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ABSTRACT

Sepsis can lead to a wide range of clinical symptoms due to a dysregulated immune response to infection. It remains a major cause of morbidity and
mortality in hospitalized patients, particularly those in intensive care units. The association between sepsis and skeletal muscle atrophy is primarily due
to inflammation and immobilization during prolonged sepsis. In addition, the physical inactivity caused by sepsis accelerates skeletal muscle atrophy.
Sepsis-induced skeletal muscle atrophy is primarily caused by mitochondrial dysfunction, which is recognized as a major contributing factor. More‐
over, oxidative stress is implicated in the etiology of sepsis-induced muscle atrophy by contributing to the functional loss of mitochondria. Numerous
studies have demonstrated the positive impact of regular exercise on the overall health of patients with various conditions, including sepsis, by modu‐
lating mitochondrial health and quality control pathways. This review will explore the role of mitochondria and the potential benefits of exercise in miti‐
gating sepsis-induced skeletal muscle atrophy.
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ÖZ

Sepsis, enfeksiyona karşı anormal bağışıklık tepkisi nedeniyle çok çeşitli klinik semptomlara yol açabilir. Hastanede yatan hastalarda, özellikle de yoğun
bakım ünitelerindeki (YBÜ) hastalarda morbidite ve mortalitenin önemli bir nedenidir. Sepsis ve iskelet kası atrofisi arasındaki ilişki, esas olarak uzun sü‐
reli sepsis sırasında oluşan inflamasyon ve immobilizasyondan kaynaklanmaktadır. Ayrıca, sepsisin neden olduğu fiziksel hareketsizlik iskelet kası atrofi‐
sini hızlandırır. Sepsisin neden olduğu iskelet kası atrofisine öncelikle mitokondriyal disfonksiyonun önemli bir katkısı olduğu kabul edilmektedir. Dahası,
oksidatif stres, mitokondrinin işlevsel kaybına katkıda bulunarak sepsis kaynaklı kas atrofisinin etiyolojisinde rol oynamaktadır. Çok sayıda çalışma, dü‐
zenli egzersizin mitokondriyal fonksiyonu ve kalite kontrol yolaklarını modüle ederek sepsis de dahil olmak üzere çeşitli hastalıklara sahip olan hastaların
genel sağlık durumu üzerindeki olumlu etkisini göstermiştir. Bu derleme, sepsis kaynaklı iskelet kası atrofisinde mitokondrinin rolünü ve egzersizin kas
atrofisini engellemedeki potansiyel faydalarını araştıracaktır.
Anahtar Sözcükler: Sepsis, iskelet kas atrofisi, mitokondri, egzersiz

INTRODUCTION
Account�ng for approx�mately 40% of human body we�ght
and 50% of total prote�n mass (1), skeletal muscle plays a
cruc�al role �n locomot�on, posture, metabol�c regulat�on,
and thermogenes�s (1). Skeletal muscle atrophy, character�-
zed by a reduct�on �n muscle mass and strength, occurs
when there �s an �mbalance between prote�n synthes�s and
degradat�on (2). Th�s cond�t�on can develop �n adult skele-
tal muscle under var�ous c�rcumstances, �nclud�ng fast�ng,
denervat�on, cancer cachex�a, heart fa�lure, ag�ng, and sep-
s�s (3).

M�tochondr�a play a cruc�al role �n regulat�ng the metabol�c
events of skeletal muscle, funct�on�ng as the pr�mary orga-
nelle �n th�s process. M�tochondr�al dysfunct�on d�rectly af-
fects the phys�olog�cal state of skeletal muscle (4). In sep-

s�s, m�tochondr�al damage or dysfunct�on led to apoptos�s
�n var�ous t�ssues and �mmune cells due to �nsu��c�ent
energy product�on coupled w�th �ncreased ox�dat�ve stress
(5).

Ev�dence suggests that regular exerc�se has a benef�c�al ef-
fect on �nd�v�duals w�th var�ous med�cal cond�t�ons, �nclu-
d�ng card�ovascular d�sease, obes�ty, type 2 d�abetes, age-
related muscle loss (sarcopen�a), and cancer (6). Spec�f�-
cally, endurance exerc�se has been shown to regulate m�-
tochondr�al act�v�ty �n skeletal muscle through m�tochond-
r�al b�ogenes�s, a process l�nked to �ncreased express�on of
the perox�some prol�ferator-act�vated receptor gamma coac-
t�vator 1-alpha (PGC-1α) prote�n and result�ng �n �mproved
m�tochondr�al mass and funct�on (7).
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Seps�s, a cl�n�cal cond�t�on character�zed by an aberrant
host response to �nfect�on, can lead to organ fa�lure and ne-
gat�vely �mpact both the qual�ty and durat�on of l�fe (8).
Seps�s-�nduced skeletal muscle atrophy �s def�ned by reduc-
t�on �n muscle mass, f�ber s�ze, and strength, wh�ch ult�ma-
tely contr�bute to long-term phys�cal �mpa�rment assoc�ated
w�th seps�s (9).

Th�s rev�ew w�ll focus on eluc�dat�ng the �mportance of ske-
letal muscle and m�tochondr�a, explor�ng the correlat�on
between seps�s and skeletal muscle atrophy, and exam�-
n�ng the benef�ts of exerc�se �n the context of seps�s-related
muscle atrophy.

Importance and character�st�cs of skeletal muscle

Skeletal muscle t�ssue represents approx�mately 40% of
body mass �n a healthy �nd�v�dual and �s character�zed as a
plast�c t�ssue, enabl�ng �t to adapt to phys�olog�cal and pat-
hophys�olog�cal st�mulus (10). It �s now w�dely recogn�zed
that skeletal muscles are not only components of the mus-
culoskeletal system but also part of the endocr�ne system,
due to the�r secret�on of b�oact�ve molecules known as myo-
k�nes �n response to acute and chron�c exerc�se. These myo-
k�nes exert the�r e�ects �n an autocr�ne, paracr�ne, and en-
docr�ne manner (11). Consequently, changes �n skeletal
muscle mass and funct�on can contr�bute to the onset of va-
r�ous patholog�cal states, rang�ng from phys�cal �nact�v�ty
to the development of metabol�c d�sorders such as obes�ty,
�nsul�n res�stance, and d�abetes (12).

Skeletal muscle f�bers are class�f�ed �nto four ma�n types:
type I, IIa, IId/x, and IIb-based on the�r predom�nant myo-
s�n heavy cha�n �soforms. Type I and IIa f�bers d�splay h�gh
ox�dat�ve potent�al, wh�le type IIx and IIb f�bers exh�b�t gly-
colyt�c character�st�cs (13-15). The soleus and red reg�on of
the gastrocnem�us are pr�mar�ly compr�sed of type I muscle
f�bers, wh�ch have a slower contract�on speed (16, 17). In
contrast, skeletal muscles such as the extensor d�g�torum
longus (EDL) and t�b�al�s anter�or are predom�nantly com-
posed of type II f�bers, also known as fast tw�tch or fast-
contract�ng f�bers (16, 17). These d��erences lead to d�st�nct
phys�olog�cal and metabol�c propert�es depend�ng on
muscle f�ber compos�t�on. For example, muscle atrophy �n
ant�grav�ty env�ronments predom�nantly a�ects the soleus
muscle, wh�ch �s r�ch �n type I f�bers. Conversely, cond�t�-
ons such as seps�s, cachex�a, d�abetes, and ag�ng are asso-
c�ated w�th atrophy �n muscles l�ke the EDL and t�b�al�s an-
ter�or, wh�ch are r�ch �n type II f�bers (18).

Skeletal muscle atrophy

The most prom�nent morpholog�cal feature of skeletal
muscle atrophy �s a reduct�on �n muscle mass and f�ber
cross-sect�onal area (CSA) (19). For example, a�er approx�-

mately 180 days of space��ght, astronauts exh�b�ted f�ber
type-spec�f�c reduct�ons �n the CSA and strength of the�r so-
leus and gastrocnem�us muscles. Th�s resulted �n a sh��
from a h�gher to a lower rat�o of type I to type II f�bers �n
both the soleus and gastrocnem�us muscles (20). A s�m�lar
atrophy response has been observed �n d�suse atrophy mo-
dels. For example, a seven-day ta�l suspens�on �n C57BL/6
m�ce resulted �n a 24% reduct�on �n soleus muscle mass,
wh�le the EDL muscle mass rema�ned unchanged (21). Com-
pared to d�suse atrophy, cond�t�ons l�ke sarcopen�a, cache-
x�a, seps�s, and the use of certa�n pharmacolog�c drugs of-
ten result �n skeletal muscle atrophy w�th a h�gher preva-
lence of type II f�bers (22, 23). These f�nd�ngs demonstrate
that d��erent st�mul� for skeletal muscle atrophy have spe-
c�f�c e�ects on muscle f�ber types.

Seps�s-�nduced skeletal muscle atrophy and �ts
mechan�sm

Seps�s, def�ned as a patholog�cal cond�t�on character�zed
by a dysregulated host response to �nfect�on, can lead to
mult�ple organ dysfunct�on, thereby threaten�ng the qual�ty
and durat�on of l�fe (8). N�neteen percent of global deaths
are attr�butable to seps�s, underscor�ng the necess�ty for
more e�ect�ve prevent�on and treatment strateg�es (24). In
conclus�on, seps�s represents a s�gn�f�cant publ�c health
challenge that necess�tates �mprovements �n ex�st�ng treat-
ment modal�t�es and the explorat�on of new therapeut�c
approaches (Table 1).

Recent stud�es have focused on the pathophys�ology of sep-
s�s across var�ous t�ssues and organs, w�th part�cular emp-
has�s on �ts e�ects on skeletal muscles (9, 25) (F�gure 1).
Seps�s-related myopath�es are character�zed by reduct�ons
�n both skeletal muscle mass and f�ber s�ze, �mpa�red musc-
le funct�on, and a s�gn�f�cant decl�ne �n phys�cal capac�ty
(26, 27). E�kermann et al. observed no change �n arm musc-
le strength �n subjects �mmob�l�zed for two weeks, whereas
pat�ents �mmob�l�zed due to seps�s exh�b�ted a notable dec-
rease �n muscle strength, �nd�cat�ng that the strength re-
duct�on �s attr�butable to seps�s �tself rather than to bed rest
(28). Muscle atrophy �n seps�s pat�ents was accompan�ed by
a decl�ne �n f�ber type CSA, w�th a reduct�on of approx�ma-
tely 3-4% per day (29). Furthermore, reduct�ons �n skeletal
muscle mass led to s�gn�f�cant alterat�ons �n muscle funct�-
on (9, 25). Var�ous cell culture and exper�mental an�mal
models, �nclud�ng cecal l�gat�on and perforat�on, l�popoly-
sacchar�de (LPS) adm�n�strat�on, l�ve bacter�a �nject�on,
pneumon�a, and cytok�ne �nduct�on, have been used to �n-
vest�gate seps�s pathophys�ology (9). For example, M�yosh�
et al. observed a s�gn�f�cant decrease �n the CSA and muscle
mass of the EDL 24 h a�er a 10 mg/kg dose of LPS, wh�le no
change was detected �n the soleus (30).



Turk J Sports Med Seps�s-�nduced muscle atrophy and exerc�se

27

F�gure 1.  Seps�s-�nduced skeletal muscle atrophy and m�tochondr�al damage. Seps�s �s assoc�ated w�th a range
of system�c compl�cat�ons, �nclud�ng organ fa�lure a�ect�ng the bra�n, lungs, k�dneys, l�ver, and heart, as well as
skeletal muscle. Prolonged phys�cal �nact�v�ty �n sept�c pat�ents serves to exacerbate these e�ects. At the cellular
level, seps�s-�nduced ox�dat�ve stress (ROS) and a cytok�ne storm contr�bute to m�tochondr�al dysfunct�on.
Impa�red m�tochondr�al dynam�cs result �n dysregulated f�ss�on and fus�on, lead�ng to �ncreased m�tophagy and a
subsequent �nab�l�ty to ma�nta�n funct�onal m�tochondr�a. Th�s �mbalance contr�butes to cellular energy def�c�ts,
wh�ch serve to further dr�ve the pathophys�ology of seps�s. F�gure was created w�th B�oRender.com

The most �mportant mechan�sms underly�ng skeletal musc-
le atrophy assoc�ated w�th seps�s are an �ncreased �n�am-
matory response and m�tochondr�al dysfunct�on. Spec�f�-
cally, �t �s proposed that system�c �n�ammat�on �n seps�s
may lead to skeletal muscle atrophy through an �ncrease �n
cytok�ne release (31). It �s known that levels of certa�n pro-
�n�ammatory cytok�nes are elevated, �nclud�ng �nterleuk�n-
6 (IL-6), tumor necros�s factor-alpha (TNF-alpha), and IL-
1β, wh�ch have been shown to �nduce atrophy of skeletal
muscle and myotubes �n the context of an enhanced �n�am-
matory response �n seps�s (31, 32). An �ncreased cytok�ne
response tr�ggers the act�vat�on of several s�gnal�ng path-
ways �nvolved �n degrad�ng skeletal muscle prote�ns (32).

For example, transgen�c overexpress�on of nuclear factor
kappa B (NF-κB), the master regulator of the �n�ammatory
response, has been shown to lead to skeletal muscle at-
rophy, result�ng �n �ncreased atrogene levels and a decre-
ased CSA of the EDL muscle �n m�ce (33). These f�nd�ngs are
l�ke those observed �n muscle atrophy �nduced by cachex�a
(33). S�m�larly, �t has been documented that �nh�b�t�on of
NF-κB can prevent prote�n degradat�on and myotube at-
rophy �n C2C12 myotubes (32). Transgen�c m�ce w�th skeletal
muscle-spec�f�c NF-κB �nh�b�t�on exh�b�t augmented skele-
tal muscle strength and endurance, along w�th enhanced
res�stance to denervat�on-�nduced skeletal muscle atrophy
(34).

M�tochondr�al dysfunct�on represents another mechan�sm
respons�ble for seps�s-�nduced muscle atrophy. G�ven the
role of m�tochondr�a �n cellular energy product�on, �t �s ev�-
dent that ma�nta�n�ng a healthy m�tochondr�al populat�on

�s cruc�al for the opt�mal funct�on�ng of skeletal muscles
(35).

Skeletal muscle atrophy may result from var�ous underly�ng
patholog�es, �nclud�ng chron�c d�seases, cachex�a, the na-
tural process of ag�ng, and extended per�ods of bed rest (6).
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Table 1. The Summary of Seps�s-Induced Skeletal Muscle Changes

Study/Reference Exper�mental Model Muscle Type % Change
�n CSA

M�tochondr�al
Dysfunct�on Ind�cators Add�t�onal Observat�ons

E�kermann et al.
(28)

Seps�s pat�ents vs.
�mmob�l�zat�on Arm muscles No change N/A Atrophy l�nked to seps�s, not bed rest

M�yosh� et al. (30) LPS EDL ↓
S�gn�f�cant

↓ ATP product�on 
↑ ROS levels

Soleus una�ected; early seps�s �mpacts fast-
tw�tch f�bers

L� et al. (31) TNF-α-�nduced muscle
wast�ng

C2C12
myotubes N/A N/A NF-κB �nh�b�t�on prevented prote�n loss

Ca� et al. (33) Transgen�c m�ce (NF-κB
act�vat�on) EDL ↓

S�gn�f�cant ↑ Atrogene express�on Inh�b�t�on of the IKKβ/NF-κB/MuRF1 pathway
reversed muscle atrophy. ;

Fr�sard et al. (41) LPS Gastrocnem�us N/A ↓ ETC capac�ty Recovery observed w�th N-acetyl cyste�ne and
catalase

Eggelsbuch et al.
(43) LPS C2C12

myotubes
↓

S�gn�f�cant

↓ M�tochondr�al
e��c�ency 

↓M�tochondr�al s�ze

IL-1β exposure does not a�ect m�tochondr�al
morphology or funct�on

LPS: L�popolysacchar�de, TNF-α : Tumor necros�s factor-alpha, EDL: Extensor d�g�torum longus, ATP: Adenos�ne tr�phosphate, ROS: React�ve oxygen spec�es, ETC:
Electron transport cha�n, NF-κB: Nuclear Factor kappa B, IKKβ: Kappa B k�naz beta, MuRF1: Muscle RING-f�nger prote�n-1, IL-1β: Interleuk�n-1β, N/A: Not ava�lable

Although the mechan�sms underly�ng the loss of skeletal
muscle mass are complex and mult�faceted, m�tochondr�al
dysfunct�on �s postulated to be a s�gn�f�cant contr�butor to
the development of skeletal muscle atrophy (6). In the ske-
letal muscles of pat�ents su�er�ng from seps�s, there �s a re-
duct�on �n the product�on of adenos�ne tr�phosphate (ATP),
accompan�ed by a decrease �n the number and content of
m�tochondr�a (36, 37).

The development of m�tochondr�al dysfunct�on �n the acute
phase of seps�s leads to a reduct�on �n skeletal muscle mass
and a decl�ne �n muscle funct�on �n the later stages of the
d�sease (38). Th�s phenomenon can be attr�buted to the en-
hanced product�on of react�ve oxygen spec�es (ROS) by m�-
tochondr�a w�th d�m�n�shed funct�onal�ty (38). An�mal stu-
d�es w�th m�tochondr�a-targeted ant�ox�dant agents have

shown that these agents can prevent seps�s-�nduced at-
rophy �n the d�aphragm and skeletal muscle, �mprove m�-
tochondr�al funct�on, reduce ox�dat�ve stress, and �nh�b�t
the caspase-calpa�n and proteasomal systems, wh�ch are
molecular mechan�sms contr�but�ng to muscle atrophy (39,
40). The adm�n�strat�on of LPS has been found to reduce
m�tochondr�al resp�ratory capac�ty �n both mouse C2C12
myotubes and human pr�mary skeletal muscle cells (41, 42).
Recovery of �mpa�red m�tochondr�al funct�on has been ob-
served �n cells treated w�th N-acetyl cyste�ne, a well-known
ant�ox�dant (41). In add�t�on, adm�n�strat�on of SS-31, a m�-
tochondr�a-targeted ant�ox�dant pept�de, pr�or to LPS treat-
ment �n C2C12 myotubes prevented LPS-�nduced reduct�ons
�n myotube d�ameter (43).

Wh�le many factors contr�bute to skeletal muscle wast�ng,
muscle loss �n pat�ents w�th prolonged bed rest and seps�s
presents a s�gn�f�cant challenge �n manag�ng severe �nfect�-
ons. Desp�te a 53% reduct�on �n seps�s mortal�ty between
1990 and 2017 due to med�cal advances (24), approx�mately
one-th�rd of seps�s surv�vors exper�ence permanent phys�-
cal d�sab�l�ty 6 months a�er leav�ng hosp�tal (44). One of
the major causes of long-term phys�cal �mpa�rment �s the
loss of skeletal muscle mass that occurs dur�ng the acute
phase of seps�s. In fact, seps�s �s assoc�ated w�th a 10-20%
loss of skeletal muscle mass w�th�n one week, wh�ch corre-
lates w�th funct�onal decl�ne and �ncreased mortal�ty (45).
Skeletal muscle atrophy �s a s�gn�f�cant compl�cat�on of
seps�s, a�ect�ng 40-70% of pat�ents (5). Seps�s-�nduced
muscle atrophy �s l�nked to �ncreased morb�d�ty and morta-
l�ty, w�th system�c �n�ammat�on �dent�f�ed as a pr�mary un-
derly�ng factor (46). It occurs �n 40% of cr�t�cally �ll pat�ents
�n the �ntens�ve care un�t (ICU) and �s assoc�ated w�th pro-
longed mechan�cal vent�lat�on, extended hosp�tal stays,
�ncreased mortal�ty, and long-term funct�onal �mpa�rment
(47). Loss of muscle mass, part�cularly �n the context of sep-
s�s, �s a rap�d and pronounced phenomenon that occurs

w�th�n the f�rst ten days of an ICU (48). Moreover, many pa-
t�ents who surv�ve cr�t�cal �llness exper�ence a reduced qu-
al�ty of l�fe a�er leav�ng hosp�tal, largely due to �mpa�red
phys�cal funct�on�ng (49).

Seps�s-�nduced m�tochondr�al damage and related
mechan�sms

Seps�s-�nduced m�tochondr�al damage or dysfunct�on re-
sults �n apoptos�s �n var�ous t�ssues and �mmune cells due
to �nadequate energy product�on comb�ned w�th elevated
ox�dat�ve stress levels (50) (F�gure 1). Exper�mental models
of seps�s have demonstrated m�tochondr�al morpholog�cal
abnormal�t�es, �nclud�ng condensed matr�x, m�tochondr�al
swell�ng, cr�stae anomal�es, �nternal ves�cles, and d�srupt�-
on of m�tochondr�al membranes, wh�ch are assoc�ated w�th
m�tochondr�al dysfunct�on (51). Furthermore, d�srupt�ons
�n the electron transport cha�n (ETC) have also been obser-
ved �n sept�c cond�t�ons. In- 
 
 
�ammatory med�ators such as n�tr�c ox�de , carbon monox�-
de, ROS, and react�ve n�trogen spec�es, wh�ch are �ncreased
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dur�ng seps�s, d�rectly d�srupt var�ous components of the
m�tochondr�al ETC complex and m�tochondr�al resp�rat�on
(52). The ATP content �n skeletal muscles decreases �n pat�-
ents from severe seps�s, wh�le h�gher ATP levels are obser-
ved �n surv�vors (36). ROS accumulated �n the m�tochondr�-
al matr�x have been shown to suppress ETC complex act�v�-
t�es, w�th ETC complexes I and IV be�ng part�cularly sens�t�-
ve to ROS-�nduced damage (50). It �s ev�dent that �n cases of
seps�s, there �s a decl�ne �n the ETC's capac�ty to produce
ATP coupled w�th an overproduct�on of ROS (53).

M�tochondr�al dysfunct�on �n seps�s results �n the act�vat�-
on of m�tochondr�al f�ss�on and the �nact�vat�on of m�toc-
hondr�al fus�on. M�tochondr�al f�ss�on leads to the act�vat�-
on of Bcl-2 assoc�ated X prote�n (Bax), �ncreased permeab�-
l�zat�on of the outer membrane, remodel�ng of the cr�stae,
excess�ve ROS product�on, and decreased ATP product�on,
all of wh�ch collect�vely contr�bute to cell death and organ
fa�lure (54). The processes of m�tochondr�al f�ss�on and the
express�on of dynam�n-related prote�n 1 (DRP1) are obser-
ved to �ncrease �n skeletal muscle under seps�s cond�t�ons
(55). In the �n�t�al phases of seps�s, the el�m�nat�on of dama-
ged m�tochondr�a (m�tophagy) and the enhancement of m�-
tochondr�al b�ogenes�s can, at least temporar�ly, prevent
organ damage. However, �n the later stages, the cessat�on of
m�tochondr�al b�ogenes�s adversely a�ects prognos�s (56).
Inata et al. demonstrated that the act�vat�on and nuclear
translocat�on of AMP-act�vated prote�n k�nase and PGC-1α
are t�me-dependent processes follow�ng seps�s. Furthermo-
re, they establ�shed that these changes lead to m�tochondr�-
al dysfunct�on �n aged m�ce (57).

Autophagy plays a p�votal role �n the pathogenes�s of organ
dysfunct�on assoc�ated w�th seps�s and undergoes cont�nu-
ous changes dur�ng the progress�on of the d�sease (56). In
the later stages of seps�s, autophagy becomes �nadequate
and maladapt�ve, accompan�ed by enhanced s�gnal�ng of
the mammal�an target of rapamyc�n (mTOR). Th�s �ne�ect�-
ve el�m�nat�on of tox�c substances and damaged organelles
leads to the accumulat�on of m�tochondr�al damage-assoc�-
ated molecular patterns ; (58). In seps�s, the extr�ns�c apop-
tot�c pathway �s act�vated v�a TNF receptor-assoc�ated de-
ath doma�n receptors. Act�vat�on of these death receptors
results �n the act�vat�on of caspase-8, wh�ch then cleaves
and act�vates other caspases, thereby tr�gger�ng cell death
(59).

Exerc�se and skeletal muscle atrophy

The benef�c�al e�ects of regular exerc�se on the health of
pat�ents w�th var�ous patholog�cal cond�t�ons are well-do-
cumented, �nclud�ng benef�ts for card�ovascular d�seases,
obes�ty, type 2 d�abetes, sarcopen�a, and certa�n types of
cancer (11). Accord�ng to the current World Health Organ�-

zat�on (WHO) gu�del�nes, adults should engage �n at least
150 m�nutes of moderate-�ntens�ty or 75 m�nutes of h�gh-�n-
tens�ty aerob�c phys�cal act�v�ty, or an equ�valent comb�na-
t�on, d�str�buted throughout the week (60). Desp�te the kno-
wn benef�ts of exerc�se, skeletal muscles are central to the
molecular adaptat�ons that occur �n response to exerc�se
(11).

Endurance exerc�se enhances the body's capac�ty to trans-
port and ut�l�ze oxygen for energy product�on by st�mula-
t�ng m�tochondr�al b�ogenes�s and ang�ogenes�s (61). Con-
versely, res�stance exerc�se (4 to 12 repet�t�ons and 8 to 12
weeks) �nduces skeletal muscle hypertrophy, character�zed
by �ncreased muscle strength and CSA (62). These exerc�se-
med�ated adaptat�ons result from changes at the organelle
level and alterat�ons �n cell s�gnal�ng pathways that regula-
te prote�n synthes�s and degradat�on (10, 63).

Endurance exerc�se has been shown to regulate m�tochond-
r�al act�v�ty �n skeletal muscle through m�tochondr�al b�-
ogenes�s, a process l�nked to �ncreased express�on of the
PGC-1α prote�n and result�ng �n �mproved m�tochondr�al
mass and funct�on (2). Endurance exerc�se (~ 50-70% of
VO2max, 30 m�n, 12 weeks) �mproves m�tochondr�al funct�-
on by �ncreas�ng m�tochondr�al s�ze, number, max�mal oxy-
gen consumpt�on, and enzyme product�on (64). PGC-1α,
wh�ch �ncreases m�tochondr�al content, plays a p�votal role
�n regulat�ng m�tochondr�al b�ogenes�s (65). Endurance
exerc�se (a speed of 15 m/m�n, 60 m�n, 12 weeks) st�mulates
the express�on of PGC-1α �n skeletal muscle (66) and d�-
rectly st�mulates m�tochondr�al prote�n synthes�s (67). The
express�on of PGC-1α �s elevated by endurance exerc�se (~
60% of VO2max, 40 m�n, 6 weeks) through act�vat�on of the
energy metabol�sm s�gnal�ng pathway, part�cularly �n vas-
tus lateral�s muscle (68). Add�t�onally, res�stance exerc�se
(8 to 10 repet�t�ons) fac�l�tates skeletal muscle prote�n synt-
hes�s by act�vat�ng the mTOR pathway (69). Overexpress�on
of PGC-1α �n transgen�c an�mals �nh�b�ts Forkhead box-O
transcr�pt�on factors (70). Endurance exerc�se (30-45 m�n,
3-5 day/week) st�mulates muscle prote�n synthes�s for up to
two to four days follow�ng the last exerc�se sess�on (71).

Exerc�se and m�tochondr�a �n seps�s-�nduced skeletal
muscle atrophy

Seps�s-�nduced skeletal muscle atrophy �s def�ned by a dec-
rease �n muscle mass, f�ber s�ze, and strength, lead�ng to
prolonged phys�cal d�sab�l�ty (9). Dur�ng exerc�se, an ant�-
ox�dant system �s act�vated to ma�nta�n redox balance, as
exerc�se s�multaneously �ncreases ROS generat�on and oxy-
gen uptake (72). Th�s �ncrease �n oxygen consumpt�on and
enhanced ant�ox�dant defenses dur�ng endurance exerc�se
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(~ 75% of VO2max, 40 m�n, 12 weeks) may help scavenge
ROS �n seps�s (72-74).

Bagby et al. demonstrated that endurance exerc�s�ng (5-10
m�n, 4 days) rats to near exhaust�on before an �ntravenous
LPS challenge s�gn�f�cantly reduced the system�c TNF res-
ponse typ�cally observed �n response to LPS (75). Stark�e et
al. reported that cycl�ng exerc�se (~ 75% of VO2max, 3 hours
m�n, 1 week) can m�t�gate the elevat�on of TNFα caused by
endotoxem�a wh�le s�multaneously �ncreas�ng plasma le-
vels of the ant�-�n�ammatory cytok�nes (76). The�r f�nd�ngs
suggest that phys�cal act�v�ty may play a role �n reduc�ng
�n�ammatory processes (76). Endurance exerc�se (15-60
m�n, 4 weeks) also lessens the e�ects of seps�s on the body,
�nclud�ng tachycard�a, n�tr�te/n�trate levels, muscle glyco-
gen deplet�on, reduct�ons �n blood cells, and elevat�ons �n
pro-�n�ammatory cytok�nes and b�ochem�cal var�ables (77).

Numerous stud�es have demonstrated the ant�-�n�amma-
tory benef�ts of exerc�se on bod�ly t�ssues (78). Reduced le-
vels of TNF-α and p38 m�togen act�vated prote�n fam�ly of
k�nases act�v�ty were observed �n per�toneal macrophages
�solated from endurance exerc�sed (60 m�n, 8 weeks) m�ce
exposed to LPS (79). The preservat�on of muscle f�ber CSA
dur�ng the �n�t�al stages of sept�c shock may be attr�buted to
l�m�t�ng excess�ve autophagy act�vat�on, a strategy that not
only prevents muscle �n�ammat�on but �s also well-tolera-
ted (27). Enhanc�ng exerc�se part�c�pat�on among older pa-
t�ents �s hypothes�zed to prevent the onset of sarcopen�a
and �mprove outcomes for elderly pat�ents w�th seps�s (80).

CONCLUSION
Skeletal muscle atrophy result�ng from seps�s s�gn�f�cantly
�mpacts pat�ents' overall health, exacerbat�ng the extended
durat�on of hosp�tal�zat�on and �n�ammat�on-related dete-
r�orat�on. A key factor �n th�s process �s the �mpa�rment of
m�tochondr�al funct�on, wh�ch �s essent�al for cellular
energy product�on. Address�ng m�tochondr�al dysfunct�on
may therefore o�er therapeut�c potent�al to m�t�gate seps�s-
�nduced muscle wast�ng, �mprove pat�ent outcomes, and
shorten recovery t�me follow�ng hosp�tal�zat�on. Regular
exerc�se has been shown to prevent muscle atrophy by en-
hanc�ng m�tochondr�al funct�on, promot�ng m�tochondr�al
b�ogenes�s, and �mprov�ng ox�dat�ve capac�ty. Therefore,
comb�n�ng exerc�se �nto the rehab�l�tat�on of cr�t�cally �ll
pat�ents may play a p�votal role �n reduc�ng seps�s-�nduced
skeletal muscle atrophy and �mprov�ng phys�cal funct�on,
mak�ng �t an �mportant complement to other therapeut�c
strateg�es.
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