ATP Content 
	Effect of Probenecid on the Catabolic Processes in Unloaded Soleus Muscle 
	Effect of Probenecid on the Anabolic Processes in Unloaded Soleus Muscle 
	Effect of Probenecid on the Signaling Cascades Regulating Homeostasis of Unloaded Soleus Muscle 

	Discussion 
	Materials and Methods 
	Ethical Approval 
	Animal Procedures 
	Hindlimb Suspension 
	Evaluation of ATP Content 
	Protein Extraction and Western Blot Analysis 
	RNA Isolation and Reverse Transcription 
	Quantitative PCR Analysis 
	Statistical Analysis 

	Conclusions 
	References

