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Purpose of review

Skeletal muscle wasting during critical illness is the result of disturbed metabolism. No proven effective
interventions targeting skeletal muscle mass and function during critical illness currently exist. This review
summarizes recent advances regarding the complexity of metabolic factors involved and the challenge of
establishing the clinical effects of metabolic interventions targeting the muscle.

Recent findings

Although the catabolic state is limited to the acute phase of critical illness, its subsequent impact on muscle
mass and function persists long after ICU discharge. Immobilization, inflammation and disturbed muscle
energy and nutrient metabolism are key drivers of muscle protein loss. Current research focuses on the
effects of enhanced protein provision, specific substrate delivery and physical exercise. Whilst some
interventions have been successful at improving muscle mass, these effects do not always carry over into
muscle function or strength.

Summary

Increased understanding of metabolic derangements during critical illness provides new potential targets for
treatment. The potential of dietary protein to attenuate the muscle protein catabolic state has yet to be
established in clinical trials. Basic research should focus on ways to further improve the anabolic potential of
nutrition by unravelling mechanisms that regulate anabolic and catabolic pathways and energy metabolism.
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Long-term disability following ICU admission is one
of the major challenges of modern intensive care
medicine [1]. One of the key factors contributing to
the long-lasting consequences of critical illness is
muscle wasting. Over the past decade, the extent of
skeletal muscle wasting and its subsequent impact
on both short-term and long-term outcome of
patients have become increasingly clear [2,3].
Uncovering the central role of muscle wasting in
the development of persistent post-ICU complaints
and poor quality of life has increased the priority of
research into ICU-associated muscle wasting [4].
From a metabolic perspective, muscle wasting is
the result of muscle protein breakdown exceeding
protein synthesis. This negative net balance is the
result of a myriad of ICU-related factors including
inflammation, altered energy and substrate metab-
olism, immobilization and drug administration (i.e.
corticosteroids, sedatives and muscle relaxants) [5].
Unravelling the complex metabolic interactions
involved in muscle wasting will be key to design
chance of success.
Aim of this review is to summarize the current

insights into the metabolic aspects of ICU-related
muscle wasting, the impact on muscle mass and
function, potential targets for treatment and the
challenges for future research and clinical care.
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KEY POINTS

� Muscle wasting during critical illness is the result of
muscle protein breakdown in excess of protein synthesis
with long-lasting effects on muscle mass and function
after ICU discharge.

� Immobilization, inflammation and disturbed muscle
energy and nutrient metabolism are key drivers of
muscle protein loss and provide many opportunities for
metabolic interventions.

� Metabolic interventions aimed at attenuating the
catabolic state during ICU stay are likely to sort the
largest effect by preventing rather than restoring its
subsequent impact on mass and function.

� The potential of dietary protein to attenuate the muscle
protein catabolic state has yet to be established in
clinical trials, but basic research is necessary to
establish ways to improve the anabolic potential of
nutrition by unravelling mechanisms that regulate
anabolic and catabolic pathways and
energy metabolism.
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PROTEIN METABOLISM IN CRITICAL
ILLNESS: IMPACT ON MUSCLE MASS AND
FUNCTION

The muscle is in a permanent state of turnover, as
muscle protein is continuously synthesized and
broken down under the influence of different ana-
bolic and catabolic stimuli. Skeletal muscle wasting
in critical illness is the consequence of a prolonged
catabolic state, where muscle protein breakdown
exceeds the rate of protein synthesis. During critical
illness, the rate of muscle protein breakdown is
sharply increased, which seems to be the main
driver of the catabolic state rather than a decrease
in protein synthesis [6]. This catabolic state results
in a rapid depletion of the body’s muscle-bound
protein reserves, with patients losing as much as
20% of their muscle mass in the first 10 days of ICU
admission depending on the severity of disease [2].
Recent work established that this net catabolic state
is attenuated over time, with protein synthesis
increasing and the net release of amino acids from
the muscle reduced in patients still admitted to the
ICU after 10 days [7

&&

].
The breakdown of muscle protein, therefore,

seems to occur mainly in the early phase of critical
illness, with muscle protein turnover slowly restored
after this initial phase. The impact on muscle func-
tion and quality of life can persist for years, however
[3]. In recent years, an increasing number of studies
have investigated muscle mass and weakness in the
post-ICU period. In a recent follow-up cohort of the
EPaNIC trial, muscle weakness still persisted in
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patients at 5 years post-ICU discharge [8
&

]. In a pro-
pensity score-matched cohort, short-stay patients
(length of stay<8 days) had better physical function
than long-stay patients, further suggesting that the
length of the catabolic insult, as well patient-specific
factors, such as age, are important determinants of
long-term physical function and recovery [9].

The question that arises from this observation of
persistent weakness, is whether the muscle is able to
recover after the initial ‘metabolic hit’ during the
ICU admission. The available data suggests that
recovery of muscle mass is highly variable and often
incomplete as muscle atrophy persists in the major-
ity of patients even at 6 months following ICU
discharge [10]. Only a third of patients reach a
muscle mass within the 95% confidence interval
of expected normal values, but even they experience
persistent muscle weakness [10]. Therefore, regain-
ing muscle mass does not necessarily equals regain-
ing muscle strength. This can be attributed to
impaired neuromuscular signaling, ineffective intra-
cellular energy metabolism or to structural altera-
tions in the muscle like muscle fibrosis or muscle
necrosis frequently identified on muscle ultrasound
[11]. Further increase in lean body and muscle mass
after 6 months appears limited [12].

In summary, muscle mass and function during
and following critical illness is affected in three
phases (Fig. 1): a catabolic phase where muscle
protein catabolism subsequently drives loss of mus-
cle mass and function, a recovery phase where pro-
tein balance is restored followed by some recovery in
mass and to a lesser extent function and and endur-
ing state where recovery of muscle mass and func-
tion stagnate and muscle function is persistently
lower than prior to ICU admission.
METABOLIC DRIVERS OF MUSCLE
ATROPHY

Based on the above, it becomes clear that metabolic
derangements during the first 1–2 weeks of ICU
admission are able to induce muscle injury that
can take years to recover from. Therefore, interven-
tions able to successfully attenuate the muscle cata-
bolic state during ICU stay will likely sort the largest
effect by preventing the subsequent cascade of mus-
cle mass and functional loss. Understanding the
metabolic drivers of the muscle catabolic state dur-
ing critical illness are, therefore, essential to identify
potential targets for treatment.
Nutrient and substrate availability

Availability of nutrients, in particular amino acids, is
an important prerequisite for muscle maintenance
r Health, Inc. www.co-clinicalnutrition.com 97



FIGURE 1. Protein metabolism in critical illness and impact on muscle mass and function. Changes over time in muscle protein
metabolism, mass and function, distinguishes a short catabolic phase during ICU stay with subsequent persistent impact on
muscle mass and function. Put together, this timeline further emphasizes the long-lasting impact of the relative short period of
disturbed protein metabolism.

Nutrition and the intensive care unit
as they serve as the precursors required to build
muscle protein. In addition, nutrients serve as reg-
ulators of muscle protein synthesis on the cellular
level, as intracellular abundance of amino acids
activates the mammalian target of rapamycin
(mTOR), which is the main pathway driving protein
synthesis [13]. During health, the intake of dietary
protein is a potent stimulator of muscle protein
synthesis by increasing amino acid delivery to the
muscle, with approximately 11% of diet-derived
protein being directly incorporated into muscle
myofibrillar protein [14]. During critical illness,
however, it seems that endogenous nutrients are
diverted away from the muscle as muscle-bound
amino acids are released into the circulation, which
has been hypothesized to be an adaptive response in
an effort to meet the increased metabolic demands
of the body [15]. However, the actual metabolic fate
of muscle-derived amino acids during critical illness
is still unclear. Whether exogenous nutrients in
form of dietary protein are also diverted away from
the muscle during critical illness or if they are able to
reach the muscle and stimulate muscle protein syn-
thesis and inhibit proteolysis during critical illness
remains unknown and is a major unresolved ques-
tion with potential for intervention [16].
Mitochondrial function and bioenergetic failure

In addition to nutrient availability as precursor for
muscle protein, muscle protein synthesis and turn-
over is an energy-dependent process. Contrasting
the anabolic mTOR pathway, autophagy and the
Ubiquitin Proteasome System (UPS) are the two
main pathways of the cell for protein breakdown
[17]. They are activated when intracellular AMP
98 www.co-clinicalnutrition.com
levels rise as a result of decreased nutrient and
energy levels, resulting in protein degradation in
order to make substrates available for ATP produc-
tion and cell survival [13]. Both mitochondrial and
ATP content of muscle cells are known to be reduced
in the early phase of critical illness, indicating that
normal energy production is compromised [18]. A
recent network analysis investigating the metabolic
phenotype in muscle biopsy samples collected from
patients in the early phase of ICU admission indeed
showed that decreased muscle ATP, creatinine and
phosphocreatine content was closely related to mus-
cle protein loss, a phenomenon referred to as bio-
energetic failure of the muscle [19

&&

]. Accordingly,
during this catabolic phase, the muscle may lack the
energy required for maintenance and turnover and
targeting mitochondrial function might aid in pro-
tecting the muscle from energy stress [20].
Modulators of muscle protein signalling

Finally, the balance of muscle protein synthesis and
breakdown is coordinated by the input of various
anabolic and catabolic signals. Inflammation is not
only a hallmark of critical illness but also a powerful
driver of muscle catabolism and atrophy via cyto-
kine mediated activation of the ubiquitin protea-
some system (UPS) required for proteolysis [21].
Intramuscular inflammation, evidenced by inflam-
matory infiltrates of leukocytes in muscle biopsies of
ICU patients, further exacerbates the catabolic
impact of inflammation [10]. Intramuscular inflam-
mation is often concurrent with hypoxia and both
are closely related to decreased protein synthesis
and anabolic resistance witnessed in the early phase
of critical illness [19

&&

].
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Exercise is an important anabolic stimulus and
requirement for muscle protein gain under normal
conditions, in part via direct activation of the mTOR
pathway [22]. Immobilization, which occurs in vir-
tually all ICU patients, is therefore, a catabolic stim-
ulus able to induce severe muscle atrophy even in
healthy volunteers [23]. Muscle relaxants and use of
intravenous sedation further exacerbate the immo-
bilization component and is a strong predictor of
post-ICU functional outcome [24].

Finally, anabolic and catabolic signaling also
occurs on the whole-body level via the endocrine
system. For the muscle, hormones evolved around
feeding and fasting are especially relevant as these
coordinate the flux of nutrients either towards or
away from the muscle. The anabolic and catabolic
effects of insulin and glucagon, respectively, are well
established, and critical illness is associated with
elevated levels of glucagon, overpowering the effects
of insulin and inducing protein catabolism [25].
Whilst insulin and glucagon react early to feeding
and fasting, recent discoveries have unearthed their
late-acting counterparts in the form of FGF19 and
FGF21, respectively. FGF19 is a bile acid-induced
hormone released by the gut following a meal,
and is an insulin-independent modulator of macro-
nutrient metabolism and regulator of muscle mass
[26,27]. In ICU patients, the postprandial FGF19
response is absent, indicating impaired postprandial
anabolic signaling with potential for intervention
[28]. Its counterpart FGF21 is a regulator of muscle
mass in conditions of nutrient stress and starvation,
and plasma FGF21 levels are elevated during critical
illness similarly to glucagon [29,30]. Whilst these
novel modulators of protein and muscle anabolism
and catabolism are gaining increased attention and
provide novel opportunities for intervention, their
exact role and relevance during critical illness
requires further investigation.
TOWARDS EFFECTIVE METABOLIC CARE
FOR THE MUSCLE

It is clear that a complex network of various metabolic
factors contributes to muscle atrophy during critical
illness,providingmanyavenues forpotential therapeu-
tic interventions. However, establishing the clinical
effectiveness of all these potential therapeutic interven-
tions also brings along a major challenge for research-
ers, and the true clinical effectiveness of interventions
targeting the muscle is still uncertain [4].
Nutrition and exercise: effective or not?

Whilst enhancing nutritional support improves out-
come in hospitalized patients [31], numerous large
RCTs did not show an effect of increasing energy
1363-1950 Copyright � 2020 The Author(s). Published by Wolters Kluwe
delivery in critically ill patients on clinical outcome
[32]. It is important to realize that all high-impact
nutrition studies in critical care have been aimed at
‘hard clinical endpoints’, such as mortality or length
of ICU stay that are presumably affected by much
more factors than nutrition alone. Unfortunately,
studies evaluating the effects of nutritional interven-
tions on muscle mass or function are rare [33

&

]. Only
two studies prospectively investigated the impact of
nutrition on muscle-related function. In the EAT-ICU
trial, increased nutrition intake based on indirect
calorimetry was not able to significantly improve
muscle function measured by the physical compo-
nent score (PCS), a sub-score of the SF-36 question-
naire [34]. However, Ferrie et al. [35]wereable to show
improvements of both handgrip strength and muscle
mass measured by ultrasound on day 7 of admission
by increasing parenteral amino acid supply. Cur-
rently, enteral feeds are becoming available on the
market with a high protein content that may facili-
tate the achievement of higher protein targets than
hitherto common [36]. The question remains
whether increased dietary protein provision during
ICU stay can improve muscle function and ade-
quately powered, randomized controlled trials with
muscle-related outcomes highly warranted [37].

Several studies have investigated the effect of
mobilization of patients in the early phase of critical
illness in order to attenuate muscle disuse atrophy
with promising effectson maintenanceof muscle fiber
cross sectional area [38]. However, even when muscle-
activating strategies result in the preservation of myo-
fiber size, no significant effect on measures of muscle
strength were detected [39

&

]. Two larger randomized
controlled trials looking at either intensive physical
therapy or in-bed cycling combined with neuromus-
cular electrical stimulation (NMES) also found no
effect on muscle strength or function [40,41].

These experiences in both nutrition and exercise
interventions show a common challenge in metabolic
research, as effects of interventions on muscle mass do
not necessarily carry over into effects on muscle func-
tion of clinical outcomes. When moving farther away
from the initial target of a metabolic intervention (i.e.
from muscle metabolism to mass and subsequently
from muscle mass to function), more factors start to
play a role and the original signal can be lost in the
increasing noise [42

&

]. The challenge for future meta-
bolic interventions is, therefore, to either increase the
signal (i.e. anabolic potential) or aim to cancel out the
noise (i.e. metabolic heterogeneity).
Optimizing the anabolic potential: 1R1U3?

Plasma amino acid levels have to exceed a certain
‘anabolic threshold’ to exert an anabolic effect,
r Health, Inc. www.co-clinicalnutrition.com 99
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which can be affected both positively and nega-
tively. Inflammation and hypoxia are known to
supress the anabolic signals in the muscle [19

&&

],
whereas exercise is able to increase the anabolic
potential in health [43]. Systemic availability of
enteral protein-derived amino acids is impaired in
critically ill patients, making it more difficult to
reach the ‘anabolic threshold’ [44]. Efforts should
be put in increasing the impaired systemic availabil-
ity of dietary amino acids and in improving anabolic
potential of the muscle. Increasing protein dose,
providing hydrolysed protein that is more readily
absorbed than whole protein or bolus rather than
continuous feeding could all improve systemic
availability of amino acids [45]. Certain amino acids
or substrates, such as leucine, its metabolite HMB
(beta-hydroxy-beta-methylbutyrate) or ketone bod-
ies such as 3OHB (3-hydroxybutyrate) have direct
anabolic signalling effects on the muscle and could
further increase the effect of dietary protein and
exercise on the muscle [46–48]. Using smaller met-
abolic studies could help identify the most promis-
ing interventions creating the strongest ‘signal’ on
muscle metabolism or mass, before a combination
of these is validated in a larger clinical study.
Addressing metabolic heterogeneity

Critical care research is heavily affected by patient
heterogeneity as large inter-individual differences in
admission diagnosis and disease severity exist. New
tools using machine learning and clustering analysis
by integrating clinical and biological data aim to
address this heterogeneity by identifying relevant sub-
phenotypes that are not distinguished by traditional
classification scores [49]. The aim is to filter out the
excess noise of heterogeneity in larger trials by identi-
fying subphenotypes of patients that will either bene-
fit, not responded or be harmed by an intervention
[50]. Advances in proteomics and metabolomics anal-
ysis could provide the metabolic field with new tools
to address metabolic heterogeneity in critical care
trials, by integrating clinical data, muscle-related
outcomes and data derived from biomaterials.
Puthucheary et al. [19

&&

] recently applied this principle
ona smaller scale in anetworkanalysis, but larger trials
with muscle-related and clinical outcomes should
consider this in their design to further increase our
understanding of metabolic interventions [51].
CONCLUSION

Muscle wasting during critical illness is the conse-
quence of muscle protein breakdown exceeding
protein synthesis, with persistent impact on muscle
mass and function after ICU discharge. Increased
100 www.co-clinicalnutrition.com
understanding of the drivers of muscle protein
catabolism is essential in designing effective inter-
ventions protecting the muscle. A combination of
larger clinical studies with relevant muscle-related
outcomes as well as smaller basic studies focussing
on improving the anabolic potential are needed to
select and establish effective metabolic care for
the muscle.
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3. Herridge MS, Tansey CM, Matté A, et al., Canadian Critical Care Trials Group.
Functional disability 5 years after acute respiratory distress syndrome. New
Engl J Med 2011; 364:1293–1304.

4. Latronico N, Herridge M, Hopkins RO, et al. The ICM research agenda on
intensive care unit-acquired weakness. Intensive Care Med 2017;
43:1270–1281.

5. Batt J, Herridge M, Dos Santos C. Mechanismof ICU-acquired weakness: skeletal
muscle loss in critical illness. Intensive Care Med 2017; 43:1844–1846.
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