Journal of

|

Clinical Medicine

Review

Myokine Secretion Dynamics and Their Role in Critically Il
Patients: A Scoping Review

Yorschua Jalil 1-2-3

and Ruvistay Gutierrez-Arias

check for
updates
Academic Editor: Spyros D.

Mentzelopoulos

Received: 3 January 2025
Revised: 28 January 2025
Accepted: 10 February 2025
Published: 23 April 2025

Citation: Jalil, Y.,; Damiani, L.E,;
Garcia-Valdés, P.; Basoalto, R.;
Gallastegui, J.; Gutierrez-Arias, R.
Myokine Secretion Dynamics and
Their Role in Critically Ill Patients: A
Scoping Review. |. Clin. Med. 2025, 14,
2892. https://doi.org/10.3390/
jem14092892

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, L. Felipe Damiani 123, Patricio Garcia-Valdés 12, Roque Basoalto 23, Julen Gallastegui !

4,5,6,%

Escuela de Ciencias de la Salud, Departamento de Kinesiologia, Facultad de Medicina, Pontificia Universidad
Catolica de Chile, Santiago 1270709, Chile; yfjalil@uc.cl (Y.].); lfdamiani@uc.cl (L.ED.); pgarcs@uc.cl (P.G.-V.);
julen.gallastegui@uc.cl (J.G.)

CardioREspirAtory Research Laboratory, Departamento Ciencias de la Salud, Pontificia Universidad Catélica
de Chile, Santiago 7820436, Chile; roque.basoalto@gmail.com

Department of Intensive Care Medicine, Faculty of Medicine, Pontificia Universidad Catélica de Chile,
Santiago 1270709, Chile

Departamento de Apoyo en Rehabilitacién Cardiopulmonar Integral, Instituto Nacional del Térax,

Santiago 8320000, Chile

5 INTRehab Research Group, Instituto Nacional del Térax, Santiago 8320000, Chile

Faculty of Rehabilitation Sciences, Exercise and Rehabilitation Sciences Institute, Universidad Andres Bello,
Santiago 7591538, Chile

*  Correspondence: rgutierrez@torax.cl

Abstract: Background/Objectives: Myokines can modulate organ function and metabolism,
offering a protective profile against ICU complications beyond preventing local muscle
wasting. This scoping review aims to explore and summarize the evidence regarding the
secretion of myokines and their potential local or systemic effects in critically ill patients.
Methods: A scoping review following Joana Briggs Institute recommendations was con-
ducted. A systematic search of MEDLINE (Ovid), Embase (Ovid), CENTRAL, CINAHL
(EBSCOhost), WoS, and Scopus was conducted from inception to February 2023. We in-
cluded primary studies evaluating myokine secretion/concentration in critically ill adults
undergoing physical rehabilitation interventions. Two independent reviewers performed
study selection and data extraction. Results: Seventeen studies published between 2012 and
2023 were included. Most were randomized clinical trials (47%). Physical rehabilitation inter-
ventions included electrical muscle stimulation, as well as passive and active mobilization,
delivered alone or combined, in single or daily sessions lasting 20-60 min. Twelve studies
(70%) evaluated interleukin-6, while interleukin-10, tumour necrosis factor-«, Interleukin-
8, and myostatin were also commonly studied. Thirteen studies (76%) reported changes
in myokine secretion or gene expression, although no clear concentration change pattern
emerged. Myokines involved in muscle protein synthesis and breakdown may protect against
muscle waste and weakness. Conclusions: The study of myokine dynamics in critically ill pa-
tients highlights the systemic impact of physical rehabilitation. This emerging field has grown
in interest over the past decade, offering significant research potential. However, challenges
such as study design, small sample sizes, and variability in physical therapy protocols hinder
a comprehensive understanding of myokine responses.

Keywords: critical care; critical illness; myokine; muscle contraction; rehabilitation

1. Introduction

Critically ill patients hospitalised in the intensive care unit (ICU) are characterised
by accelerated skeletal muscle wasting, which is partially attributed to sepsis, multiple
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organ failure, and immobilisation [1-5]. Since skeletal muscle is a highly organised tissue
that participates in several body functions, such muscle insult gravitates at several levels,
altering structural support, locomotion, breathing, metabolism, and energy supply to the
body [6].

Muscle weakness affecting both the respiratory and peripheral muscles is thought to
be the key mediator of disability after critical illness [1]. The development of ICU-acquired
weakness (ICU-AW), a neuromuscular disorder characterised by profound peripheral
muscle weakness and loss of physical functions, even after discharge, has been associated
with delayed weaning from mechanical ventilation (MV), prolonged ICU and hospital stay,
and increased mortality [2-5,7,8]. Respiratory muscle wasting occurs early (18 to 69 h) in up
to 60% of patients with MV, rapidly leading to diaphragmatic weakness and dysfunction,
and has also been shown to be an independent risk factor for prolonged weaning from MV
and higher mortality [9-11]

The negative consequences of ICU-AW can be partially avoided through early and
active physical mobilisation. However, its application at the early stages is challenging and
requires a highly trained, multidisciplinary team. Passive limb mobilisation, mild degrees
of muscle activation, and even external muscle contraction induced through neuromuscular
electrical stimulation (NMES) represent alternatives to traditional exercise, as they are able
to prevent local muscle wasting and potentially cause a systemic effect through a diverse
range of cytokines and chemokines secreted by myocytes during muscle stimulation (i.e.,
myokines) [12-16].

It is thought that myokines can promote a protective profile for the development of
several ICU complications that is not only beneficial for the local prevention of muscle
wasting but that also modulates the function and metabolism of distant organs [17-21].

Although the potential role of myokines in critically ill patients is an emerging concept,
the isolated secretion of some myokines has been previously reported in a general and
indirect manner for this population. However, no research has focused on their secretion
dynamics and the role that they could play in clinical practice as a biomarker in critical set-
tings [22-24]. Understanding patterns in myokine secretion could contribute to the design
of ‘better’ rehabilitation programs to improve physical function in critically ill patients.

This scoping review aims to explore and summarize the evidence regarding myokines’
secretion dynamics and their potential local or systemic effects in critically ill patients,
especially in the early stages upon admission to the ICU. It is necessary to answer the
following questions: (1) Which myokines are released during physical rehabilitation of
critically ill patients? (2) Which physical rehabilitation modality is most beneficial for
myokine release? (3) Can myokines exert local or systemic clinical effects in critically
ill patients?

2. Methods

A scoping review was conducted following the updated recommendations of the
Joanna Briggs Institute (JBI) [25]. The protocol for this review was registered on the Interna-
tional Platform of Registered Systematic Review and Meta-analysis Protocols (INPLASY)
under number INPLASY202190048. The results are reported following the Extension
for Scoping Reviews of the Preferred Reporting Items for Systematic Reviews and Meta-
analyses statement (PRISMA-ScR) [26].

2.1. Data Sources and Searches

A systematic search was conducted until February 2023 in MEDLINE through the
Ovid platform, Embase through the Ovid platform, the Cumulative Index of Nursing and
Allied Literature Complete (CINAHL Complete) via the EBSCOhost platform, Web of
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Science (WoS), and Scopus. The strategy considered a sensitive approach, and controlled
(MeSH, Emtree, and CINAHL Subject Heading) and natural language was used. It included
terms related to myokines, population (critically ill patients), and physical interventions

that produce muscle activation. Table 1 shows the search strategy used in the MEDLINE

database (Ovid). Refer to the Supplementary Material for specific terms used in each

database (See Supplementary Table S1).

Table 1. Search strategy for MEDLINE (Ovid).

N°  Search Term
1 exp Cytokines/
2 exp Chemokines/
3 exp Interleukins/
4 exp Biomarkers/
5 (cytokin$ or chemokin$ or interleukin$ or miokin$ or exerkin$ or biomarker$ or biologic$
marker$).mp,tw.
(Angiopoietin-like 4 or ANGPTL4 or Apelin or aminoisobutyric acid or BAIBA or
Brain-derived neurotrophic factor or BDNF or Chemokine ligand or C-X-C motif or
6 Decorin or Fi.b?oblast growth factor %1 or FGF21 or.IL—6 or IL-8 or IL-10 or IL-1.3 or IL-15
or IL-18 or Irisin or FNDC5 or Musclin or Myonectin or CIQTNF5 or Myostatin or
Leukemia inhibitory factor or LIF or Secreted protein acidic rich in cysteine or SPARC or
Tumor necrosis factor$ or TNF$).mp,tw.
7 or/1-6
8 exp intensive Care/
exp critical Illness/
10 exp Critical Care/
11 exp Intensive Care Units/
12 ((intensive or critic$) adj2 (care or ill$)).mp,tw.
13 exp Respiration, Artificial/
14  exp Ventilator Weaning/
15 ((mechanic$ or artificial) adj2 (ventilat$ or respirat$)).mp,tw.
16 or/8-15
17 exp Electric Stimulation Therapy/
18 exp Transcutaneous Electric Nerve Stimulation/
19  exp Electric Stimulation/
20 ((neuromusc$ or functional or transcutan$) adj2 (electric$ or electrotherap$)).mp,tw.
1 (electrotherap$ or electromyostimulation or electrostimulation or (electric$ adj2
stimulation)).mp,tw.
22 (NMES or FES or TENS).mp,tw.
23 or/17-22
24 exp Exercise/
25  exp Exercise Therapy/
26  exp Physical Therapy Modalities/
27 exp Occupational Therapy/
28  exp Muscle Contraction/
29 exp Resistance Training/
30 (physiotherap$ or physical therap$ or kinesiotherap$ or physical rehabilitation or exercis$

or train$).mp,tw.
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Table 1. Cont.

N° Search Term

31 (musc$ adj2 contrac$).mp,tw.
32 or/24-31

33 or/23,32

34 and/7,16,33

In addition, we searched the references of the included studies using the Citationchaser
backward search [27] and identified reports that cited the studies included in this scoping
review using the Citationchaser forward search [27].

2.2. Eligibility Criteria

Eligibility criteria for study selection were divided into participants or populations
included in the studies, the concept or phenomenon involved, and the context in which the
studies were conducted (PCC framework) [25]. In addition, study designs were considered
for inclusion in this review as follows:

Participants: We included studies that enrolled adult critically ill patients (18 years or
older) with or at risk of acquiring any neuromuscular disorder related to loss of muscle
function, independent of the ventilatory support strategy and the type of ICU in which they
were hospitalised (intensive, intermediate, medical, surgical, cardiac, or mixed, among others).

Concept: Studies assessing the secretion/concentration of myokines or similar pep-
tides (exerkines, cytokines, or interleukins) attributable to muscle stimulation achieved
by any intervention (physical activity, exercise, and NMES, among others) were included.
These interventions were defined as any activity in which myocytes can be stimulated
because of muscle activation, regardless of the frequency, intensity, time of application, and
muscle being stimulated.

Context: In critical care settings, the potential effects of myokines were assessed locally
or systemically. Results could be reported regarding muscle structure or function, such as
skeletal muscle mass and/or strength, the degree of muscle wasting, or myopathies.

Study designs: Only primary studies (randomised controlled trials, cohort studies,
case—control, cross-sectional, and case reports) were included. Available full texts or
conference abstracts were included. The language and publication date of the studies did
not limit their inclusion.

2.3. Study Selection

After searching for studies, two independent reviewers screened titles and abstracts,
discarding studies irrelevant to this review. First, we piloted the completeness and clarity
of the eligibility criteria of the studies for the first 100 records, making minimal adjustments
after this test. Subsequently, the same reviewers assessed the full text of potential studies for
inclusion, utilising the Rayyan® application (Copyright© 2025 Rayyan) [28]. Disagreements
were resolved through consensus in the first instance, and in cases where consensus could
not be reached, a third reviewer made the final decision regarding inclusion of studies.

2.4. Data Extraction

Two reviewers independently extracted information from the included studies. An ex-
traction form sheet specifically designed to meet the objectives of this review was used and
developed in a Microsoft Excel® spreadsheet (Microsoft Excel® (Version 2501)). Information
was extracted about study identification, the included population, applied interventions,
myokine secretion and its assessment method, and outcome data relating to any effect of
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myokine secretion (local or systemic). Disagreements were resolved by consensus in the
first instance. A third reviewer confirmed the data in cases where this was not possible.

2.5. Data Synthesis

The search results and study selection process were documented using a PRISMA
flow chart [26]. Additionally, a table was prepared explaining the reasons for excluding
evaluated full-text studies. Results are presented narratively, incorporating tables and
figures to synthesise information.

3. Results
3.1. Study Selection

The search identified 3939 unique records, of which 3879 were considered irrelevant.
Of the 60 studies assessed in full text, 16 (18 reports) met the eligibility criteria. In addition,
the backward—forward search identified one study and one additional report (Figure 1).
Therefore, this scoping review included 17 primary studies published in 19 reports [29-45].

[ Identification of studies via databases and registers J { Identification of studies via other methods ]

—

:’ Recﬁgj[s)ll.&lisréugeu tron’l Records removed before Records identified from:

= -Ovid (n = 450) -

g Embase-Ovid (n = 2791) screening: Citationchaser

£ CINAHL (n = 933) Duplicate records removed Backward (n = 480)

s Scopus (n = 759) (n=1270) Forward (n = 369)

= Wos (n = 276)
J

l

)

Records screened Records excluded
(n = 3939) (n=23879)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
° (n=60) (n=2) (n = 46) (n=0)
£
8 i l
Reports assessed for eligibility Reports assessed for eligibility Reports excluded:
(n=58) Reports excluded: (n = 46) pStudy design (n = 1)
Study design (n = 11) Concept (n = 37)
Population (n= 16) Identified by electronic
Concept (n = 14) search (n = 6)

Studies included in review
(n=17)

Reports of included studies
(n=19)

[ Included ] [

Figure 1. PRISMA flow diagram.

The primary reasons for exclusion included the type of study (especially literature
reviews), the inclusion of a non-critically ill population, inadequate assessment of myokine
concentration in relation to muscle activation, and the absence of myokine concentration as

outcome (See Supplementary Table S2).

3.2. Study Characterisation

The 17 included studies were published between 2007 and 2023, with almost half
(10 studies; 41%) published recently, from 2020 to 2023. The most frequent years of the
reports were 2015 and 2020, with two articles each. Predominantly, the studies come from
the United States (6 articles; 35%) [32-35,41,44], Brazil (4 articles; 24%) [36,39,40,42], and
Germany (2 articles; 12%) [30,31]. The most common study design was a randomised
controlled trial (RCT) (8 articles; 47%), followed by prospective cohort studies (6 articles;
35%). Two studies were considered retrospective [29,30], as they analysed data obtained
from previous clinical trials (prospective and randomised). Additionally, one study was
quasi-experimental [44]. See Table 2 for further details.
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Table 2. Protocols and results of included studies.

Author/

Year/

Country/Study
Design

Population

Intervention

Program

Biomarkers

Method of Evaluation

Results

Clinical Impact

Akar et al.,
2017 [45] (Turkey)
RCT

COPD-conscious
patients in early
intubation period.

Group 1: AT exercise for
upper and lower
extremities and NMES
(amplitude of 20-25 mA,
symmetrical biphasic
square waves with 6 s
of contraction, 1.5 s of
increase and 0.75 s of
decrease, and wave
frequency of 50 Hz).
Group 2: only NMES.
Group 3: only AT.

5 days per week
for a total of
20 sessions.

1L-6, IL-8, IL-10,
and TNF-«

Blood samples were taken
twice: once before the
intervention, then at the end
of the intervention. Serum
biomarker levels were
measured using
commercially prepared
ELISA Kkits.

For group 1, serum IL-6
significantly decreased after the
program (p = 0.015), and
significant decreases were also
noted in serum IL-8 for groups 1
and 2 (p = 0.017).

After the program,
lower-extremity muscle strength
improved significantly in
groups 1 and 2, while
upper-extremity muscle strength
improved significantly in all
groups. The weaning time of the
groups was comparable. Time to
sit up assisted /unassisted in
bed and at the bedside and the
time to move from bed to chair
were similar for all groups.

Amidei et al.,
2013 [44] (United
States). Quasi-
experimental

Critically ill adults
within 48 h of
intubation and
MV use.

PM: 20 min of 20
flexion—extension (from
70° flexion to 5° flexion)
movements per minute

in each leg
simultaneously. Leg
movements were
alternated, simulating
slow walking.

Single session.

IL-6 and IL-10

Blood samples were taken at
three-time points: baseline,
upon intervention
completion, and one hour
after. Plasmatic biomarker
levels were measured via
commercially prepared
ELISA kits.

A significant decrease in IL-6
values was found from baseline
to the completion of the exercise

(p = 0.03), but there was no
difference 60 min later. No
significant difference was noted
in IL-10 values at any time. The
IL-6:IL-10 ratios showed a
significant decrease at the end of
the exercise and again after
60 min of rest (p = 0.05).

At all study points, heart rates
and mean systolic blood
pressures were in normal ranges
for physiological status. The
Body Pain Score showed a
significant decrease at all points.

Bloch et al.,
2014 [43] (United
Kingdom)
Contralateral
controlled trial

Patients admitted to
a cardiothoracic
ICU recruited
before elective
high-risk cardiac
surgery or during
ICU admission.

NMES performed twice
a day for 1 h in one leg.

Every day for
one week.

Myostatin and
GDF-15

Rectus femoris biopsies
were taken before and after
intervention (no additional

information about sample
processing was provided).

Myostatin and GDF-15 mRNA
expressions were significantly
elevated in NMES legs compared
to baseline (p = 0.03 and p = 0.04,
respectively) but remained
unchanged in control legs.

There was no significant change
in the bilateral rectus femoris
cross-sectional area measured

by ultrasound.

Carvalho et al.,
2020 [42] (Brazil)
Prospective study

Mechanically
ventilated patients
within 48 h of
intubation—
haemodynamically
stable with
deep sedation.

20 consecutive minutes
of PM using EC ata
fixed pedalling rate of
20 cycles/minute
(20 min).

Single session.

IL-8 and IL-10

Blood samples were taken at
three time points: before the
intervention, immediately
after the intervention, and
one hour after it. Serum
biomarker levels were
assessed using commercially
prepared ELISA Kkits.

IL-8 decreased significantly 1 h
after the session compared to
baseline (p = 0.001), but there were
no significant changes after the
20 min-session. Similarly, IL-10
showed a significant increase
immediately after the end of the
session and 60 min after (p < 0.001).

NR
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Author/

Year/

Country/Study
Design

Population

Intervention

Method of Evaluation

Results

Clinical Impact

Files et al.,
2013 [41] (United
States) RCT

Acute respiratory
failure ICU patients.

ER: two physical
therapy sessions per
day, with the second

session comprising
resistance training. UC:
one session.

Program Biomarkers
Every day for TNEF-¢, IL-6, and
one week. 1L-8

Blood was drawn for
cytokines through day 7 (no
additional information
about sample processing
was provided).

Biomarkers through day 7 were
did not differ between groups
despite similar baseline acuity

and inflammatory profiles.

There was no significant change
in grip strength, dynamometry,
or Short Physical Performance

(SPPB). However, the latter
showed a minimal clinically
significant difference.

Franca et al.,
2017 [40] (Brazil)
RCT

Mechanically
ventilated patients.

Group 1: PM through
EC on lower limbs with
speed adjusted to
30 cycles per minute for
20 min. Group 2:
Control, without
intervention.

L-6, IL-10, IFN-y,

Single session. and TNF-o

Blood samples were taken
twice: once before
intervention, then one hour
after intervention. Samples
were stored in collection
tubes containing
dipotassium
ethylenediamine tetra-acetic
acid. Plasmatic levels were
assessed using commercially
prepared ELISA Kkits.

No significant changes in serum
levels before and after for the
two groups.

NR

Franca et al.,
2020 [39] (Brazil)
RCT

Patients admitted to
ICU.

Group 1: Control.
Group 2: PM through
EC with 30 cycles per

minute for 20 min.
Group 3: FES (500 ms

pulse width, 50 Hz, 2 s
of elevation, 5 s of
support, and 2 s of

descent with a 1:1
ON/OFF time; 20 min

for each stimulated
quadricep muscle).
Group 4: EC and FES.

IL-6, IL-10, IFN-y,

Single session. and TNF-o

Blood samples were taken
twice: once before
intervention, then one hour
after intervention. Samples
were stored in collection
tubes containing
dipotassium
ethylenediamine tetra-acetic
acid. Then, they were
diluted in 10 mL falcon
tubes for nitrosative stress
analysis, determining nitric
oxide production in cells
and assessing serum
biomarkers using
commercially prepared
ELISA kits.

IFN-y, IL-6, and IL-10 levels did
not significantly decrease before
and after the intervention.
TNF-« levels were reduced after
the PM intervention (p = 0.049).

NR
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Table 2. Cont.
Author/
Year/ Population Intervention Program Biomarkers Method of Evaluation Results Clinical Impact
Country/Study
Design
FES: For external and The total abdominal expiratory
internal oblique and muscle thickness changed on
transversus abdominis . day 3, favouring the FES group.
muscles [30 Hz, pulse foErS:%‘(,)v:iip g/}rliei There was a between-gr No difference was found on day
width of 352 us, and . . / c . . 8 qup 5 or over days. Using a survival
Jonkman et al., maximum intensity of daily, five days per TNEF-«, IL-1 Blood samples were difference in the change in analvsis approach. median
2020 [38] Mi sty week until patients receptor collected at baseline and on pro-inflammatory marker LY®1S approach,
ixed ICU 100 mA (according to - . - ventilation duration and ICU
(Nethe.rlands) population. visual muscle were weane.d from  antagonist, IL-13, ' day 3 for plaspnatl.c TNEF-o, with a trend' toward a length of stay were shorter for
Prospective study contraction)]. Control: mechanical IL-6, IL-8, and biomarker analysis using a decrease for the active group the FES group (p-values of 0.07
(feasibility study) Sham NMEé without. ventilation—but IL-10 Multiplex Luminex assay versus no change in the and 0.03, respectively) Nc;
muscle contraction no ﬁr‘\/\%erl:han sham group. difference was observed
(frequency of 10 Hz, S CeKs: between median mechanical
pulse width of 352 ps, ventilation use and median ICU
and intensity of 10 mA). length of stay.
ER: Individualised early
physical rehabilitation A reduction in mean IL-6 scores
strategies including was observed in the ER group No differences were found in
NMES (vastus tedialis, Blood samples were pre and post exercise across days the physical function and
Kavambu et al vastus lateralis, tibialis ER program for collected ondays 1,3,5,and  1,3,5, and 7, but no statistically = mobility scores. In the ER group,
};Ol 5[27] v anterior, and 30 min, once or 7 after the trial’s initiation significant differences were self-reported quality of life
(Australia) Septic patients brachioradialis; twice daily, until IL-6, TL-10. and and after ICU discharge. found between groups. Overall, improved in the domains of
Prospective a dnll)itteg to ICU 40-45Hz at 20-25mA,  discharge from the ’TNF-o,c Biomarkers were measured  the mean change in IL-10 from physical function and physical
pect ' ulse width of 400 ps ICU and within 48 from plasma samples usin, baseline to ICU discharge was role compared to those receivin:
double-blinded b P P & & P &
RCT (12 s on and 6 s off)), h of the diagnosis Milliplex cytokine panels significantly higher for the ER standard care. No differences
PM, AT, sitting out of of sepsis. from Millipore and a group (p = 0.04). For TNF-«, were found in ICU exercise

bed, transfers,
ambulation, and other

mobilisation techniques.

Control: standard care.

Luminex 100 assay.

there was a significant decrease
between groups from baseline to
ICU discharge (p < 0.01).

capacity (PFIT score) or
MRC score.
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Table 2. Cont.
Author/
Year/ Population Intervention Program Biomarkers Method of Evaluation Results Clinical Impact
Country/Study
Design
NMES group: ER plus
NMES once a day Blood samol .
400 ps and 100 Hz with ood samples were The control group showed a
group
collected 24 h after L o
5s on and 25 s off, L. significant reduction in muscle
L . admission and on days 3,7,  Plasma IGF-1, TGF-$, and IL-10 C o .
eliciting 50 contractions - thickness of the tibialis anterior
and 14. Serum levels of presented a statistically . o
per day. The current NMES was IGF-1 and TGF-B were sienificant time—cffect and rectus femoris, while it was
Silva et al Critically ill intensity was titrated to  applied daily (one IGF-1, TGF-B d usi int gt' (p = 0.01,0.03, and preserved in the NMES group.
tvaerat, traumatic brain evoke maximum time) for 25 min : f measured using mreraction ip = BUL VA5, an The control group also had a
2019 [36] (Brazil) injury (TBI) tractions in th for 14 d ER IL-1B, IL-6, IL-8, commercially prepared 0.05, respectively). Meanwhile, hisher incid p
RCT ey COTTACtions m e or 1= cays. IL-10,and TNF-  ELISA kits, while circulating  TNF-ot, IL-1 B, IL-6, and IL-8 did 1§AET meldence o
patients. quadriceps, hamstring, was applied for neuromuscular

tibialis anterior, and
gastrocnemius).
Control: ER including
PM, AT, sitting out of
bed, transfers,
and ambulation.

10-30 min.

concentrations of IL-1f3,
IL-6, IL-8, IL-10, and TNF-&
were assessed through a
multiplex flow
cytometry technique.

not present differences
regarding
group/intervention interaction.

electrophysiological disorders.

NMES determined an increase

in the evoked peak force versus
the control group.

Winkelman et al.,
2007 [33] (United
States)
Prospective
correlational and
exploratory

Patients receiving
MV for more than
3 days and with an
ICU stay of 5 to
15 days.

AT: Baseline activity or
all movement initiated
by participants. ER:
Therapeutic activity,
both active (i.e.,
patient-initiated) and
passive (i.e., initiated
and supported by a
healthcare worker). All
therapeutic motions
were recorded.

Minimum
duration of 10 min
for PM. Data and
the type and
duration of activity
and PM were
collected within
one 24-h period
(two separate
4-h blocks).

IL-6 and IL-10

Blood samples were taken
twice under a 24 h margin:
once after a period of 10 min
of activity, then immediately
after a period of 60 min of
uninterrupted rest. The
serum was analysed using
commercially available
antibodies, with duplicate
readings for each cytokine.
Then, after adding an
enzyme-conjugated
polyclonal detection
antibody, the colourimetric
substrate was assessed by a
single experienced
technician.

The average ratio of IL-6 to
IL-10 improved after 14.7 min of
passive physical activity.
Significant differences existed
between the average resting and
activity values of IL-6 (p < 0.001)
but not for IL-10.

IL-6 and IL-10 and their ratio
were not associated with patient
outcomes of weaning success or

length of stay. High levels of

IL-6 were associated
with mortality.
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Table 2. Cont.

Author/
Year/ Population Intervention Program Biomarkers Method of Evaluation Results Clinical Impact
Country/Study
Design
After controlling for resting IL-6,
Control: No exercise Blood samples were taken age, group, gender, race, BMI,
was planned, nor did twice daily on 3 contiguous and severity, there were no
Winkelman et al. participants routinely study days after enrolment associations between IL-6 and
2012 [35] (Unite d/ receive exercise from a and again on day 7 after either mode or duration of Participants enrolled in the
étates) physical therapist. ER: enrolment: once after a exercise. However, a significant  intervention period experienced
Prospective Subjects admitted In-bed exercise or ER was provided period of 30 min of rest, association between IL-10 and 5 fewer days of ICU
explora tory’ to a medical or initiated out-of-bed for 20 min once [L-6 and TL-10 then immediately after exercise duration was found: the  hospitalisation than the control
repeated ! surgical ICU exercise based on the daily for 2-7 days cessation of the intervention more substantial the duration, group, despite higher acuity on
measures ’ protocol’s criteria ' to assess serum biomarker the lower the IL-10 during both ~ ICU admission. The duration of
interventional (ability to follow three levels using a meso-scale control and intervention mechanical ventilation was not
study out of five directions, discovery multiplex (p = 0.03). The mode of exercise different between groups.
lift both arms off the antibody was not associated with changes
bed, and/or lift each leg electrochemiluminescence in IL-10. Change in IL-6 was
off the bed). approach. associated with self-reported

fatigue but not pain (p = 0.02).

Winkelman et al.,
2015 [34] (United
States)
Prospective,
exploratory,
repeated-
measures
interventional
study.

ER: All participants
received a protocolised
activity. Level 1:
unconscious patients
receiving PM; level 2:
conscious patients
receiving combined
active/PM,; level 3:
weight-bearing transfer
to a chair, advancing to
dangling; level 4:
advancing to standing
and ambulation.

Patients receiving
MV for > 48 h with
no plan to extubate

in the subsequent

48 h.

ER was provided
for 20 min once
daily for
three days.

IL-8, IL-15, and
TNF-a

Blood samples were taken
twice daily on 3 contiguous
study days: once after a
period of at least 30 min of
rest, then immediately after
cessation of the intervention
to assess serum biomarker
levels using a meso-scale
discovery multiplex
anti-body
electrochemiluminescence
approach.

No significance for IL-8, IL-15,
and TNF-« was found in terms
of within-subject variations. No
association with ICU severity of

illness (APACHE 3) on
admission was observed. TNF-x
values were significantly
associated with the type of
activity (in bed vs. out of bed).
Low TNF-« values were related
to out-of-bed activity, and high
TNF-« values were associated
with in-bed activity (p = 0.02).

Among the 23 participants in
whom muscle strength was
measured, 8 (35%) scored < 24
on the MMT and values
consistent with ICUAW. Among
the 32 participants in whom we
measured ADLs, 24 (75%) were
moderately to severely
dependent on ADLs (i.e., KATZ
score < 4) the day after
ICU discharge.
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Table 2. Cont.

Author/
Year/ Population Intervention Program Biomarkers Method of Evaluation Results Clinical Impact
Country/Study
Design
ICU LOS was significantly
Blood samples were taken reduced for patients who
Low ER: In-bed range of . . . received ER sessions twice daily
. . . ETM was twice daily on 3 contiguous L
Winkelman et al., motion (no resistance) . i1 . ¢ There were no significant compared to once. MMT scores
2018 [32] (United or passive transfer to a sustained daily study days: once after a differences in baseline values for and dynamometer handgrip
- until ICU period of rest, then 20 min

States) RCT study

Patients receiving

chair, providing full

discharge. The

after cessation of the

any biomarker comparing once-

values were more outstanding

with repeated MV for 36 h and support. Moderate ER: . IL-6, IL-8, IL-10, . - or twice-a-day sessions at any on days 1 and 3 among
ires comparison group intervention to assess serum . . -, .
measures and study expected to  Sitting at the edge of the . . IL-15, and TNF- : . intensity. There was no participants who received
. : . A comprised patients biomarker levels using a S e - . .
blinded require 24 h more. bed, standing, pivoting . . significant association of moderate-intensity ER than
: ¢ receiving one or meso-scale discovery . . . .
assessment of transfer to bedside chair, two daily multiplex antibody inflammatory biomarkers with those receiving low ER.
outcomes marching in place at the . IR the intensity of ER. Similarly, reduced delirium on
. . ER sessions. electrochemiluminescence
bedside, or walking. approach days 1 and 3 was found for
PP participants receiving
moderate-intensity ER.
Control: Common ER
ﬁﬁiﬁﬁf&iﬁ MSTN and myostatin plasma
measures: The & levels significantly decreased in ICU-AW occurred within the
intervention group Common PT was Blood samples were taken bg(;agif:;lsl’n er?ecti:eedp}? tlf;ets entire cohort, and
added NMES or WBV  performed only on on day 14 after ICU . : Y muscle-activating measures did
to the ER. NMES was weekdays. ER admission to assess intervention. IL-6 and SAAL/2 not improve muscle strength or
performed‘bilaterally on NMES a.nd ' myostatin plasma levels significantly increased the above function at first awakening or
Mechanically eight different muscles, whole-body using commercially V‘;ﬁ;:%ﬁ;?;i}gg;ﬁfﬁggﬁf’ 12-month follow-up. No signs of
Wollersheim ventilated patients starting on enrolment vibration (WBV) prepared ELISA Kits. references for the 'mterventioill necrosis or inflammatory
etal., 2019 [31] with sepsis-related day (maximum were carried out Myostatin, MSTN, Additionally, on day 15, and control eroups, without infiltration were present in the
(Germany) MODS (SOFA intensity of 70 mA until  daily throughout IL6, TNF-«, and muscle biopsies were differences b egtwegn,these two histological analysis. The
Exploratory RCT score > 9 within visible/palpable muscle  the ICU and lasted SAA1/2 sampled from the patient’s roups. Comparing standard PT ~ yocyte cross-sectional area in
single-centre trial the first 72 h after contraction). WBV used until day 28, in vastus lateralis to quantify \%vithio.th ro}; S agsi nificant] the intervention group was
ICU admission). 20 cycles (alternating addition to gene expression via increase dg enz e,X . fs sion fory significantly larger in
stimulation, 26 Hz, and protocol-based real-time polymerase chain TNF—OC% <0 0(1)31) and a comparison with the control
amplitude of 15 mm), physiotherapy. reactions and protein consi derzble ;:lecrease in group (type I, +10%; type Ila,
with 1 min pause NMES lasted concentration via western SAA1/2 (p = 0.008) were found +13%; type IIb, +3%) and CPP
following each 1 min 20 min. blot analyses. p=" ’ (type I, +36%; type Ila, +49%;

stimulation cycle.
Common PT: PT
performed without a
clear protocol.

TNF expression was increased
in standard PT in contrast to
healthy values.

type IIb, +65%).




J. Clin. Med. 2025, 14, 2892

12 of 22

Table 2. Cont.

Author/
Year/ Population Intervention Program Biomarkers Method of Evaluation Results Clinical Impact
Country/Study
Design
In the EPaNIC study, In univariable analysis, ICU
standard PT was non-survivors showed lower
Participants in the ~ provided to both groups P£§3i5$ dv:ielre FNDCS5 expression than ICU
Early Parenteral (with and without aIc)cor dine to ur}:it survivors. In multivariable
Nutrition nutritional rotoco%s The Muscle biopsies were taken  In critically ill patients, mRNA analysis, lower FNDC5
Completing Enteral intervention). In the %MES seésion on day 8+1 after ICU expression of FNDC5, KYAT1, expression remained
Nutrition in Adult NESCI study, adult . admission. The de and total amylases in muscle independently associated with a
Vanhorebeek Critically 111 patients between days 2 l?zze;i cf(())rllsle?u(ifvlvley FNDC5. KYAT1 Bergstrom technique was was 34% to 80% lower than in higher risk of death in the ICU.
etal., 2023 [29] Patients (EPaNIC and 4 after ICU days (50 min at the KYAT3 /AMYl A, used on the patient’s vastus  controls, whereas no significant ICU survivors who needed
(Belgium) RCT) study were admission received PT hiy hest tolerable AMYlB, AMY1 C’ lateralis to assess mRNA effect was observed for KYAT3. more than 7 days of intensive
Retrospective included. The and ER according to a in%ensit with a AMYZ, A and ’ expression. mRNA NMES that resulted in good care after collecting the muscle
analysis (data second study standardised local visible }r]nuscle AMYéB extraction was performed muscle contraction increased biopsy had lower expressions of
from two RCTs). included patients “Start to move as soon response: 8.5 s ON using an in-house protocol. FNDCS5 expression compared FNDCS5 and amylases than ICU
who participated in as possible” protocol. 45 Ilzlz 1’115'8 of 350’ Quantification was with unstimulated muscle but survivors who needed a shorter
the NMES in Randomization s 1 ,5ps amD U performed via real-time did not affect the ICU stay. Patients who acquired
Critically Il determined whether the ul ,s I:amp dolzlv np’ polymerase chain reaction. other myokines. clinically relevant muscle
Patients (NESCI) quadriceps of the 3 ! weakness in the ICU had a
study. dominant or the anc}lo}lésse)o FE lower expression of FNDC5
nondominant leg were ’ than patients who did not
selected for stimulation. develop such weakness.
For 14-15 days, Patients were categorised into
muscle-activating Blood samples were two subgroups on day 14
measures were collected on days 4, 8, and according to myostatin plasma Mu.scular MSTN gene
Common PT (sPT) or PT . . : . ¢ expression on day 15 after ICU
. . . : carried out daily 14 using commercially levels: increased/decreased - o
Patients in both guided by daily . admission was significantly
: . D throughout the prepared ELISA kits to levels when compared to healthy . .
Grunow and cols,  studies fulfilled the = mobilisation goals (pPT) . . .. . . lower in ICU-AW patients than
. . . . ICU stay up to day determine myostatin controls. Critically ill patients . - .
2022 [30] same inclusion provided by a stepwise . L 1 o in controls and patients without
- 28, in addition to plasma levels. Additionally, showed significantly reduced .
(Germany) criteria: age > 18, approach. Level 1 (no L .. ICU-AW. Low myostatin plasma
. P . protocol-based . muscle biopsies were MSTN gene expression in .
Retrospective MYV, and high risk mobilization) was used . Myostatin and - concentrations on day 8
: . . . e physiotherapy. sampled from the patient’s skeletal muscle compared to .
cohort analysis for developing until level 5 (intensified MSTN . correlated with reduced muscle
- . NMES was vastus lateralis on day 15 healthy controls (p = 0.004). - .
(data from two ICU-AW (SOFA therapy with activities erformed after ICU admission to Reduced myostatin plasma levels strength at first awakening,
prospective score > 9 within the  of daily living) or pPT+ P . . . Y P . while no correlation was
L . - > bilaterally on eight isolate mRNA expression of were observed during the first .
clinical studies) first 72 h after ICU muscle activating . ) observed at ICU discharge.
. different muscle MSTN via TRIzol reagent, 2 weeks of the ICU stay .
admission). measures (NMES . i . MSTN gene expression
groups for 20 min. then quantified by real-time  (p < 0.001) and were pronounced d 1 in all criticall
and/or WBV). g . ecreased in all critically
WBYV was quantitative polymerase during the early phase of ICU ill patients
performed daily chain reaction. treatment but with a significant P '
for 20 cycles. increase over time (p < 0.001).

RCT: randomized clinical trial; AT: active joint motion; NMES: neuromuscular electrical stimulation; ER: early rehabilitation; PM: passive motion; EC: ergometric cycling; MRC: medical
research council; ADL: daily life activities; MMT: manual muscle testing; LOS: length of stay; MODS: multiple-organ dysfunction syndrome; WBV: whole-body vibration; PT: physical
therapy; ICU-AW: intensive care unit-acquired weakness; MV: mechanical ventilation; NR: not reported.
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3.3. Population

Participants included in the studies varied in sample size and characteristics. Sample
sizes were selected mainly by convenience, ranging from 11 [42] to 100 patients [41], with
nine studies being under the 50-patient mark [33,34,38-40,42-45]. Some reports included
patients within 48-72 h from intubation and MV initiation [31,32,34,44,45], while other
authors focused on the chronic critically ill scenario (patients with 10 days on MV [33]).

The physio-pathological context also varied, considering COPD patients [45], patients
admitted to a specialist cardiothoracic ICU before elective high-risk cardiac surgery [43],
acute respiratory failure patients [41], septic patients [37], and traumatic brain injury
patients [36]. In particular, the results presented by Grunow et al. [30] and Vanhorebeek
et al. [29] were pooled from data reported in other clinical studies: two prospective and
two randomised clinical trials, respectively. These studies included 12 to 162 ICU patients.
The latter study, corresponding to an RCT comparing two nutritional strategies related to
the timing of initiating supplemental parenteral nutrition, was the largest one. This study
provided standard physiotherapy to all patients, without further comparison regarding the
effect of exercise [29].

3.4. Physical Intervention

Nine studies included electrical muscle stimulation as an intervention. Seven of them
incorporated NMES [29-31,36,37,43,45] or functional electrical stimulation (FES) [38,40].
Some authors integrated NMES as part of a multimodal intervention in the rehabilitation
context. Kayambu et al. [37] and Silva et al. [36] included passive and active motions, with
early mobilisation, along with NMES.

Three studies exclusively employed passive exercise as an intervention, primarily
through an ergometric cycle [39,42,44]. This approach was also included in seven other
studies [31-33,36,37,40,41], as part of a “rehabilitation session”, frequently including active
movement in an early progressive mobility protocol. This “multimodal rehabilitation”
approach was the most provided intervention among all studies (71%).

Exercise prescription varied in terms of intervention modality and program. Some
studies provided a single-session exercise [39,40,42,44], mainly focusing on passive mobility.
Other studies provided exercise sessions over weeks, even until ICU discharge [32,37],
once or twice a day according to study protocol, with the most common setting being two
sessions per day [33,37,38,41,43] compared to only once [31,34-36].

Body activation, including upper- and lower-extremity muscles, in the context of
multimodal rehabilitation, was the most frequently targeted [32-37,41]. Specific lower-
extremity interventions were also common, such as a passive ergometric cycle and NMES
(applied to one or both quadricep muscles). The duration of physical intervention varied
between 20 min [30,32-35,39,40,42,44], 25 min [36], 30 min [37,38], and 50-60 min [29,43].

Early mobility protocols were mainly guided by daily mobilisation goals, following
a stepwise approach from level 1 (no mobilisation) to level 5 (intensified therapy with
activities of daily living) [30]. On the other hand, Winkelman’s “low-intensity” stage began
with an in-bed range of motion (no resistance) or passive transfer to a chair (with no or very
limited volitional muscle activation), advancing to higher levels of activation, or “moderate
intensity” (sitting at the edge of bed, standing, pivot transfer to bedside chair, marching in
place at bedside, or walking) [32].

Neuromuscular electrical stimulation intervention protocols varied widely among
studies, being applied with an amplitude of 20-70 mA, symmetrical biphasic square waves
with a frequency of 30-50 Hz, 6-12 s of contraction (“On” phase), 1.5-2 s of increase, 0.75 s
of decrease, 6-25 s of rest (“Off” phase), and a pulse duration of 400 pus. The current
amplitude was applied as high as possible to evoke maximum contractions in each muscle



J. Clin. Med. 2025, 14, 2892

14 of 22

group [31,36,37,45]. Functional electrical stimulation used similar programming, differing
in the intensity threshold, which was set to a maximum of 100 mA [38-40].

3.5. Myokine Sampling

The most common methods for measuring serum [32-36,39,42,45] and plasma [30,
31,33,37,40,44] myokine levels included commercially available colourimetric Enzyme-
Linked ImmunoSorbent Assay (ELISA) kits (Berthold Technologies GmbH & Co.KG (Bad
Wildbad, Germany), Zentech (Liege, Belgium), R-Biopharm (Darmstadt, Germany), and
Neogen Corporation (Lansing, MI, USA)) [30,31,36,39,40,42,44,45], Meso-Scale Discovery
Multiplex electrochemiluminescence kits (Rockville, MD, USA) [32,34,35], and Multiplex
Luminex (xMAP technology, Waltham, MA, USA) assays [37,38]. Muscle biopsies were
used to evaluate mRNA expression by sampling patients’ vastus lateralis [29-31] or rectus
femoris [43], followed by quantitative analysis via real-time polymerase chain reaction.
Myokines were typically measured at baseline after a period of rest and immediately after
the cessation of intervention [34,35,45] or 10 min to 1 h after cessation [32,33,39,40,42,44].
In other cases, samples were collected on specific days of hospitalisation [29-31,36-38]. A
detailed description of the methods used for myokine assessment can be found in Table 2.

3.6. Overall Myokine Change

The most common myokine reported was IL-6, which was included by 12 out of
17 studies (71%) [31-33,35-38,40-42,44,45]. This was followed by IL-10, which was studied
by 11 out of 17 articles (65%) [32,33,35-40,42,44,45]; TNF-«, which was studies in 10 out
of 17 studies (59%) [31,32,34,36—41,45]; IL-8 in 6 out of 17 (35%) [32,34,36,41,42,45]; and
myostatin, which was cited in only 3 studies (18%) [30,31,43]. Additionally, IL-15 [32],
IL-1 [36], and irisin [29], among other potential myokines (IFN-g; AA1/2, IGF-I, KYATs
KYAT1/Kyatl and KYAT3/Kyat3, and total amylase or Amy1) were reported [29]. The
landscape of myokines reported by the authors can be found in Figure 2.
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Figure 2. Myokines according to their role, interaction, and reported levels. Myokines related to the
pro/anti-inflammatory role are represented by red tones. Those related to muscle protein metabolism
are represented by green tones, and other myokines are represented by yellow. The sizes of the circles
are associated with the number of times reported in the included studies [29-45].

The analysed studies exhibited heterogeneous results concerning the plasmatic secre-
tion or gene expression of myokines in response to physical intervention. Most (13 out
of 17 studies; 77%) reported significant changes in myokine secretion or gene expression
following intervention. Two of these studies reported a myokine reduction as the unique
change [38,45]. The remaining studies reported a mixed pattern (increased, decreased, and
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no changes in a mixed manner) depending on the role of the myokine, the intervention
used, and the considered outcome. Only 4 of the 17 included studies (24%) declared no
significant change for any of the studied myokines [32,36,40,41].

3.7. Myokine Changes and Potential Clinical Effects According to Their Role
3.7.1. Effects Related to Pro/Anti-Inflammatory Profile

After 20 sessions of NMES plus active joint motion exercise or just active exercise
for both upper and lower extremities, Akar et al. [45] reported a significant decrease in
serum IL-6 and IL-8 for those with both modalities combined and an IL-8 decrease for
the group receiving only NMES. After the program, groups including NMES showed
improvements in lower-extremity muscle strength, while upper-extremity muscle strength
improved significantly in all groups. Similarly, after a single 20 min session of 20 flexion—
extension movements per minute in each leg simultaneously, Amidei et al. [44] showed a
significant decrease in IL-6 from baseline, without change after 60 min. The IL-6:IL-10 ratio
significantly decreased at the end of the exercise and again after 60 min of rest. However,
no significant difference was noted in IL-10 values at any time. Similarly, after passive
exercise sessions, Winkelman et al. showed an improved IL-6:1L-10 ratio [33].

Despite the findings mentioned above, most studies reported no consistent change
regarding IL-6 [34,37,39,40,42], with an exceptional increase in IL-6. The latter was the
case for Wollersheim et al. [31], who used daily muscle-activating measures such as NMES
and/or whole-body vibration (WBV) throughout the ICU stay—up to day 28—in addition
to an early mobilisation protocol and only early protocolised mobilisation as a control
group. Encoding genes for IL-6 and SAA1/2 (encoding for serum amyloid Al/2) both
significantly increased the above values for healthy references, while TNF (encoding for
tumour necrosis factor-alpha) presented values like those of healthy references for the
intervention and control group. No association with clinical outcomes such as weaning
success or length of stay was found.

Jonkman and colleagues [38] reported a between-group trend toward a decrease in
TNF-o for the active group versus no change in the sham group. The first group consisted
of patients receiving expiratory muscle FES during exhalation via surface electrodes on
the abdominal wall (daily for 5 days per week until patients were weaned from MV).
Additionally, they reported a change in total abdominal expiratory muscle thickness on
day three in favour of the FES group.

3.7.2. Effects Related to Muscle Protein Synthesis/Breakdown

In response to daily muscle-activating measures, as previously detailed, Wollersheim
et al. found that encoding myostatin gene expression (MSTN) and myostatin plasma levels
(a potent negative regulator of muscle mass [19]), generally associated with sarcopenia,
were significantly decreased in the intervention group and remained unaffected by the type
of intervention. ICU-AW occurred within the entire cohort, and muscle-activating measures
did not improve muscle strength or function at the first awakening or 12-month follow-up.
However, the myocyte cross-sectional area in the intervention group was significantly
larger in comparison with the control group and the common physiotherapeutic group [31].

Block et al. [43] showed that after a single-leg, twice-a-day NMES session (one hour for
one week), myostatin and GDF-15 mRNA expression was significantly elevated compared
to baseline. Myostatin remained unchanged in the control leg.

After daily muscle-activating measures such as NMES (performed bilaterally on eight
different muscle groups for 20 min) or whole-body vibration in addition to protocol-based
physiotherapy, Grunow et al. [30] reported a significantly reduced MSTN in skeletal muscle
when compared to healthy controls, regardless of the level of mobilisation (p = 0.004).
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Reduced myostatin plasma levels were observed during the first 2 weeks of the ICU stay
(p < 0.001) and were pronounced during the early phase of ICU treatment but with a
significant increase over time (p < 0.001). Low myostatin plasma concentrations on day 8
were also correlated with reduced muscle strength at first awakening, while no correlation
was observed at ICU discharge.

In a retrospective analysis including data from 12 ICU patients involved in a previous
RCT study who received physiotherapy, early mobilisation, and single-leg NMES (one
hour daily for 7 consecutive days), Vanhorebeek et al. [29] reported increased FNDC5
mRNA expression (precursor of irisin, a myokine able to promote myogenic differentiation
and myoblast fusion via activation of IL-6 signalling [46,47]) in the stimulated leg. They
also reported that patients who acquired clinically relevant muscle weakness in the ICU
exhibited greater FNDC5 expression than patients who did not develop such weakness,
aligning with the finding that ICU non-survivors showed lower FNDC5 expression than
ICU survivors in univariable analysis [29].

3.7.3. Others

Vanhorebeek et al. [29] measured IFN-g, AA1/2, IGF-1, and KYATs KYAT1/Kyatl and
KYAT3/Kyat3, as well as total amylase or Amy1 (markers of peripheral metabolism able
to elicit distant beneficial effects on energy utilisation in adipose tissue [29,48]), finding
remarkably low vastus lateralis expressions of FNDC5, KYAT, and amylase mRNA after
1 week in the ICU compared to healthy subjects. This low FNDC5 expression was asso-
ciated with a higher risk of death and weakness, while lower amylase expression had a
more prolonged dependency on intensive care. Interestingly, lower amylase or KYAT1
expression was associated with a lower risk of death or weakness. NMES was able to
increase FNDC5 expression compared with the unstimulated muscle but did not affect the
other myokines [29].

After twice-a-day NMES sessions, Block et al. [43] showed that the Growth Differenti-
ation Factor-15 (GDF-15, a myokine able to increase thermogenesis and improve insulin
sensitivity [49,50]) mRNA expression was significantly elevated in NMES legs compared to
baseline but remained unchanged in control legs.

A general scheme of reported myokines according to their role can be found in Figure 2.

3.8. Myokine Changes According to the Intervention Type
3.8.1. Passive Mobilization (PM)

Three studies included passive exercise as the exclusive intervention [40,42,44]. In
the quasi-experimental study of Amidei et al. [44], a 20 min PM session was applied to
30 patients, revealing significant decreases in IL-6 values from baseline to completion, with
no difference observed 60 min later. No significant difference was noted in IL-10 values
at any time. Similarly, Carvalho et al. [42], also in a quasi-experimental study involving
11 deeply sedated patients, applied a single 20 min session of passive cycle ergometer
exercise. This showed a significant decrease in IL-8 after the 60 min session compared
to baseline, while no significant changes were observed after the 20 min passive cycle
ergometer session. IL-10, on the other hand, showed a significant increase immediately
after the session and 60 min after it.

Franca et al. conducted an RCT with 19 patients, also applying a single PM session
(cycle ergometry on lower limbs), finding no significant changes in any cytokine (TNF-«,
IEN-g, IL-6, or IL-10 serum levels) [40].

3.8.2. Early Mobilisation (EM)

Two studies reported mobilisation (referred to as rehabilitation) as the only interven-
tion implemented [34,35]. However, to better understand the intervention, these articles,
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based on early rehabilitation, also considered PM as the initial step. Therefore, articles
with rehabilitation protocols that include PM (as an initial step), such as studies including
unconscious patients, are also considered in this section.

Files et al. randomly treated 50 ICU patients with EM and 50 patients with usual care.
The former consisted of two physical therapy sessions per day for 7 days and resistance
training. Through day 7, TNF-«, IL-6, and IL-8 did not differ between groups, despite
similar baseline acuity and inflammatory profiles [41].

In 2012, Winkelman et al. [35] compared patients receiving EM with those receiving
standard care. The first group received 20 min (for 2-7 days) of in-bed exercise or initiated
out-of-bed exercise. No significant associations between change in IL-6 and either mode or
duration of exercise were found. There was a statistically significant association between
change in IL-10 and exercise duration: the more significant the exercise duration, the lower
the IL-10. However, the modality of exercise was not associated with changes in IL-10. In
2015, the same authors [44] used a similar progressive EM protocol, starting in unconscious
patients with PM and combining an active/passive range of motion and transfers for
conscious patients. TNF-« values were significantly associated with the type of activity
(i.e., in bed vs. sitting at the edge of the bed or out of bed). Low TNF-« values in patients
were associated with out-of-bed activity; conversely, high TNF-o values were related to
in-bed activity.

In 2007, using a similar modality, Winkelman et al. reported that the average ratio
of IL-6 to IL-10 improved after an average of 14.7 min of PM (51.4 (17.3) pg/mL at rest
and 41.0 (13.2) pg/mL after activity. Significant differences between average resting and
activity values of IL-6 (p < 0.001) but not of IL-10 were found [33].

Finally, in 2018, the same author delivered an EM intervention to two groups: “low”
and “moderate” intensity. “Low” was offered as an in-bed range of motion or passive trans-
fer to a chair, with no or very limited volitional muscle activation. “Moderate” involved
sitting at the bed’s edge, standing, pivoting to the bedside chair, marching in place at the
bedside, or walking. There were no significant differences in baseline values for any of the
inflammatory biomarkers, nor any association with the intensity of EM [32].

3.8.3. NMES/FES

Only two studies isolated electrical currents for muscle stimulation, while the rest
applied them in combination with other exercise modalities. Block et al. applied NMES
twice a day for one hour for one week [43]. They found that myostatin and GDF-15 mRNA
expressions were significantly elevated in NMES legs compared to baseline but remained
unchanged in control legs.

Jonkman et al. [38] applied expiratory muscle FES during exhalation via surface
electrodes on the abdominal wall. There was a between-group difference for TNF-«, with a
trend towards a decrease for the active group versus no change in the sham group.

4. Discussion

This scoping review introduces the intricate landscape of myokine secretion and its
local or potential systemic effects in critically ill patients, particularly in the early stages
of the disease. Notably, most included studies were published within the last decade,
indicating a growing interest in this field. We identified a broad spectrum of study designs,
which limits their interpretation. Observational or quasi-experimental studies do not
allow us to establish causality, and although we identified eight RCTs, the number of
participants recruited confirms that we still know little about myokine dynamics in critically
ill patients. Furthermore, the heterogeneity of the interventions applied in the studies that
met the eligibility criteria of our scoping review, in terms of their type and dosage, makes it
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challenging to identify any pattern in the behaviour of myokine secretion and concentration.
Some studies explored acute responses to physical function rehabilitation after a single
session; others included prolonged rehabilitation programs, and not all interventions
aimed to achieve voluntary contraction of the participants’ muscles, adding more edges
to this intricate topic. And if that were not enough, the methods of measuring myokine
concentrations varied across the included studies.

Among the 17 included studies, disparities in patient characteristics, unit types, and
vital support mechanisms were observed, which are also critical to consider regarding
interpretation of the results. For instance, some studies focused on patients within 48-72 h
from intubation and MYV initiation, while others explored scenarios involving chronic
critically ill patients with prolonged MV. Contextual differences are crucial, as they influence
muscle responses to exercise, with confounding factors affecting the interpretation of
relative changes in myokine secretion due to inflammatory contexts.

Myokine liberation in critically ill patients encompasses a spectrum of markers, in-
cluding IL-6, IL-10, TNF-&, myostatin, IL-15, IL-1, and irisin. Cytokines, particularly IL-6,
have been proposed as the original myokine, echoing ancient connections to exercise. How-
ever, the precise modality inducing myokine changes remains elusive, whether through
passive, active, or physical stimuli like electrical currents. Myokine levels are even more
challenging to interpret when considering the potential for a biomarker storm in critically
ill patients. Although a significant source of bioactive molecules, muscle is not the only
contributor, with numerous unidentified alterations potentially impacting cytokine release
in pathological scenarios.

Examining the impact of interventions on pro/anti-inflammatory profiles and muscle
protein synthesis/breakdown in critically ill patients revealed intriguing findings. Com-
bined exercise modalities involving NMES and active joint motion exercise significantly
decreased serum IL-6 and IL-8 levels. Passive exercise and simulated slow walking showed
similar reductions in IL-6, while passive exercise specifically improved the IL-6:IL-10 ratio.
TNEF-o levels exhibited varying trends across interventions, with daily measures, including
NMES, resulting in increased TNF-« gene expression. Concerning muscle protein synthesis
and breakdown, daily muscle-activating measures significantly decreased myostatin gene
expression and plasma levels. NMES sessions notably elevated myostatin and GDF-15
mRNA expression, and exercise-induced myokine irisin exhibited increased expression
with NMES, emphasising its role in muscle health.

The uncertainty surrounding myostatin’s role in muscle weakness and atrophy during
critical illness is further complicated. Grunow et al. showed no significant association
between myostatin plasma concentrations and markers of mobilisation, electrophysiolog-
ical variables, or atrophy pathways [30]. Myostatin may not be considered a key driver
of muscle wasting in critically ill patients [47]. In this respect, it has been suggested that
decorin could act as a modulator of myostatin activity by competitively binding to it, po-
tentially preventing myostatin from exerting its inhibitory effects on muscle growth [19,51].
Questions about their complex interplay and actual role in muscle preservation should be
retained for future investigations.

Several factors should be considered when interpreting the results of the included
studies. The choice of myokines for assessment, the timing of myokine measurements,
and the specific context of the ICU environment all influence the results. The elevated
proteasomal pathway in critically ill patients introduces unidentified alterations in the
muscle’s capacity to release myokines. This interplay of factors contributes to the challenges
in comprehending myokine dynamics in critical illness, urging further research to unravel
these complexities and inform targeted interventions with systemic impacts.
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5. Conclusions

The comprehensive exploration of myokine dynamics in critically ill patients un-
derscores the complexity of this emerging field. Studies conducted over the last decade
indicate a growing interest and potential for research development. However, challenges
related to study design, small sample sizes, and variations in intervention specifics across
clinical trials contribute to the intricate nature of myokine responses. While progress has
been made, challenges persist in selecting suitable myokines for analysis and determining
optimal measurement timing. Gaps in understanding transient myokine changes in the
ultra-acute phase and the impact of unidentified alterations in the muscle’s capacity to
release myokines underscore the need for continued research. In essence, the evolving
landscape of myokine research in critical illness calls for a comprehensive approach, consid-
ering the countless factors influencing myokine responses, to inform targeted interventions
and improve patient outcomes in the ICU.

To overcome the remaining challenges, future studies should prioritise understanding
myokine release patterns, determining suitable biomarkers sensitive enough to be adequate
in the critically ill context, and determining and standardizing the timing and type of
interventions and measurements for myokine studies.
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