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Skeletal muscle injuries occur frequently in daily life and exercise. Understanding the mechanisms of regeneration

is critical for accelerating the repair and regeneration of muscle. The process of regeneration is similar in different

mouse strains and is inhibited by aging, obesity, and diabetes. Exercise, microcurrent electrical neuromuscular

stimulation, and mechanical loading improve regeneration. The mechanisms of regeneration are complex and

strain-dependent, and changes in functional proteins involved in the processes of necrotic fiber debris clearance,

M1 to M2 macrophage conversion, SC activation, myoblast proliferation, differentiation and fusion, and fibrosis and

calcification influence the final outcome of the regenerative activity.
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1. Introduction

Skeletal muscle, the main organ of systemic metabolism in the body, is composed of differentiated fibers and

displays a strong ability to regenerate after injury. Skeletal muscle injuries occur frequently in daily life and

exercise, and the capacity of regeneration is critical for the repair and functional maintenance of skeletal muscle.

The regeneration of adult muscle is based on the activation of satellite cells (SCs), which are mononuclear

progenitors of skeletal muscle and are located between the sarcolemma and basal lamina . After injury, the

regeneration of muscle occurs in three overlapping stages: in the first stage, inflammatory cells infiltrate into

damaged sites, and necrotic fiber fragments are removed; in the second stage, SCs are activated and proliferate

into myoblasts, thereafter differentiating and fusing to form new muscle cells and replace damaged fibers; the last

stage involves the maturation of newly formed fibers and the remodeling of damaged muscle . The processes

of regeneration are highly coordinated, and the expression of genes involved in regeneration are spatially and

temporally regulated . Numerous studies have been conducted to investigate the molecular mechanisms

underlying muscle regeneration. A comprehensive understanding of the events involved in muscle regeneration will

facilitate the treatment of skeletal muscle diseases.

In order to achieve a better understanding of muscle regeneration following physiological injury, the innervation,

tendons, vascularization, and SCs should not be injured in mouse models because they contribute to myogenesis

following injury. Cardiotoxin (CTX), derived from Naja pallida, induces a transient and reproducible acute injury

without affecting the vasculature or nerves, and then produces a consistent injury in the whole muscle followed by

synchronized regeneration . Its application also has the advantages of allowing molecular and biochemical

analyses to be performed on the whole muscle in contrast to physiological injury models induced by exercise .
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Additionally, CTX injury models have relatively low harmfulness for animals compared with other non-physiological

models such as crushing models . Due to these characteristics, the CTX-induced skeletal muscle injury model is

a suitable model for exploring the mechanisms of skeletal muscle regeneration.

2. The Characteristics and Positions of Injury in CTX-Induced
Skeletal Muscle Injury Models

CTX, a natural amphiphilic peptide derived from Naja pallida, can affect membrane calcium binding sites, and

lower the threshold of calcium-modulated calcium ion release from the sarcoplasmic reticulum, thereafter inducing

the destruction of skeletal muscle . Muscle injury occurs at days 1 to 2 after CTX injection, where

inflammatory cells infiltrate and SCs are activated to proliferate; at days 3–5, the myoblasts are induced to

differentiate; at days 5–7, the new fibers with a central nucleus begin to form; and at days 10–14, the major muscle

structures are restored; at day 28, the damaged muscles have almost completely recovered . Due to its

characteristics of transience and reproducibility, the CTX-induced injury model has been widely used to explore the

mechanisms of skeletal muscle regeneration.

In CTX-induced injury models, the damaged sites are hindlimb muscles, where injuries also often occur in humans.

In the related literature, the tibialis anterior is the most widely studied site in CTX-induced injury models. This is

because of its obvious location and the characteristics of having a mixture of fiber types. Additionally, as a highly

heterogenous muscle, tibialis anterior has only one belly, which results in uniform injury. Gastrocnemius consists

mainly of fast-twitch fibers and is a bicep muscle, which may result in nonuniform injury despite the obvious

location. Furthermore, other hindlimb muscles were also used in the studies such as the extensor digitorum longus,

soleus, and quadriceps. The characteristics of only one type of muscle fiber and the muscle group may lead to a

preference for position.

Notably, there are still some limitations in CTX-induced skeletal muscle injury models. First, the skeletal muscles

include antigravity (e.g., gastrocnemius, quadriceps) and non-antigravity muscles (e.g., tibialis anterior, biceps

brachii) . The mechanisms identified in CTX-induced non-antigravity muscle injury models may not apply directly

to the CTX-induced antigravity muscles. Second, in CTX-induced injury models, it always does not affect the

vasculature or nerves in muscles . In contrast, the vasculature or nerve damage often occurs during the

pathogenesis of human muscle injuries . This discrepancy limits the exploration of the contribution of

vasculature or nerves in muscle regeneration using CTX-induced muscle injury models. Third, CTX may induce a

complete necrosis of the small muscles such as EDL when examined in cross-section 48 h after injection . This

may make it impossible to explore the mechanisms involved in the early stages of these muscles.

3. Skeletal Muscle Regeneration in Different Mouse Models
after CTX-Induced Skeletal Muscle Injury
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CTX has been used to induce skeletal muscle injury in many mouse models  including that of diabetes, obesity,

aging, exercise training, mechanical loading, and nutrition intervention, among others. Studies have shown that

streptozocin and gene mutation-induced diabetes , high fat diet-induced obesity and ob/ob mice 

, cancer cachexia , aging , irradiation , elevated carbon dioxide (CO ) level , and hindlimb

suspension  lead to impaired regeneration, whereas exercise training , microcurrent electrical

neuromuscular stimulation , microelement zinc , and overloading  improve the regeneration of CTX-

induced damaged muscle. The accumulation of mitochondrial DNA alterations activates muscle regeneration in

myofibers during aging, but leads to reduced muscle mass .

Gender and sex hormone levels also influence the regeneration processes in CTX-induced muscle injuries. Males

exhibit larger newly formed fibers than females at the same age after injury, whereas females show higher fat

deposition than males during regeneration  and also remove necrotic tissue more rapidly . Castration of

males increases the cross-sectional areas (CSAs) of the newly formed fibers and fat accumulation, whereas

ovariectomized mice exhibit inhibited regeneration and decreased adipocyte accumulation, and estrogen

supplementation rescues regeneration in ovariectomized mice . Lack of estrogen-related receptor α also

impairs the recovery of mitochondrial energetic capacity and decreases the activity of adenosine 5′-moophpsphate

(AMP)–activated protein kinase (AMPK), which then also leads to delayed regeneration .

Additionally, the studies also revealed that different mouse strains have similar regeneration processes with no

significant morphological and functional differences. However, the mechanisms of skeletal muscle regeneration

may be strain-dependent. For instance, toll-like receptor 4 (TLR4) plays distinct roles in the injured muscle of

C57BL/6 and C3H/HeJ .

It was also reported that the regeneration of skeletal muscle is position-specific: after CTX injury in tibialis anterior

and the masseter, head muscles recover slowly and eventually return to the base level, whereas limb muscles

show quicker recovery and eventually excessive growth .

References

1. Shi, X.; Garry, D.J. Myogenic regulatory factors transactivate the Tceal7 gene and modulate
muscle differentiation. Biochem. J. 2010, 428, 213–221.

2. Koh, T.J.; Bryer, S.C.; Pucci, A.M.; Sisson, T.H. Mice deficient in plasminogen activator inhibitor-1
have improved skeletal muscle regeneration. Am. J. Physiol. Cell Physiol. 2005, 289, C217–
C223.

3. Hayashi, S.; Manabe, I.; Suzuki, Y.; Relaix, F.; Oishi, Y. Klf5 regulates muscle differentiation by
directly targeting muscle-specific genes in cooperation with MyoD in mice. eLife 2016, 5, e17462.

[20][21][22][23] [22][24]

[25] [26] [27][28] [29]
2

[30]

[31][32] [33][34]

[35] [36] [37][38]

[39]

[40][41] [41]

[41][42]

[43]

[44][45]

[46]



Skeletal Muscle Regeneration in Cardiotoxin-Induced Muscle Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/34922 4/7

4. Alves, J.M.; Martins, A.H.; Lameu, C.; Glaser, T.; Boukli, N.M.; Bassaneze, V.; Dariolli, R.;
Nascimento, I.C.; Martins, P.C.M.; de Souza, H.D.N.; et al. Kinin-B2 Receptor Activity in Skeletal
Muscle Regeneration and Myoblast Differentiation. Stem Cell Rev. Rep. 2019, 15, 48–58.

5. Yan, Z.; Choi, S.; Liu, X.; Zhang, M.; Schageman, J.J.; Lee, S.Y.; Hart, R.; Lin, L.; Thurmond, F.A.;
Williams, R.S. Highly coordinated gene regulation in mouse skeletal muscle regeneration. J. Biol.
Chem. 2003, 278, 8826–8836.

6. Tatsumi, R.; Suzuki, T.; Do, M.Q.; Ohya, Y.; Anderson, J.E.; Shibata, A.; Kawaguchi, M.; Ohya, S.;
Ohtsubo, H.; Mizunoya, W.; et al. Slow-Myofiber Commitment by Semaphorin 3A Secreted from
Myogenic Stem Cells. Stem Cells 2017, 35, 1815–1834.

7. Ramadasan-Nair, R.; Gayathri, N.; Mishra, S.; Sunitha, B.; Mythri, R.B.; Nalini, A.; Subbannayya,
Y.; Harsha, H.C.; Kolthur-Seetharam, U.; Srinivas Bharath, M.M. Mitochondrial alterations and
oxidative stress in an acute transient mouse model of muscle degeneration: Implications for
muscular dystrophy and related muscle pathologies. J. Biol. Chem. 2014, 289, 485–509.

8. Ohtsubo, H.; Sato, Y.; Suzuki, T.; Mizunoya, W.; Nakamura, M.; Tatsumi, R.; Ikeuchi, Y. APOBEC2
negatively regulates myoblast differentiation in muscle regeneration. Int. J. Biochem. Cell Biol.
2017, 85, 91–101.

9. Parise, G.; McKinnell, I.W.; Rudnicki, M.A. Muscle satellite cell and atypical myogenic progenitor
response following exercise. Muscle Nerve 2008, 37, 611–619.

10. Armand, A.S.; Launay, T.; Gaspera, B.D.; Charbonnier, F.; Gallien, C.L.; Chanoine, C. Effects of
eccentric treadmill running on mouse soleus: Degeneration/regeneration studied with Myf-5 and
MyoD probes. Acta Physiol. Scand. 2003, 179, 75–84.

11. Czerwinska, A.M.; Streminska, W.; Ciemerych, M.A.; Grabowska, I. Mouse gastrocnemius muscle
regeneration after mechanical or cardiotoxin injury. Folia Histochem. Cytobiol. 2012, 50, 144–153.

12. Fletcher, J.E.; Jiang, M.S.; Gong, Q.H.; Yudkowsky, M.L.; Wieland, S.J. Effects of a cardiotoxin
from Naja naja kaouthia venom on skeletal muscle: Involvement of calcium-induced calcium
release, sodium ion currents and phospholipases A2 and C. Toxicon 1991, 29, 1489–1500.

13. Lin Shiau, S.Y.; Huang, M.C.; Lee, C.Y. Mechanism of action of cobra cardiotoxin in the skeletal
muscle. J. Pharmacol. Exp. Ther. 1976, 196, 758–770.

14. Aoki, Y.; Nagata, T.; Yokota, T.; Nakamura, A.; Wood, M.J.; Partridge, T.; Takeda, S. Highly
efficient in vivo delivery of PMO into regenerating myotubes and rescue in laminin-alpha2 chain-
null congenital muscular dystrophy mice. Hum. Mol. Genet. 2013, 22, 4914–4928.

15. Randazzo, D.; Khalique, U.; Belanto, J.J.; Kenea, A.; Talsness, D.M.; Olthoff, J.T.; Tran, M.D.;
Zaal, K.J.; Pak, K.; Pinal-Fernandez, I.; et al. Persistent upregulation of the beta-tubulin tubb6,
linked to muscle regeneration, is a source of microtubule disorganization in dystrophic muscle.
Hum. Mol. Genet. 2019, 28, 1117–1135.



Skeletal Muscle Regeneration in Cardiotoxin-Induced Muscle Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/34922 5/7

16. Fan, W.; Gao, X.K.; Rao, X.S.; Shi, Y.P.; Liu, X.C.; Wang, F.Y.; Liu, Y.F.; Cong, X.X.; He, M.Y.; Xu,
S.B.; et al. Hsp70 Interacts with Mitogen-Activated Protein Kinase (MAPK)-Activated Protein
Kinase 2 To Regulate p38MAPK Stability and Myoblast Differentiation during Skeletal Muscle
Regeneration. Mol. Cell. Biol. 2018, 38, e00211-18.

17. de Boer, M.D.; Seynnes, O.R.; di Prampero, P.E.; Pisot, R.; Mekjavic, I.B.; Biolo, G.; Narici, M.V.
Effect of 5 weeks horizontal bed rest on human muscle thickness and architecture of weight
bearing and non-weight bearing muscles. Eur. J. Appl. Physiol. 2008, 104, 401–407.

18. Morton, A.B.; Jacobsen, N.L.; Segal, S.S. Functionalizing biomaterials to promote neurovascular
regeneration following skeletal muscle injury. Am. J. Physiol. Cell Physiol. 2021, 320, C1099–
C1111.

19. Markert, C.; Petroski, G.F.; Childers, C.K.; McDonald, K.S.; Childers, M.K. Stretch-induced force
deficits in murine extensor digitorum longus muscles after cardiotoxin injection. Muscle Nerve
2006, 34, 485–488.

20. Takahashi, Y.; Shimizu, T.; Kato, S.; Nara, M.; Suganuma, Y.; Sato, T.; Morii, T.; Yamada, Y.;
Fujita, H. Reduction of Superoxide Dismutase 1 Delays Regeneration of Cardiotoxin-Injured
Skeletal Muscle in KK/Ta-Ins2(Akita) Mice with Progressive Diabetic Nephropathy. Int. J. Mol. Sci.
2021, 22, 5491.

21. Vignaud, A.; Ramond, F.; Hourde, C.; Keller, A.; Butler-Browne, G.; Ferry, A. Diabetes provides an
unfavorable environment for muscle mass and function after muscle injury in mice. Pathobiology
2007, 74, 291–300.

22. Nguyen, M.H.; Cheng, M.; Koh, T.J. Impaired muscle regeneration in ob/ob and db/db mice. Sci.
World J. 2011, 11, 1525–1535.

23. Krause, M.P.; Al-Sajee, D.; D’Souza, D.M.; Rebalka, I.A.; Moradi, J.; Riddell, M.C.; Hawke, T.J.
Impaired macrophage and satellite cell infiltration occurs in a muscle-specific fashion following
injury in diabetic skeletal muscle. PLoS ONE 2013, 8, e70971.

24. D’Souza, D.M.; Trajcevski, K.E.; Al-Sajee, D.; Wang, D.C.; Thomas, M.; Anderson, J.E.; Hawke,
T.J. Diet-induced obesity impairs muscle satellite cell activation and muscle repair through
alterations in hepatocyte growth factor signaling. Physiol. Rep. 2015, 3, e12506.

25. Hu, Z.; Wang, H.; Lee, I.H.; Modi, S.; Wang, X.; Du, J.; Mitch, W.E. PTEN inhibition improves
muscle regeneration in mice fed a high-fat diet. Diabetes 2010, 59, 1312–1320.

26. Inaba, S.; Hinohara, A.; Tachibana, M.; Tsujikawa, K.; Fukada, S.I. Muscle regeneration is
disrupted by cancer cachexia without loss of muscle stem cell potential. PLoS ONE 2018, 13,
e0205467.

27. Lee, K.P.; Shin, Y.J.; Kwon, K.S. microRNA for determining the age-related myogenic capabilities
of skeletal muscle. BMB Rep. 2015, 48, 595–596.



Skeletal Muscle Regeneration in Cardiotoxin-Induced Muscle Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/34922 6/7

28. Mouisel, E.; Vignaud, A.; Hourde, C.; Butler-Browne, G.; Ferry, A. Muscle weakness and atrophy
are associated with decreased regenerative capacity and changes in mTOR signaling in skeletal
muscles of venerable (18-24-month-old) dystrophic mdx mice. Muscle Nerve 2010, 41, 809–818.

29. Patsalos, A.; Pap, A.; Varga, T.; Trencsenyi, G.; Contreras, G.A.; Garai, I.; Papp, Z.; Dezso, B.;
Pintye, E.; Nagy, L. In situ macrophage phenotypic transition is affected by altered cellular
composition prior to acute sterile muscle injury. J. Physiol. 2017, 595, 5815–5842.

30. Ceco, E.; Celli, D.; Weinberg, S.; Shigemura, M.; Welch, L.C.; Volpe, L.; Chandel, N.S.; Bharat,
A.; Lecuona, E.; Sznajder, J.I. Elevated CO2 Levels Delay Skeletal Muscle Repair by Increasing
Fatty Acid Oxidation. Front. Physiol. 2020, 11, 630910.

31. Ohno, Y.; Matsuba, Y.; Hashimoto, N.; Sugiura, T.; Ohira, Y.; Yoshioka, T.; Goto, K. Suppression of
Myostatin Stimulates Regenerative Potential of Injured Antigravitational Soleus Muscle in Mice
under Unloading Condition. Int. J. Med. Sci. 2016, 13, 680–685.

32. Matsuba, Y.; Goto, K.; Morioka, S.; Naito, T.; Akema, T.; Hashimoto, N.; Sugiura, T.; Ohira, Y.;
Beppu, M.; Yoshioka, T. Gravitational unloading inhibits the regenerative potential of atrophied
soleus muscle in mice. Acta Physiol. 2009, 196, 329–339.

33. Joanisse, S.; Nederveen, J.P.; Baker, J.M.; Snijders, T.; Iacono, C.; Parise, G. Exercise
conditioning in old mice improves skeletal muscle regeneration. FASEB J. 2016, 30, 3256–3268.

34. Horii, N.; Uchida, M.; Hasegawa, N.; Fujie, S.; Oyanagi, E.; Yano, H.; Hashimoto, T.; Iemitsu, M.
Resistance training prevents muscle fibrosis and atrophy via down-regulation of C1q-induced Wnt
signaling in senescent mice. FASEB J. 2018, 32, 3547–3559.

35. Fujiya, H.; Ogura, Y.; Ohno, Y.; Goto, A.; Nakamura, A.; Ohashi, K.; Uematsu, D.; Aoki, H.; Musha,
H.; Goto, K. Microcurrent electrical neuromuscular stimulation facilitates regeneration of injured
skeletal muscle in mice. J. Sports Sci. Med. 2015, 14, 297–303.

36. Jinno, N.; Nagata, M.; Takahashi, T. Marginal zinc deficiency negatively affects recovery from
muscle injury in mice. Biol. Trace Elem. Res. 2014, 158, 65–72.

37. Morioka, S.; Goto, K.; Kojima, A.; Naito, T.; Matsuba, Y.; Akema, T.; Fujiya, H.; Sugiura, T.; Ohira,
Y.; Beppu, M.; et al. Functional overloading facilitates the regeneration of injured soleus muscles
in mice. J. Physiol. Sci. 2008, 58, 397–404.

38. Kohno, S.; Yamashita, Y.; Abe, T.; Hirasaka, K.; Oarada, M.; Ohno, A.; Teshima-Kondo, S.;
Higashibata, A.; Choi, I.; Mills, E.M.; et al. Unloading stress disturbs muscle regeneration through
perturbed recruitment and function of macrophages. J. Appl. Physiol. 2012, 112, 1773–1782.

39. Kimoloi, S.; Sen, A.; Guenther, S.; Braun, T.; Brugmann, T.; Sasse, P.; Wiesner, R.J.; Pla-Martin,
D.; Baris, O.R. Combined fibre atrophy and decreased muscle regeneration capacity driven by
mitochondrial DNA alterations underlie the development of sarcopenia. J. Cachexia Sarcopenia
Muscle 2022, 13, 2132–2145.



Skeletal Muscle Regeneration in Cardiotoxin-Induced Muscle Injury | Encyclopedia.pub

https://encyclopedia.pub/entry/34922 7/7

40. Fearing, C.M.; Melton, D.W.; Lei, X.; Hancock, H.; Wang, H.; Sarwar, Z.U.; Porter, L.; McHale, M.;
McManus, L.M.; Shireman, P.K. Increased Adipocyte Area in Injured Muscle With Aging and
Impaired Remodeling in Female Mice. J. Gerontol. A Biol. Sci. Med. Sci. 2016, 71, 992–1004.

41. McHale, M.J.; Sarwar, Z.U.; Cardenas, D.P.; Porter, L.; Salinas, A.S.; Michalek, J.E.; McManus,
L.M.; Shireman, P.K. Increased fat deposition in injured skeletal muscle is regulated by sex-
specific hormones. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 302, R331–R339.

42. Chaiyasing, R.; Sugiura, A.; Ishikawa, T.; Ojima, K.; Warita, K.; Hosaka, Y.Z. Estrogen modulates
the skeletal muscle regeneration process and myotube morphogenesis: Morphological analysis in
mice with a low estrogen status. J. Vet. Med. Sci. 2021, 83, 1812–1819.

43. LaBarge, S.; McDonald, M.; Smith-Powell, L.; Auwerx, J.; Huss, J.M. Estrogen-related receptor-
alpha (ERRalpha) deficiency in skeletal muscle impairs regeneration in response to injury. FASEB
J. 2014, 28, 1082–1097.

44. Paiva-Oliveira, E.L.; da Silva, R.F.; Bellio, M.; Quirico-Santos, T.; Lagrota-Candido, J. Pattern of
cardiotoxin-induced muscle remodeling in distinct TLR-4 deficient mouse strains. Histochem. Cell
Biol. 2017, 148, 49–60.

45. Schmidt, C.A.; Ryan, T.E.; Lin, C.T.; Inigo, M.M.R.; Green, T.D.; Brault, J.J.; Spangenburg, E.E.;
McClung, J.M. Diminished force production and mitochondrial respiratory deficits are strain-
dependent myopathies of subacute limb ischemia. J. Vasc. Surg. 2017, 65, 1504–1514.e1511.

46. Yoshioka, K.; Kitajima, Y.; Seko, D.; Tsuchiya, Y.; Ono, Y. The body region specificity in murine
models of muscle regeneration and atrophy. Acta Physiol. 2021, 231, e13553.

Retrieved from https://encyclopedia.pub/entry/history/show/80059


