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ABSTRACT

Doxorubicin (DOX) is a type of chemotherapy with harmful side effects due to its accumulation in various tissues. DOX is widely known for having a
significant effect on skeletal muscle atrophy. The most significant of these side effects is DOX-induced mitochondrial dysfunction in skeletal muscle
atrophy. Exercise is a treatment approach that serves to maintain muscle homeostasis by decreasing or eliminating these effects. The goal of this revi‐
ew article is to give current knowledge on the causes of DOX-induced skeletal muscle atrophy, the basic processes involved in mitochondrial dysfunc‐
tion caused by DOX, and the effects of exercise on DOX-induced skeletal muscle atrophy.
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ÖZ

Birçok dokuda birikmesi nedeniyle, Doksorubisin (DOX) sitotoksik yan etkilere neden olan bir kemoterapötiktir. DOX'un iskelet kası atrofisi üzerinde
önemli bir etkiye sahip olduğu yaygın olarak bilinmektedir. Bu etkilerden en dikkat çekeni DOX'un neden olduğu mitokondriyal fonksiyon bozukluğunun
iskelet kası atrofisini nasıl tetiklediğidir. Egzersiz bu etkileri azaltarak veya ortadan kaldırarak kas homeostazisinin korunmasına yardım eden bir tedavi
yaklaşımıdır. Bu derleme makalenin amacı, DOX'a bağlı iskelet kası atrofisinin nedenleri, DOX yoluyla mitokondriyal disfonksiyondaki temel mekanizma‐
lar ve DOX'a bağlı iskelet kası atrofisinde egzersizin etkileri hakkında güncel bilgiler sağlamaktır.
Anahtar Sözcükler: Doksorubisin, iskelet kası atrofisi, mitokondri, egzersiz

INTRODUCTION
A cytotox�c drug known as doxorub�c�n (DOX) serves for the
treatment of spec�f�c types of cancer (1). DOX �s an extre-
mely e�ect�ve treatment, but �t has several s�de e�ects, �nc-
lud�ng skeletal muscle atrophy (2, 3). The DOX a�ects the
qual�ty of l�fe for cancer pat�ents because �t promotes skele-
tal muscle atrophy and fat�gue (4).

It has been demonstrated that DOX treatment �nduces m�-
tochondr�a to produce more react�ve oxygen spec�es (ROS)
(5, 6). Ox�dat�ve damage to skeletal muscle serves as a st�-
mulus that accelerates the degradat�on of muscle by act�va-
t�ng key proteolyt�c systems (7, 8). Skeletal muscle atrophy
�s tr�ggered by these negat�ve molecular mechan�sms. DOX
appears to a�ect muscular funct�on by reduc�ng athlet�c
performance and caus�ng muscle fat�gue (9).

Skeletal muscle dysfunct�on follow�ng DOX treatment �s a
challeng�ng �ssue to manage, exerc�se may be benef�c�al �n
reduc�ng the negat�ve e�ects of DOX on the skeletal musc-
les (10).

Th�s rev�ew art�cle w�ll d�scuss the adverse e�ects of DOX
on skeletal muscle as well as expla�n how m�tochondr�al
dysfunct�on generates these e�ects and the ev�dence that
exerc�se can counteract these e�ects.

Doxorub�c�n, chem�cal structure, and mechan�sm

Doxorub�c�n HCl, the f�rst ant�cancer drug, has been cl�n�-
cally demonstrated to be e�ect�ve aga�nst some mal�gnanc�-
es, �nclud�ng sol�d cancers, leukem�as, and lymphomas
(11). The molecular formula for DOX �s C27H29NO11HCl,
w�th a molecular we�ght of 579,98 g/mol. The drug �s an
aglycon�c and sugar-conta�n�ng class I nonselect�ve anth-
racycl�ne. The aglycone �s formed up of a tetracycl�c r�ng
w�th adjacent qu�n�ne-hydroqu�none groups, a short s�de
cha�n conta�n�ng a methoxy subst�tuent, and a carbonyl
group. One of the r�ngs has a glycos�d�c l�nk b�nd�ng the su-
gar component to �t (12, 13).

Certa�n mechan�sms, �nclud�ng topo�somerase II (TOP2B)
�nh�b�t�on, cytochrome C release from m�tochondr�a, and
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the format�on of ROS lead�ng to ox�dat�ve stress, have been
assoc�ated w�th cytotox�c e�ects of DOX (14, 15).

DOX �ntercalates w�th the DNA, prevent�ng the macromole-
cular product�on process (16). TOP2B po�son�ng �nduces
DNA damage because cancer cells are more suscept�ble to
DNA breaks than healthy ones (17, 18).

Follow�ng the spl�tt�ng of the DNA cha�n for repl�cat�on by
TOP2B, DOX stab�l�zes the structure by �nh�b�t�ng the DNA
double hel�x and stopp�ng repl�cat�on act�v�ty (19). Another
way that DOX acts �s to produce free rad�cals, wh�ch may
damage DNA and cell membrane l�p�ds and prote�ns (11,
20). Th�s can g�ve r�se to ox�dat�ve stress, wh�ch may el�m�-
nate tumor cells through the process of apoptos�s (17, 21).

Doxorub�c�n-�nduced skeletal muscle atrophy

Skeletal muscles, wh�ch account for over 40% of a healthy
person's body we�ght, are h�ghly dynam�c and �ex�ble t�s-
sues that can change at the cellular and molecular levels �n
response to var�ous stressors (22). Skeletal muscle prote�n
turnover �s a metabol�c process that balances prote�n synt-
hes�s/degradat�on and ma�nta�ns skeletal muscle funct�on
and mass (23). Skeletal muscle atrophy �s character�zed by
a decrease �n prote�n content, f�ber d�ameter, strength pro-
duct�on, and res�stance to fat�gue. Skeletal muscle atrophy
�s the loss of skeletal muscle mass as a result of �ncreased
myof�br�llar prote�n degradat�on and decreased prote�n
synthes�s (24). Skeletal muscle atrophy �s an outcome of
mult�ple d�seases, �nclud�ng cancer, neuromuscular d�sor-
ders, myopathy, and �n�ammatory d�seases (25). DOX, a
cancer treatment drug, promotes skeletal muscle atrophy,
wh�ch acts a cruc�al role �n the adverse e�ects of a var�ety
of d�seases or d�sorders.

D��erent cancers have been treated w�th DOX (1, 26). DOX �s
a h�ghly successful chemotherapy, but �t has several adver-
se e�ects, �nclud�ng skeletal muscle atrophy, and t�redness
(2, 3, 27, 28). DOX treatment �mpa�rs the qual�ty of l�fe for
cancer pat�ents by caus�ng skeletal muscle weakness and
exhaust�on (4). Because of �ts cytotox�c act�v�ty, �t has been
proven �n several human and an�mal stud�es to �n�t�ate ske-
letal muscle atrophy. M�tochondr�al and contract�le dys-
funct�on are tr�ggered by cellular and molecular processes
�n skeletal muscle damage related to the act�vat�on of prote-
olyt�c and apoptot�c s�gnal�ng pathways by DOX-�nduced
ox�dat�ve stress (29, 30).

DOX and pacl�taxel, two drugs frequently adm�n�stered to
breast cancer pat�ents, decreased myos�n express�on and
promoted m�tochondr�al degradat�on v�a ROS (3). Muscle
dysfunct�on and atrophy have also been assoc�ated w�th
DOX treatment, wh�ch �s used to treat l�mb sarcoma tumors
(31).

Skeletal muscle funct�onal�ty gradually deter�orated �n f�ve
days follow�ng DOX adm�n�strat�on and all muscle t�ssues
were dysfunct�onal, vascular act�v�ty qu�ckly reduced, and
DOX concentrat�on was h�ghest �n the heart (32).

DOX dramat�cally decreased muscular t�ssue we�ghts and
cross-sect�onal area (CSA) of muscle. (33). A recent study
found that prolonged DOX treatment s�gn�f�cantly d�m�n�s-
hed body we�ght and gastrocnem�us mass (34). 10, 12.5, or
15 mg/kg DOX appl�cat�ons reduced max�mal contract�on
force �n the soleus muscle by 45%, 60%, and 74%, respect�-
vely (35). Skeletal muscle and card�ac wast�ng were nearly
equal 4 weeks a�er the treatment w�th a 24 mg/kg dose of
DOX (36). The f�ber CSA of the soleus, plantar�s, and d�aph-
ragm muscles s�gn�f�cantly was decreased a�er rece�v�ng a
s�ngle dose of DOX (20 mg/kg) (2). DOX d�m�n�shed soleus
we�ght by around 15% and cancer chemotherapy's comb�-
ned e�ects led to a s�m�lar decl�ne �n muscle mass and CSA
(6). DOX treatment s�gn�f�cantly lowered muscle f�ber CSA
by 17% accord�ng to a meta-analys�s (37). 15 mg/kg DOX �n-
ject�on was adm�n�stered �ntraper�toneally, and the CSA of
EDL muscle was reduced (38).

TOP2B overexpress�on contr�butes to DOX-�nduced myotox�-
c�ty. DOX s�gn�f�cantly deter�orated the muscle we�ght of
the gastrocnem�us and spec�f�c cl�n�cal character�st�cs (35).
Add�t�onally, th�s study found that DOX reduced BECN1
(autophagy marker) express�on but d�d not a�ect myogen�c
regulatory factor (MRF) act�v�ty (39).

In �n v�tro and �n v�vo stud�es, DOX decreased soluble gu-
anylate cyclase (sGC) act�on, and there was a correlat�on
between sGC funct�on and CSA of skeletal muscle act�vat�ng
the ub�qu�t�n-proteasome system (UPS) and �mpa�r�ng pro-
te�n synthes�s (40). Add�t�onally, cells exposed to DOX sho-
wed �mmunosta�ned responses, wh�ch were �nd�cat�ng ox�-
dat�ve stress. The essent�al d��erent�at�on was attr�buted to
the �ntracellular dens�ty of the �dent�f�ed m�tochondr�al re-
act�v�ty, �ncreased MAFbx express�on, and atroph�c chan-
ges due to Forkhead box O3 (FoxO3) (41). DOX s�gn�f�cantly
decreased muscular funct�on �n m�ce, and upregulated pro-
�n�ammatory cytok�nes and �n�ammatory M1 macrophages
(42).

Doxorub�c�n and m�tochondr�al dysfunct�on

DOX-�nduced m�tochondr�al damage �nduces cellular mal-
funct�on (43, 44). Accord�ng to stud�es, DOX treatment has
been shown to �ncrease the generat�on of m�tochondr�al
ROS (5, 6). Card�ol�p�n, an �nner m�tochondr�al membrane
phosphol�p�d, has been assoc�ated w�th the generat�on of
ROS a�er m�tochondr�al fa�lure (45). DOX produces card�ol�-
p�n dysfunct�on, result�ng �n �ncreased ROS generat�on
(46). When DOX �s local�zed to the �nner m�tochondr�al
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membrane, �t �s reduced by n�cot�nam�de aden�ne d�nucle-
ot�de (NADH)-dehydrogenase, lead�ng to the generat�on of
superox�de rad�cals, wh�ch �n turn �ncreases ROS product�-
on and m�tochondr�al dysfunct�on (2). ROS generat�on tr�g-
gers ox�dat�ve damage �n skeletal muscle.

When ROS levels �ncrease, the m�tochondr�al structure �s
ser�ously damaged and resulted �n apoptos�s and reduced
contract�on, wh�ch comprom�ses card�ac and resp�ratory
performance (47, 48). ROS �ncreases prote�n breakdown �n
skeletal muscle by act�vat�ng caspase-3 and the UPS. UPS �s
a d��erent mechan�sm related to DOX-�nduced atrophy.
Furthermore, autophagy has been hypothes�zed as a poten-
t�al mechan�sm for DOX-�nduced prote�n breakdown (49,
50). M�n et al. reported that a s�ngle dose of DOX (20 mg/kg)
lowered m�tochondr�al resp�rat�on wh�le enhanc�ng m�toc-
hondr�al uncoupl�ng (2). DOX adm�n�strat�on resulted �n
substant�al �ncreases �n m�tochondr�al ROS, 4-hydroxy-2-
nonenal (4-HNE) mod�f�ed prote�ns, calpa�n act�vat�on, and
caspase-3 act�v�ty �n skeletal and card�ac muscles (2).

DOX a�ects complex I and complex II m�tochondr�al resp�-
rat�on �n skeletal muscle (51). DOX �mproved skeletal musc-
le m�tochondr�al H2O2-em�tt�ng potent�al and ox�dat�ve va-
r�at�ons of myof�br�llar prote�ns (52). Follow�ng DOX treat-
ment, the funct�on of the whole muscle �s negat�vely a�ec-
ted by both elevated react�ve prote�n carbonyl levels and
post-translat�onal mod�f�cat�ons of prote�ns �nduced by �nc-
reased cellular ox�dants (6).

DOX adm�n�strat�on (15 mg/kg) s�gn�f�cantly enhanced the
TUNEL apoptot�c �ndex, the prote�n abundance of Bcl-
3/Bax, and the rat�o of LC3 II to LC3 I �n skeletal muscle
(49). DOX �nject�on promoted autophagy marker express�on
�n type I soleus muscle, and the autophagosome �n�t�at�on
prote�n, Becl�n1 (53, 54). DOX �ncreased Becl�n1 mRNA and
prote�n levels �n soleus muscles (53).

DOX treatment (6 mg/kg, four doses) reduced body we�ght
and muscle mass, and elevated REDD1 mRNA express�on
(33). DOX treatment and ox�dat�ve stress were recently re-
ported to �ncrease REDD1 mRNA express�on �n skeletal
muscle (11, 55).

Perox�some prol�ferator-act�vated receptor-gamma coact�-
vator (PGC-1) controls ang�oplasty, m�tochondr�al b�ogene-
s�s, and muscular growth (56). DOX d�m�n�shed PGC-1
mRNA levels �n skeletal muscle, wh�le they tended to �ncre-
ase �n the heart (36).

E�ects of exerc�se on doxorub�c�n-�nduced skeletal
muscle atrophy

It �s well recogn�zed that �nd�v�duals w�th a var�ety of pat-
holog�cal cond�t�ons, such as card�ovascular d�seases, obe-

s�ty, type 2 d�abetes, sarcopen�a, and some forms of cancer,
can benef�t s�gn�f�cantly from regular exerc�se (24, 57).

Combs and colleagues demonstrated that exerc�se tra�n�ng
o�ers therapeut�c advantages that reduce DOX tox�c�ty (58).

It has been shown that endurance tra�n�ng decreased DOX-
�nduced ox�dat�ve damage and the �nduct�on of proteolyt�c
mechan�sms �n skeletal muscle atrophy (59). Exerc�se has
been assoc�ated w�th slow-tw�tch ox�dat�ve muscles compa-
red to fast-tw�tch glycolyt�c, but DOX-�nduced skeletal
muscle atrophy emerges �ndependently of skeletal muscles
w�th d��erent f�ber types (type I or type II muscles) (60).
One study demonstrated that the chron�c DOX usage �n
comb�nat�on w�th �nterval tra�n�ng was also su��c�ent to
prevent soleus muscle atrophy (61). Therefore, exerc�se tra-
�n�ng before or at the beg�nn�ng of DOX treatment may pre-
vent skeletal muscle atrophy and weaken�ng. Exerc�se �nc-
reases the act�v�ty of endogenous ant�ox�dant enzymes, ox�-
dant bu�er�ng capac�ty and prevents DOX damage (62). In
one study, the comb�nat�on of exerc�se and DOX treatment
enhanced ant�ox�dant levels �n heart and l�ver t�ssues (63).
PGC 1 s�gn�f�cantly lowered �n gastrocnem�us muscle under
atroph�c cond�t�ons, and �ncreased express�on of PGC 1 �n-
duced by genet�c man�pulat�on was found to suppress Fo-
xO3, reduc�ng type II f�ber atrophy �n the t�b�al�s anter�or
muscle. (64).

Exerc�se d�m�n�shes m�tochondr�al dysfunct�on, ox�dat�ve
stress, and protease st�mulat�on, wh�ch �n turn �nh�b�ts d�-
aphragm f�ber atrophy (65).

Exerc�se capac�ty can be a�ected by changes �n musculos-
keletal funct�on, and pat�ents exposed to DOX showed gre-
ater exerc�se �ntolerance and decreased aerob�c capac�ty
(66). Through act�vat�on of AMP-act�vated prote�n k�nase
(AMPK), aerob�c exerc�se �n DOX treatment enhanced max�-
mum aerob�c capac�ty w�thout a�ect�ng muscle mass or f�-
ber CSA (34). In DOX-treated rats, exerc�se d�m�n�shed MuR-
F1 s�gnal�ng but not Atrog�n-1/MAFbx s�gnal�ng v�a preser-
v�ng m�tochondr�al resp�ratory funct�on and redox balance
(67). Exerc�se enhanced regenerat�on s�gnal�ng through the
MRF response, although DOX therapy �ncreased soleus
MRF funct�on (68). The a-act�n�n (ACTN) prote�n was not�-
ceably a�ected by DOX, but exerc�se tra�n�ng appeared to
restore �t. FOXO3a prote�n express�on was elevated by DOX-
�nduced myotox�c�ty and was prec�sely regulated by exerc�-
se (69). In add�t�on to protect�ng muscle aga�nst ox�dat�ve
stress �nduced by DOX and reduc�ng the express�on of
autophagy genes, endurance exerc�se enhances ant�ox�dant
levels (53). Kwon et al. reported that exerc�se �ncreased c�t-
rate synthase levels, autophagy markers (LC3-I/II, LAMP,
etc.), and �mproved muscle regenerat�on (MYOD) �n chron�c 
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DOX-�nduced skeletal muscle atrophy (39). However, the �n-
terest�ng f�nd�ng of th�s study was that both DOX treatment
and exerc�se were not assoc�ated w�th the AMPK or
AKT/mTOR s�gnal�ng pathways (39). Exerc�se reduced le-
vels of both carbonyl and the 4-HNE, demonstrat�ng protec-
t�on aga�nst skeletal muscle atrophy caused by DOX (50).
Exerc�se prevents skeletal muscle atrophy when �n�t�ated
before or at the beg�nn�ng of DOX adm�n�strat�on.

CONCLUSION
S�nce �t has been proposed that the med�cat�on produces
DOX-�nduced skeletal muscle atrophy, �t �s cr�t�cal to deter-
m�ne a prevent�ve approach. One of these protect�ve bene-
f�ts �s exerc�se, wh�ch lowers the s�de e�ects of chemothe-
rapy �n the sett�ng of muscle phys�ology. Future research
should �nvest�gate the comb�nat�on of mult�ple treatments
and exerc�se.
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