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Abstract: Numerous health conditions affecting the musculoskeletal, cardiopulmonary, and nervous
systems can result in physical dysfunction, impaired performance, muscle weakness, and disuse-
induced atrophy. Due to its well-documented anabolic potential, creatine monohydrate has been
investigated as a supplemental agent to mitigate the loss of muscle mass and function in a variety of
acute and chronic conditions. A review of the literature was conducted to assess the current state of
knowledge regarding the effects of creatine supplementation on rehabilitation from immobilization
and injury, neurodegenerative diseases, cardiopulmonary disease, and other muscular disorders.
Several of the findings are encouraging, showcasing creatine’s potential efficacy as a supplemental
agent via preservation of muscle mass, strength, and physical function; however, the results are not
consistent. For multiple diseases, only a few creatine studies with small sample sizes have been
published, making it difficult to draw definitive conclusions. Rationale for discordant findings is
further complicated by differences in disease pathologies, intervention protocols, creatine dosing
and duration, and patient population. While creatine supplementation demonstrates promise as a
therapeutic aid, more research is needed to fill gaps in knowledge within medical rehabilitation.

Keywords: supplements; muscle damage; recovery; immobilization; atrophy; muscular dystrophy;
amyotrophic lateral sclerosis; Parkinson’s Disease; cardiopulmonary disease; mitochondrial cytopathy

1. Introduction

Physical rehabilitation is beneficial for everyone, including children, adults, and older
people with a wide range of health conditions. The goal of physical rehabilitation is to
enhance, restore, or maximize functional ability to promote health and optimize quality
of life. Globally, an estimated 2.4 billion people live with a health condition that would
benefit from rehabilitation [1].

Numerous acute and chronic conditions can result in dysfunction and reduced health
due to physical manifestations directly related to the disorder, such as orthopedic injury
with subsequent disuse and post-surgical immobilization. Dysfunction also leads to inac-
tivity, altered movement, or disuse, resulting in muscle mass loss. These symptoms can
therefore also occur in association with cardiovascular disease, neurodegenerative condi-
tions, or other disease conditions such as myopathies [2,3]. Further, in older populations,
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significant loss of muscle and function has been associated with increased mortality risk [4];
thus, interventions focused on regaining muscle loss must be prioritized.

Muscle atrophy is related to metabolic and physiological changes, including decreased
sensorimotor excitability, contractile ability of muscle fibers, increased protein degradation,
and depletion of energy stores, which may promote fatigue, reduce functional capacity
and hinder activities of daily living [5-7]. More recently, there has been an increased
appreciation for nutritional and dietary supplement interventions, both independently
and combined with exercise, to maintain or enhance clinically essential outcomes and
improve rehabilitation-related adaptations in patients experiencing substantial muscle and
strength reduction [8,9]. Evidence suggests that one nutritional intervention in particular,
creatine monohydrate supplementation, may effectively attenuate and possibly enhance
rehabilitation [7,8,10].

Even though creatine was detected in skeletal muscle 189 years ago, irrespective of its
immense success as an ergogenic aid since the 1990s, much remains unknown about its bio-
logical capabilities. This is especially true for its potential of use in accordance with health
and medical conditions. Chemically known as a non-protein nitrogen compound [11],
approximately 95 percent of the body’s creatine is stored within skeletal muscle. Moreover,
small amounts of creatine are also found in the brain and testes [12,13]. Approximately
two-thirds of the creatine found in skeletal muscle is stored as phosphocreatine, while
the remaining quantity is stored as free creatine [13]. The standard concentration of total
creatine in skeletal muscle is approximately 120 mmol-kg ! (dry mass) [14,15], whereas the
upper limit appears to be approximately 150-160 mmol-kg~! [16-19]. It has been suggested
that creatine’s physiological and biochemical effects are mostly related to the functions of
creatine kinase and phosphocreatine (i.e., CK/PCr system) to support the maintenance
of cellular energy [17-19]. The most commonly accepted theory explaining the beneficial
effects of creatine supplementation on muscle performance is the energetic theory, that the
increase in skeletal muscle concentrations of creatine and phosphocreatine contribute to an
increase in exercise intensity and volume, thus providing a more substantial stimulus and
leading to the significantly greater adaptation to training [13].

Creatine has gained popularity as a dietary supplement because of its fundamental
role in human health and physical performance. Its metabolic contributions are many
and wide ranging, and it is one of the most frequently used and effective supplements
available for health and performance [20]. Various research studies over the last several
decades have shown that creatine supplementation has numerous positive effects on
skeletal muscle structure and metabolism, including improving training volume and
muscle mass (growth/hypertrophy) in conjunction with exercise [20]. Therefore, the
potential of creatine to augment training-induced muscle hypertrophy is not only relevant
in the context of elite sports performance but also in the context of rehabilitation of various
conditions due to its ability to prevent muscle atrophy [21]. While its role as an ergogenic
agent in sports is well supported by several studies [12], there is growing research interest
from the medical field regarding the potential for creatine to serve as a therapeutic agent
in a wide range of conditions [22,23]. Figure 1 provides an overview of the therapeutic
efficacy of creatine supplementation in a variety of conditions examined within this review.
Interestingly, Corn and colleagues [24] have suggested that creatine may be beneficial as
an adjunct to traditional physical therapy interventions. Therefore, the purpose of this
review is to examine the literature concerning the effectiveness of creatine monohydrate
supplementation as a potential strategy to enhance the rehabilitation of muscle and function
in physical inactivity (disuse) and disease-related conditions.
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Figure 1. Rationale for examination of creatine supplementation as a rehabilitative aid. Abbreviations
defined from clockwise: COPD = chronic obstructive pulmonary disease; ALS = amyotrophic
lateral sclerosis.

2. Methods

A comprehensive review of the scientific and medical literature was conducted to assess
the state of the science on creatine supplementation in medical rehabilitation. Specifically,
the National Institutes for Health National Library of Medicine PubMed.gov and Google
Scholar search engines were used to identify publications focused on the utility of crea-
tine supplementation during rehabilitation due to immobilization, muscle disuse atrophy,
neurodegenerative disorders, cardiopulmonary disease, and mitochondrial cytopathies.

3. Creatine Supplementation, Muscle Damage, and Recovery from Stressful Exercise

There have been anecdotal reports in the media that creatine supplementation is
associated with increased muscle dysfunction, including increased incidence of cramps,
injuries, and rhabdomyolysis [25-29]. However, this is not supported by the literature.
The results of several studies show no increase or decrease in muscle cramps, tightness,
strains, total injuries, missed practices, or players lost for the season in collegiate athletes
ingesting creatine supplements [30-32]. Interestingly, even though anecdotal reports claim
that creatine supplements exacerbate muscle dysfunction, several research teams have
investigated creatine supplementation as a means to enhance recovery from intense exercise
by reducing exercise-induced muscle damage [33-35]. Therefore, the potential benefit of
creatine supplementation to reduce muscle damage and enhance recovery from stressful
exercise is worthy of further investigation.

3.1. Mechanisms of Benefit

During stressful and particularly unaccustomed exercise, damage to muscle fibers
can occur. In the days following exercise, muscle force production and range of motion
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decrease, while muscle soreness, swelling, muscle serum proteins, and inflammatory com-
pounds increase [36,37]. However, creatine supplementation may offer several potentially
beneficial effects in terms of recovery from damaging exercise. Increasing muscle creatine
through supplementation may reduce muscle membrane fluidity and increase membrane
stiffness, which could decrease damage from exercise [21,33-35]. Additionally, increased
muscle creatine levels may help maintain calcium homeostasis, mitigate inflammation, and
decrease free radical-induced damage following damaging exercise [21,33-35]. Beyond
attenuating muscle damage, increased muscle creatine due to creatine supplementation
alters the intramuscular milieu, which subsequently causes several changes beneficial to
the adaptive response to resistance exercise. For example, creatine supplementation results
in increased growth factor expression (e.g., myogenin, MRF-4, insulin-like growth factor I
and II [IGF-I and IGF-II]) [38-41], increased satellite cell number and myonuclei concen-
tration [42], and expression of multiple genes associated with adaptive processes related
to exercise (e.g., osmosensing, cytoskeleton, remodeling, GLUT-4 translocation, glycogen
and protein synthesis, satellite cell proliferation, and differentiation, DNA replication and
repair, mRNA processing and transcription, and cell survival) [43]. It is possible that
the increase in intramuscular water associated with creatine supplementation modulates
some of the effects, as this is known to inhibit protein breakdown and RNA degradation
and stimulate protein, DNA, RNA, and glycogen synthesis [33,44,45]. Collectively, these
data support that creatine is not only a performance enhancing nutrient that provides
greater fuel availability prior to intense exercise, but also an adaptive nutrient which, when
supplemented, augments the adaptive response to training.

3.2. Specific Effects on Muscle Damage

Our review of the literature resulted in the examination of 16 clinical trials that de-
scribe the effects of creatine ingestion on markers of muscle damage in hard training
individuals (e.g., resistance exercise) or those subjected to an unaccustomed exercise
challenge (e.g., high-force eccentric exercise) [46—61]. The methods used in these inves-
tigations are discrepant, including differences in supplementation dosing and duration,
participant training status, and exercise challenge (e.g., resistance, high-force eccentric,
and endurance) [25,34,35]. Across these studies, improvements are noted in established
markers of exercise-induced muscle damage, including reduced post-exercise levels of
muscle serum proteins (creatine kinase, lactate dehydrogenase); reduced inflammatory
compounds (prostaglandin-E;, tumor necrosis factor-«, interferon-«, interleuikin 1-f3),
reduced oxidative stress markers (glutathione peroxidase, thiobarbituric acid reaction
substances), increased recovery of strength, and reduced delayed onset muscle soreness.
However, consistent improvements were not found across studies or across the same vari-
ables. In their systematic and meta-analytic review of creatine supplementation and muscle
damage, Northeast and Clifford [35] concluded that creatine supplementation had little
practical value as a recovery aid. However, they pointed out that there were less than 10
eligible studies for each outcome and time point, limiting statistical power and contributing
to high heterogeneity for outcomes. Two important conclusions are worthy of considera-
tion. First, as several studies have shown a protective effect of creatine supplementation on
exercise-induced muscle damage, this area requires further exploration. As small sample
size prevented previous reviews from conducting sub-analyses [35], we cannot know if
creatine supplementation might benefit one population (e.g., trained vs. untrained) or
be more protective in a specific type of exercise (e.g., endurance vs. eccentric-resistance).
Secondly, despite lingering myths and anecdote, there are no data to support that creatine
supplementation increases muscle damage following severe and/or unaccustomed exer-
cise, which in some studies was quite severe (e.g., 50 maximal eccentric contractions [55];
Ironman triathlon [48]).
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4. Rehabilitation and Creatine Use for Clinical Conditions
4.1. Immobilization and Disuse-Induced Atrophy

Skeletal muscle disuse has been repeatedly demonstrated as having deleterious effects
on a variety of physiological parameters. Even short periods of disuse have caused
observable decrements in muscle cross-sectional area (CSA) [62], reduced force production
capabilities [63], increased muscle protein breakdown [64], and altered neuromuscular
function [65]. The decrements that occur during disuse can lead to longer recovery periods,
a greater chance of injury recurrence, and a decline in metabolic health [66-70]. Because
of its high clinical relevance, joint immobilization has become a frequently employed
experimental model to examine physiological changes in skeletal muscle as a consequence
of inactivity and disuse.

Due to the well-documented ability of creatine to potentiate the anabolic effects of
resistance training [71], the potential of creatine supplementation to mitigate the effects
of disuse-induced maladaptation is of exceptional interest [72,73]. Indeed, seven recent
studies have examined the effects of creatine supplementation during immobilization, with
several having demonstrated promising results. Using a single-blind, cross-over design,
Johnston et al. [74] observed the effects of creatine supplementation on the preservation of
muscle mass, strength, and endurance after a 7 day immobilization period of the upper
limb in creatine-naive men. Compared with an isocaloric placebo, 20 g-day ! (four doses of
5 g each) of creatine supplementation during the immobilization period better maintained
lean tissue mass, elbow flexor strength, and endurance, and elbow extensor strength and
endurance. Similarly, in a double-blind, placebo-controlled trial involving 2 weeks of
lower-limb cast immobilization during which participants ingested either creatine or a
placebo, Eijinde et al. [75] observed that 20 g-day~! (four doses of 5 g each) of creatine
supplementation offset the observed decreases in muscle GLUT4 protein content that
occurred in the placebo group. Following a subsequent 10-week rehabilitation training
period during which creatine supplementation was reduced (15 g-day ! during the first
3 weeks and 5 g-day ! for the remaining 7 weeks), muscle GLUT4 protein content was
increased by ~40% in the creatine group while returning the baseline levels in the placebo
group. Given the role of muscle GLUT4 protein in providing a mechanism for glucose to
enter the cell, these results suggest that creatine supplementation may promote favorable
changes in glucoregulation during immobilization.

The efficacy of creatine supplementation during periods of inactivity has also been
observed in animal models. Hindlimb suspension, often used as a surrogate for cast immo-
bilization, causes observable muscle atrophy and strength loss in rodent models [76]. Aoki
et al. [77] investigated the effect of creatine supplementation (5 g-kg ~!-body weight-day 1)
both prior to and during a period of hindlimb suspension in rats. The animals underwent
7 days of hindlimb immobilization in combination with three supplemental interventions:
creatine during the immobilization period, creatine for 7 days prior to and during immo-
bilization (i.e., 14 days of creatine supplementation), and a control condition. Regardless
of the treatment group, immobilization induced a decrease in muscle weight. However,
creatine supplementation prior to and during immobilization appeared to mitigate mus-
cle mass loss. This is an intriguing finding, as a period of creatine loading is a frequent
practice in athletic populations [20] and could easily be incorporated into pre-treatment
or preoperative protocols in patients undergoing periods of planned immobilization to
attenuate muscle atrophy.

While the aforementioned findings are promising, other works provide conflicting
results. Marzuca-Nassr et al. [78] observed inconclusive effects of short-term creatine
supplementation during hindlimb immobilization in rats. Throughout 5 days of hindlimb
immobilization, adult rats received daily creatine supplementation (5 g-kg~! body weight
day~!) or a placebo. Despite positive changes in protein metabolism and a slight at-
tenuation of total muscle loss in the creatine group, creatine supplementation did not
prevent muscle fiber atrophy or strength loss. Three double-blind, placebo-controlled
trials in humans have also demonstrated inconsistent findings of creatine supplementation
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throughout immobilization. Fransen et al. [79] observed no effect of 20 g-day ! creatine
supplementation on maintenance of work or power production following 7 days of wrist
cast immobilization. Similarly, throughout 7 days of lower-limb cast immobilization during
which participants received a loading dose of creatine (20 g-day ! for 5 days prior to
immobilization) followed by a maintenance dose (5 g-day') during the immobilization
period, Backx et al. [80] found no effect of creatine supplementation on preservation of
quadriceps CSA or knee-extension strength. While the loading dose of creatine was success-
ful in increasing muscle creatine content, this was ineffective in preservation of strength
or muscle mass. These results persisted upon the removal of creatine non-responders
(i.e., participants who did not show an increase in muscle total creatine content exceeding
10 mmol-kg~!) from the analyses and throughout a subsequent 7 day recovery period.
Similarly, during 2 weeks of lower-limb cast immobilization in healthy young men, Hespel
et al. [7] found no effect of 20 g-day ! of daily creatine supplementation in preserving
quadriceps CSA or knee-extension power. However, throughout a subsequent 10-week
program of rehabilitation training during which creatine supplementation was reduced
(15 g-day ! the initial 3 weeks and 5 g-day ! during the remaining 7 weeks), quadriceps
CSA and knee-extension power recovered at a faster rate in participants supplementing
with creatine versus placebo. Further, myogenic protein expression was altered in the
creatine group during rehabilitation. In particular, MRF-4 expression was significantly
increased in the creatine group during rehabilitation and strongly correlated to changes
in muscle fiber diameter. While the anabolic potential of creatine in combination with
resistance training is well documented, its efficacy in providing strategies to increase the
rate of functional recovery during rehabilitation is a significant finding.

While the specific mechanisms involved in the maintenance of muscle mass during
immobilization are not fully known, based on the literature, it is likely that creatine
supplementation may have a protective effect on skeletal muscle at least partially due to
alterations in muscle protein expression [7,41,78] and satellite cell activity [42]. Given the
prolonged recovery time often observed after clinical immobilization [67], interventions to
enhance the rehabilitation process are sorely needed.

4.1.1. Post-Operative Orthopedic Recovery

Despite the promising results observed during rehabilitation from immobilization [7],
creatine supplementation does not appear to confer a beneficial effect during post-operative
rehabilitation. In a randomized, double-blind, placebo-controlled trial, Tyler et al. [81]
observed the effect of creatine supplementation on recovery of muscle strength following
anterior cruciate ligament (ACL) reconstruction. Creatine supplementation began with
a loading dose of 20 g-day~! the day following reconstructive surgery. This dosage was
decreased to 5 g-day ! at day 7 when formal rehabilitation began and continued for
12 weeks. Quadriceps and hamstrings strength and power were unaffected by creatine
supplementation. Utilizing a similar randomized, double-blind, placebo-controlled design,
Roy et al. [82] observed no effect of creatine supplementation on functional recovery
after total knee arthroplasty. In contrast to the work of Tyler et al. [81], patients in this
trial received creatine pre-surgery (10 g-day ! for 10 days) in addition to post-surgery
(5 g-day ! for 30 days). Despite the addition of a pre-surgery loading dose, creatine
supplementation had no effect on preserving muscle strength or enhancing recovery,
as measured by quadriceps, ankle, and handgrip strength, as well as timed walks and
step climbs.

4.1.2. Acute Injury

Like periods of immobilization, muscle and nerve damage can result in muscle atrophy
as a consequence of impaired function, mobility, and physical inactivity. While medical
and surgical interventions are available, therapies aimed at restoring function after severe
damage can still result in imperfect clinical outcomes [83]. Given the extensive recovery
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time from muscle and nerve damage, agents that can enhance the healing process are
critically needed.

Although the literature is limited, the effects of creatine supplementation during recov-
ery from nerve damage have demonstrated promising results. Ozkan et al. [83] observed a
positive effect of creatine supplementation on reinnervation of denervated muscle in the
rodent model. After severing the sciatic nerve, adult rats were fed a creatine-enhanced or
normal diet during subsequent recovery, with subgroups of animals undergoing surgical
nerve repair and others receiving no neural anastomosis. In both those with and without
surgical nerve repair, creatine supplementation significantly improved functional recovery
as measured by walking analyses, pinch strength, limb circumference, and toe contracture.
To the best of our knowledge, this has yet to be replicated in humans; however, this is
a noteworthy finding as it indicates that supplementation with creatine may enhance
recovery after denervation.

Despite the potential efficacy of creatine supplementation in recovery from nerve
damage, similar effects were not observed during recovery from muscle damage in animal
models [84]. After injecting rat soleus muscle with notexin to cause myotoxin-induced
muscle degeneration, rats were fed a creatine-enhanced or normal diet and observed for
42 days post-injury. While creatine supplementation was able to ensure faster recovery
of total muscle creatine and phosphocreatine content, it did not influence regeneration of
muscle mass to pre-injury levels and had no effects on the time course of recovery. However,
physical activity, which has previously been demonstrated to have a strong effect on the
efficacy of both creatine supplementation and muscle recovery [85], was not manipulated.
Future research should examine the effects of combined creatine supplementation and
physical activity on muscle regenerative capacity.

4.1.3. Spinal Cord Injury

Individuals with spinal cord injury (SCI) frequently suffer from extreme decondi-
tioning and muscle strength impairments due to the nature of their injuries [86]. Patients
with SCI often experience diminished upper body strength and reduced work capacity
which can lead to inactivity, further exacerbating these problems [87-89]. As such, patients
with SCI would benefit greatly from increased levels of muscular strength, power, and
endurance to improve movement for normal activities in their daily lives. Optimizing
movement for activities such as transferring body weight, propelling a wheelchair, or
navigating community obstacles would allow for more independence, increased activity,
and improved health and quality of life.

Creatine supplementation has been investigated in individuals with SCI due to its
potential as an anabolic substance. Although the literature is limited, the findings are
promising. In a randomized, double-blind placebo-controlled cross-over trial of patients
with cervical-level SCI, 20 g-day ! of supplemental creatine enhanced upper extremity
work capacity [90]. Patients with complete cervical-level SCI were supplemented with
creatine or a placebo and performed incremental work capacity tests before and after
7 days of treatment. After creatine supplementation, participants had significantly im-
proved VO,, VCO;, and ventilatory threshold as measured during incremental upper arm
ergometry. These findings are further strengthened by the work of Amorim et al. [91], who,
supplemented SCI patients with 3 g-day ! creatine, vitamin D, or placebo throughout a
progressive 8 week resistance training program in a randomized, double-blind, placebo-
controlled fashion. In the creatine-supplemented group, upper body strength and corrected
arm CSA significantly improved. This is particularly notable given the considerably lower
daily dose of creatine compared to other studies. The findings from these studies indi-
cate that creatine supplementation enhances the effects of exercise training in individuals
with SCI. Similar results have also been demonstrated in rats with SCI [92]. Rats fed a
creatine-enhanced diet for 4 weeks prior to surgical SCI demonstrated significantly better
post-traumatic locomotor capacity than control rats. Creatine also appeared to reduce the
effects of secondary neurotrauma as observed via reduction in lesion site scar tissue.
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4.1.4. Arthritic Diseases

Creatine supplementation may also confer a beneficial effect on physical function
in those with arthritic diseases [93]. In a randomized, double-blind, placebo-controlled
fashion, post-menopausal women with knee osteoarthritis demonstrated significantly
improved physical function and lower-limb lean mass when supplemented daily with both
a loading dose (20 g-day ! for 7 days) and maintenance dose (5 g-day ! for 11 weeks) of
creatine throughout a 12 week resistance training program [94]. Similar findings have been
observed in those with rheumatoid arthritis [95]. Administration of oral creatine over a
3-week period (20 g-day~! for 5 days followed by 2 g-day~! for 16 days) improved muscle
strength in patients with rheumatoid arthritis, despite no associated training protocol
over the course of the intervention. It should be noted, however, that although strength
did improve, total skeletal muscle creatine content did not. The authors concluded no
clear clinical benefit of creatine supplementation, as functional ability and disease activity
did not change. Still, positive associations have recently been observed between strength
and walking self-efficacy, pain reduction, and improved function in osteoarthritis, further
demonstrating the importance of maintenance of muscle strength in patients with arthritic
diseases [96].

4.1.5. Rationale for Discrepant Findings throughout the Immobilization Literature

There are a variety of methodological and physiological reasons for the inconsistent
observations of creatine supplementation during immobilization. Although it is difficult
to compare results across studies given differing protocols, durations, and dosing, it has
been suggested that the length of the immobilization protocol and muscle group involved
impact the atrophic response and functional impairments [97]. It has previously been
demonstrated that lower body muscle groups are more negatively impacted by disuse than
upper body musculature [98,99]. It is therefore possible that creatine supplementation may
have a differing effect on upper versus lower body musculature.

Further, the overall duration of creatine supplementation may significantly impact
potential findings. While short-term creatine supplementation has been shown to increase
muscle creatine content, longer-term creatine supplementation is associated with enhanced
muscular hypertrophy and strength [100]. Given the acute nature of the bulk of the liter-
ature observing the effects of creatine on disuse-induced adaptations, it is possible that
interventions utilizing creatine supplementation to counteract the effects of disuse would
demonstrate greater efficacy from longer intervention protocols. When considering the
positive effects of creatine loading in mitigating disuse-induced atrophy [77] as well as
the increased hypertrophy [7] and strength [94] observed during longer protocols of crea-
tine supplementation, increasing the duration of the supplementation seems promising.
Further, several aforementioned studies with favorable results have incorporated exer-
cise interventions in combination with creatine supplementation. As exercise has been
demonstrated to enhance the uptake of creatine [14], the role of exercise in the efficacy
of creatine supplementation is of critical importance and should be incorporated when
mobility and function allow. Additionally, differences in the presence of a loading phase
and maintenance dose alter the overall exposure to creatine supplementation. Loading
doses of creatine are routinely administered as the greatest uptake of creatine in the muscle
appears to occur in the initial phases of a heightened dose [14].

Still, it is possible that other factors are responsible for the discrepant findings in the
literature. Neural impairments, such as decreased voluntary activation, have also been
observed throughout immobilization [101] and can impact both muscular strength and
endurance [102]. Significant alterations in neuromuscular properties, such as reduced
voluntary activation [103,104], decreased H-reflex [105], and changes in motor cortex ex-
citability [103,105] have been observed to occur with disuse, with neural factors explaining
nearly 50% of initial strength loss [104,105]. If injury precedes disuse, alterations may occur
in sensory stimuli, receptor activity, and signal transduction from the injured area to the
central nervous system, further exacerbating functional impairments [106].
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Finally, the effects of anabolic resistance, which have been repeatedly observed during
periods of immobilization [107-109], must be taken into consideration. Anabolic resistance,
the inability of an anabolic stimulus such as protein ingestion, hormonal response, or
muscle contraction to stimulate muscle protein synthesis, is a hallmark characteristic of
periods of inactivity or disuse [107-109]. Substantial inactivity or disuse decreases mus-
cle protein synthesis with minimal change in muscle protein breakdown [110]. This can
result in a dampened response to hyperaminoacidemia. This is significant, as one of the
primary mechanisms postulated as responsible for creatine’s efficacy in improving mus-
cular hypertrophy and performance is its ability to enhance protein stimulus via osmotic
swelling [44,45,111]. However, if disuse-induced anabolic resistance is present, its effects
may interfere with the protein synthesis that occurs with creatine supplementation, thereby
inhibiting preservation of muscle mass and function. Similarly, the presence of satellite
cells, which have been implicated in creatine’s efficacy, has been observed to decrease with
disuse [112]. As satellite cells support regeneration of skeletal muscle following damage or
atrophy, their role in recovery from immobilization or trauma is critical.

Promising results in immobilization studies may not be able to be extrapolated to
clinical populations. While the bulk of the current disuse protocols in humans have been
performed in healthy participants, patients undergoing immobilization associated with
injury, surgery, or pain may experience accelerated atrophy and functional decrements.
These phenomena may be partially responsible for the lack of creatine’s efficacy in post-
operative observations. The physiological effects of illness or injury (e.g., inflammation,
immune response) may exacerbate the negative changes in whole-body protein balance
that occur during immobilization. Trauma, surgery, and pain may accelerate muscle
atrophy during immobilization [113], ultimately leading to longer recovery times to return
to baseline. Further, orthopedic issues severe enough to warrant surgery are likely to limit
physical activity in advance of surgical intervention, leading to greater overall impairment.
While creatine supplementation may offer enhanced outcomes from various conditions
resulting in immobilization and injury, more work is needed to determine its overall efficacy
in consideration of these factors.

4.2. Neurodegenerative Diseases

Neurodegenerative diseases are debilitating conditions caused by the progressive
deterioration and eventual apoptosis of alpha motor neurons and skeletal muscle fibers.
Given that these diseases are incurable, adjunctive therapies are needed to slow their
progression and improve quality of life by controlling symptoms. As neurodegenerative
diseases result in reduced physical activity, the theoretical basis of considering creatine
supplementation in these patients is well justified, given its ability to improve muscle
strength, mass, and endurance [20]. In other words, creatine supplementation may serve as
a general countermeasure that delays the progression of physical impairments. However,
neurodegenerative diseases adversely affect the distinct neurometabolic pathways and
pathological characteristics that creatine may precisely target.

There are a variety of clinical design issues that have made studying the effects of
creatine supplementation in patients with neurodegenerative diseases challenging. The
most obvious challenge is that these conditions are uncommon, resulting in a shallow pool
of patients that might be willing to enroll in clinical studies. In addition, the timeline and
severity by which patients with neurodegenerative diseases experience declines in function
can vary, resulting in heterogenous responses for both within and between groups. Rapid
neurodegeneration and the need for a creatine washout period [100] make implementing
a within-subjects design, which offer less error variance, more difficult. Patient care for
neurodegenerative diseases is also incredibly complex and requires considerable resources.
As such, this type of work is likely to be limited to hospital-based research centers and aca-
demic health science centers where patient care can be combined with carefully monitored
clinical trials. Given these reasons, it is not surprising that prospective studies on creatine
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supplementation in patients with neurodegenerative diseases have featured small sample
sizes and non-significant trends, highlighting the potential for type II statistical errors.

4.2.1. Muscular Dystrophies

Skeletal muscle free creatine and phosphocreatine stores are significantly reduced
in patients with certain myopathies and muscular dystrophies [114]. These observations
have been linked to a lower creatine transporter protein content and impaired creatine up-
take/release kinetics [115]. Our review of the literature shows that the potential therapeutic
benefits of creatine supplementation have been studied in patients with Duchenne mus-
cular dystrophy and Becker’s muscular dystrophy more than in other neurodegenerative
diseases. These diseases are X chromosome-linked and caused by mutations with the dys-
trophin gene, with life expectancy in the 20’s for those with Duchenne muscular dystrophy.
In most patients, shortened lifespan is mainly due to respiratory or cardiac failure [116].
It is interesting to note that the magnitude of creatine’s treatment effects has varied in
patients with dystrophinopathies versus type 1 and type 2 myotonic dystrophy [117].

Voluntary muscle strength has been considered the primary outcome variable in most
creatine studies in patients with muscular dystrophies. Three randomized, double-blind
trials in boys with dystrophinopathies have reported noteworthy improvements. Louis
et al. [118] assessed the effects of creatine supplementation in 12 boys with Duchenne
muscular dystrophy and 3 boys (mean age = 11 years) with Becker’s muscular dystrophy.
They utilized a randomized, double-blind, cross-over design, with a 2-month washout
period in between. Following supplementation with creatine, a significant improvement
in strength was observed and time to exhaustion during a submaximal contraction nearly
doubled. Louis et al. [118] also reported a 25% increase in joint stiffness during the placebo
period, but no change was observed while supplementing with creatine. Similar findings
were reported by Tarnopolsky and colleagues [119], who tested the hypothesis that creatine
supplementation would increase muscle strength and mass in boys (mean age = 10 years)
with Duchenne muscular dystrophy while utilizing a randomized, double-blind, cross-over
design. Following 4 months of creatine supplementation, significant improvements in
grip strength of the dominant hand and fat-free mass were noted. Utilizing a 6 month,
parallel-group design, Escolar et al. [120] noted strong trends for improvements in strength
and other functional tasks that may have been mitigated by the unexpected maintenance
of strength in the placebo group. Of these three studies, less variability was observed in the
two cross-over trials [118,119] than in the parallel-group trial [120]. In contrast to studies on
dystrophinopathies, creatine supplementation has not been shown to enhance strength or
other measures of physical function in patients with type 1 myotonic dystrophy [121,122]
or type 2 myotonic dystrophy/proximal myotonic myopathy [123]. This would suggest
that the effects of creatine supplementation in patients with a specific type of muscular
dystrophy may not be replicated or extrapolated to others. However, it should be noted
that studies which have demonstrated benefits of creatine supplementation have been
reported in children, whereas non-significant effects have been limited to adult patients. A
considerable gap in knowledge is whether benefits of creatine supplementation in patients
with certain myopathies and muscular dystrophies are age specific.

Beyond improvements in muscle strength, creatine supplementation in patients with
muscular dystrophies may have two other benefits. First, creatine supplementation has
generally resulted in improvements in self-reported activities of daily living or subjective
improvement in function [122-125]. Work by Banerjee et al. [125], for example, demon-
strated that 53.8% of parents whose children had been assigned to a creatine group reported
“better” outcomes. Schneider-Gold et al. [123] reported that patients assigned to a creatine
treatment group reported significant improvements in the subjective assessment of activity
in daily life using a visual analogue scale. This was observed even though muscle strength
did not improve [123]. Overall, patients with muscular dystrophies that supplement with
creatine may experience subjective improvements in activity levels or function, regardless
of changes in objective measures. Second, limited evidence suggests that creatine supple-
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mentation may enhance bone density in dystrophic children. Louis and colleagues [118]
reported that in a subgroup of boys able to walk throughout their trial, creatine supple-
mentation resulted in significant improvements in bone mineral density. The potential for
preservation of bone mineral density is consistent with studies demonstrating a decrease
in urinary N-telopeptide excretion (a marker of bone breakdown) [118,119]. Finally, no
studies have reported side effects or adverse reactions to supplementing with creatine in
patients with muscular dystrophies, many of whom have been young children. While
more research is needed, the overall body of literature suggests that creatine supplementa-
tion shows promise as a safe and cost-effective means of maintaining or even enhancing
muscle strength, functional performance, and bone density in patients with muscular
dystrophies. Smaller improvements have been observed in lean mass [119,121,122] and
with assessments of muscle strength that are not highly quantitative, such as manual
muscle testing [123]. Responses to these variables seem to differ among specific types of
dystrophies, highlighting the need for individualized treatments. It is important to further
emphasize that reductions in strength and lean mass are hallmarks of these conditions.
Small improvements or even maintenance over time may have real-world clinical value to
patients and their families.

4.2.2. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that results in the
progressive loss of motor neurons that control voluntary muscle activity. It is the most
common type of motor neuron disease and is always fatal [126]. Individuals diagnosed
with ALS suffer from muscle weakness, atrophy, and difficulty with speech, among many
other debilitating symptoms. With no cure available, most ALS medications are intended
to minimize pain and fatigue [127].

Several authors have provided a rationale for why creatine supplementation would
be a viable treatment option for individuals diagnosed with ALS [128,129]. Plausible
explanations for why creatine might enhance various aspects of quality of life in patients
with ALS include protection against neuron loss in the substantia nigra and motor cor-
tex [130], as well as decreased oxidative stress [131] and mitochondrial dysfunction [132]
commonly observed with this condition. Despite this initial enthusiasm and encouraging
animal work [133], clinical trials in humans have reported disappointing results. Only three
published trials utilizing a double-blind, randomized designed have evaluated the effects
of creatine supplementation in ALS patients, and all three showed no benefits beyond
placebo [134-136]. All three studies utilized doses of 5-10 g-day !, measured muscle
strength, and reported that creatine was well tolerated with no major side effects. Given
that these studies included patients that were late in the disease process, it remains to be
determined if use of creatine as a therapeutic adjunct early after diagnosis would result in
better outcomes.

4.2.3. Multiple Sclerosis

Multiple sclerosis (MS) is an immune-mediated disease caused by destruction or
failure of myelin-producing cells, resulting in impaired nerve transmission. The usual
onset of MS is between 20 and 50 years of age and it is twice as prevalent in women than
men. The symptoms associated with MS are highly variable, but frequently include muscle
weakness, difficulty with balance and vision, and fatigue. There is no known cure for MS,
though physical therapy can help patients improve functionality.

There is a strong theoretical rationale as to why creatine supplementation may en-
hance outcomes in patients with MS [137]. For example, MS patients show compromised
brain creatine metabolism [138], reduced cardiac phosphocreatine concentration [139], and
elevated levels of creatine kinase in cerebrospinal fluid [140]. However, only two studies
in patients with MS have evaluated the effects of creatine supplementation, with both
reporting no improvements above placebo. Utilizing a randomized, double-blind, placebo-
controlled trial, Lambert et al. [141] examined the effects of a loading dose (20 g-day ! for
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5 days) on isokinetic knee extension and flexion work. Vastus lateralis muscle biopsies
were taken to measure intramuscular total creatine, phosphocreatine, and free creatine, and
bioelectrical impedance analyses were used to examine body composition. The authors
concluded that creatine supplementation had no influence on muscle creatine stores or
high-intensity exercise capacity in patients with MS. These findings were supported by the
work of Malin and colleagues [142], who, utilizing a 14 day, double-blind, cross-over trial
with a three-week washout period, reported that creatine supplementation did not enhance
knee joint power. Clearly, this area is ripe with opportunities for scientific discovery, but the
results to date do not support the notion that creatine supplementation enhances physical
function in MS.

4.2 .4. Parkinson’s Disease

Parkinson’s Disease (PD) is a progressive neurodegenerative disease that is charac-
terized by resting tremors, rigidity, slowness, and problems with gait and balance. In
addition to motor impairments, individuals with PD frequently report anxiety, apathy,
and depression [143]. The main pathological characteristic of PD is cell death in the basal
ganglia, leading to a reduction in brain dopamine levels. PD is typically diagnosed in
adults around the ages of 50-60 years [144]. While a variety of pharmacological drugs are
used to combat symptoms associated with PD, such as dopamine agonists, levodopa, and
monoamine oxidase inhibitors, there is no cure, though the disease itself is not lethal [145].
As such, innovative approaches for managing symptoms and improving quality of life in
those with PD are needed.

Given creatine’s well-documented ability to improve muscle function in healthy
adults [17,20] some have speculated that individuals with PD may particularly benefit
from supplementation [146]. Despite widespread interest, only five studies have compared
creatine supplementation to placebo in a randomized, double-blind fashion in adults with
PD [147-151]. Aside from one study by Bender, each of these five studies provided a dose
of 10 g-day ! to participants assigned to the creatine group. The most common outcome
measures in these trials included the Unified Parkinson’s Disease Rating Scale and its con-
stituent parts (e.g., Mental, Motor, and Activities of Daily Living). Studies by the National
Institute of Neurological Disorders and Stroke (NINDS) [149] and Kieburtz [151] utilized
the Schwab and England Scale, which assesses the difficulties patients have completing
chores and daily activities. The findings from these studies have shown that the impact
of creatine supplementation in individuals with PD may be small. Various aspects of
these studies have demonstrated conflicting results. The NINDS study [149], for example,
demonstrated no change in any of the Unified Parkinson’s Disease Rating Scale outcomes,
but significant between-group differences for changes in the Schwab and England Scale.
Collectively, the limited studies in this area have indicated that creatine supplementation
may not be an effective therapeutic strategy for individuals with PD.

4.2.5. Charcot—Marie-Tooth Disease

Charcot-Marie-Tooth Disease (CMT) is a group of inherited motor and sensory neu-
ropathies that cause muscle atrophy and weakness in the hands and feet [152]. CMT is
slowly progressive and incurable. While it is typically not fatal, most patients experience
difficulty with muscle stiffness and gait due to foot drop and increased foot supination [153].
Therefore, patients with CMT experience a progressive decline in strength, physical activity,
and function.

Only three studies have evaluated the effects of creatine supplementation in CMT
patients. Doherty and colleagues [154] evaluated the potential benefits of one month
of creatine supplementation in patients (mean age = 43 years) with CMT disease type 1
(n = 34) and type 2 (n = 5) using a double-blind, placebo-controlled, cross-over design.
They reported no significant differences in visual analogue activities of daily living scales,
body mass, estimated percentage body fat, or fat-free mass after creatine supplementation
as compared with placebo. Shortly thereafter, the same research group published two
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studies which aimed to test the hypothesis that creatine supplementation would enhance
strength and myosin heavy chain content in patients with CMT when combined with resis-
tance training [155,156]. Utilizing a randomized, double-blind design, Chetlin et al. [155]
evaluated 20 patients (mean age = 45 years) with CMT disease who completed a 12 week
resistance exercise training program. The resistance training program was divided into
three 4-week phases and was completed at home with adjustable wrist and ankle weights
with a therapeutic squeeze ball. The authors reported that the resistance training program
resulted in improvements in most outcomes, but there were not interactive effects for crea-
tine supplementation. Given the large effects that resistance training elicits in novices [157],
it is possible that any benefits of creatine were not detectable in the treatment group. Smith
and colleagues [156] further analyzed these data to determine whether the combination of
resistance exercise and creatine supplementation would increase the percentage of type
I myosin heavy chain content composition in the vastus lateralis and whether myosin
isoform changes would correlate with improved chair rise-time in patients with CMT. Their
findings indicated that, when combined with resistance training, creatine supplementation
resulted in a decline in type 1 myosin heavy chain content and an increase in type II myosin
heavy chain content. Moreover, these changes correlated with an increase in chair rise
performance. While speculative, the work of Smith et al. [156] points to a role for creatine
supplementation altering skeletal muscle protein synthesis, activating satellite cells, and
modifying myosin heavy chain isoform in patients with CMT. Given that only three studies
have included patients with CMT [154-156], it is unclear whether creatine supplementation
is an effective treatment approach for improving clinical outcomes. Given that there are
so few therapeutic treatment options available for these patients, more work in this area
is needed.

4.3. Cardiopulmonary Disease

Patients with cardiovascular impairments, including those with chronic obstructive
pulmonary disease (COPD) and congestive heart failure, typically display similar comor-
bidities and etiological factors resulting in malnutrition and muscle dysfunction [158-160]
that may benefit from creatine supplementation during the process of physical rehabili-
tation. From a broad perspective, creatine plays a role in both cardiac function [161] and
vascular health [162] with declines in endogenous creatine a likely consequence of related
dysfunction that may be augmented with exogenous supplementation. While the current
review is focused on physical rehabilitation rather than the influence of creatine on car-
diopulmonary diseases, in-depth analysis of these topics are presented by Balestrino [161]
and Clarke et al. [162]. There is evidence to support performance benefits in the litera-
ture, with improved muscular strength and endurance, maximal aerobic power, and body
composition in patients suffering from COPD [163] and heart failure [164-166] following
creatine supplementation without exercise interventions. However, these findings are not
consistent [167,168].

When examined in combination with cardiopulmonary rehabilitation, the potential
clinical benefits of creatine supplementation for patients with COPD and congestive heart
failure have been limited [169]. Cardiopulmonary rehabilitation programs typically feature
two to three 60-90 min exercise sessions per week, completed over a 7- to 12-week period.
Each session usually includes both aerobic and resistance training components, with an
intended aim of progressive overload. Minimal improvements in physical performance,
health-related quality of life, and body composition with the addition of creatine supple-
mentation [168,170-172] have been observed. However, this may be due to the robust
physiological stimulus and positive outcomes for these measures provided by structured
exercise programming in these individuals.

Only one study [163] reported significant increases in fat-free mass, muscular strength/
endurance, and health status in COPD patients receiving supplemental creatine versus
placebo during pulmonary rehabilitation, but found similar changes in pulmonary function
and whole-body exercise capacity between groups. Notably, the creatine group in this
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study had an average body mass index (BMI) of 23.2 + 3.6 kg-m~% which is lower than
those examined elsewhere (25-28 kg-m~2) and the closest to the cutoff of being classified
as underweight (21 kg-m~2) with the potential of protein-energy malnutrition. Further, the
study design featured the most comprehensive creatine loading protocol (5.7 g, 3x daily
for two weeks) of the evaluated studies, which was completed prior to commencement
of the pulmonary rehabilitation program and resulted in augmented body composition
(body mass and fat-free mass) and muscle function (leg extension endurance and handgrip
strength/endurance). In comparison, Deacon et al. [168] also utilized a creatine loading
phase (~5.5 g, 4x daily for 5 days) in COPD patients before beginning a program of
rehabilitative exercise in combination with a maintenance dose of creatine. Despite this,
patients in both the creatine and placebo groups showed similar improvements after the
intervention. However, it should be noted that the creatine group in this investigation had
the highest BMI of the evaluated studies.

From a different perspective, Hemati et al. [173] reported improvements in markers
of inflammation (interleukin-6 and C-reactive protein) as well as endothelial dysfunction
(P-selectin and intercellular adhesion molecule-1) in heart failure patients undergoing an
8 week aerobic training program while supplementing with a 5 g-day ~! maintenance dose
of creatine compared to a control group receiving no treatment. Recently, Ostojic [174]
proposed that along with pulmonary rehabilitation, creatine supplementation be used as
adjuvant therapy as nutritional support for those experiencing “long-haul” symptoms of
COVID-19. Taken together with the findings in patients with cardiopulmonary impair-
ments (with and without exercise), additional research and larger clinical trials [175] are still
needed to evaluate the efficacy of creatine supplementation in these clinical populations.

4.4. Mitochondrial Cytopathies

Mitochondrial cytopathies are a heterogenous group of genetic disorders that ad-
versely change the electron transport chain (ETC) and its function [176]. The most common
mitochondrial cytopathy is mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS). Other types include chronic progressive external opthalmoplegia
(CPEO) and Kearns—Sayre syndrome [176]. Patients with mitochondrial cytopathies show
poor exercise tolerance, very low VO, max values, and decreased ability to extract oxygen
peripherally [177]. Interestingly, the decrease in aerobic power results in an up-regulation
of the anaerobic pathways [177]. Further, mitochondria dysfunction results in an inability to
meet various energy needs for proper function, notably in the nervous, cardiac, endocrine,
and musculoskeletal systems [178,179]. This is especially evident within the muscular and
nervous systems due to the high energy demands of muscle and nerve [179]. Since there is
currently no known cure for these diseases, patients are managed and treated based upon
their symptoms, which typically involve muscular weakness, ataxia, and intolerance to
physical activity [180,181].

Nutritional interventions such as antioxidants have been recommended due to the
high level of oxidative stress observed in patients with mitochondrial cytopathies, but to
date have shown no efficacy. Interestingly, several investigators have shown a decrease
in phosphocreatine/inorganic phosphate ratio and phosphocreatine concentration in pa-
tients with mitochondrial cytopathy. Thus, it appears that the functional loss of the ETC
adversely alters phosphocreatine metabolism, which has been shown to delay recovery
post-exercise [114,182,183]. Increasing the concentration of phosphocreatine, with creatine
supplementation, in skeletal muscle has been shown to increase muscle function and
accelerate recovery from exercise in healthy populations [184]. Furthermore, it has been
suggested that creatine supplementation may also attenuate oxidative stress, thereby re-
ducing free radical damage to the mitochondria [185]. Therefore, creatine supplementation
would be a potentially beneficial strategy in this patient population.

Given the potential benefits of creatine supplementation in patients with mitochon-
drial cytopathies, several clinical studies have been conducted. Tarnopolsky and col-
leagues [186] administered supplemental creatine (10 g-day ! for 14 days, followed by
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4 g-day~! for 7 days) in a double-blind fashion to primarily MELAS variant patients with
severe mitochondrial cytopathy (VO, max = 10.1 mL-kg~!-min~!). Creatine supplemen-
tation resulted in an 11% improvement in dorsiflexion strength endurance and a 19%
improvement in handgrip strength. Further, although not statistically significant, there
was a 0.6 kg increase in lean mass in the creatine group.

In contrast, in a randomized, placebo-controlled cross-over trial, Klopstock and col-
leagues [187] provided supplemental creatine (20 g-day~! for 28 days) to 16 patients with
primarily CPEO variant mitochondrial cytopathy. While the large dose was well tolerated,
there were no observed significant effects on exercise performance measures or activities of
daily living. Using a similar design, Kornblum et al. [188] provided patients with CPEO
mitochondrial cytopathies with 150 mg-kg ! of body weight per day of supplemental
creatine for six weeks. In agreement with Klopstock et al. [187], creatine supplementation
did not improve exercise performance measures. Further, intramuscular phosphocrea-
tine/adenosine triphosphate ratio did not increase, and there was no effect on post-exercise
phosphocreatine recovery.

There are several reasons for the conflicting results in examinations of creatine’s impact
on mitochondrial cytopathies. Unlike the MELAS variant, CPEO patients typically have
normal ETC enzyme activity and, more importantly, normal creatine and phosphocreatine
concentrations in skeletal muscle. Due to the pathophysiology differences between MELAS
and CPEO patients, responses to creatine supplementation may be different. For example,
it is well known that patients with low skeletal muscle creatine and phosphocreatine levels
respond to exercise performance measures to a greater extent with creatine supplemen-
tation [184]. Given that the CPEO patients in Kornblum et al. [188] had phosphocreatine
levels that were not significantly lower than those in the control group may have resulted
in a non-significant difference in response. Therefore, future studies examining the effect of
creatine supplementation in this population need to identify the mitochondrial variant to
determine the efficacy of the intervention. As indicated in a recent systematic review, sound
research designs are challenging due to the heterogeneity in disorders and physical pre-
sentation [189]. More consistent study endpoints, design, and clinically relevant outcomes
have yet to be determined, and should be considered with higher sample sizes [189].

While there is some evidence suggesting creatine supplementation combined with
rehabilitation or treatments for other pathologies involving muscular dysfunction may be
beneficial, there are very few clinical trials examining the effects of creatine for patients with
mitochondrial cytopathies. Due to the vast array of possible physical presentations and lim-
itations of patients with mitochondrial cytopathies, formal physical rehabilitation and phys-
ical therapy for patients should be individually-based on symptom presentation [181,190].
While treatment approaches for these patient populations demonstrate efficacy in the pro-
motion of physical function, to the best of our knowledge no trials exist that integrate these
physical interventions with the addition of creatine supplementation. Due to the potential
efficacy as demonstrated individually, the combination of the two interventions may be
promising for the promotion of function in patients with mitochondrial cytopathies.

5. Conclusions

Given the encouraging findings regarding the role of creatine supplementation through-
out recovery from exercise, rehabilitation from immobilization or injury, and therapeutic
support during various chronic conditions, creatine monohydrate demonstrates promise
as a rehabilitative aid. Several notable findings have been reported. Based on the literature,
creatine supplementation may:

1. Support recovery from exercise by decreasing exercise-induced damage, supporting
the adaptive response to exercise, and augmenting the physiological response to
training. However, further research is needed regarding whether creatine supplemen-
tation confers a benefit to a specific population (e.g., trained vs. untrained) or type of
exercise (e.g., endurance vs. resistance).
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2. Promote maintenance and mitigate the loss of muscle mass, muscular strength, and
endurance, as well as promote healthy glucoregulation, during periods of immobi-
lization. However, differing study protocols (e.g., muscle group involved, duration,
creatine dosing) may impact the observed findings via differences in atrophic re-
sponse, overall creatine exposure, alterations in neuromuscular mechanisms, and
metabolic adaptations to disuse.

3. Enhance recovery after nerve damage/denervation. While promising, these findings
were observed in the rodent model and have not yet been replicated in humans.

4. Improve physical function, lean mass, and muscular strength in populations with
chronic arthritic diseases. However, the sample size of available trials is small, and
more work is needed.

5. Improve work capacity, strength, and lean mass in individuals with SCI. However,
given the small number of available studies and limited sample size of participants,
more work in this area is needed.

6. Improve physical function, lean mass, muscular strength, bone density, and quality of
life in patients with muscular dystrophy. Despite the promising findings in individ-
uals with dystrophinopathies, similar findings have not been observed in patients
with myotonic dystrophies, indicating that the effects of creatine supplementation are
likely specific to dystrophy type.

7. Confer a beneficial effect in patients with CMT disease via an increase in type II
myosin heavy chain content, alterations in skeletal muscle protein synthesis, and
activation of satellite cells. However, these findings are speculative, and more work
is needed.

8.  Improve lean mass, muscular strength and endurance, and health status in COPD pa-
tients. However, observed responses may be complicated by the robust physiological
response to exercise training in this population, and additional research and larger
clinical trials are needed.

9.  Improve markers of inflammation and endothelial dysfunction in patients with heart
failure. However, this has only been observed in a single trial, and more work in this
area is needed.

10. Improve muscular strength and endurance in certain mitochondrial cytopathies
(MELAS variant). Due to the differences in pathophysiology of mitochondrial cy-
topathies, responses to creatine supplementation may differ between disorder, and
should be further examined.

Notably, creatine supplementation appears safe and well tolerated in virtually all
medical patient populations. Despite the positive impact of creatine supplementation
in numerous clinical conditions, various gaps in the literature may prevent clinicians
and medical professionals from strongly recommending that creatine be used to mitigate
declines in physical function or for use while rehabilitating. More work in these areas is
needed to gauge creatine’s role as a medical and rehabilitative aid.

Author Contributions: Conceptualization, J.R.S. All authors contributed to original draft prepara-
tion, writing, review, and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: The APC of selected papers of this Special Issue are being funded by AlzChem, LLC.
(Trostberg, Germany), which manufactures creatine monohydrate. The funders had no role in the
writing of the manuscript, interpretation of the literature, or in the decision to publish the results.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank all of the research participants, scholars, and
funding agencies who have contributed to the research cited in this manuscript.



Nutrients 2021, 13, 1825 17 of 24

Conflicts of Interest: ].R.S. has conducted industry-sponsored research on creatine and other nu-
traceuticals over the past 25 years. Further, ].R.S. has also received financial support for presenting
on the science of various nutraceuticals, except creatine, at industry-sponsored scientific conferences.
E.S.R. has conducted industry-sponsored research on creatine and received financial support for
presenting on creatine at industry-sponsored scientific conferences. Additionally, he serves as a
member of the Scientific Advisory Board for AlzChem, who sponsored this Special Issue.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

Rehabilitation.  Available online: https://www.who.int/news-room/fact-sheets/detail /rehabilitation (accessed on 18
March 2021).

Jones, SSW.; Hill, R].; Krasney, P.A.; O’Conner, B.; Peirce, N.; Greenhaff, P.L. Disuse Atrophy and Exercise Rehabilitation in
Humans Profoundly Affects the Expression of Genes Associated with the Regulation of Skeletal Muscle Mass. FASEB J. 2004, 18,
1025-1027. [CrossRef] [PubMed]

McKenna, C.F; Fry, C.S. Altered Satellite Cell Dynamics Accompany Skeletal Muscle Atrophy during Chronic Illness, Disuse,
and Aging. Curr. Opin. Clin. Nutr. Metab. Care 2017, 20, 447—-452. [CrossRef]

Sedlmeier, A.M.; Baumeister, S.E.; Weber, A.; Fischer, B.; Thorand, B.; Ittermann, T.; Dorr, M.; Felix, S.B.; Volzke, H.; Peters, A.;
et al. Relation of Body Fat Mass and Fat-Free Mass to Total Mortality: Results from 7 Prospective Cohort Studies. Am. . Clin.
Nutr. 2021, 113, 639-646. [CrossRef]

Nabuurs, C.I; Choe, C.U.; Veltien, A.; Kan, H.E.; van Loon, L.J.C.; Rodenburg, R.J.T.; Matschke, ].; Wieringa, B.; Kemp, G.J.;
Isbrandt, D.; et al. Disturbed Energy Metabolism and Muscular Dystrophy Caused by Pure Creatine Deficiency Are Reversible by
Creatine Intake. J. Physiol. 2013, 591, 571-592. [CrossRef]

Reardon, T.F; Ruell, P.A; Fiatarone Singh, M.A.; Thompson, C.H.; Rooney, K.B. Creatine Supplementation Does Not Enhance
Submaximal Aerobic Training Adaptations in Healthy Young Men and Women. Eur. |. Appl. Physiol. 2006, 98, 234-241. [CrossRef]
[PubMed]

Hespel, P.; Op’t Eijnde, B.; Leemputte, M.V.; Ursg, B.; Greenhaff, P.L.; Labarque, V.; Dymarkowski, S.; Hecke, P.V,; Richter, E.A.
Oral Creatine Supplementation Facilitates the Rehabilitation of Disuse Atrophy and Alters the Expression of Muscle Myogenic
Factors in Humans. J. Physiol. 2001, 536, 625-633. [CrossRef] [PubMed]

Fairman, C.M.; Kendall, K.L.; Hart, N.H.; Taaffe, D.R.; Galvao, D.A.; Newton, R.U. The Potential Therapeutic Effects of Creatine
Supplementation on Body Composition and Muscle Function in Cancer. Crit. Rev. Oncol. Hematol. 2019, 133, 46-57. [CrossRef]
Wall, B.T.; van Loon, L.J. Nutritional Strategies to Attenuate Muscle Disuse Atrophy. Nutr. Rev. 2013, 71, 195-208. [CrossRef]
[PubMed]

Pearlman, J.P; Fielding, R.A. Creatine Monohydrate as a Therapeutic Aid in Muscular Dystrophy. Nutr. Rev. 2006, 64, 80-88.
[CrossRef]

Bonilla, D.A.; Kreider, R.B.; Stout, ].R.; Forero, D.A.; Kerksick, C.M.; Roberts, M.D.; Rawson, R.S. Metabolic Basis of Creatine in
Health and Disease: A Bioinformatics-Assisted Review. Nutrients 2021, 13, 1238. [CrossRef]

Buford, TW.; Kreider, R.B.; Stout, J.R.; Greenwood, M.; Campbell, B.; Spano, M.; Ziegenfuss, T.; Lopez, H.; Landis, J.; Antonio, J.
International Society of Sports Nutrition Position Stand: Creatine Supplementation and Exercise. J. Int. Soc. Sports Nutr. 2007, 4, 6.
[CrossRef] [PubMed]

Volek, J.S.; Ballard, K.D.; Forsythe, C.E. Overview of Creatine Metabolism. In Essentials of Creatine in Sports and Health; Stout, ].R.,
Antonio, J., Kalman, D., Eds.; Humana Press: Totowa, NJ, USA, 2008; pp. 1-23. ISBN 978-1-59745-573-2.

Harris, R.C.; Séderlund, K.; Hultman, E. Elevation of Creatine in Resting and Exercised Muscle of Normal Subjects by Creatine
Supplementation. Clin. Sci. 1992, 83, 367-374. [CrossRef] [PubMed]

Hultman, E.; Soderlund, K.; Timmons, J.A.; Cederblad, G.; Greenhaff, P.L. Muscle Creatine Loading in Men. |. Appl. Physiol. 1996,
81, 232-237. [CrossRef]

Greenhaff, P.L. The Nutritional Biochemistry of Creatine. |. Nutr. Biochem. 1997, 8, 610-618. [CrossRef]

Balsom, P.D.; Soderlund, K.; Ekblom, B. Creatine in Humans with Special Reference to Creatine Supplementation. Sports Med.
1994, 18, 268-280. [CrossRef]

Wallimann, T.; Dolder, M.; Schlattner, U.; Eder, M.; Hornemann, T.; O’Gorman, E.; Riick, A.; Brdiczka, D. Some New Aspects of
Creatine Kinase (CK): Compartmentation, Structure, Function and Regulation for Cellular and Mitochondrial Bioenergetics and
Physiology. Biofactors 1998, 8, 229-234. [CrossRef] [PubMed]

Wallimann, T.; Schlosser, T.; Eppenberger, H.M. Function of M-Line-Bound Creatine Kinase as Intramyofibrillar ATP Regenerator
at the Receiving End of the Phosphorylcreatine Shuttle in Muscle. |. Biol. Chem. 1984, 259, 5238-5246. [CrossRef]

Kreider, R.B.; Kalman, D.S.; Antonio, J.; Ziegenfuss, T.N.; Wildman, R.; Collins, R.; Candow, D.G.; Kleiner, S.M.; Almada, A.L,;
Lopez, H.L. International Society of Sports Nutrition Position Stand: Safety and Efficacy of Creatine Supplementation in Exercise,
Sport, and Medicine. J. Int. Soc. Sports Nutr. 2017, 14, 18. [CrossRef]

Hespel, P; Derave, W. Ergogenic Effects of Creatine in Sports and Rehabilitation. In Creatine and Creatine Kinase in Health and
Disease; Salomons, G.S., Wyss, M., Eds.; Subcellular Biochemistry; Springer: Dordrecht, The Netherlands, 2007; pp. 246-259. ISBN
978-1-4020-6486-9.


https://www.who.int/news-room/fact-sheets/detail/rehabilitation
http://doi.org/10.1096/fj.03-1228fje
http://www.ncbi.nlm.nih.gov/pubmed/15084522
http://doi.org/10.1097/MCO.0000000000000409
http://doi.org/10.1093/ajcn/nqaa339
http://doi.org/10.1113/jphysiol.2012.241760
http://doi.org/10.1007/s00421-006-0267-9
http://www.ncbi.nlm.nih.gov/pubmed/16896727
http://doi.org/10.1111/j.1469-7793.2001.0625c.xd
http://www.ncbi.nlm.nih.gov/pubmed/11600695
http://doi.org/10.1016/j.critrevonc.2018.11.003
http://doi.org/10.1111/nure.12019
http://www.ncbi.nlm.nih.gov/pubmed/23550781
http://doi.org/10.1111/j.1753-4887.2006.tb00191.x
http://doi.org/10.3390/nu13041238
http://doi.org/10.1186/1550-2783-4-6
http://www.ncbi.nlm.nih.gov/pubmed/17908288
http://doi.org/10.1042/cs0830367
http://www.ncbi.nlm.nih.gov/pubmed/1327657
http://doi.org/10.1152/jappl.1996.81.1.232
http://doi.org/10.1016/S0955-2863(97)00116-2
http://doi.org/10.2165/00007256-199418040-00005
http://doi.org/10.1002/biof.5520080310
http://www.ncbi.nlm.nih.gov/pubmed/9914824
http://doi.org/10.1016/S0021-9258(17)42981-4
http://doi.org/10.1186/s12970-017-0173-z

Nutrients 2021, 13, 1825 18 of 24

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gualano, B.; Artioli, G.G.; Poortmans, J.R.; Lancha Junior, A.H. Exploring the Therapeutic Role of Creatine Supplementation.
Amino Acids 2010, 38, 31-44. [CrossRef] [PubMed]

Weir, ].P. Clinical Applications. In Essentials of Creatine in Sports and Health; Stout, ].R., Antonio, J., Kalman, D., Eds.; Humana
Press: Totowa, NJ, USA, 2008; pp. 173-210. ISBN 978-1-59745-573-2.

Corn, M,; Kallail, D.; Payne, D.; Bullock, C.; Raynes, E.A. Will the Use of Supplemental Creatine Decrease Rehabilitation Time
among Young Adults Coping with the Effects of Immobilization Related Injuries? Int. J. Soc. Health Inf. Manag. 2011, 4, 89-102.
Rawson, E.S.; Clarkson, P.M.; Tarnopolsky, M.A. Perspectives on Exertional Rhabdomyolysis. Sports Med 2017, 47, 33—49.
[CrossRef]

Eichner, E.R. An Outbreak of Muscle Breakdown: A Morality Play in Four Acts. Curr. Sports Med. Rep. 2010, 9, 325-326. [CrossRef]
Oh, J.Y,; Laidler, M; Fiala, S.C.; Hedberg, K. Acute Exertional Rhabdomyolysis and Triceps Compartment Syndrome during a
High School Football CAMP. Sports Health 2012, 4, 57-62. [CrossRef] [PubMed]

Smoot, M.K.; Amendola, A.; Cramer, E.; Doyle, C.; Kregel, K.C.; Chiang, H.; Cavanaugh, J.E.; Herwaldt, L.A. A Cluster of
Exertional Rhabdomyolysis Affecting a Division I Football Team. Clin. . Sport Med. 2013, 23, 365-372. [CrossRef]

Centers for Disease Control and Prevention (CDC). Hyperthermia and Dehydration-Related Deaths Associated with Intentional
Rapid Weight Loss in Three Collegiate Wrestlers—North Carolina, Wisconsin, and Michigan, November-December 1997. Mmuwr.
Morb. Mortal. Wkly. Rep. 1998, 47, 105-108.

Greenwood, M.; Kreider, R.B.; Greenwood, L.; Byars, A. Cramping and Injury Incidence in Collegiate Football Players Are
Reduced by Creatine Supplementation. J. Athl. Train. 2003, 38, 216-219. [PubMed]

Greenwood, M.; Kreider, R.B.; Greenwood, L.; Willoughby, D.; Byars, A. The Effects of Creatine Supplementation on Cramping
and Injury Occurrence during College Baseball Training and Competition. JEP Online 2003, 6, 16-23.

Greenwood, M.; Kreider, R.B.; Melton, C.; Rasmussen, C.; Lancaster, S.; Cantler, E.; Milnor, P.; Almada, A. Creatine Supplementa-
tion during College Football Training Does Not Increase the Incidence of Cramping or Injury. Mol. Cell Biochem. 2003, 244, 83-88.
[CrossRef] [PubMed]

Rawson, E.S.; Miles, M.P,; Larson-Meyer, D.E. Dietary Supplements for Health, Adaptation, and Recovery in Athletes. Int. ]. Sport
Nutr. Exerc. Metab. 2018, 28, 188-199. [CrossRef] [PubMed]

Kim, J.; Lee, J.; Kim, S.; Yoon, D.; Kim, J.; Sung, D.J. Role of Creatine Supplementation in Exercise-Induced Muscle Damage: A
Mini Review. J. Exerc. Rehabil. 2015, 11, 244-250. [CrossRef]

Northeast, B.; Clifford, T. The Effect of Creatine Supplementation on Markers of Exercise-Induced Muscle Damage: A Systematic
Review and Meta-Analysis of Human Intervention Trials. Int. |. Sport Nutr. Exerc. Metab. 2021, 31, 276-291. [CrossRef]
Clarkson, PM.; Hubal, M.]. Exercise-Induced Muscle Damage in Humans. Am. . Phys. Med. Rehabil. 2002, 81, S52-569. [CrossRef]
[PubMed]

Hyldahl, R.D.; Hubal, M.J. Lengthening Our Perspective: Morphological, Cellular, and Molecular Responses to Eccentric Exercise.
Muscle Nerve 2014, 49, 155-170. [CrossRef] [PubMed]

Burke, D.G.; Candow, D.G.; Chilibeck, P.D.; MacNeil, L.G.; Roy, B.D.; Tarnopolsky, M.A.; Ziegenfuss, T. Effect of Creatine
Supplementation and Resistance-Exercise Training on Muscle Insulin-like Growth Factor in Young Adults. Int. J. Sport Nutr.
Exerc. Metab. 2008, 18, 389-398. [CrossRef]

Deldicque, L.; Louis, M.; Theisen, D.; Nielens, H.; Dehoux, M.; Thissen, ].-P.; Rennie, M.].; Francaux, M. Increased IGF MRNA in
Human Skeletal Muscle after Creatine Supplementation. Med. Sci. Sports Exerc. 2005, 37, 731-736. [CrossRef] [PubMed]
Willoughby, D.S.; Rosene, J. Effects of Oral Creatine and Resistance Training on Myosin Heavy Chain Expression. Med. Sci. Sports
Exerc. 2001, 33, 1674-1681. [CrossRef] [PubMed]

Willoughby, D.S.; Rosene, ] M. Effects of Oral Creatine and Resistance Training on Myogenic Regulatory Factor Expression. Med.
Sci. Sports Exerc. 2003, 35, 923-929. [CrossRef]

Olsen, S.; Aagaard, P,; Kadi, F; Tufekovic, G.; Verney, J.; Olesen, J.L.; Suetta, C.; Kjaer, M. Creatine Supplementation Augments
the Increase in Satellite Cell and Myonuclei Number in Human Skeletal Muscle Induced by Strength Training. J. Physiol. 2006,
573, 525-534. [CrossRef] [PubMed]

Safdar, A.; Yardley, N.J.; Snow, R.; Melov, S.; Tarnopolsky, M.A. Global and Targeted Gene Expression and Protein Content in
Skeletal Muscle of Young Men Following Short-Term Creatine Monohydrate Supplementation. Physiol. Genom. 2008, 32, 219-228.
[CrossRef]

Berneis, K.; Ninnis, R.; Haussinger, D.; Keller, U. Effects of Hyper- and Hypoosmolality on Whole Body Protein and Glucose
Kinetics in Humans. Am. J. Physiol. 1999, 276, E188-E195. [CrossRef] [PubMed]

Héussinger, D.; Roth, E.; Lang, F.; Gerok, W. Cellular Hydration State: An Important Determinant of Protein Catabolism in Health
and Disease. Lancet 1993, 341, 1330-1332. [CrossRef]

McKinnon, N.B.; Graham, M.T.; Tiidus, PM. Effect of Creatine Supplementation on Muscle Damage and Repair Following
Eccentrically-Induced Damage to the Elbow Flexor Muscles. J. Sports Sci. Med. 2012, 11, 653-659.

Bassit, R.A.; Curi, R.; Costa Rosa, L.EB.P. Creatine Supplementation Reduces Plasma Levels of Pro-Inflammatory Cytokines and
PGE2 after a Half-Ironman Competition. Amino Acids 2008, 35, 425-431. [CrossRef] [PubMed]

Bassit, R.A.; da Justa Pinheiro, C.H.; Vitzel, K.F,; Sproesser, A.].; Silveira, L.R.; Curi, R. Effect of Short-Term Creatine Supple-
mentation on Markers of Skeletal Muscle Damage after Strenuous Contractile Activity. Eur. . Appl. Physiol. 2010, 108, 945-955.
[CrossRef]


http://doi.org/10.1007/s00726-009-0263-6
http://www.ncbi.nlm.nih.gov/pubmed/19253023
http://doi.org/10.1007/s40279-017-0689-z
http://doi.org/10.1249/JSR.0b013e3181fc6d1a
http://doi.org/10.1177/1941738111413874
http://www.ncbi.nlm.nih.gov/pubmed/23016070
http://doi.org/10.1097/JSM.0b013e3182914fe2
http://www.ncbi.nlm.nih.gov/pubmed/14608430
http://doi.org/10.1023/A:1022413202549
http://www.ncbi.nlm.nih.gov/pubmed/12701814
http://doi.org/10.1123/ijsnem.2017-0340
http://www.ncbi.nlm.nih.gov/pubmed/29345167
http://doi.org/10.12965/jer.150237
http://doi.org/10.1123/ijsnem.2020-0282
http://doi.org/10.1097/00002060-200211001-00007
http://www.ncbi.nlm.nih.gov/pubmed/12409811
http://doi.org/10.1002/mus.24077
http://www.ncbi.nlm.nih.gov/pubmed/24030935
http://doi.org/10.1123/ijsnem.18.4.389
http://doi.org/10.1249/01.MSS.0000162690.39830.27
http://www.ncbi.nlm.nih.gov/pubmed/15870625
http://doi.org/10.1097/00005768-200110000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11581551
http://doi.org/10.1249/01.MSS.0000069746.05241.F0
http://doi.org/10.1113/jphysiol.2006.107359
http://www.ncbi.nlm.nih.gov/pubmed/16581862
http://doi.org/10.1152/physiolgenomics.00157.2007
http://doi.org/10.1152/ajpendo.1999.276.1.E188
http://www.ncbi.nlm.nih.gov/pubmed/9886966
http://doi.org/10.1016/0140-6736(93)90828-5
http://doi.org/10.1007/s00726-007-0582-4
http://www.ncbi.nlm.nih.gov/pubmed/17917696
http://doi.org/10.1007/s00421-009-1305-1

Nutrients 2021, 13, 1825 19 of 24

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Basta, P.; Skarpaniska-Stejnborn, A.; Pilaczyniska-Szczesniak, L. Creatine Supplementation and Parameters of Exercise-Induced
Oxidative Stress after a Standard Rowing Test. Stud. Phys. Cult. Tour. 2006, 6, 17-23.

Boychuk, K.E.; Lanovaz, J.L.; Krentz, J.R.; Lishchynsky, ].T.; Candow, D.G.; Farthing, J.P. Creatine Supplementation Does Not
Alter Neuromuscular Recovery after Eccentric Exercise. Muscle Nerve 2016, 54, 487-495. [CrossRef] [PubMed]

Cooke, M.B.; Rybalka, E.; Williams, A.D.; Cribb, PJ.; Hayes, A. Creatine Supplementation Enhances Muscle Force Recovery after
Eccentrically-Induced Muscle Damage in Healthy Individuals. J. Int. Soc. Sports Nutr. 2009, 6, 13. [CrossRef]

Deminice, R.; Rosa, F.T.; Franco, G.S.; Jordao, A.A.; de Freitas, E.C. Effects of Creatine Supplementation on Oxidative Stress and
Inflammatory Markers after Repeated-Sprint Exercise in Humans. Nutrition 2013, 29, 1127-1132. [CrossRef] [PubMed]
Machado, M.; Pereira, R.; Sampaio-Jorge, F.; Knifis, F.; Hackney, A. Creatine Supplementation: Effects on Blood Creatine Kinase
Activity Responses to Resistance Exercise and Creatine Kinase Activity Measurement. Braz. |. Pharm. Sci. 2009, 45, 751-757.
[CrossRef]

Rawson, E.S.; Conti, M.P.; Miles, M.P. Creatine Supplementation Does Not Reduce Muscle Damage or Enhance Recovery from
Resistance Exercise. J. Strength Cond. Res. 2007, 21, 1208-1213. [CrossRef] [PubMed]

Rawson, E.S.; Gunn, B.; Clarkson, PM. The Effects of Creatine Supplementation on Exercise-Induced Muscle Damage. . Strength
Cond. Res. 2001, 15, 178-184.

Rosene, ].; Matthews, T.; Ryan, C.; Belmore, K.; Bergsten, A.; Blaisdell, ].; Gaylord, J.; Love, R.; Marrone, M.; Ward, K; et al. Short
and Longer-Term Effects of Creatine Supplementation on Exercise Induced Muscle Damage. ]. Sports Sci. Med. 2009, 8, 89-96.
Santos, R.V.T.; Bassit, R.A.; Caperuto, E.C.; Costa Rosa, L.FE.B.P. The Effect of Creatine Supplementation upon Inflammatory and
Muscle Soreness Markers after a 30km Race. Life Sci. 2004, 75, 1917-1924. [CrossRef]

Taylor, B.A.; Panza, G.; Ballard, K.D.; White, C.M.; Thompson, P.D. Creatine Supplementation Does Not Alter the Creatine Kinase
Response to Eccentric Exercise in Healthy Adults on Atorvastatin. J. Clin. Lipidol. 2018, 12, 1305-1312. [CrossRef]

Veggi, K.F.; Machado, M.; Koch, A.].; Santana, S.C.; Oliveira, S.S.; Stec, M.J. Oral Creatine Supplementation Augments the
Repeated Bout Effect. Int. J. Sport Nutr. Exerc. Metab. 2013, 23, 378-387. [CrossRef] [PubMed]

Wang, C.-C.; Fang, C.-C.; Lee, Y.-H.; Yang, M.-T.; Chan, K.-H. Effects of 4-Week Creatine Supplementation Combined with
Complex Training on Muscle Damage and Sport Performance. Nutrients 2018, 10, 1640. [CrossRef] [PubMed]

Kreider, R.B.; Melton, C.; Rasmussen, C.J.; Greenwood, M.; Lancaster, S.; Cantler, E.C.; Milnor, P.; Almada, A.L. Long-Term
Creatine Supplementation Does Not Significantly Affect Clinical Markers of Health in Athletes. Mol. Cell Biochem. 2003, 244,
95-104. [CrossRef] [PubMed]

Hather, B.M.; Adams, G.R.; Tesch, P.A.; Dudley, G.A. Skeletal Muscle Responses to Lower Limb Suspension in Humans. J. Appl.
Physiol. (1985) 1992, 72, 1493-1498. [CrossRef] [PubMed]

Wall, B.T.; Dirks, M.L.; Snijders, T.; Senden, ].M.G.; Dolmans, J.; van Loon, L.J.C. Substantial Skeletal Muscle Loss Occurs during
Only 5 Days of Disuse. Acta Physiol. Oxf. 2014, 210, 600-611. [CrossRef]

Berg, H.E.; Dudley, G.A.; Higgmark, T.; Ohlsén, H.; Tesch, P.A. Effects of Lower Limb Unloading on Skeletal Muscle Mass and
Function in Humans. J. Appl. Physiol. (1985) 1991, 70, 1882-1885. [CrossRef]

Duchateau, J.; Hainaut, K. Electrical and Mechanical Changes in Immobilized Human Muscle. ]. Appl. Physiol. (1985) 1987, 62,
2168-2173. [CrossRef]

Stevens, J.E.; Walter, G.A.; Okereke, E.; Scarborough, M.T.; Esterhai, J.L.; George, S.Z.; Kelley, M.].; Tillman, S.M.; Gibbs, ].D.;
Elliott, M.A ; et al. Muscle Adaptations with Immobilization and Rehabilitation after Ankle Fracture. Med. Sci. Sports Exerc. 2004,
36, 1695-1701. [CrossRef] [PubMed]

Vandenborne, K,; Elliott, M.A.; Walter, G.A.; Abdus, S.; Okereke, E.; Shaffer, M.; Tahernia, D.; Esterhai, ].L. Longitudinal Study of
Skeletal Muscle Adaptations during Immobilization and Rehabilitation. Muscle Nerve 1998, 21, 1006-1012. [CrossRef]

Stuart, C.A.; Shangraw, R.E.; Prince, M.].; Peters, E.J.; Wolfe, R.R. Bed-Rest-Induced Insulin Resistance Occurs Primarily in Muscle.
Metabolism 1988, 37, 802-806. [CrossRef]

Tzankoff, S.P.; Norris, A.H. Effect of Muscle Mass Decrease on Age-Related BMR Changes. J. Appl. Physiol. Respir. Environ. Exerc.
Physiol. 1977, 43, 1001-1006. [CrossRef] [PubMed]

Ferrando, A.A.; Lane, H.W.,; Stuart, C.A.; Davis-Street, J.; Wolfe, R.R. Prolonged Bed Rest Decreases Skeletal Muscle and Whole
Body Protein Synthesis. Am. |. Physiol. 1996, 270, E627-E633. [CrossRef] [PubMed]

Branch, J.D. Effect of Creatine Supplementation on Body Composition and Performance: A Meta-Analysis. Int. ]. Sport Nutr.
Exerc. Metab. 2003, 13, 198-226. [CrossRef]

Fransen, J.C. Exploring the Potential of Creatine Ingestion to Maintain Muscle Function during Immobilization. JNHFS 2015, 3.
[CrossRef]

Padilha, C.S,; Cella, P.S.; Salles, L.R.; Deminice, R. Oral Creatine Supplementation Attenuates Muscle Loss Caused by Limb
Immobilization: A Systematic Review. Fisioter. Mov. 2017, 30, 831-838. [CrossRef]

Johnston, A.P.W.; Burke, D.G.; MacNeil, L.G.; Candow, D.G. Effect of Creatine Supplementation During Cast-Induced Immobi-
lization on the Preservation of Muscle Mass, Strength, and Endurance. J. Strength Cond. Res. 2009, 23, 116-120. [CrossRef]
Eijnde, B.O.; Urso, B.; Richter, E.A.; Greenhaff, PL.; Hespel, P. Effect of Oral Creatine Supplementation on Human Muscle GLUT4
Protein Content After Immobilization. Diabetes 2001, 50, 18-23. [CrossRef]

Jaspers, S.R.; Tischler, M.E. Atrophy and Growth Failure of Rat Hindlimb Muscles in Tail-Cast Suspension | Journal of Applied
Physiology. J. Appl. Physiol. 1984, 57, 1472-1479. [CrossRef] [PubMed]


http://doi.org/10.1002/mus.25091
http://www.ncbi.nlm.nih.gov/pubmed/26930603
http://doi.org/10.1186/1550-2783-6-13
http://doi.org/10.1016/j.nut.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23800565
http://doi.org/10.1590/S1984-82502009000400020
http://doi.org/10.1519/R-21076.1
http://www.ncbi.nlm.nih.gov/pubmed/18076246
http://doi.org/10.1016/j.lfs.2003.11.036
http://doi.org/10.1016/j.jacl.2018.05.018
http://doi.org/10.1123/ijsnem.23.4.378
http://www.ncbi.nlm.nih.gov/pubmed/23349298
http://doi.org/10.3390/nu10111640
http://www.ncbi.nlm.nih.gov/pubmed/30400221
http://doi.org/10.1023/A:1022469320296
http://www.ncbi.nlm.nih.gov/pubmed/12701816
http://doi.org/10.1152/jappl.1992.72.4.1493
http://www.ncbi.nlm.nih.gov/pubmed/1534323
http://doi.org/10.1111/apha.12190
http://doi.org/10.1152/jappl.1991.70.4.1882
http://doi.org/10.1152/jappl.1987.62.6.2168
http://doi.org/10.1249/01.MSS.0000142407.25188.05
http://www.ncbi.nlm.nih.gov/pubmed/15595289
http://doi.org/10.1002/(SICI)1097-4598(199808)21:8&lt;1006::AID-MUS4&gt;3.0.CO;2-C
http://doi.org/10.1016/0026-0495(88)90018-2
http://doi.org/10.1152/jappl.1977.43.6.1001
http://www.ncbi.nlm.nih.gov/pubmed/606683
http://doi.org/10.1152/ajpendo.1996.270.4.E627
http://www.ncbi.nlm.nih.gov/pubmed/8928769
http://doi.org/10.1123/ijsnem.13.2.198
http://doi.org/10.15226/jnhfs.2015.00148
http://doi.org/10.1590/1980-5918.030.004.ar01
http://doi.org/10.1519/JSC.0b013e31818efbcc
http://doi.org/10.2337/diabetes.50.1.18
http://doi.org/10.1152/jappl.1984.57.5.1472
http://www.ncbi.nlm.nih.gov/pubmed/6520041

Nutrients 2021, 13, 1825 20 of 24

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Aoki, M. Deleteriuos Effects of Immobilization upon Rat Skeletal Muscle: Role of Creatine Supplementation. Clin. Nutr. 2004, 23,
1176-1183. [CrossRef]

Marzuca-Nassr, G.N.; Fortes, M.S.; Guimaraes-Ferreira, L.; Murata, G.M.; Vitzel, K.F.; Vasconcelos, D.A.; Bassit, R.A.; Curi, R.
Short-Term Creatine Supplementation Changes Protein Metabolism Signaling in Hindlimb Suspension. Braz. ]. Med. Biol. Res.
2019, 52, €8391. [CrossRef]

Fransen, J.C.; Zuhl, M.; Kerksick, C.M.; Cole, N.; Altobelli, S.; Kuethe, D.O.; Schneider, S. Impact of Creatine on Muscle
Performance and Phosphagen Stores after Immobilization. Eur. J. Appl. Physiol. 2015, 115, 1877-1886. [CrossRef]

Backx, E.M.P,; Hangelbroek, R.; Snijders, T.; Verscheijden, M.-L.; Verdijk, L.B.; de Groot, L.C.P.G.M.; van Loon, L.J.C. Creatine
Loading Does Not Preserve Muscle Mass or Strength During Leg Immobilization in Healthy, Young Males: A Randomized
Controlled Trial. Sports Med. 2017, 47, 1661-1671. [CrossRef]

Tyler, T.E,; Nicholas, S.J.; Hershman, E.B.; Glace, B.W.; Mullaney, M.].; McHugh, M.P. The Effect of Creatine Supplementation on
Strength Recovery after Anterior Cruciate Ligament (ACL) Reconstruction: A Randomized, Placebo-Controlled, Double-Blind
Trial. Am. J. Sports Med. 2004, 32, 383-388. [CrossRef] [PubMed]

Roy, B.D.; de Beer, J.; Harvey, D.; Tarnopolsky, M.A. Creatine Monohydrate Supplementation Does Not Improve Functional
Recovery after Total Knee Arthroplasty. Arch Phys. Med. Rehabil. 2005, 86, 1293-1298. [CrossRef] [PubMed]

Ozkan, O.; Duman, O,; Haspolat, S.; Ozgenta@, H.E.; Dikici, M.B.; Giirer, I; Glingor, H.A.; Glizide Gokhan, A. Effect of Systemic
Creatine Monohydrate Supplementation on Denervated Muscle During Reinnervation: Experimental Study in the Rat. J. Reconstr.
Microsurg. 2005, 21, 573-580. [CrossRef]

Crassous, B.; Richard-Bulteau, H.; Deldicque, L.; Serrurier, B.; Pasdeloup, M.; Francaux, M.; Bigard, X.; Koulmann, N. Lack
of Effects of Creatine on the Regeneration of Soleus Muscle after Injury in Rats. Med. Sci. Sports Exerc. 2009, 41, 1761-1769.
[CrossRef]

Richard-Bulteau, H.; Serrurier, B.; Crassous, B.; Banzet, S.; Peinnequin, A.; Bigard, X.; Koulmann, N. Recovery of Skeletal Muscle
Mass after Extensive Injury: Positive Effects of Increased Contractile Activity. Am. . Physiol. Cell Physiol. 2008, 294, C467—-C476.
[CrossRef]

Hicks, A.L.; Martin Ginis, K.A.; Pelletier, C.A.; Ditor, D.S.; Foulon, B.; Wolfe, D.L. The Effects of Exercise Training on Physical
Capacity, Strength, Body Composition and Functional Performance among Adults with Spinal Cord Injury: A Systematic Review.
Spinal Cord 2011, 49, 1103-1127. [CrossRef]

Hopman, M.T.; Oeseburg, B.; Binkhorst, R.A. Cardiovascular Responses in Paraplegic Subjects during Arm Exercise. Eur. |. Appl.
Physiol. Occup. Physiol. 1992, 65, 73-78. [CrossRef]

Jehl, J.L.; Gandmontagne, M.; Pastene, G.; Eyssette, M.; Flandrois, R.; Coudert, J. Cardiac Output during Exercise in Paraplegic
Subjects. Eur. |. Appl. Physiol. Occup. Physiol. 1991, 62, 256-260. [CrossRef]

Lin, K.H.; Lai, J.S.; Kao, M.]; Lien, I.N. Anaerobic Threshold and Maximal Oxygen Consumption during Arm Cranking Exercise
in Paraplegia. Arch. Phys. Med. Rehabil. 1993, 74, 515-520. [CrossRef]

Jacobs, PL.; Mahoney, E.T.; Cohn, K.A.; Sheradsky, L.F.; Green, B.A. Oral Creatine Supplementation Enhances Upper Extremity
Work Capacity in Persons with Cervical-Level Spinal Cord Injury. Arch. Phys. Med. Rehabil. 2002, 83, 19-23. [CrossRef] [PubMed]
Amorim, S.; Teixeira, V.H.; Corredeira, R.; Cunha, M.; Maia, B.; Margalho, P; Pires, J. Creatine or Vitamin D Supplementation in
Individuals with a Spinal Cord Injury Undergoing Resistance Training: A Double-Blinded, Randomized Pilot Trial. ]. Spinal Cord
Med. 2018, 41, 471-478. [CrossRef] [PubMed]

Hausmann, O.N.; Fouad, K.; Wallimann, T.; Schwab, M.E. Protective Effects of Oral Creatine Supplementation on Spinal Cord
Injury in Rats. Spinal Cord 2002, 40, 449-456. [CrossRef] [PubMed]

Wilkinson, T.J. Oral Creatine Supplementation: A Potential Adjunct Therapy for Rheumatoid Arthritis Patients. WJR 2014, 4, 22.
[CrossRef]

Neves, M.; Gualano, B.; Roschel, H.; Fuller, R.; Benatti, FB.; De Sa Pinto, A.L.; Lima, ER.; Pereira, R M.; Lancha, A.H.; Bonfa, E.
Beneficial Effect of Creatine Supplementation in Knee Osteoarthritis. Med. Sci. Sports Exerc. 2011, 43, 1538-1543. [CrossRef]
Willer, B.; Stucki, G.; Hoppeler, H.; Brithlmann, P.; Krahenbiihl, S. Effects of Creatine Supplementation on Muscle Weakness in
Patients with Rheumatoid Arthritis. Rheumatol. Oxf. 2000, 39, 293-298. [CrossRef]

Lange, A.K.; Vanwanseele, B.; Fiatarone Singh, M.A. Strength Training for Treatment of Osteoarthritis of the Knee: A Systematic
Review. Arthritis Care Res. Off. 2008, 59, 1488-1494. [CrossRef]

Clark, B.C. In Vivo Alterations in Skeletal Muscle Form and Function after Disuse Atrophy. Med. Sci. Sports Exerc. 2009, 41,
1869-1875. [CrossRef] [PubMed]

Candow, D.G,; Chilibeck, P.D. Differences in Size, Strength, and Power of Upper and Lower Body Muscle Groups in Young and
Older Men. J. Gerontol. A Biol. Sci. Med. Sci. 2005, 60, 148-156. [CrossRef] [PubMed]

Lynch, N.A.; Metter, EJ.; Lindle, R.S.; Fozard, J.L.; Tobin, J.D.; Roy, T.A.; Fleg, ].L.; Hurley, B.F. Muscle Quality. I. Age-Associated
Differences between Arm and Leg Muscle Groups. |. Appl. Physiol. (1985) 1999, 86, 188-194. [CrossRef] [PubMed]
Vandenberghe, K.; Goris, M.; Van Hecke, P.; Van Leemputte, M.; Vangerven, L.; Hespel, P. Long-Term Creatine Intake Is Beneficial
to Muscle Performance during Resistance Training. J. Appl. Physiol. (1985) 1997, 83, 2055-2063. [CrossRef] [PubMed]
MacLennan, R.J.; Ogilvie, D.; McDorman, J.; Vargas, E.; Grusky, A.R.; Kim, Y.; Garcia, ].M.; Stock, M.S. The Time Course of
Neuromuscular Impairment during Short-term Disuse in Young Women-MacLennan-2021-Physiological Reports-Wiley Online
Library. Physiol. Rep. 2021, 9, e14677. [CrossRef] [PubMed]


http://doi.org/10.1016/j.clnu.2004.03.004
http://doi.org/10.1590/1414-431x20198391
http://doi.org/10.1007/s00421-015-3172-2
http://doi.org/10.1007/s40279-016-0670-2
http://doi.org/10.1177/0363546503261731
http://www.ncbi.nlm.nih.gov/pubmed/14977662
http://doi.org/10.1016/j.apmr.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16003653
http://doi.org/10.1055/s-2005-922438
http://doi.org/10.1249/MSS.0b013e31819f75cb
http://doi.org/10.1152/ajpcell.00355.2007
http://doi.org/10.1038/sc.2011.62
http://doi.org/10.1007/BF01466277
http://doi.org/10.1007/BF00571549
http://doi.org/10.1016/0003-9993(93)90116-R
http://doi.org/10.1053/apmr.2002.26829
http://www.ncbi.nlm.nih.gov/pubmed/11782827
http://doi.org/10.1080/10790268.2017.1372058
http://www.ncbi.nlm.nih.gov/pubmed/28901216
http://doi.org/10.1038/sj.sc.3101330
http://www.ncbi.nlm.nih.gov/pubmed/12185606
http://doi.org/10.5499/wjr.v4.i3.22
http://doi.org/10.1249/MSS.0b013e3182118592
http://doi.org/10.1093/rheumatology/39.3.293
http://doi.org/10.1002/art.24118
http://doi.org/10.1249/MSS.0b013e3181a645a6
http://www.ncbi.nlm.nih.gov/pubmed/19727027
http://doi.org/10.1093/gerona/60.2.148
http://www.ncbi.nlm.nih.gov/pubmed/15814855
http://doi.org/10.1152/jappl.1999.86.1.188
http://www.ncbi.nlm.nih.gov/pubmed/9887130
http://doi.org/10.1152/jappl.1997.83.6.2055
http://www.ncbi.nlm.nih.gov/pubmed/9390981
http://doi.org/10.14814/phy2.14677
http://www.ncbi.nlm.nih.gov/pubmed/33426809

Nutrients 2021, 13, 1825 21 of 24

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

McComas, A.J. Human Neuromuscular Adaptations That Accompany Changes in Activity. Med. Sci. Sports Exerc. 1994, 26,
1498-1509. [CrossRef] [PubMed]

Clark, B.C,; Issac, L.C.; Lane, J.L.; Damron, L.A.; Hoffman, R.L. Neuromuscular Plasticity during and Following 3 Wk of Human
Forearm Cast Immobilization. J. Appl. Physiol. (1985) 2008, 105, 868—878. [CrossRef]

Kawakami, Y.; Akima, H.; Kubo, K.; Muraoka, Y.; Hasegawa, H.; Kouzaki, M.; Imai, M.; Suzuki, Y.; Gunji, A.; Kanehisa, H.; et al.
Changes in Muscle Size, Architecture, and Neural Activation after 20 Days of Bed Rest with and without Resistance Exercise. Eur.
J. Appl. Physiol. 2001, 84, 7-12. [CrossRef]

Clark, B.C.; Manini, T.M.; Bolanowski, S.J.; Ploutz-Snyder, L.L. Adaptations in Human Neuromuscular Function Following
Prolonged Unweighting: II. Neurological Properties and Motor Imagery Efficacy. J. Appl. Physiol. (1985) 2006, 101, 264-272.
[CrossRef]

Howard, E.E.; Pasiakos, S.M.; Fussell, M.A.; Rodriguez, N.R. Skeletal Muscle Disuse Atrophy and the Rehabilitative Role of
Protein in Recovery from Musculoskeletal Injury | Advances in Nutrition | Oxford Academic. Adv. Nutr. 2020, 11, 989-1001.
[CrossRef] [PubMed]

Morton, R.W,; Traylor, D.A.; Weijs, PJ.M.; Phillips, S.M. Defining Anabolic Resistance: Implications for Delivery of Clinical Care
Nutrition. Curr. Opin. Crit. Care 2018, 24, 124-130. [CrossRef] [PubMed]

Breen, L.; Stokes, K.A.; Churchward-Venne, T.A.; Moore, D.R.; Baker, S.K.; Smith, K.; Atherton, PJ.; Phillips, .M. Two Weeks
of Reduced Activity Decreases Leg Lean Mass and Induces “Anabolic Resistance” of Myofibrillar Protein Synthesis in Healthy
Elderly. |. Clin. Endocrinol. Metab. 2013, 98, 2604-2612. [CrossRef] [PubMed]

Tanner, R.E.; Brunker, L.B.; Agergaard, J.; Barrows, K.M.; Briggs, R.A.; Kwon, O.S.; Young, L.M.; Hopkins, P.N.; Volpi, E.; Marcus,
R.L.; et al. Age-Related Differences in Lean Mass, Protein Synthesis and Skeletal Muscle Markers of Proteolysis after Bed Rest
and Exercise Rehabilitation. J. Physiol. 2015, 593, 4259—4273. [CrossRef]

Symons, T.B.; Sheffield-Moore, M.; Chinkes, D.L.; Ferrando, A.A.; Paddon-Jones, D. Artificial Gravity Maintains Skeletal Muscle
Protein Synthesis during 21 Days of Simulated Microgravity. J. Appl. Physiol. (1985) 2009, 107, 34-38. [CrossRef]

Ziegenfuss, T.N.; Rogers, M.; Lowery, L.; Mullins, N.; Mendel, R.; Antonio, J.; Lemon, P. Effect of Creatine Loading on Anaerobic
Performance and Skeletal Muscle Volume in NCAA Division I Athletes. Nutrition 2002, 18, 397—-402. [CrossRef]
Arentson-Lantz, E.J.; English, K.L.; Paddon-Jones, D.; Fry, C.S. Fourteen Days of Bed Rest Induces a Decline in Satellite Cell
Content and Robust Atrophy of Skeletal Muscle Fibers in Middle-Aged Adults. J. Appl. Physiol. (1985) 2016, 120, 965-975.
[CrossRef]

Wolfe, R.R.; Jahoor, F; Hartl, W.H. Protein and Amino Acid Metabolism after Injury. Diabetes Metab. Rev. 1989, 5, 149-164.
[CrossRef]

Tarnopolsky, M.A.; Parise, G. Direct Measurement of High-Energy Phosphate Compounds in Patients with Neuromuscular
Disease. Muscle Nerve 1999, 22, 1228-1233. [CrossRef]

Fitch, C.D.; Moody, L.G. Creatine Metabolism in Skeletal Muscle V. An Intracellular Abnormality of Creatine Trapping in
Dystrophic Muscle. Proc. Soc. Exp. Biol. Med. 1969, 132, 219-222. [CrossRef] [PubMed]

Passamano, L.; Taglia, A.; Palladino, A.; Viggiano, E.; D’AMBROSIO, P,; Scutifero, M.; Rosaria Cecio, M.; Torre, V.; De Luca, E;
Picillo, E.; et al. Improvement of Survival in Duchenne Muscular Dystrophy: Retrospective Analysis of 835 Patients. Acta Myol.
2012, 31, 121-125. [PubMed]

Kley, R.A.; Tarnopolsky, M.A.; Vorgerd, M. Creatine for Treating Muscle Disorders. Cochrane Database Syst. Rev. 2013, CD004760.
[CrossRef]

Louis, M.; Lebacq, J.; Poortmans, J.R.; Belpaire-Dethiou, M.-C.; Devogelaer, ].-P. Beneficial Effects of Creatine Supplementation in
Dystrophic Patients. Muscle Nerve Off. Med. 2003, 27, 604-610. [CrossRef]

Tarnopolsky, M.A.; Mahoney, D.J.; Vajsar, ].; Rodriguez, C.; Doherty, T.].; Roy, B.D.; Biggar, D. Creatine Monohydrate Enhances
Strength and Body Composition in Duchenne Muscular Dystrophy. Neurology 2004, 62, 1771-1777. [CrossRef]

Escolar, D.M.; Buyse, G.; Henricson, E.; Leshner, R.; Florence, J.; Mayhew, ].; Tesi-Rocha, C.; Gorni, K.; Pasquali, L.; Patel, K.M.;
et al. CINRG Randomized Controlled Trial of Creatine and Glutamine in Duchenne Muscular Dystrophy. Ann. Neurol. 2005, 58,
151-155. [CrossRef] [PubMed]

Tarnopolsky, M.; Mahoney, D.; Thompson, T.; Naylor, H.; Doherty, T.J. Creatine Monohydrate Supplementation Does Not Increase
Muscle Strength, Lean Body Mass, or Muscle Phosphocreatine in Patients with Myotonic Dystrophy Type 1. Muscle Nerve 2004,
29, 51-58. [CrossRef] [PubMed]

Walter, M.C.; Reilich, P.; Lochmtdiller, H.; Kohnen, R.; Schlotter, B.; Hautmann, H.; Dunkl, E.; Pongratz, D.; Miiller-Felber, W.
Creatine Monohydrate in Myotonic Dystrophy: A Double-Blind, Placebo-Controlled Clinical Study. J. Neurol. 2002, 249, 1717-1722.
[CrossRef] [PubMed]

Schneider-Gold, C.; Beck, M.; Wessig, C.; George, A.; Kele, H.; Reiners, K.; Toyka, K.V. Creatine Monohydrate in DM2/PROMM:
A Double-Blind Placebo-Controlled Clinical Study. Proximal Myotonic Myopathy. Neurology 2003, 60, 500-502. [CrossRef]
Walter, M.C.; Lochmidiller, H.; Reilich, P.; Klopstock, T.; Huber, R.; Hartard, M.; Hennig, M.; Pongratz, D.; Miiller-Felber,
W. Creatine Monohydrate in Muscular Dystrophies: A Double-Blind, Placebo-Controlled Clinical Study. Neurology 2000, 54,
1848-1850. [CrossRef]


http://doi.org/10.1249/00005768-199412000-00014
http://www.ncbi.nlm.nih.gov/pubmed/7869885
http://doi.org/10.1152/japplphysiol.90530.2008
http://doi.org/10.1007/s004210000330
http://doi.org/10.1152/japplphysiol.01404.2005
http://doi.org/10.1093/advances/nmaa015
http://www.ncbi.nlm.nih.gov/pubmed/32167129
http://doi.org/10.1097/MCC.0000000000000488
http://www.ncbi.nlm.nih.gov/pubmed/29389741
http://doi.org/10.1210/jc.2013-1502
http://www.ncbi.nlm.nih.gov/pubmed/23589526
http://doi.org/10.1113/JP270699
http://doi.org/10.1152/japplphysiol.91137.2008
http://doi.org/10.1016/S0899-9007(01)00802-4
http://doi.org/10.1152/japplphysiol.00799.2015
http://doi.org/10.1002/dmr.5610050205
http://doi.org/10.1002/(SICI)1097-4598(199909)22:9&lt;1228::AID-MUS9&gt;3.0.CO;2-6
http://doi.org/10.3181/00379727-132-34183
http://www.ncbi.nlm.nih.gov/pubmed/5344835
http://www.ncbi.nlm.nih.gov/pubmed/23097603
http://doi.org/10.1002/14651858.CD004760.pub4
http://doi.org/10.1002/mus.10355
http://doi.org/10.1212/01.WNL.0000125178.18862.9D
http://doi.org/10.1002/ana.20523
http://www.ncbi.nlm.nih.gov/pubmed/15984021
http://doi.org/10.1002/mus.10527
http://www.ncbi.nlm.nih.gov/pubmed/14694498
http://doi.org/10.1007/s00415-002-0923-x
http://www.ncbi.nlm.nih.gov/pubmed/12529796
http://doi.org/10.1212/01.WNL.0000044405.29988.E1
http://doi.org/10.1212/WNL.54.9.1848

Nutrients 2021, 13, 1825 22 of 24

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Banerjee, B.; Sharma, U.; Balasubramanian, K.; Kalaivani, M.; Kalra, V.; Jagannathan, N.R. Effect of Creatine Monohydrate in
Improving Cellular Energetics and Muscle Strength in Ambulatory Duchenne Muscular Dystrophy Patients: A Randomized,
Placebo-Controlled 31P MRS Study. Magn. Reson. Imaging 2010, 28, 698-707. [CrossRef]

Zucchi, E.; Bonetto, V.; Sorarti, G.; Martinelli, I.; Parchi, P.; Liguori, R.; Mandrioli, J. Neurofilaments in Motor Neuron Disorders:
Towards Promising Diagnostic and Prognostic Biomarkers. Mol. Neurodegener. 2020, 15, 1-20. [CrossRef] [PubMed]

Gittings, L.M.; Sattler, R. Recent Advances in Understanding Amyotrophic Lateral Sclerosis and Emerging Therapies. Fac. Rev.
2020, 9, 12. [CrossRef]

Tarnopolsky, M.A.; Beal, M.E. Potential for Creatine and Other Therapies Targeting Cellular Energy Dysfunction in Neurological
Disorders. Ann. Neurol. 2001, 49, 561-574. [CrossRef] [PubMed]

Wyss, M.; Schulze, A. Health Implications of Creatine: Can Oral Creatine Supplementation Protect against Neurological and
Atherosclerotic Disease? Neuroscience 2002, 112, 243-260. [CrossRef]

Beal, M.E. Neuroprotective Effects of Creatine. Amino Acids 2011, 40, 1305-1313. [CrossRef] [PubMed]

Klopstock, T.; Elstner, M.; Bender, A. Creatine in Mouse Models of Neurodegeneration and Aging. Amino Acids 2011, 40,
1297-1303. [CrossRef]

Hervias, I; Beal, M.F.; Manfredi, G. Mitochondrial Dysfunction and Amyotrophic Lateral Sclerosis. Muscle Nerve 2006, 33, 598—608.
[CrossRef]

Klivenyi, P; Ferrante, R.J.; Matthews, R.T.; Bogdanov, M.B.; Klein, A.M.; Andreassen, O.A.; Mueller, G.; Wermer, M.; Kaddurah-
Daouk, R.; Beal, M.F. Neuroprotective Effects of Creatine in a Transgenic Animal Model of Amyotrophic Lateral Sclerosis. Nat.
Med. 1999, 5, 347-350. [CrossRef]

Groeneveld, G.J.; Veldink, ].H.; van der Tweel, I.; Kalmijn, S.; Beijer, C.; de Visser, M.; Wokke, J.H.J.; Franssen, H.; van den Berg,
L.H. A Randomized Sequential Trial of Creatine in Amyotrophic Lateral Sclerosis. Ann. Neurol. 2003, 53, 437—445. [CrossRef]
[PubMed]

Rosenfeld, J.; King, R.M.; Jackson, C.E.; Bedlack, R.S.; Barohn, R.J.; Dick, A.; Phillips, L.H.; Chapin, J.; Gelinas, D.E,; Lou, J.-S.
Creatine Monohydrate in ALS: Effects on Strength, Fatigue, Respiratory Status and ALSFRS. Amyotroph. Lateral Scler. 2008, 9,
266-272. [CrossRef]

Shefner, ].M.; Cudkowicz, M.E.; Schoenfeld, D.; Conrad, T.; Taft, J.; Chilton, M.; Urbinelli, L.; Qureshi, M.; Zhang, H.; Pestronk, A.;
et al. A Clinical Trial of Creatine in ALS. Neurology 2004, 63, 1656-1661. [CrossRef]

Ostojic, S.M. Creatine and Multiple Sclerosis. Nutr. Neurosci. 2020, 1-8. [CrossRef]

Arnold, D.L; Riess, G.T.; Matthews, PM.; Francis, G.S.; Collins, D.L.; Wolfson, C.; Antel, ].P. Use of Proton Magnetic Resonance
Spectroscopy for Monitoring Disease Progression in Multiple Sclerosis. Ann. Neurol. 1994, 36, 76-82. [CrossRef]

Beer, M.; Sandstede, J.; Weilbach, F.; Spindler, M.; Buchner, S.; Krug, A.; Kostler, H.; Pabst, T.; Kenn, W.; Landschiitz, W.; et al.
Cardiac Metabolism and Function in Patients with Multiple Sclerosis: A Combined 31P-MR-Spectroscopy and MRI Study. RoFo
2001, 173, 399-404. [CrossRef] [PubMed]

Joanna, L.; James, P.; Anthony, A.; Garnette, R.S. Nuclear Magnetic Resonance Study of Cerebrospinal Fluid From Patients With
Multiple Sclerosis. Can. J. Neurol. Sci. 1993, 20, 194-198. [CrossRef]

Lambert, C.P; Archer, R.L; Carrithers, J.A.; Fink, W.]J.; Evans, W.J.; Trappe, T.A. Influence of Creatine Monohydrate Ingestion
on Muscle Metabolites and Intense Exercise Capacity in Individuals with Multiple Sclerosis. Arch. Phys. Med. Rehabil. 2003, 84,
1206-1210. [CrossRef]

Malin, S.K.; Cotugna, N.; Fang, C.-S. Effect of Creatine Supplementation on Muscle Capacity in Individuals with Multiple
Sclerosis. J. Diet. Suppl. 2008, 5, 20-32. [CrossRef]

Jankovic, J. Parkinson’s Disease: Clinical Features and Diagnosis. J. Neurol. Neurosurg. Psychiatry 2008, 79, 368-376. [CrossRef]
[PubMed]

Marras, C.; Beck, J.C.; Bower, J.H.; Roberts, E.; Ritz, B.; Ross, G.W.; Abbott, R.D.; Savica, R.; Van Den Eeden, S.K.; Willis, A.W.;
et al. Prevalence of Parkinson’s Disease across North America. NP] Parkinson’s Dis. 2018, 4, 1-7. [CrossRef]

Park, A.; Stacy, M. Disease-Modifying Drugs in Parkinson’s Disease. Drugs 2015, 75, 2065-2071. [CrossRef] [PubMed]

Klein, A.M.; Ferrante, R.J. The Neuroprotective Role of Creatine. Subcell Biochem. 2007, 46, 205-243. [CrossRef]

Bender, A.; Koch, W,; Elstner, M.; Schombacher, Y.; Bender, J.; Moeschl, M.; Gekeler, F.; Miiller-Myhsok, B.; Gasser, T.; Tatsch,
K.; et al. Creatine Supplementation in Parkinson Disease: A Placebo-Controlled Randomized Pilot Trial. Neurology 2006, 67,
1262-1264. [CrossRef] [PubMed]

Li, Z.; Wang, P; Yu, Z.; Cong, Y.; Sun, H.; Zhang, J.; Zhang, J.; Sun, C.; Zhang, Y.; Ju, X. The Effect of Creatine and Coenzyme Q10
Combination Therapy on Mild Cognitive Impairment in Parkinson’s Disease. Eur. Neurol. 2015, 73,205-211. [CrossRef] [PubMed]
NINDS NET-PD Investigators. A Randomized, Double-Blind, Futility Clinical Trial of Creatine and Minocycline in Early
Parkinson Disease. Neurology 2006, 66, 664—671. [CrossRef] [PubMed]

NINDS NET-PD Investigators. A Pilot Clinical Trial of Creatine and Minocycline in Early Parkinson Disease: 18-Month Results.
Clin. Neuropharmacol. 2008, 31, 141-150. [CrossRef]

Writing Group for the NINDS Exploratory Trials in Parkinson Disease (NET-PD), Investigators; Kieburtz, K.; Tilley, B.C.; Elm, ].].;
Babcock, D.; Hauser, R.; Ross, G.W.; Augustine, A.H.; Augustine, E.U.; Aminoff, M.].; et al. Effect of Creatine Monohydrate on
Clinical Progression in Patients with Parkinson Disease: A Randomized Clinical Trial. JAMA 2015, 313, 584-593. [CrossRef]


http://doi.org/10.1016/j.mri.2010.03.008
http://doi.org/10.1186/s13024-020-00406-3
http://www.ncbi.nlm.nih.gov/pubmed/33059698
http://doi.org/10.12703/b/9-12
http://doi.org/10.1002/ana.1028
http://www.ncbi.nlm.nih.gov/pubmed/11357946
http://doi.org/10.1016/S0306-4522(02)00088-X
http://doi.org/10.1007/s00726-011-0851-0
http://www.ncbi.nlm.nih.gov/pubmed/21448659
http://doi.org/10.1007/s00726-011-0850-1
http://doi.org/10.1002/mus.20489
http://doi.org/10.1038/6568
http://doi.org/10.1002/ana.10554
http://www.ncbi.nlm.nih.gov/pubmed/12666111
http://doi.org/10.1080/17482960802028890
http://doi.org/10.1212/01.WNL.0000142992.81995.F0
http://doi.org/10.1080/1028415X.2020.1819108
http://doi.org/10.1002/ana.410360115
http://doi.org/10.1055/s-2001-13339
http://www.ncbi.nlm.nih.gov/pubmed/11414146
http://doi.org/10.1017/S0317167100047922
http://doi.org/10.1016/S0003-9993(03)00262-4
http://doi.org/10.1080/19390210802328974
http://doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/18344392
http://doi.org/10.1038/s41531-018-0058-0
http://doi.org/10.1007/s40265-015-0497-4
http://www.ncbi.nlm.nih.gov/pubmed/26581672
http://doi.org/10.1007/978-1-4020-6486-9_11
http://doi.org/10.1212/01.wnl.0000238518.34389.12
http://www.ncbi.nlm.nih.gov/pubmed/17030762
http://doi.org/10.1159/000377676
http://www.ncbi.nlm.nih.gov/pubmed/25792086
http://doi.org/10.1212/01.wnl.0000201252.57661.e1
http://www.ncbi.nlm.nih.gov/pubmed/16481597
http://doi.org/10.1097/WNF.0b013e3181342f32
http://doi.org/10.1001/jama.2015.120

Nutrients 2021, 13, 1825 23 of 24

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.
177.

178.
179.
180.

181.
182.

McCorquodale, D.; Pucillo, E.M.; Johnson, N.E. Management of Charcot-Marie-Tooth Disease: Improving Long-Term Care with a
Multidisciplinary Approach. J. Multidiscip. Healthc. 2016, 9, 7-19. [CrossRef] [PubMed]

Newman, C.J.; Walsh, M.; O’Sullivan, R.; Jenkinson, A.; Bennett, D.; Lynch, B.; O’Brien, T. The Characteristics of Gait in
Charcot-Marie-Tooth Disease Types I and II. Gait Posture 2007, 26, 120-127. [CrossRef]

Doherty, T.].; Lougheed, K.; Markez, ].; Tarnopolsky, M.A. Creatine Monohydrate Does Not Increase Strength in Patients with
Hereditary Neuropathy. Neurology 2001, 57, 559-560. [CrossRef]

Chetlin, R.D.; Gutmann, L.; Tarnopolsky, M. A; Ullrich, I.H.; Yeater, R.A. Resistance Training Exercise and Creatine in Patients
with Charcot-Marie-Tooth Disease. Muscle Nerve 2004, 30, 69-76. [CrossRef] [PubMed]

Smith, C.A.; Chetlin, R.D.; Gutmann, L.; Yeater, R.A.; Alway, S.E. Effects of Exercise and Creatine on Myosin Heavy Chain Isoform
Composition in Patients with Charcot-Marie-Tooth Disease. Muscle Nerve 2006, 34, 586-594. [CrossRef] [PubMed]

DeFreitas, ].M.; Beck, T.W.,; Stock, M.S; Dillon, M.A.; Kasishke, P.R. An Examination of the Time Course of Training-Induced
Skeletal Muscle Hypertrophy. Eur. J. Appl. Physiol. 2011, 111, 2785-2790. [CrossRef]

Dubé, B.-P; Laveneziana, P. Effects of Aging and Comorbidities on Nutritional Status and Muscle Dysfunction in Patients with
COPD. . Thorac. Dis. 2018, 10, S1355-51366. [CrossRef]

Matsuo, H.; Yoshimura, Y.; Fujita, S.; Maeno, Y. Risk of Malnutrition Is Associated with Poor Physical Function in Patients
Undergoing Cardiac Rehabilitation Following Heart Failure. Nutr. Diet. 2019, 76, 82-88. [CrossRef] [PubMed]

Springer, J.; Springer, J.-L.; Anker, S.D. Muscle Wasting and Sarcopenia in Heart Failure and beyond: Update 2017. Esc Heart Fail.
2017, 4, 492-498. [CrossRef] [PubMed]

Balestrino, M. Role of Creatine in the Heart: Health and Disease. Nutrients 2021, 13, 1215. [CrossRef]

Clarke, H.; Hickner, R.C.; Ormsbee, M.]. The Potential Role of Creatine in Vascular Health. Nutrients 2021, 13, 857. [CrossRef]
Fuld, ].P; Kilduff, L.P; Neder, J.A.; Pitsiladis, Y.; Lean, M.E.].; Ward, S.A.; Cotton, M.M. Creatine Supplementation during
Pulmonary Rehabilitation in Chronic Obstructive Pulmonary Disease. Thorax 2005, 60, 531-537. [CrossRef]

Andrews, R.; Greenhaff, P.; Curtis, S.; Perry, A.; Cowley, A.J. The Effect of Dietary Creatine Supplementation on Skeletal Muscle
Metabolism in Congestive Heart Failure. Eur. Heart. ]. 1998, 19, 617-622. [CrossRef] [PubMed]

Gordon, A.; Hultman, E.; Kaijser, L.; Kristjansson, S.; Rolf, C.J.; Nyquist, O.; Sylvén, C. Creatine Supplementation in Chronic Heart
Failure Increases Skeletal Muscle Creatine Phosphate and Muscle Performance. Cardiovasc. Res. 1995, 30, 413—418. [CrossRef]
Kuethe, F; Krack, A.; Richartz, B.M.; Figulla, H.R. Creatine Supplementation Improves Muscle Strength in Patients with
Congestive Heart Failure. Pharmazie 2006, 61, 218-222. [PubMed]

Carvalho, A.PPF; Rassi, S.; Fontana, K.E.; de Sousa Correa, K.; Feitosa, R.H.F. Influence of Creatine Supplementation on the
Functional Capacity of Patients with Heart Failure. Arq. Bras. Cardiol. 2012, 99, 623-629. [CrossRef]

Deacon, S.J.; Vincent, E.E.; Greenhaff, P.L.; Fox, J.; Steiner, M.C.; Singh, S.J.; Morgan, M.D. Randomized Controlled Trial of Dietary
Creatine as an Adjunct Therapy to Physical Training in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med.
2008, 178, 233-239. [CrossRef] [PubMed]

Al-Ghimlas, F.; Todd, D.C. Creatine Supplementation for Patients with COPD Receiving Pulmonary Rehabilitation: A Systematic
Review and Meta-Analysis: Creatine Supplementation in COPD. Respirology 2010, 15, 785-795. [CrossRef]

Cornelissen, V.A.; Defoor, ].G.M.; Stevens, A.; Schepers, D.; Hespel, P.; Decramer, M.; Mortelmans, L.; Dobbels, F; Vanhaecke, J.;
Fagard, R.H.; et al. Effect of Creatine Supplementation as a Potential Adjuvant Therapy to Exercise Training in Cardiac Patients:
A Randomized Controlled Trial. Clin. Rehabil. 2010, 24, 988-999. [CrossRef]

Faager, G.; Soderlund, K.; Skold, C.M.; Rundgren, S.; Tollbédck, A.; Jakobsson, P. Creatine Supplementation and Physical Training
in Patients with COPD: A Double Blind, Placebo-Controlled Study. Int. |. Copd 2006, 1, 445-453. [CrossRef] [PubMed]
Gosselink, R.; Spruit, M.A.; Troosters, T.; Klatka, D.; Sliwinski, P.; Nowinski, A.; Zielinski, J.; Decramer, M. Oral Creatine
Supplementation (CR) Does Not Enhance the Effects of Exercise Training in COPD. Eur. Respir. . 2003, 22, 2089.

Hemati, F.; Rahmani, A.; Asadollahi, K.; Soleimannejad, K.; Khalighi, Z. Effects of Complementary Creatine Monohydrate and
Physical Training on Inflammatory and Endothelial Dysfunction Markers Among Heart Failure Patients. Asian J. Sports Med.
2016, 7, €28578. [CrossRef]

Ostojic, S.M. Can Creatine Help in Pulmonary Rehabilitation after COVID-19? Adv. Respir. Dis. 2020, 14, 175346662097114.
[CrossRef] [PubMed]

Griffiths, T.L.; Proud, D. Creatine Supplementation as an Exercise Performance Enhancer for Patients with COPD? An Idea to
Run With. Thorax 2005, 60, 525-526. [CrossRef] [PubMed]

Bourgeois, J.; Tarnopolsky, M. Creatine Supplementation in Mitochondrial Cytopathies. Med. Sci. Symp. Ser. 2000, 14, 91-100.
Tarnopolsky, M.A. What Can Metabolic Myopathies Teach Us about Exercise Physiology? Appl. Physiol. Nutr. Metab. 2006, 31,
21-30. [CrossRef]

El-Hattab, A.W.; Scaglia, F. Mitochondrial Cytopathies. Cell Calcium. 2016, 60, 199-206. [CrossRef]

Schmiedel, J.; Jackson, S.; Schifer, ].; Reichmann, H. Mitochondrial Cytopathies. J. Neurol. 2003, 250, 267-277. [CrossRef]
DiMauro, S.; Hirano, M.; Schon, E.A. Approaches to the Treatment of Mitochondrial Diseases. Muscle. Nerve 2006, 34, 265-283.
[CrossRef] [PubMed]

DiMauro, S.; Mancuso, M. Mitochondrial Diseases: Therapeutic Approaches. Biosci. Rep. 2007, 27, 125-137. [CrossRef] [PubMed]
Arnold, D.L.; Taylor, D.J.; Radda, G.K. Investigation of Human Mitochondrial Myopathies by Phosphorus Magnetic Resonance
Spectroscopy. Ann. Neurol. 1985, 18, 189-196. [CrossRef]


http://doi.org/10.2147/JMDH.S69979
http://www.ncbi.nlm.nih.gov/pubmed/26855581
http://doi.org/10.1016/j.gaitpost.2006.08.006
http://doi.org/10.1212/WNL.57.3.559
http://doi.org/10.1002/mus.20078
http://www.ncbi.nlm.nih.gov/pubmed/15221881
http://doi.org/10.1002/mus.20621
http://www.ncbi.nlm.nih.gov/pubmed/16881064
http://doi.org/10.1007/s00421-011-1905-4
http://doi.org/10.21037/jtd.2018.02.20
http://doi.org/10.1111/1747-0080.12465
http://www.ncbi.nlm.nih.gov/pubmed/30155947
http://doi.org/10.1002/ehf2.12237
http://www.ncbi.nlm.nih.gov/pubmed/29154428
http://doi.org/10.3390/nu13041215
http://doi.org/10.3390/nu13030857
http://doi.org/10.1136/thx.2004.030452
http://doi.org/10.1053/euhj.1997.0767
http://www.ncbi.nlm.nih.gov/pubmed/9597411
http://doi.org/10.1016/S0008-6363(95)00062-3
http://www.ncbi.nlm.nih.gov/pubmed/16599263
http://doi.org/10.1590/S0066-782X2012005000056
http://doi.org/10.1164/rccm.200710-1508OC
http://www.ncbi.nlm.nih.gov/pubmed/18420964
http://doi.org/10.1111/j.1440-1843.2010.01770.x
http://doi.org/10.1177/0269215510367995
http://doi.org/10.2147/copd.2006.1.4.445
http://www.ncbi.nlm.nih.gov/pubmed/18044100
http://doi.org/10.5812/asjsm.28578
http://doi.org/10.1177/1753466620971144
http://www.ncbi.nlm.nih.gov/pubmed/33148122
http://doi.org/10.1136/thx.2004.034355
http://www.ncbi.nlm.nih.gov/pubmed/15994255
http://doi.org/10.1139/h05-008
http://doi.org/10.1016/j.ceca.2016.03.003
http://doi.org/10.1007/s00415-003-0978-3
http://doi.org/10.1002/mus.20598
http://www.ncbi.nlm.nih.gov/pubmed/16810684
http://doi.org/10.1007/s10540-007-9041-4
http://www.ncbi.nlm.nih.gov/pubmed/17486439
http://doi.org/10.1002/ana.410180205

Nutrients 2021, 13, 1825 24 of 24

183.

184.
185.

186.

187.

188.

189.

190.

Matthews, PM.; Allaire, C.; Shoubridge, E.A.; Karpati, G.; Carpenter, S.; Arnold, D.L. In Vivo Muscle Magnetic Resonance
Spectroscopy in the Clinical Investigation of Mitochondrial Disease. Neurology 1991, 41, 114-120. [CrossRef]

Kreider, R.B.; Stout, J.R. Creatine in Health and Disease. Nutrients 2021, 13, 447. [CrossRef]

Matthews, R.T.; Yang, L.; Jenkins, B.G.; Ferrante, R.J.; Rosen, B.R.; Kaddurah-Daouk, R.; Beal, M.F. Neuroprotective Effects of
Creatine and Cyclocreatine in Animal Models of Huntington’s Disease. ]. Neurosci. 1998, 18, 156-163. [CrossRef]

Tarnopolsky, M.A.; Roy, B.D.; MacDonald, J.R. A Randomized, Controlled Trial of Creatine Monohydrate in Patients with
Mitochondrial Cytopathies. Muscle Nerve 1997, 20, 1502-1509. [CrossRef]

Klopstock, T.; Querner, V.; Schmidt, E; Gekeler, F.; Walter, M.; Hartard, M.; Henning, M.; Gasser, T.; Pongratz, D.; Straube, A_; et al.
A Placebo-Controlled Crossover Trial of Creatine in Mitochondrial Diseases. Neurology 2000, 55, 1748-1751. [CrossRef] [PubMed]
Kornblum, C.; Schroder, R.; Miiller, K.; Vorgerd, M.; Eggers, ].; Bogdanow, M.; Papassotiropoulos, A.; Fabian, K.; Klockgether, T.;
Zange, ]. Creatine Has No Beneficial Effect on Skeletal Muscle Energy Metabolism in Patients with Single Mitochondrial DNA
Deletions: A Placebo-Controlled, Double-Blind 31P-MRS Crossover Study. Eur. . Neurol. 2005, 12, 300-309. [CrossRef]

Pfeffer, G.; Majamaa, K.; Turnbull, D.M.; Thorburn, D.; Chinnery, PF. Treatment for Mitochondrial Disorders. Cochrane Database
Syst. Rev. 2012, 4, CD004426. [CrossRef] [PubMed]

Cup, E.H.; Pieterse, A ].; Ten Broek-Pastoor, ]. M.; Munneke, M.; van Engelen, B.G.; Hendricks, H.T.; van der Wilt, G.J.; Oostendorp,
R.A. Exercise Therapy and Other Types of Physical Therapy for Patients with Neuromuscular Diseases: A Systematic Review.
Arch. Phys. Med. Rehabil. 2007, 88, 1452-1464. [CrossRef] [PubMed]


http://doi.org/10.1212/WNL.41.1.114
http://doi.org/10.3390/nu13020447
http://doi.org/10.1523/JNEUROSCI.18-01-00156.1998
http://doi.org/10.1002/(SICI)1097-4598(199712)20:12&lt;1502::AID-MUS4&gt;3.0.CO;2-C
http://doi.org/10.1212/WNL.55.11.1748
http://www.ncbi.nlm.nih.gov/pubmed/11113239
http://doi.org/10.1111/j.1468-1331.2004.00970.x
http://doi.org/10.1002/14651858.CD004426.pub3
http://www.ncbi.nlm.nih.gov/pubmed/22513923
http://doi.org/10.1016/j.apmr.2007.07.024
http://www.ncbi.nlm.nih.gov/pubmed/17964887

	Introduction 
	Methods 
	Creatine Supplementation, Muscle Damage, and Recovery from Stressful Exercise 
	Mechanisms of Benefit 
	Specific Effects on Muscle Damage 

	Rehabilitation and Creatine Use for Clinical Conditions 
	Immobilization and Disuse-Induced Atrophy 
	Post-Operative Orthopedic Recovery 
	Acute Injury 
	Spinal Cord Injury 
	Arthritic Diseases 
	Rationale for Discrepant Findings throughout the Immobilization Literature 

	Neurodegenerative Diseases 
	Muscular Dystrophies 
	Amyotrophic Lateral Sclerosis 
	Multiple Sclerosis 
	Parkinson’s Disease 
	Charcot–Marie–Tooth Disease 

	Cardiopulmonary Disease 
	Mitochondrial Cytopathies 

	Conclusions 
	References

