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Abstract

Aim: Skeletal muscle unloading leads to the upregulation of proteolytic gene expression, downregulation of protein
synthesis markers, and the development of muscle atrophy. These changes are accompanied by alterations in
calcium signaling. We investigated the role of Inositol 1,4,5-triphosphate (IP3) receptors (IP3Rs) in regulating
calcium signaling and controlling gene expression in skeletal muscles during unloading.

Methods: Male Wistar rats were randomly assigned to 4 groups (n = 8 per group). C - vivarium control; C+2APB -
vivarium control with daily intraperitoneal injections of the IP3 receptor inhibitor 2-aminoethoxydiphenyl borate
(2-APB, 10 mg/ kg b.w.); HU - 3-day hind limb unloading; HU+2APB - 3-day hind limb unloading with daily 2-APB
injections. After the intervention, soleus muscles were analyzed for markers of calcium metabolism and
proteostasis.

Results: Three days of unloading resulted in a significant increase in nuclear phosphorylated Ca2+/calmodulin-
dependent protein kinase Il (p-CaMK 1) content and calcineurin (CaN) expression compared to the C group (P <
0.05); this effect was prevented in the HU+2APB group. In HU+2APB rats, the decline in soleus muscle weight-to-
body weight ratio was partially prevented, and the downregulation of protein synthesis markers (as seen in the HU
group) was also prevented. However, proteolytic signaling markers were equally upregulated in the HU+2APB and
HU groups compared to C.
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Conclusion: IP3 receptor inhibition during 3-day hind limb suspension in rats partially prevented the decline in
m. soleus weight index and protein synthesis markers. This effect may be attributed to alterations in the regulation
of nuclear calcium signaling.

Keywords: IP3 receptors, atrophy, m. soleus, rRNA, unloading

INTRODUCTION

Skeletal muscle unloading leads to atrophy and alterations in muscle function. This phenomenon is
observed during bed rest-induced hypokinesia, limb immobilization, and microgravity conditions
experienced during spaceflight.

Evidence suggests that calcium signaling may contribute to unloading-induced muscle atrophy. Previous
studies have demonstrated an accumulation of Ca2+ ions in the myoplasm"” and myonuclei®
during muscle unloading. However, the mechanisms underlying this accumulation and its role in
unloading-induced muscle alterations remain insufficiently studied. It has been shown that blockade of
L-type calcium-dependent channels prevents the activation of calcium-dependent proteases, which make a
significant contribution to the degradation of cytoskeletal proteins in the soleus muscle during unloading"..

Pharmacological modulation of the sarcoplasmic reticulum Ca2+ATPase (SERCA) pump has been found to
prevent increases in markers of calcium homeostasis and soleus muscle fatigue under unloading
conditions".

In addition to its direct involvement in muscle atrophy through the activation of proteolysis, calcium
signaling is also known to regulate gene transcription'”. Muscle unloading leads to a switch off of electrical
muscle activity, associated with a decrease in membrane potential within 6-12 h of hindlimb suspension in
rats"**?. The dihydropyridine receptor (DHPR), normally a voltage-dependent calcium channel, primarily
functions in skeletal muscle as a voltage sensor, triggering intracellular calcium release required for
excitation-contraction coupling™”. Inositol 1,4,5-triphosphate receptors (IP3Rs) may participate as
downstream targets of DHPR-dependent regulation'*'*), as shown in studies using cultured muscle cells and
isolated adult flexor digitorum brevis (FDB) fibers.

IP3R-dependent slow Ca+2 signals may participate in the activation of specific transcriptional programs
that determine slow and fast muscle fiber phenotypes*'. Calcium release from the sarcoplasmic reticulum
(SR) occurs via both ryanodine receptors (RyRs) and IP3Rs. Notably, IP3Rs are also capable of modulating
mitochondrial calcium fluxes*'”. The activity of IP3Rs is regulated by Ca2+ ions and IP3, with the strength

18,19]

of the calcium signal varying depending on IP3 concentration"*".,

To date, the role of IP3Rs in regulating atrophic processes during muscle unloading is unknown. We
hypothesize that calcium accumulation in the myoplasm during functional unloading can activate IP3Rs
and upregulate nucleoplasmic calcium levels. An increase in nuclear calcium level may, in turn, affect gene
expression by activating proteolytic signaling cascades and/or inhibiting the expression of genes related to
protein synthesis. To test this hypothesis, we inhibited IP3 receptors during functional unloading of the
m. soleus using a rat hind limb suspension model during a 3-day experiment. This time point was selected
because, after 3 days of rat hind limb suspension, soleus muscle atrophy is already detectable, alongside
activation of proteolytic signaling and downregulation of markers associated with protein synthesis**'.
Importantly, even after 3 days of hind limb unloading, it is still possible to detect the initial triggering
mechanisms of unloading-induced atrophy. If our hypothesis is correct, changes in IP3 receptor function
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caused by its inhibition during muscle unloading would interfere with the activation of transcription factors
that regulate muscle phenotype.

METHODS

Ethical approval

All experimental procedures were conducted in accordance with internationally accepted regulations and
the ARRIVE guidelines®. All experiments and procedures adhered to bioethical principles and were
approved by the Biomedical Ethics Commission of the State Scientific Center of the Russian Federation,
Institute of Biomedical Problems, Russian Academy of Sciences (Protocol No. 627, dated December 6,
2022).

Experimental design

Muscle unloading was modeled by rat hind limb suspension using the standard Ilyin-Novikov method,
modified by Morey-Holton"”. The suspension was performed so that the hind limbs of the rats did not
touch the floor, while their front limbs rested freely on the floor. Thanks to the unique design of the
experimental apparatus, the animals were able to move freely. The rats were suspended by their tails on
special soft tires at a 45-degree angle to the cage floor. Food and water were provided ad libitum.

Thirty-two male Wistar rats aged 1.5-2 months were divided into four groups (n = 8 each): vivarium control
with the administration of placebo (C); vivarium control with the administration of 2-APB (C+2APB);
placebo-injected hind limb unloading group (HU); and 2-APB-treated hind limb unloading group
(HU+2APB). 2-APB was administered intraperitoneally at a dose of 10 mg/kg b.w. in 5% Dimethyl sulfoxide

[24,25]

(DMSO) daily, following previously published in vivo studies

After 3 days of the experiment, the rats were anesthetized with avertin (5 mL/kg body weight of a 10%
solution), and the m. soleus was isolated, immediately frozen in liquid nitrogen, and stored at -85 °C until
analysis. Euthanasia of rats was performed by cervical dislocation under avertin anesthesia.

Electrophoresis and Western blotting

From each m. soleus sample of the experimental animals, sections were cut at a thickness of 20 pm using a
Leica microtome-cryostat (total weight: 40-60 mg per sample). The cytoplasmic and nuclear protein
fractions were isolated using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo
Scientific, USA) according to the manufacturer’s instructions. Polyacrylamide gel (PAAG) electrophoresis

and Western blot analyses were performed as described previously".

The list of primarly antibodies for Western bloting: to detect protein bands, primary antibodies were used
against IP3R (ThermoFisher #PA5-96855 1:1,000), Lamin B1 (Cell Signaling #12586 1:1,000), p-CaMKIIb
(Cell Signaling, #12716, 1:1,000), CaMKII (Cell Signaling, #3362, 1:1,000), p70 (Cell Signaling #9202,
1:1,000), Akt (Cell Signaling, #2990 1:1,500), phosphorylated eukaryotic elongation factor 2 (p-eEF2) (Cell
Signaling, #2331 1:1,000), eukaryotic elongation factor 2 (eEF2) (Cell Signaling, #2332 1:1,000), p-p70S6K
(Santa Cruz Biotechnology, sc-11759 1:1,000), Calcineurin A (ThermoFisher # PA5-17446 1:1,000),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (ABM, G041 1:10,000).

Protein levels in cytoplasmic fractions were normalized to GAPDH, while nuclear IP3R levels were
normalized to lamin B1. Phosphorylated proteins were normalized to their respective total protein levels.
The scanned images were then processed using the supplied Image Studio Software (LI-COR) and analyzed

as described previously".
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Real-time reverse transcription polymerase chain reaction

To study gene expression using real-time polymerase chain reaction (PCR), RNA was isolated from muscle
tissue samples. RNA extraction was performed using RNeasy Micro columns (Qiagen, Germany) according
to the manufacturer’s instructions. Reverse transcription was carried out using reagents from Synthol
(Russia). Real-time PCR was performed using a real-time PCR kit with the addition of SYBR Green
(Synthol, Russia), following the manufacturer’s recommendations. Expression of the YWHAZ gene was
used for normalization. The sequences of the primers used in this study are listed in Table 1. Gene
expression levels were quantified using the Pffafl method for PCR data analysis””. For each gene, each PCR
reaction was conducted at least 3 times.

RNA electrophoresis

Total RNA, isolated as described previously, was mixed with an equal volume of denaturing loading buffer
(Thermo Scientific, USA) and heated at 70 °C for 10 min, following the manufacturer’s instructions.
Electrophoresis was performed on a 1.2% agarose gel prepared in tris borate EDTA (TBE) buffer and
containing ethidium bromide (0.5 ug/mL). The volume of RNA sample for electrophoresis was normalized
to the total weight of the tissue sample from which the RNA was extracted. Electrophoresis was carried out
in TBE buffer at a voltage of 10 V/cm of gel length. RiboRuler markers (Thermo Scientific, USA) were used
to estimate the sizes of RNA bands. The electrophoresis results were visualized using a Gel Doc EZ Imager
(Bio-Rad, USA). Image Studio Digits v. 4.0 software was used to calculate the results. The extent of RNA
degradation was assessed by calculating the ratio of 285 RNA to 18S RNA.

Statistical data processing

Data were tested for normal distribution, and since all data were normally distributed, differences
between groups were assessed using ANOVA followed by Tukey’s post hoc analysis. Results are presented
as meansstandard error of the mean.

RESULTS

After the experiment, body weights of the rats did not differ between groups [Table 2]. Soleus muscle
weights were also comparable between the C and C+2APB groups. In contrast, the HU and HU+2APB
groups showed significantly reduced soleus muscle weights compared to both the C and C+2APB groups
[Table 2]. Soleus muscle weight normalized to rat body weight (soleus weight index) did not differ between
the C and C+2APB groups [Table 2]. After 3 days of hind limb unloading, the soleus muscle weight was 15%
lower in the HU group than in the C and C+2APB groups (P < 0.05). In the HU+2APB group, the soleus
muscle weight index did not significantly differ from any other experimental group.

After 3 days of hind limb suspension, the nuclear content of IP3R did not differ significantly between the
HU and C groups [Figure 1]. No significant differences in nuclear IP3R content or mRNA expression were
observed between the C and C+2APB groups. In contrast, the nuclear content of IP3R in the HU+2APB
group was significantly lower than in the C group [Figure 1].

The content of phosphorylated Caz+/calmodulin-dependent protein kinase IT (CaMK II) in the nuclear
fraction of soleus muscles was significantly upregulated 4-fold in the HU group compared to the C and
C+2APB groups [Figure 2A], while the C and HU+2APB groups did not differ significantly from each other.
The phosphorylated Ca2+/calmodulin-dependent protein kinase II (p-CaMK II) content in the HU+2APB
group was 71% higher than in the C group but did not differ from any other experimental group. The
content of calcineurin A in the cytosolic fraction of soleus muscles did not differ between the C and
C+2APB groups, whereas the HU group showed a significantly higher CaN A content than in the C and
C+2APB groups [Figure 2B]. CaN A content in the HU+2APB group did not significantly differ from any
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Table 1. Primers that were used in the study
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Gene name Primer sequence

MuRF-1 CCT-GAG-AGC-CAT-TGA-CTT-TGG
CTT-CCC-TTC-TGT-GGA-CTC-TTC-CT

Atrogin-1 GCA-GCT-GAA-CAA-CAT-TCA-GAT-CAC
CAG-CCT-CTG-CAT-GAT-GTT-CAG-T

Calpain-1 TGT-CGG-AGG-AGA-TCA-TCA-CG
TCT-TGG-AGG-AAT-TGG-GAC-CC-C

Ulk GCA-AGG-ACT-CTT-CCT-GTG-ACA-C
CCA-CTG-CAC-ATC-AGG-CTG-TCT-G

YWHAZ CCC-ACT-CCG-GAC-ACA-GAA-TA

TGT-CAT-CGT-ATC-GCT-CTG-CC

Table 2. Rat weights, soleus muscle weights and m. soleus weight ratio to animal body weight

Group Rat weight, g Soleus muscle weight, mg Soleus weight index, mg/g
C 210+5.1 83.4+19 0.4+0.01

C+2APB 210+5.8 81.6+4.1 0.37+0.02

HU 199+ 4.8 66.1+2.2 0.33+0.01

HU+2APB 195+£6.0 70.7+1.8 0.36+0.01

e

Data are shown as mean value+SEM. * - significantly different from the C group (P < 0.05). ** - significantly different from the 3CA group P <
0.05. HU: Hind limb unloading; SEM: standard error of the mean.
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Figure 1. Nuclear IP3R content normalized to lamin BT content. Data are shown as mean value+SEM. * - significantly different from the C
group (P < 0.05). IP3R: Inositol 1,4,5-triphosphate receptors; SEM: standard error of the mean.



Page 248 Zaripova et al. J Transl Genet Genom. 2025;9:243-56 | https://dx.doi.org/10.20517/jtgg.2024.102

A B

C C+2-APB HU HU+2-APB C C+2-APB HU HU+2-APB

oo [RNEIRRI 7008 CaNA - < s s s 55102

tot-CaMK Il # 4 & = swss 4 70 kDa GAPDH W S sy w= 37 kDa

* %k

=]
=]
<)
I
*

1 200- —

($)
S
2 (&)
= 600 AA S 150 N
v
X X m A v
= < 4 i,
O 400- € 100 €8 Eg, v
d > e & v
° g [
2 [ | v S
Q- 200+ 2 y = 907
3 |&= ©
O |
E 0 T T T T 0 1 | 1 1
< 7 ) Q < N7 ) N7,
OO ST F
x‘b x‘» c,x ox

Figure 2. Nuclear p/tot-CaMK Il content (A) and calcineurin A content (B). Data are shown as mean value£SEM. * - significant
differences from the C group (P < 0.05). ** - significantly different from the C+2APB group, *** - significantly different from the HU
group. HU: Hind limb unloading; p/tot-CaMK II: phosphorylated-to-total calcium calmodulin kinase; SEM: standard error of the mean;
CaN A: calcineurin A; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

other experimental group.

The content of both 18S rRNA and 28S rRNA did not differ between the C and C+2APB groups [Figure 3A
and B]. In the HU group, the levels of both 18S and 28S rRNA were decreased by 40% compared to the C
group and were significantly lower. In the HU+2APB group, the 185 rRNA and 28S rRNA contents did not
significantly differ from those in any other experimental group.

The content of phosphorylated p70 Se kinase did not differ among the experimental groups [Figure 4].

The content of p-eEF2 after 3-day hind limb unloading was 3.5-fold higher in the HU group compared to
the C group (P < 0.05) and was also significantly elevated relative to the C+2APB group [Figure 5]. No
significant difference was observed between the C and C+2APB groups. In the HU+2APB group, op-eEF2
content was only 2-fold higher than in the C group and did not significantly differ from any other
experimental group [Figure 5].

The mRNA expression levels of MuRF-1, atrogin-1, calpain-1, and ulk-1 did not differ between the C and
C+2APB experimental groups [Figure 6A-D]. However, MuRF-1, atrogin-1, calpain-1, and ulk-1 mRNA
contents were significantly higher in the HU and HU+2APB groups compared to the C and C+2APB
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Figure 3. 18S rRNA content (A) and 28S rRNA content (B). Data are shown as mean value+SEM. * - significantly different from the C
group (P < 0.05). HU: Hind limb unloading; SEM: standard error of the mean.
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Figure 4. p/tot-p70 S6 kinase content. Data are shown as mean value=SEM. HU: Hind limb unloading; SEM: standard error of the mean.
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Figure 5. p/tot-eEF2 content. Data are shown as mean valuexSEM. * - significantly different from the C group (P < 0.05). ** -
significantly different from the C+2APB group. HU: Hind limb unloading; SEM: standard error of the mean; p/tot-eEF2: phosphorylated-
to-total eukaryotic elongation factor 2.

groups, while there were no differences between the HU and the HU+2APB groups for these markers
[Figure 6A-D].

DISCUSSION

Unloaded m soleus weight upon IP3R inhibition

The soleus muscle weights of the experimental animals, normalized to their body weights (weight index),
decreased significantly after 3-day hind limb suspension in the HU group, consistent with previous
experimental data”®”!. Administration of 2-APB did not affect the m. soleus weight index in control
animals. However, in the 2-APB-treated hind limb suspended group, the decline in m. soleus weight index
was partially prevented, such that it did not differ from any other experimental group, including the C
group. Thus, it can be concluded that 2-APB injections partially prevented unloading-induced m. soleus
atrophy after 3-day HU. These findings align with the effect of 2-APB on muscle fiber cross-sectional areas
after 7 days of rat hind limb unloading™.

Effects of IP3R inhibition on calcium signaling markers in unloaded soleus muscle

After 3 days of hind limb unloading, we did not detect any significant differences in nuclear IP3R content
compared to the C group [Figure 1]. This finding does not align with the data reported by Yang et al., who
observed an increase in nuclear IP3R content in unloaded rat soleus muscle. This discrepancy may be due to
the different durations of unloading: their study detected increased nuclear IP3R content after 14-day hind
limb unloading®, whereas we analyzed nuclear IP3R content after 3-day HU.
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Figure 6. MuRF-1 (A), Atrogin-1 (B), calpain-1(C) and ulk-1 (D) mRNA content. Data are shown as mean valuexSEM. * - significantly
different from the C group (P< 0.05). ** - significantly different from the 3CA group (P < 0.05). Gene expression was normalized to
YWHAZ. HU: Hind limb unloading; SEM: standard error of the mean.

Interestingly, 2-APB administration resulted in a downregulation of nuclear IP3R content compared to the
C group. The mechanism by which 2-APB interacts with IP3R, as described in the literature, involves
inhibition of IP3R activity rather than downregulation of IP3R expression. Therefore, the observed decrease
in nuclear IP3R content in the 2-APB-treated hind limb suspended group remains unclear. Nonetheless, it
cannot be denied that this downregulation of IP3R content should be associated with an additional
downregulation of IP3R activity, although this is not considered the key mechanism of 2-APB-induced IP3R
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IP3R plays an important role in regulating the nuclear Ca2+ level. Our findings suggest that Ca2+ release
from the nuclear envelope via IP3R1 is also decreased in the HU+2APB group compared to HU alone, a
conclusion consistent with the assumptions of Yang et al."”.

Three days of hind limb unloading resulted in a significant increase in p-CaMK II content in the nuclear
fraction of m. soleus [Figure 3A]. The 286/287 phosphorylation of CaMK II occurs due to Ca/calmodulin
binding"*”, indicating calcium accumulation. Therefore, increased p-CaMK II in the nuclei of unloaded rat
soleus muscles serves as a marker of an increased nucleoplasmic calcium level. This observation aligns well
with the results of Yang et al., who demonstrated myonuclear calcium accumulation after 14-day HU".
Administration of 2-APB completely prevented the accumulation of p-CaMK II in nuclei under unloading
conditions, suggesting that 2-APB-dependent inhibition of IP3R activity prevents myonuclear calcium
accumulation in unloaded soleus muscles. At the same time, 2-APB did not affect p-CaMK II content in the
C group. This finding indicates that IP3Rs do not significantly contribute to p-CaMK II content in
myonuclei under normal conditions and are only activated during hind limb unloading.

Additionally, 3-day hind limb unloading upregulated calcineurin A protein content in the HU group
[Figure 3B]. Calcineurin is a calcium-dependent phosphatase involved in gene expression regulation™, and
, consistent with the previous studies
indicating calcium marker upregulation during muscle unloading in humans and animals®*****”. In the
2-APB-treated hind limb suspended group, the content of calcineurin A mRNA was downregulated
compared to the HU group, which may indicate attenuation of cytosolic calcium accumulation in this

group.

34,35]

its content increases with cytosolic calcium accumulation'

2-APB effects on anabolic and catabolic signaling
Regulation of skeletal muscle protein synthesis depends on both the number of ribosomes per mg of tissue
(translational capacity) and the rate of ribosomal activity (translational efficiency)"®.

The primary marker of the number of ribosomes in skeletal muscle is the content of 18S and 28S rRNA".
After 3-day hind limb unloading, the contents of both 18S and 28S rRNA significantly declined compared to
the C group [Figure 3]. These results agree well with the previously observed downregulation of rRNA
content after 3-day hind limb suspension in rat soleus muscle>*. Administration of 2-APB to the hind
limb unloaded animals resulted in the partial prevention of this decline, such that 18S and 28S rRNA
contents in the HU+2APB group did not differ significantly from any other experimental group. However,
2-APB did not upregulate rRNA content in the C+2APB group, indicating that 2-APB-dependent IP3R
inhibition specifically affects rRNA content under muscle unloading conditions.

The mechanism by which 2-APB regulates rRNA content may be dependent on nuclear calcium content.
Nuclear-localized calcineurin homologous protein CHP1 has been previously shown to interact with
upstream binding factor and inhibit ribosomal RNA synthesis; thus, the downregulation of nuclear calcium
in the 2-APB-administered, hind limb suspended group may prevent this inhibition and activate rRNA
transcription'®”),

Translational efficiency is commonly assessed by phosphorylation of p70Se kinase (p-p70S6k), a
downstream target of mTOR. After 3 days of unloading, p-p70Sek levels were unchanged [Figure 4],
consistent with previous reports®*!. Although mTOR is known to regulate ribosomal RNA expression*, in
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our experiment - as well as in a number of studies on unloaded muscles** - p-p70Sek content did not
correlate with changes in 18S and 28S rRNA contents, suggesting that ribosomal RNA content is regulated
by an mTOR-independent mechanism during unloading. Consistently, 2-APB treatment did not affect p-
p70 content in either control or unloaded animals.

Another marker of translational efficiency is the content of phosphorylated eEF2. Threonine 56 (T56)
phosphorylation of eEF2 inhibits its activity, leading to altered translational efficiency and downregulation
of protein synthesis'”. eEF2 phosphorylation occurs under conditions of elevated intracellular calcium"”. In
the HU group, the content of p-eEF2 was significantly increased compared to the C group [Figure 5]. These
data align well with previous findings”” and are in good agreement with the observed cytosolic calcium
accumulation during hind limb unloading™*. 2-APB injections did not affect p-eEF2 content in the
C+2APB group but partially prevented the upregulation of p-eEF2 under hind limb suspension. Assuming
that p-eEF2 is a calcium-dependent negative regulator of protein synthesis*’, we can conclude that 2-APB
administration partially prevents the unloading-induced decline in protein synthesis efficiency due to the
downregulation of calcium-dependent p-eEF-2 content.

In addition to downregulation of protein synthesis markers, 3-day hind limb unloading led to upregulation
of the markers of proteolytic degradation. Specifically, mRNA levels of E3 ubiquitin ligases MuRF-1 and
Atrogin-1 [Figure 6A and B], the autophagy marker ulk-1 [Figure 6D], and calpain-1 [Figure 6C] were
significantly increased, consistent with previous observations®*”. This suggests that IP3Rs primarily affect
protein synthesis, not degradation. Notably, 2-APB administration did not affect expression of these
markers in either the C+2APB or HU+2APB experimental groups, consistent with previous reports that
blocking L-type calcium channels does not alter E3 lygase expression upon muscle unloading'*. Conversely,
SERCA pump activation during 3-day rat hind limb unloading resulted in downregulation of MuRF-1 but
not atrogin-1 expression. These data suggest that different calcium-regulating mechanisms selectively
influence distinct proteolytic pathways in skeletal muscle under unloading conditions.

Limitations

All data were obtained from the slow-twitch soleus muscle of male Wistar rats subjected to 3-day hind limb
suspension. The effects of 2-APB may differ in fast-twitch muscles or following different durations of
muscle unloading.

Conclusion

Therefore, 2-APB IP3R inhibitor administration during 3-day hind limb unloading attenuates the decline in
soleus muscle weight index and reduces the increase in calcium signaling marker calcineurin A. It also
downregulates nuclear IP3R content and prevents the unloading-induced upregulation of nuclear p-CaMK
I1. Furthermore, it prevents the decline in protein synthesis capacity markers (rRNAs) and the inhibition of
translational efficiency marker (eEF2), but does not affect ubiquitin-proteosome signaling factors.

We suggest that IP3Rs regulate nucleoplasmic calcium levels, which in turn control rRNA gene expression
during soleus muscle unloading.
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