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ABSTRACT ARTICLE HISTORY
Background: The biological process of aging is typically associated with a decrease in Received 15 April 2025
muscle quantity, muscle performance (primarily strength), bone mass and architecture, Accepted 9 July 2025

functionality and neurological/cognitive function. From a healthy aging perspective, KEYWORDS
interventions that have the potential to overcome or attenuate these decrements are Muscle; strength; bone;

clinically relevant. cognition; memory
Methods: We conducted a narrative review on the efficacy of creatine monohydrate

supplementation (CrM) in older adults.

Results: Accumulating research shows that CrM, primarily when combined with exercise

training, is safe and has beneficial effects on measures of whole-body lean body mass,

regional muscle size, muscle strength, bone area and thickness, functional ability,

glucose kinetics, cognition and memory.

Conclusion: CrM has multiple benefits in older adults and may have application for

treating age-related sarcopenia, osteoporosis, frailty, and those with metabolic and

neuromuscular disorders.

1. Introduction

Creatine (N-(aminoiminomethyl)-N-methyl glycine) is a naturally occurring compound that when combined
with phosphate provides energy for cellular metabolism. The daily creatine need is about 2-4 grams/day
[1,2]. About half of the daily need for creatine is endogenously synthesized from reactions involving the
amino acids arginine, glycine, methionine and stored mostly as free creatine (Cr) or phosphocreatine (PCr) in
skeletal muscle [1,3,4]. Specifically, creatine is synthesized from arginine and glycine by the enzyme
L-arginine: glycine amidinotransferase (AGAT) to guanidinoacetate (GAA). GAA is then methylated by
guanidinoacetate N-methyltransferase (GAMT) with S-adenosyl methionine (SAMe) to form creatine [5].
AGAT is found in the kidney, liver, pancreas, and some areas within the brain, while GAA is mostly formed
in the kidney and converted by GMAT to creatine in the liver [6-8]. The remaining daily need for creatine
must be obtained from foods containing creatine (e.g. meat and seafood contain about 2-5 grams/kg of
creatine) and/or through creatine monohydrate supplementation (CrM). The absolute oral bioavailability of
creatine has not been established (due to lack of intravenous data; Persky et al. [9]) but it is estimated to be
close to 100% [1]. Creatine in circulation is then taken up into various tissues via tissue-specific creatine
transporters (e.g. CRT1 or SLC6A8) and creatine kinases [1,10-13]. The primary role of creatine is to bind with

CONTACT Darren G. Candow @ Darren.Candow@uregina.ca, @ Faculty of Kinesiology & Health Studies, University of Regina, Regina S4S 0A2,
SK, Canada

This article has been corrected with minor changes. These changes do not impact the academic content of the article.

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow
the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-6655-4482
http://orcid.org/0000-0001-6669-9553
http://orcid.org/0000-0002-3906-1658
http://orcid.org/0000-0001-6896-5552
http://orcid.org/0000-0002-8930-1058
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15502783.2025.2534130&domain=pdf&date_stamp=2025-07-26

2 (&) D.G.CANDOW ET AL.

inorganic phosphate (Pi) in the cell to form PCr. PCr is degraded into Pi and Cr to provide energy to
resynthesize adenosine triphosphate (ATP) for cellular metabolism [2]. Creatine also plays a critical role in
translocating energy-related intermediates from the electron transport system in the mitochondria to the
cytosol [10,11]. The availability of PCr is an important energy source for maintaining ATP levels, particularly
during metabolically stressful conditions like intense exercise, periods of injury or illness, and some meta-
bolic diseases.

The total creatine pool (Cr+ PCr) is about 120-130 mmol/kg of dry muscle mass for an individual who
consumes a diet containing meat and seafood [14]. Individuals with AGAT or GMAT enzyme deficiencies and/or
creatine transporter deficits have difficulty synthesizing and/or storing creatine. This leads to low PCr levels in
tissues for metabolism. Muscle creatine levels are typically lower in vegetarians [15-17] and the elderly who
may not consume as much meat or seafood in their diet due to difficulty digesting these food products [18,19].
Dietary supplementation of CrM (e.g. 0.3 grams/kg/day for 5-7 days and 0.05 to 0.15 grams/kg/day thereafter)
increases blood, muscle, and tissue levels of creatine and PCr by 20-40% [20-23]. Older individuals with low
dietary creatine intake ( <0.95 grams/day) have poorer cognitive function compared to those consuming more
dietary creatine (>0.95 grams/day) [24]. Additionally, analysis of dietary creatine intake among 1,500 adults
>65 years revealed that 70% of this cohort consumed less than the recommended amounts of creatine in their
diet ( <0.95 grams per day), and low dietary creatine intake was associated with a greater risk of angina pectoris
and liver conditions compared to those consuming >1.0 grams/day of dietary creatine [25]. However, these
recommendations should be interpreted with some caution as dietary creatine intake was estimated using
recall strategies (i.e. food records) which have high variability due to self-reporting, memory and honesty.

2. Creatine kinase system

In order to understand the pleiotropic functions of creatine, the most prominent soluble organic compound
in the human body besides water, and its high-energy counterpart PCr, it is imperative to understand how
the CK-system works within the framework of cellular energy metabolism and general physiology [26-30].

ATP serves as the universal energy currency in all living cells. ATP is an organic compound with three
linearly bound phosphate groups and its hydrolysis, catalyzed by ATPases, releases chemical energy that is
crucial for various biological processes, including anabolism, cell growth, cell motility, muscle contraction
and relaxation, nerve function, as well as ion and metabolite transport. The hydrolysis of Mg-ATP by cellular
ATPases generates adenosine diphosphate (ADP) and inorganic phosphate (P;) plus a proton (H*):

Mg — ATP*~ (ATPase) = Mg — ADP'~ + P~ + H"

However, it would not be a wise strategy for cells and organs, which need and utilize large amounts of
energy in a short period of time, to simply accumulate high concentrations of ATP as an energy reserve. Since
hydrolysis of such vast amounts of ATP and concomitant accumulation of ADP plus H" would eventually
bring cellular energy production and metabolism to a halt, due to product inhibition of the ATPases by ADP,
P~ and H*, as well as further interference of ADP with general metabolism and cellular acidification by H*
[26]. This generally poses a significant challenge for organs and cells with high ATP turnover rates, such as
skeletal, cardiac and smooth muscles, brain, kidney, nerve cells, immune cells, spermatozoa and others
[11,31].

Astonishingly, some 650 million years ago, at the dawn of metazoan branching [32], nature developed
a powerful energy back-up system in the form of the enzyme creatine kinase (CK) and its substrates: Cr and
PCr. The CK-catalyzed reaction is fully reversible, and its final output will depend on the local concentrations
of substrates and products:

PCr*~ + Mg — ADP~ + H" <= (CK) = Mg — ATP*>~ + Cr

In vertebrates, four evolutionarily related CK genes are responsible for the production of five different but
homologous CK isoforms, two mitochondrial MtCK isoforms forming octamers, represented by ubiquitous
u-MtCK (CKMT1) and sarcomeric s-MtCK (CKMT2), and three cytosolic CK dimers, represented by muscle-type
MM-CK dimers, brain-type BB-CK dimers and a cardiac-specific MB-CK hybrid isoform [26,33]. As indicated by
their names, these CK isoforms are differentially expressed in different tissues and cells, and in addition, they
are specifically localized within cells, either at sites of ATP production or sites of ATP consumption.
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In those cells and organs mentioned above, the CK-system with PCr as a relatively large cellular energy
reservoir (20-40 mM of PCr), depending on cell type, works as an immediately available energy buffer to
regenerate cellular ATP from ADP and to keep the ATP concentration as well as the ATP/ADP ratio at
a constant high level. At the same time, products of the ATPase reaction (ADP, H*) that would otherwise
interfere with metabolism and acidify the cytoplasm, respectively, are removed by the CK reaction. Most
importantly, by increasing the Gibbs free energy change of ATP hydrolysis: AG = AG,, + RT« In[ADP]«[Pil/[ATP]
[34,35], the CK- system increases the energy efficiency of all cells and organs that use ATP. Since the free-
energy change (AG) of ATP hydrolysis directly depends on the local phosphorylation potential (ATP/ADP-P;)
and thus on the local ATP/ADP ratio, more energy is gained per ATP that is hydrolyzed in a cell, if ATPases are
subcellularly functionally coupled to CK, which removes ADP. These functionally coupled microcompart-
ments between CK and ATPases make it possible that optimal PCr/ATP and ATP/ADP ratios are maintained
near these ATPases, thus optimizing their function (see Figure 1). At these sites of ATP consumption, due to
the physiologically given local substrate concentrations with constant PCr supply, the CK reaction is driven
toward net ATP synthesis and thus will proceed almost entirely in the direction of regenerating ATP from PCr,
as follows:

PCr*~ + Mg — ADP~ + H" (CK) = Mg — ATP*~ + Cr

PCr serves as an energy store for rapid local regeneration of ATP and thus functions as an energy buffer
for rapid local regeneration of ATP, e.g. for muscle contraction (see Figure 1). In terms of maximal rates,
CK can generate ATP one order of magnitude faster than oxidative phosphorylation and also much faster
than glycolysis [36,37]. The energy buffer function of the CK-system relies on the subcellular micro-
compartmentation and colocalization of cytosolic CK isoenzymes with various ATPases that are sup-
ported and reinforced in their physiological function by functional coupling with CK. This has been
extensively studied with the myofibrillar Mg®*-activated actomyosin ATPase for muscle contraction,
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Figure 1. The energy buffer function of the CK-system: PCr as temporal energy reservoir A) model calculations for changes
in pool sizes of energy-related metabolites during cell stimulation until exhaustion. Global cellular concentration changes in
phospho-creatine [PCr] and adenine nucleotides ([ATP], [ADP] and [AMP]), inorganic phosphate [Pi], and creatine [Cr] are
calculated from the reactions of creatine kinase (CK), adenylate kinase and a generalized ATPase. The decreasing “high-
energy” phosphates (total "P), represented by PCr and ATP, correspond to a transition from rest to high workload and finally
exhaustion. At rest, [PCr] and [ATP] are high, while [ADP] is very low and [AMP] is virtually non-measurable. Note that with
high-energy phosphate consumption, [ATP] remains constant until more than 80% of the PCr pool is consumed, and only
then do [ADP] and later [AMP] start to rise. [Cr] rises proportionally with the decrease of [PCr], and [Pi] increases linearly with
the decrease of [PCr] and [adenine nucleotides] combined. Note that during cellular work with increasing PCr depletion, the
concentration of Cr, Pi and ADP are increasing and all three are stimulating oxidative phosphorylation for production of ATP
by mitochondria, while rising Pi additionally stimulates glycogenolysis and glycolysis to even generate more ATP. Thus, the
CK-system serves as an energy buffer to keep [ATP] and the ATP/ADP ratio high and thus guarantees for a high subcellular
phosphorylation potential ([Atp]/[ADP]*[pil), near the various ATPases, where CK is specifically colocalized with- and
functionally coupled to- the latter (modified from ref [46]).
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where MM-CK is specifically localized at the sarcomeric M-band in between the actomyosin overlap
zones [38]. There, the M-band MM-CK was shown to be sufficient to regenerate in situ the ATP
hydrolyzed during muscle contraction [13,33]. In support of this, transgenic MM-CK knockout mice
show significant alterations in myofibrillar function [39]. Another important functionally coupled micro-
compartment is that of MM-CK with the SR-Ca **-pump ATPase [40-42]. The SR Ca?*-uptake operates
with a free energy change of AGCa2+—transport of approximately +51 kJ/mol, and the Gibbs free energy
change of ATP hydrolysis at physiological concentrations of ATP (5-8 mM), free ADP (0.02-0.04 mM), and
Pi (5-10 mM) in resting muscle may be estimated to be approximately —55 kJ/mol (see review [43]). Thus,
the Gibbs free energy provided by physiological concentrations of ATP only slightly exceeds the
AG required for the thermodynamically unfavorable Ca®*-uptake, and maintenance of a high local ATP:
ADP ratio is required for efficient sequestration of Ca®* into the SR lumen. Inhibition of SR-bound CK or
of CK associated with other ion pumps, e.g. by oxidative damage via ROS, as seen in many neuromus-
cular and neurodegenerative diseases [44], including mitochondrial myopathies [45], therefore would
decrease AG atp, and so limit the thermodynamic driving force of the SR-Ca 2" pump or other ion pumps,
causing a decrease in contractile reserve. A chronic reduction in cellular energy status can lead to
pathological Ca? * overload and exacerbate the generation of reactive oxygen species (ROS), which are
characteristic of such diseases [44]. This is where sarcoplasmic reticulum (SR)-associated creatine kinase
(CK) becomes crucial, as it helps to maintain a high local ATP/ADP ratio near the SR Ca® * pump, thereby
ensuring optimal function of this energy-demanding Ca**-pump (for review see [46]). Interestingly, the
most striking phenotype in transgenic mice, lacking both cytosolic MM-CK and MtCK, is that these mice
have problems with intracellular Ca2+-handling and muscle relaxation [47]. Similarly, CK is also specifi-
cally associated with the Na*/K*-ATPase and with the ATP-sensitive K" arp channel, where it optimizes the
energetics of the Na*/K*-pump [48] and regulates the sub-membrane ATP/ADP ratio, thus permitting
opening of the K"arp channel even if bulk cytosolic ATP concentration remains high [49]. In transgenic
MM-CK k.o. mice, regulation of the K*arp channels by PCr and concomitant signal delivery to the
channels is disrupted, resulting in a phenotype with increased electrical vulnerability, for example in
cardiomyocytes [50].

Besides this buffer function, the CK-system, with PCr and Cr, works as a continuous energy transport or
shuttle system between ATP production sites (mitochondria and glycolysis) and ATP consumption sites,
where various ATPases are at work, e.g. for muscle contraction and relaxation by sequestration of free Ca**
and for maintenance of membrane potentials.

The PCr energy shuttle concept is based on the specific subcellular localization of CK isoenzymes at these
various sites [12,51] and on the high cytosolic concentrations of free creatine (5-10 mM) and phosphocrea-
tine (20-45 mM) compared to ADP (0.02-0.04 mM) and ATP (3-5 mM) [27,28]. (see Figure 2).

In addition, CK is also associated to glycolytic enzyme complexes (CKg), where glycolytically generated
ATP is trans-phosphorylated into PCr that is then fed into the large PCr pool. This represents the first of the
two ATP-producing sites of the PCr shuttle. The second ATP-producing site resides in mitochondria, where
mitochondrial MtCK is specifically located in the intermembrane space of mitochondria. By functional
coupling of MtCK to the adenine nucleotide translocator (ANT) of the mitochondrial inner membrane,
MtCK preferentially accepts mitochondrially generated ATP and trans-phosphorylates it into PCr, which
then leaves the mitochondria. A large cytosolic PCr pool of up to 20-45 mM is built up by CK using ATP from
oxidative phosphorylation, as in the heart, or from glycolysis, as in fast-twitch glycolytic skeletal muscle. PCr
is then used as an energy reservoir to buffer global cytosolic and local ATP:ADP ratios. In cells that are
polarized and/or have very high or localized ATP consumption, the differentially localized CK isoenzymes,
together with easily diffusible PCr and Cr, can maintain a high-energy PCr flux or PCr-shuttle between ATP-
providing, depicted by (1) and (2) in Figure 2, and ATP-consuming processes, as indicated by (4) in Figure 2).
Thus, the energy producing and consuming terminals of the shuttle (see Figure 2), are connected preferen-
tially via PCr and Cr, with no need for ATP to diffuse, e.g. from mitochondria (1) to the sites of ATPases (4), or
even more so for ADP to diffuse from the ATPases back to mitochondria. Note that in this PCr-shuttle, MtCK
and CKa isoenzymes operate in opposite direction (taken from [46]).

The basics for the PCr energy shuttle have been elaborated first in cardiac and skeletal muscle, based on
results obtained with relatively simple experiments using isolated mitochondria from heart [52] and isolated
muscle fibers or myofibrils from skeletal muscle and heart [26,31,33,53].
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Figure 2. The CK-phosphocreatine shuttle: PCr/Cr for intra-cellular energy transport creatine (Cr), either synthesized in the
body or taken up from alimentary sources, e.g. meat and fish, is transported by a specific creatine transporter (CRT) into
muscle and other cells that require high and fluctuating energy use. Imported Cr is charged to the high-energy compound
phosphocreatine (PCr) by the action either of soluble cytosolic CK (CKc), by CK coupled to glycolysis (CKg), or by
mitochondrial CK (MtCK). According to the CK equilibrium reaction, in a resting cell, this results in approximately 2/3 of
PCrand 1/3 of Cr and in a very high ATP/ADP ratio of more than 100:1. Some fraction of cytosolic CK is specifically associated
(CKa) with ATP-consuming processes (ATPases), such as the myofibrillar actomyosin ATPase, the SR Ca’*-ATPase, the plasma
membrane Na*/K*-ATPase, the ATP-gated K*-channel, or with ATP-dependent cell signaling. There, CK regenerates directly
in situ all the ATP utilized by these processes, drawing from the large PCr pool. This represents the ATP-consuming end of
the PCr shuttle.

At the mitochondrial side of the PCr-shuttle (see Figure 2 on the left), octameric mitochondrial MtCK
isoenzyme [54] is specifically localized in the mitochondrial inter-membrane space, that is, between the
inner and outer mitochondrial membrane, and is functionally coupled to mitochondrial respiration [55].
By this mechanism, the generation of ATP by oxidative phosphorylation is stimulated by Cr and results in
the net production of PCr leaving the mitochondria [56]. At the same time, mitochondrial production of
oxygen radicals (ROS) is significantly attenuated by Cr [57]; also see Figure 3. Interestingly, mitochondrial
Cr-sensitivity is lost in the D2mdx model of Duchenne muscular dystrophy [58]. Functional coupling of
MtCK with oxidative phosphorylation [56] helps to minimize the Gibbs free energy required for mito-
chondrial ATP synthesis: AG =AG,, +RT«In[ATP] /[ADP][Pi] [34], by maintaining a high local ADP/ATP ratio
in the mitochondrial matrix compartment in the vicinity of the ATP-synthetase and a high local ATP/ADP
ratio in the mitochondrial intermembrane compartment in the vicinity of the mitochondrial CK (see
Figure 3; and for review see ref. [43]). As a result of this micro-compartmentation within the two
mitochondrial compartments, facilitated by the adenosine translocase (ANT) and MtCK, the CK reaction
is driven toward net synthesis of PCr due to constant ATP supply by the ATPase and its translocation via
ANT, with PCr being released from mitochondria (see Figure 3). Thus, the enzymatic CK reaction by MtCK
can be written as follows:

Mg — ATP*~ + Cr(MtCK) = Mg — ADP~ + PCr*~ + H"

At cellular sites of glycolysis, a dimeric cytosolic CK isoenzyme (either muscle-type MM-CK or brain-type BB-
CK) [59,601] is interacting with specific glycolytic enzymes and trans-phosphorylating glycolytic ATP for the
net production of PCr. This functional coupling of ATP-synthesis with CK helps to generally minimize the
Gibbs free energy required for ATP synthesis. Similar to the situation in mitochondria, the CK reaction is
driven toward net PCr synthesis due to constant glycolytic ATP supply.
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Figure 3. The mitochondrial side of the PCr/Cr-shuttle: production of high-energy PCr by mitochondria. In this scheme, ATP
generated by oxidative phosphorylation via the F1-ATPase (1) is transported through the mitochondrial inner membrane
(IM) by the adenosine nucleotide transporter (ANT) (2) in exchange for ADP. This ATP is preferentially accepted and trans-
phosphorylated into PCr by octameric MtCK in the intermembrane space (3). Under certain circumstances, some of this ATP
may also be directly exported through the voltage-dependent anion carrier (VDAC) (at left) [58]. However, it is preferentially
PCr that leaves the mitochondrion via VDAC (at right) to which MtCK can directly interact with in a Ca**-dependent fashion.
This PCr then feeds into the large cytosolic PCr pool (4). ADP generated from the MtCK transphosphorylation reaction is
accepted by ANT and immediately transported back into the matrix (5) to be recharged by the F1-ATPase (1). In contact
sites, this substrate channeling allows for a constant supply of substrates and concomitant removal of products at the active
sites of MtCK. In cristae, where MtCK is also localized, only ATP/ADP exchange is facilitated through direct channeling to the
MtCK active site, while Cr and PCr have to diffuse along the cristae space to reach the VDAC (not shown here, for details, see
[55]). Interaction of MtCK with cardiolipin in the mitochondrial inner membrane (IM) surrounding ANT, as well as tight
functional coupling of MtCK to ANT leads to saturation of the ANT on the outer side of the IM with ADP, which is transported
back into the matrix (5) to be recharged by the F1-ATPase (1), thus efficiently coupling electron transport to ATP generation
and at the same time lowering the production of free oxygen radicals (ROS) [57]. On the other hand, the tight functional
coupling of ANT to MtCK leads to a saturation of MtCK with ANT-delivered ATP and a locally high ATP:ADP ratio in the
vicinity of MtCK, and in combination with cytosolic Cr, entering the intermembrane space via VDAC (at the left), it drives the
synthesis by MtCK of PCr from ATP without a loss of its energy content, thus maintaining maximal thermodynamic efficiency
for high-energy phosphate synthesis in the form of PCr (4), which then is exported into the cytosol. This explains why Cr
stimulates mitochondrial respiration via the action of MtCK [56] (adapted from [46,55]).

PCr generated at both mitochondrial and glycolytic sites is then available to various ATPases at the
consuming end of the PCr-shuttle. At these sites, as outlined already above, a fraction of cytosolic CK is
specifically associated with these ATP-consuming processes (see Figure 2 on the right) such as the myofi-
brillar actomyosin ATPase, the SR Ca®*-ATPase, the plasma membrane Na*/K*-ATPase, the ATP-gated K*-
channel, or with ATP-dependent cell signaling. At all these places, CK regenerates in situ the consumed ATP
by drawing from the large PCr pool, as discussed above.

Since PCr is present at up to 10 times higher concentrations than ATP, and since Cr and PCr are smaller in
size and less charged than ATP and ADP, they diffuse faster within the cells than the two nucleotides [37,61].
The latter are also significantly hindered in their diffusion by interaction with various proteins. For example,
in resting muscle cells, freely diffusible ADP that is present at very low concentrations (between 0.02-0.04
mM) while much is bound to F-actin filaments. Therefore, PCr and Cr are generally much better suited for
intra-cellular energy shuttling compared to ADP and ATP. This fact is documented best in spermatozoa,
where PCr has to travel the long distance from the mitochondrion behind the sperm head to the very distal
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end of the very long sperm tail [61-63]. The PCr-shuttle, however, is of great relevance not only for
spermatozoa, but also for oxidative skeletal and even more so for cardiac muscle that depend on
a reliable continuous flow of energy inside myocytes and cardiomyocytes, respectively, from mitochondria
to the sites of ATP utilization, e.g. to the myofibrils for oxidative skeletal and cardiac muscle contraction and
performance [64-66]. Interestingly, over-expression of the creatine transporter (CRT) in transgenic mice with
concomitant augmentation of Cr in these murine hearts protects against ischemia-reperfusion damage [67]
and overexpression of MtCK in murine hearts improve functional recovery from and protect against injury
following ischemia-reperfusion [68].

The inner workings of the CK-system on the mitochondrial side of the shuttle are depicted in Figure 3 that
represents an instructive example of functional coupling of MtCK with oxidative phosphorylation and
metabolite channeling through the mitochondrial membranes. MtCK octamers are sandwiched between
the inner (IM) and outer OM) mitochondrial membrane in the mitochondrial inter-membrane space (IM).
MtCK octamers interact with the adenine nucleotide carrier (ANT) of the IM and the cardiolipin clusters
surrounding it [69] and between the voltage-dependent anion carrier (VDAC) of the OM, where MtCK
octamers interact with VDAC in a Ca**-dependent manner [70]. Thus, MtCK preferentially accepts the ATP
that is produced by oxidative phosphorylation and that is transported through the IM by ANT into the inter-
membrane space. There, MtCK trans-phosphorylates this ATP to PCr that is then exported through VDAC into
the cytosol (see Figure 3) (for review see [55]).

Finally, considering the metabolic disruptions that occur in aging cells and organs, Cr supplementation is
advantageous in rectifying disrupted energy metabolism by replenishing the PCr pool and improving the
PCr/ATP energy state [2,71] and by stimulating mitochondrial respiration [56] and also by influencing cell
signaling pathways [10]. Cells with a high energy charge are able to better master cellular stress situations,
e.g. caused by ischemia and hypoxia [68,72-74] or calcium overload [75], and to tolerate or neutralize
cytotoxic substances like beta-amyloid [76] or free oxygen radicals (ROS) [77] that are generated during
ischemia-reperfusion [66] or by treatment with anthracycline cancer medication [78-80]. Last but not least,
Cr protects mitochondria against Ca?*-induced swelling and opening of the so-called transition pore that
leads to cell death by apoptosis [81,82].

Thus, CK-system provides numerous cell protective effects against a variety of metabolic and cellular
stress situations and over an entire lifespan, is likely contributing to healthy aging, resilience and longevity.
Therefore, the notions “a miserable life without Creatine” [83] and “Creatine for Life" indeed rest upon a solid
scientific foundation. Most importantly, the CK-system minimizes the thermodynamic costs of ATP synthesis
and at the same time maximizes the thermodynamic efficiency of ATP hydrolysis (ATP utilization), and CK-
system facilitates high-energy transport via PCr and Cr shuttling throughout the cells. All together the
efficiency and economy of cellular energy metabolism are improved and cell performance is optimized by
the CK-system. This positively affects numerous aspects of cellular and organismic life, thus justifying the
connotation “Creatine for Life."

3. Creatine supplementation and aging muscle

Sarcopenia is characterized by the age-related reductions in muscle performance (primarily muscle strength),
lean mass and functional ability [84,85]. Sarcopenia increases the risk of falls, fractures and disability [85].
Mechanistically, contributing factors to sarcopenia include changes in neuromuscular and neurophysiology,
muscle fiber composition, muscle protein turnover (including anabolic resistance to dietary protein inges-
tion), mitochondrial function, vascularization, telomere attrition, genomic stability and increases in low-
grade inflammation, oxidative stress and cellular senescence [86,87]. Globally, it is estimated that 200 million
older adults (=65 years of age) will experience sarcopenia by the year 2050 [88]. Therefore, interventions
which improve muscle performance, lean mass, muscle growth and functional ability are critical for
promoting healthy aging and improving the quality of life for older adults worldwide.

The most potent non-pharmacological intervention for treating sarcopenia is resistance training [89]. In
addition to resistance training, there is a growing body of evidence which shows that CrM also provides
muscle and functionality benefits to older adults. Several meta-analyses have been performed showing that
the combination of CrM (=5 grams/day) and resistance training improves measures of muscle strength
[18,90-92], a key factor in the diagnosis of sarcopenia in older adults. Greater muscle strength is also
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associated with a reduced risk of falls and frailty [81]. However, the efficacy of CrM for improving upper- vs.
lower-body strength in older adults may differ. The most recent meta-analysis involving CrM and resistance
training in older adults (n=1063) showed that CrM significantly improved upper-body strength
(Standardized mean difference [SMD]: 0.24, 95% Cl: 0.05 to —0.43; p = 0.02) compared to resistance training
alone [90]. CrM consistently improves chest press and/or bench press strength [18,90,91,93-97] compared to
resistance training alone which has practical applications for performing basic and instrumental activities of
daily living (i.e. lifting, pushing) [89]. Another recent meta-analysis also showed that CrM improves hand-grip
strength in older adults (n = 325; SMD: 0.23; 95% Cl: 0.01 to 0.45, p = 0.04) [91]. This is important as hand-grip
strength is routinely used as a predictor of health outcomes in older adults (i.e. hospitalization, physical
disability); [98,99] and hand-grip strength is positively associated with whole-body strength [92]. In contrast,
the effects of CrM on lower-body strength are much less robust. Forbes and Candow [90] failed to find
a statistical improvement in lower-body strength from CrM compared to placebo in 663 healthy older adults
(SMD: 0.17; 95% Cl: —0.03 to 0.38; p =0.09). Davies et al. [91] also found no greater benefits from CrM on
lower-body strength in older adults (with and without chronic disease; n =463) (SMD: 0.07; 95% Cl: —0.18 to
0.31, p=10.61). These mixed findings in relation to lower-body strength may be due to possible age-related
changes in muscle morphology, creatine kinetics and/or the CrM dosing protocol used. There is evidence
that lower-body muscle groups are more negatively affected (i.e. reduced muscle strength and power) than
upper-body muscle groups, especially at high velocities (i.e. 3.14 rads/second) in healthy older males
compared to healthy younger males [100]. Specifically, healthy older men produce ~30% less maximal
strength (determined by isokinetic peak torque) in the knee flexors and extensors and ankle plantar flexors
and ~20% less maximal strength in the elbow flexors and extensors compared to maximal strength
measures of the same muscle groups in healthy younger men [100]. Similarly, average power output for
the knee flexors and ankle plantar flexors (3.14 rads/second) in healthy older men is ~ 50% lower compared
to average power output of the same muscle groups in healthy younger men [100]. Potentially, greater
lower-body strength deficits may mask the small beneficial effects of CrM (compared to placebo) during
a resistance training program in healthy older adults. Furthermore, there is some evidence that older adults
have lower PCr stores in the Vastus lateralis (Standardized mean difference: —0.53, 95% confidence interval Cl:
[-0.88 to —0.18]; p = 0.003) compared to younger adults [95]. Subsequently, older adults may require higher
daily doses of creatine to produce more consistent lower-body strength improvements over time [101].
A 2021 meta-analysis review showed that a CrM loading phase (i.e. 20 grams/day for 5-7 days) followed by
a CrM maintenance phase of >5 grams/day produced significant improvements in lower-body strength
(SMD: 0.29; 95% Cl: 0.04 to 0.54; p =0 0.02) in older adults (n =426). Lower-body muscle strength was not
significantly improved (compared to placebo) in those studies that did not incorporate a CrM loading phase
(SMD: 0.06; 95% Cl: —0.24 to 0.36; p = 0.69) [18]. Future research should further prioritize the development of
CrM and resistance training strategies which improve lower-body strength in older adults due to its
important role in performing activities of daily living (i.e. walking, climbing stairs).

There is some evidence that the combination of CrM and resistance training can improve functional ability
in older adults. Three meta-analyses have shown that the combination of CrM and resistance training
enhances a measure of functional ability (e.g. sit-to-stand test) in older adults [91,93,96]. Most recently,
Davies et el. [91] showed that CrM improved sit-to-stand performance in older adults (n =188; SMD: 0.51;
95% Cl: 0.01 to 1.00; p = 0.04). Using Bayesian analysis, there was also a 66.7% probability that CrM improved
physical function over time.

In addition to muscle strength and functional ability, there is substantial evidence that CrM (=3 grams/
day) and resistance training increases whole-body lean mass (primarily determined using dual energy x-ray
absorptiometry) by ~1.2 kg more than resistance training alone in healthy, non-frail older adults [18,91,94-
97,102]. Greater lean mass is associated with improved cardiovascular health and lower overall mortality in
older adults [103]. There is also supporting evidence that CrM can increase regional (limb) muscle size and
density. In a small meta-analysis, Burke et al. [104] showed that CrM (0.1 grams/kg/day) and resistance
training (<1 year) had a very small (effect size: 0.06) beneficial effect on improving muscle size (primarily
determined using ultrasound) of the elbow and knee flexor and extensor muscle groups. In a recent study
using peripheral quantitative computed tomography, 1year of CrM (0.1 grams/kg/day) and resistance
training significantly improved lower leg muscle density (A +0.83 = 1.15 mg-cm®; pP =0.016) compared
with placebo (A —0.16 + 1.56 mg-cm?) in healthy older adults. These results may have clinical applications
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as low muscle density is an independent risk factor for falls in older adults [105]. Specifically, for
every mg-cm? decrease in muscle density, there is a 17% increase in the likelihood of reporting a fall in
older adults [105].

While the etiology explaining the muscle and functionality benefits in older adults from CrM remains
largely unknown, there is evidence (primarily in young populations) that CrM stimulates anabolic and anti-
catabolic processes. CrM has been shown to influence cell swelling, myogenic transcription factor and
satellite cell activity, muscle and whole-body protein kinetics, growth factors, inflammation and oxidative
stress [93,95,106]. However, these mechanisms have not been substantiated in older populations.

In summary, there is accumulating evidence that CrM (=3 grams/day) combined with resistance training is
a viable intervention for improving strength, whole-body lean mass, regional muscle size and density and
select measures of functional ability in older adults. Future research should determine whether CrM, with and
without exercise training, provides muscle and functionality benefits for those diagnosed with sarcopenia
and associated age-related conditions such as osteosarcopenia, frailty and cachexia.

4. Creatine supplementation and aging bone, Falls and frailty

CrM during resistance training programs have some potential to improve bone health and prevent falls, but
there is lack of evidence that it can improve strength, lean body mass, muscle accretion, or functional ability
in those who are classified as frail. The sections below review the potential for creatine to affect bone health,
prevent falls, and alleviate frailty.

5. Bone health

When creatine is added to cell culture there is an increase in activity of osteoblasts [107], the cells involved in
bone formation, and CrM during resistance training programs in older men is effective for reducing bone
resorption (i.e. bone catabolism): When given 0.1 grams/kg of CrM on training days (3 days/week for 10
weeks), urinary cross-linked N-telopeptides of type | collagen (a marker of bone resorption) decreased by
27% compared to an increase of 13% for those on placebo [108]. Osteoblasts use PCr to buffer ATP and
therefore CrM may increase the energy status of these cells [109]. Increased osteoblast activity results in the
release of osteoprotegerin, a protein secreted from osteoblasts which signals an inhibition of osteoclast
differentiation (i.e. the cells involved in bone resorption) [110]. These potential effects of CrM on osteoblasts
need to be replicated in vivo in humans.

A preliminary small study showed CrM was effective for improving bone mineral density at the femoral
neck during a one-year resistance training program in postmenopausal women [110]. Women given 0.1
grams/kg/day of CrM lost 1.2% bone mineral density at the femoral neck compared to those on placebo who
lost 3.9% [111]. This attenuation in bone mineral density loss from CrM approaches a level of clinical
significance, where a 5% difference in bone mineral density results in a 25% difference in fracture rate
[112]. This effect however was not replicated in a much larger two-year study from the same research group
[113]. The lack of effect of CrM on bone mineral density in older adults has also been confirmed by other
research groups [114]. CrM may however be effective for changing the shape or geometric arrangement of
bone during resistance training [113,115]. Geometric properties are excellent predictors of bone strength
[116]. For example, higher bone cross-sectional area strengthens bone placed under compression [117].
Higher cortical thickness and section modulus, which is equal to cross-sectional area divided by half the
subperiosteal width (i.e. the maximum distance between the center of mass and the outer cortex) strength-
ens bone in bending [117]. A higher buckling ratio (outer radius of bone divided by the thickness of the
cortical wall) on the other hand is associated with susceptibility of bone to buckling when placed under
compression [117]. One year of CrM (0.1 grams/kg/day) combined with whole-body resistance training (3
days/week) (including loaded ankle dorsiflexion) improved bone area in the distal tibia (+17 vs. —1 mm?) and
tibial shaft (0 vs. =5 mm?) (this potentially improves strength of bone under compression) in men and
women (mean age ~58 years of age) compared to placebo and the same exercise program; [115]. While these
results are statistically significant, the changes are comparable to the precision errors (i.e. % coefficient of
variation) and below the least significant changes for tibial bone area [118]. Two years of CrM (0.14 grams/kg/
day) combined with whole-body resistance training (3 days per week) and walking (6 days per week) in
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postmenopausal women (~59 years of age) increased section modulus at the femoral neck (0% vs. —4.4%)
and femoral shaft (0% vs. —1%), and cortical thickness (+1.7% vs. —3.4%) at the femoral shaft, and reduced
buckling ratio at both the femoral neck (+2.8% vs. +5.5%) and femoral shaft (-2.2% vs. 0%) compared to
placebo and the same training program, potentially improving bone bending strength and strength of bone
when under compression [113]. Again, caution should be used when interpreting these changes, as they
might be smaller than changes necessary to prevent fracture. For example, when compared to postmeno-
pausal women without hip fracture, those with hip fracture had 8.8% and 5.2% lower section modulus at the
femoral neck and femoral shaft respectively, 12.8% lower cortical thickness at the femoral shaft, and 19.8%
and 16.2% higher buckling ratios at the femoral neck and femoral shaft, respectively [119]. When assessed
a year after this two-year program, there were no differences between creatine and placebo groups for actual
number of fractures (i.e. four fractures in each group), but the study was probably underpowered (n = 237) to
show differences between groups over this short time period. Longer study periods with greater numbers of
participants would be needed to demonstrate whether CrM provides actual clinical benefit for preventing
fracture.

6. Falls

CrM has potential to prevent falls through improvement in neural function, or improvement in muscle
quality, both of which can affect motor ability and therefore reduce susceptibility of falling in older adults.
Creatine crosses the blood-brain barrier and may be protective for brain health with aging [120]. In a model
of aged mice, CrM tended to reduce reactive oxygen species in the brain, reduced “lipofuscin,” which is
considered an aging pigment, upregulated genes associated with neuronal growth, neuroprotection, and
learning, and tended to improve function on a locomotor task (p = 0.054) [121]. Improvement in locomotor
function occurs in older adults supplementing with creatine. Two years of CrM (0.14 grams/kg/day) com-
bined with resistance-training (3 days per week) and walking (6 days per week) improved walking speed (by
close to 0.1 m/s) over 80 meters in postmenopausal women (compared to placebo and the same exercise
program) [113], a change that is considered meaningful in clinical populations [122]. CrM also improves
lower-leg muscle quality (assessed as muscle density) during one year of supplementation in men and
women (age ~58 years of age) compared to placebo during 3 days per week resistance training [123]. This
measure of lower-leg muscle density is a good independent predictor of reduced falling risk in community-
dwelling older adults [105], and the change with CrM supplementation over placebo (1.4 mg/cm3) [123]is
greater than the difference between older adults classified as fallers versus non-fallers (1.3 mg/cm3) [105]. As
previously discussed, meta-analyses of CrM (compared to placebo) during resistance-training programs in
older adults show that CrM is effective for improving functional ability (as determined by “sit to stand”
performance) [93,95] which is a good predictor of reduced falling risk in older adults [124]. Despite this
potential for CrM to prevent falls in older adults, only one study has assessed the effect of CrM on actual
number of falls, finding that 2 years of CrM during a resistance-training and walking program in postmeno-
pausal women had no effect on the number of falls compared to placebo and the same exercise program up
to a year after the supplement and exercise intervention [113]. This study was most likely underpowered to
adequately assess effectiveness of CrM on falls (n =237 participants) and falls were subjectively reported,
which may have led to error. Longer duration of supplementation with larger numbers of participants would
be required to determine whether CrM provides clinically relevant reduction in number or severity of falls.

7. Frailty

Frailty is usually assessed by five parameters including weak muscular strength, slow walking speed, self-
reported exhaustion, unintentional weight loss, and low physical activity level [125]. One is usually classified
as “pre-frail” when possessing 1-2 of these characteristics and “frail” when three or more of these character-
istics are present. Older adults classified as “frail” had slower PCr recovery kinetics (this is proportionate to
mitochondrial function) in the tibialis anterior compared to those classified as “pre-frail” and those classified
as “pre-frail” had slower kinetics compared to non-frail individuals after 30 seconds of isometric plantar flexor
exercise [126]. This implies that performance might be improved with CrM since CrM would theoretically
stimulate the reverse of the creatine kinase reaction where creatine would combine with ATP to speed
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resynthesis of PCr [127]. Studies in frail older adults engaged in resistance training however show no added
benefit of CrM. Two studies combining 106 frail older adults randomized to CrM (~6 grams/day) or non-CrM
groups during 14-16 weeks of resistance training showed that training was effective for enhancing grip
strength, leg press and bench press strength, lean tissue mass and vastus lateralis muscle cross-sectional
area, and functional tests such as timed up and go and chair sit-to-stands, with no differences between
groups [128,129]. Resistance training is a powerful and effective stimulus for improving muscle mass,
strength, and functional performance and large improvements with resistance training in a group of people
who are very weak at baseline may obscure any small additional benefit from CrM. We therefore speculate
that the potent effect of resistance-training in very deconditioned individuals obscures CrM'’s smaller effect.

8. Creatine supplementation and age-related metabolic disorders and musculoskeletal
conditions

Beyond its role in energy metabolism, creatine may also contribute to maintaining acid-base balance [130],
improving inflammatory markers [131], and reducing oxidative stress [132], and improving inflammatory
markers [131]. The diverse impacts of creatine on metabolism and cellular function provide the basis for its
potential role in health and disease. This is especially relevant to aging, a process marked by a progressive
decline in physiological integrity [133], where creatine’s pleiotropic effects could be of high therapeutic
value.

For instance, metabolic disorders impair the body’s ability to process energy substrates (glucose, fatty
acids, and amino acids), disrupting normal metabolism, often resulting in obesity (excess and dysfunction of
the adipose tissue), hyperglycemia (high blood glucose levels), and/or dyslipidemia (abnormal blood lipids
levels). If not properly addressed, these disturbances may contribute to organ dysfunction and systemic
complications [134]. The underlying causes of metabolic disorders are typically multifactorial, ranging from
congenital (e.g. genetic mutations) to lifestyle factors (e.g. poor dietary habits, physical inactivity), or
a combination of these [135].

The global prevalence of obesity has increased rapidly over the last decades, reaching pandemic levels,
with older adults showing the highest rates [136]. A relevant feature of this condition is the interaction
between the immune system, particularly the recruitment of monocytes and macrophages, and adipose
tissue, which triggers low-grade chronic inflammation [137]. This, in turn, may yield a vicious cycle of
increased pro-inflammatory cytokine release, oxidative stress, and fat accumulation. Lifestyle interventions
such as diet and exercise remain the most widely recommended strategies for managing obesity. Beyond its
effects on inflammatory marker [131] and oxidative stress [132], emerging evidence from animal studies
suggests that creatine may also influence adipocyte function and fat metabolism, contributing to increased
energy expenditure and thermogenesis [138]. Although CrM alone does not appear to significantly reduce
fat mass, a systematic review and meta-analysis of 609 participants aged =50 years found that CrM during
resistance training caused a greater reduction in body fat percentage compared to placebo and resistance
training [139]. While the majority of studies have lasted <16 weeks, given its additive effects on resistance
training-induced adaptations, it is reasonable to speculate that the effects of CrM should be even more
pronounced in the long-term.

Type 2 diabetes mellitus (T2DM) is a leading metabolic disorder characterized by persistent hyperglyce-
mia (high blood glucose levels) resulting from impaired insulin secretion, reduced insulin sensitivity (insulin
resistance), or both [140]. Insulin is a peptide hormone that helps regulate glucose levels by promoting
glucose uptake in insulin-sensitive tissues. In skeletal muscle, the largest site for glucose disposal, insulin
stimulates the translocation of glucose transporter type 4 (GLUT-4) to the cell membrane thereby promoting
glucose entry [141]. Mechanistic research has identified several ways in which CrM could influence glycemic
control (for a comprehensive review, see [142]), including: (i) enhanced pancreatic -cell insulin secretion
[143]; (ii) improved cellular hydration status, intracellular osmolarity, and osmosensing gene expression
[144,145]; (iii) increased GLUT-4 content and translocation in an insulin-independent manner [146,147]; and,
(iv) enhanced exercise-related effects on glucose uptake and insulin sensitivity [148]. Indeed, clinical
evidence indicates that CrM, either alone or combined with exercise training, may improve glucose meta-
bolism in both healthy older individuals and those with insulin resistance (e.g. patients with T2DM).
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Previous studies in healthy young individuals have shown that CrM can prevent GLUT-4 protein expres-
sion declines caused by leg immobilization and even substantially increase it beyond baseline levels during
rehabilitation training, while also improving oral glucose tolerance [149,150]. Although this still needs to be
replicated in older adults, these findings are particularly relevant since this population faces a higher risk of
immobilization and bedrest due to greater risk of falls and fractures. Gualano et al. [147] conducted a small-
scale, double-blind, placebo-controlled trial to investigate the effects of CrM (5 grams/day for 12 weeks)
combined with moderate-intensity aerobic and resistance training in individuals with T2DM [147]. Results
showed that CrM led to greater reductions in glycemia and glycated hemoglobin (HbA1c), a central indicator
of long-term glycemia control, while also improving glucose tolerance and GLUT-4 translocation. An ancillary
analysis from this study found that HbA1c levels and increased GLUT-4 translocation were associated with
increased AMP-activated protein kinase (AMPK) protein expression, a key cellular energy sensor and meta-
bolic regulator [151]. These findings highlight the synergistic effect of combining CrM with exercise training
to improve glucose metabolism, especially in clinical populations.

Since both glycemia and/or insulinemia are linked to blood lipoproteins levels [152,153], CrM supple-
mentation may also have beneficial effects in other metabolic conditions, such as (e.g. obesity, dyslipidemia,
and nonalcoholic fatty liver disease, metabolic syndrome), by helping improve the lipid profile. Furthermore,
high creatine intake decreases the formation of SAMe, which reduces hepatic production of homocysteine,
leading to a decreased synthesis and accrual of triglycerides and fat in the liver [154]. Preclinical studies using
both in- vitro and rodent models have demonstrated that creatine can directly influence lipid metabolism by
stimulating lipoprotein secretion and oxidation, thereby preventing lipid accumulation in the liver, and
enhancing its metabolism improving overall lipid profile [155-158]. For instance, Marinello et al. [159] found
that CrM attenuated liver fat accumulation and liver damage, preventing the progression of high-fat diet-
induced nonalcoholic fatty liver disease in mice. Similarly, Deminice et al. [155] found that creatine supple-
mentation prevented hepatic steatosis and lipid peroxidation in rats on a high-fat diet [156], as well as
prevented increases in liver fat, cholesterol, triglycerides, and markers of inflammation and oxidative stress in
rats fed a choline-deficient diet [155]. On the other hand, while a few human studies have reported
improvements in lipid profiles with CrM [160,161], the majority have found no significant effects most
have found no significant effect of CrM on the lipid profile [162-164]. However, it is important to note that
the baseline lipoprotein concentrations in the study samples, mainly composed of healthy young individuals,
were already within the normal range, which may help explain these inconsistent results. In contrast, using
a sample of middle-aged adults with hypercholesterolemia, Earnest et al. [160] reported that CrM (20 grams/
day for the first 5 days, followed by 10 grams/day for the remaining 51 days) reduced plasma total
cholesterol, triacylglycerols, and very-low-density lipoprotein-C [160]. Although these results are promising,
further research is needed in humans, particularly in older populations with clinical conditions.

Rheumatic conditions encompass a broad group of inflammatory and/or autoimmune diseases that
primarily affect the musculoskeletal system, including skeletal muscles, joints, bones, and connective tissues.
CrM has emerged as a promising non-pharmacological intervention for managing these conditions as it may
enhance the benefits of exercise on muscle strength and function, even in older adults [165]. Neves et al.
[166] demonstrated that CrM (20 grams/day for 7 days, followed by 5 grams/day for 11 weeks) enhanced the
effects of resistance training in postmenopausal women with knee osteoarthritis, a condition characterized
by pain, morning stiffness, and muscle weakness, all of which contribute to reduced functional capacity
[166]. Compared to the placebo group, only those who supplemented with creatine showed significant
improvements in lower-limb lean mass, physical function and stiffness. Similar results have been observed in
individuals with rheumatic arthritis and fibromyalgia, with reports of increased muscle mass [167] and
strength [168], respectively. Importantly, no adverse effects were reported in any study.

Overall, limited evidence seems to support the benefits of CrM as an adjuvant tool to help manage
metabolic disorders and musculoskeletal conditions. However, research on older clinical populations
remains scarce, with existing trials being mostly small-scale, short-term, and exploratory. Future research
should focus on conducting larger, well-controlled randomized clinical trials with extended follow-up
periods to better assess the long-term effects of CrM. Additionally, studies should investigate optimal dosing
strategies for these purposes, either alone or in combination with other pharmacological and non-
pharmacological interventions (e.g. exercise training), and the mechanisms underlying its effects in aging
populations.
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9. Creatine supplementation for neuromuscular disorders

Neuromuscular disorders are genetic or acquired disorders of the nerves, neuromuscular junction NMJ) or
skeletal muscle that cause varying degrees of weakness, atrophy and/or exercise intolerance. Some of the
more common disorders include; motor (spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS))
and motor-sensory (Charcot-Marie-Tooth (CMT)) neuropathies, NMJ disorders (myasthenia gravis and con-
genital myasthenic syndrome), and myopathies (dystrophy, congenital myopathy, inflammatory myopathy,
metabolic myopathy). At the cellular level, there is evidence for similar final common pathways of oxidative
stress, mitochondrial dysfunction, stem cell depletion, reduced protein synthesis, apoptosis, and inflamma-
tion [44]. In fact, most of these pathophysiological features are also seen in various tissues with aging [169].
CrM could have potential beneficial effects in neuromuscular disorders by increasing lean mass, muscle
accretion, strength or endurance, lowering calcium or reactive oxygen species, activating stem cells, and/or
reducing apoptosis [170,171]. Another potential benefit of CrM is the replacement of a deficiency state as
seen in genetic, inflammatory [172], and mitochondrial [173], myopathies [174].

Corticosteroid drugs are used to treat certain neuromuscular disorders (i.e. myasthenia gravis, inflamma-
tory myopathies, Duchenne muscular dystrophy (DMD)); however, these drugs can have negative effects on
bone (short stature, osteoporosis) and muscle (type 2 fiber atrophy). Several research groups [175,176] have
shown beneficial effects of CrM upon metrics of bone health in murine models. Two studies have shown
lower markers of bone breakdown (N-telopeptides) in boys with DMD with CrM [177,178].

10. Neuropathies

Amyotrophic lateral sclerosis (ALS) is a degenerative disorder of the alpha motor neurons and corticospinal
tracts due to a genetic (~15 %) or idiopathic etiology. Muscle atrophy/weakness leads to respiratory failure
and wheelchair requirement over ~2-5 years. Treatment is supportive, although a small survival benefit is
seen with a drug called Riluzole [179]. Interest in the use of CrM as a potential therapy came from a seminal
paper showing a significant survival benefit in the G93A murine genetic ALS model [180], which was further
replicated [181]. Unfortunately, these pre-clinical studies did not translate to significant benefits in human
clinical trials [182], potentially due to the fact that the majority of nerves have dropped out by the time the
diagnosis is made and the therapeutic window is very narrow at that time point.

Spinal muscular atrophy (SMA) is an autosomal recessive genetic motor neuron disorder due to bi-allelic
mutations in the SMNT gene. The gene product, SMNT, is critical for the survival of alpha motor neurons in
utero and in early post-natal life. Patients with SMA lose alpha motor neurons after birth and the severity and
rapidity of the loss is inversely proportionate to the number of copies of a protective gene called SMN2 [183].
Historically, most children with the more severe form, SMA1, die before 2 years of age; however, the advent
of AAV9 based gene therapy [184], and new-born screening [185], have revolutionized therapy with most of
our treated children walking by 18 months of age. In post-natal life, the importance of SMN1 drops rapidly
[186], and the remaining nerves roughly dictate the residual weakness; however, a significant concern is that
humans lose alpha motor neurons from early middle age till older age and this is accelerated in patients with
prior motor neuron loss [187]. This loss is due to multiple final common pathways of neuronal loss [44];
amenable to exercise [188,189], and potentially, CrM patients with SMA who will now be surviving into
adulthood represent an ideal group for future studies using CrM, exercise [190], and other mitochondrial/
anti-oxidant [191] strategies.

Charcot-Marie-Tooth (CMT) are a group of genetic neuropathies that affect both the motor and sensory
nerves. They lead to progressive muscle atrophy/weakness in the distal muscles of the feet and eventually
hands. Two studies involving adults with CMT have produced equivocal findings, potentially by being
underpowered (i.e. type Il error). One study failed to observe greater strength and functionality adaptations
from CrM (5 grams/day) above exercise training alone [192]; however, another study showed that CrM
enhanced MHClla content in CMT patients during resistance training and this correlated with better
function [193].
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11. Neuromuscular junction disorders

Myasthenia gravis (MG) is an autoimmune disorder due to antibodies against proteins at the neuromuscular
junction (mainly anti-acetylcholine receptor antibodies), that results mainly in fatiguable ocular and/or
bulbar weakness, with some patients also getting muscle weakness and respiratory failure. Because the
mainstay of therapy is the use of corticosteroid medications, there is potential for CrM mainly as
a countermeasure to the deleterious effects of steroids as mentioned above. A case report found improve-
ments in lean mass and strength with resistance exercise and CrM in a man with MG [194]. Congenital
myasthenic syndromes are a group of genetic disorders manifesting with oculo-bulbar + limb weakness and
due to mutations in genes encoding for proteins involved in the neuromuscular junction. To date, there are
no studies with CrM in this group but it could be a potential therapeutic adjunct.

12. Muscular dystrophies

Muscular dystrophies are genetic disorders affecting proteins involved in the structure or function of skeletal
muscle. These result in progressive and mainly proximal muscle weakness with cardiac and respiratory
manifestations seen in some (i.e. cardiomyopathy in DMD, conduction block in myotonic MD). The most
common form of muscular dystrophy is Duchenne (DMD) affecting ~1/3,500 live male births with a less
common and milder form called Becker MD (BMD), due to complete and partial absence of dystrophin
protein, respectively. Corticosteroids represent the only approved therapy for DMD in spite of the significant
side effects [195]. Pre-clinical studies have shown pathological and functional benefits from CrM supple-
mentation in murine models of DMD [196-199], and also in a murine model of fascio-scapulo-humeral
dystrophy (FSHD) [200]. Clinical studies with CrM have been largely positive in DMD/BMD [177,178,201],
equivocal in myotonic dystrophy (type | and Il) [202-204], and positive in mixed myopathy populations
[201,205].

13. Inflammatory myopathies

Inflammatory myopathies are a group of disorders characterized by primary muscle inflammation (mainly
T or B cells). Most IMs show proximal weakness (dermatomyositis, polymyositis, anti-synthetase, overlap
myositis, autoimmune necrotizing myopathy); whereas, sporadic inclusion body myositis (sIBM) shows
a characteristic pattern of deep finger flexion and quadriceps weakness and is 3 times more common in
older men [206]. All of the IMs (except sIBM) are treated with corticosteroids and this alone represents
a rationale for the use of CrM; however, there is lower total creatine and PCr content in muscle of IM patients
[171,173] and the potential to replace a deficiency further strengthens the rationale for therapy.

A clinical trial in patients with polymyositis or dermatomyositis (all taking corticosteroids) and performing
home based exercise showed greater efficacy in those taking CrM in functional outcomes and muscle PCr
[207]. A study in juvenile dermatomyositis (n = 15; 7-21 years of age) found that CrM (0.1 grams/kg/day) was
well tolerated but did not increase strength or muscle PCr content after 12 weeks [208]. In contrast, a larger
study in 29 patients (completers) with dermatomyositis or polymyositis (all on immunosuppressants and/or
corticosteroids) performing home based exercise showed increased PCr content and better symptom
reduction for those on CrM (20 grams/day for 8 days followed by >3 grams/day for 6 months) vs. placebo
[207]. Further, CrM improved strength outcomes (by 11%) in IM patients (including sIBM) 81) [205]. Given the
known benefits of exercise training in sIBM to improve strength or attenuate decline [209-212], and the
synergy seen with CrM and resistance training in older adults [213,214], it would be ideal for this combination
to be evaluated in sIBM.

14. Metabolic myopathies

Metabolic myopathies are genetic disorders affecting the pathways of intermediary metabolism including
disorders of; glycolysis (i.e. Tarui disease), glycogenolysis (i.e. McArdle disease), fatty acid oxidation (i.e. CPT2
deficiency), and mitochondria [215]. Anaerobic glycogenolysis/glycolysis and phosphocreatine are the main
energy sources during higher intensity exercise and in the rest to exercise transition. Consequently, with



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 15

either glycogenolytic or glycolytic defects, CrM should be ideal to increase PCr concentration and provide an
anaerobic energy buffer. One randomized, double-blind study reported greater muscle force and PCr
utilization in McArdle disease patients (N = 9) after five weeks of CrM (0.15 grams/kg/day for 5 days followed
by >0.06 grams/kg/day for 4.5 weeks) [216]. In contrast, 5 weeks of CrM (0.15 grams/kg/day for 5 weeks)
actually led to more muscle pain/cramps and daily activity [217], potentially due to the fact that the higher
dose likely impaired their disease up-regulated phosphofructokinase (PFK) activity [218,219], and/or the lack
of proton formation in McArdle disease would impair the forward flux of the PCr reaction (PCr + ADP + H" —
ATP + Cr). To date the efficacy of CrM for treating glycolytic defects is unknown.

Fatty acid oxidation defects are genetic disorders that affect either -oxidation or long-chain fatty acid
transport into the mitochondria. They present with myalgia and pigmenturia (myoglobin) with fasting,
super-imposed illness and/or prolonged exercise and patients with B-oxidation defects often have muscle
atrophy/weakness and/or cardiomyopathy. There appears to only be one case report of a patient with long
chain 3-OH acyl CoA-dehydrogenase (LCHAD) deficiency who lost the ability to walk at 11 y and was able to
walk within a month of starting CrM (0.13 gram/kg/d) and was able to still walk, cycle and climb stairs at 16
years of age still on therapy [220].

The final common pathway for aerobic energy utilization is in the mitochondria. Mitochondrial
myopathies are due to genetic mutations in either the mitochondrial (mtDNA) or nuclear (nDNA) DNA
encoding for components of mitochondrial structure/function. The myopathy can present with fixed
weakness and/or exercise intolerance and/or rhabdomyolysis [215]. In theory, patients with mitochon-
drial myopathies could benefit by enhancing the creatine-phosphocreatine shuttle [221], attenuating
apoptosis [222], reducing paracrystalline inclusions [223], replacing the PCR/Cr depletion state in muscle
[174], and/or provision of an alternative energy source to lower lactate. There is some evidence of higher
strength and lean mass in MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes) patients [224]. Two other small (n=4 each) case series found improvements in endurance
exercise metrics with varied CrM doses (0.1 — 0.35 g/kg/d) and duration (up to three years) in patients
with a variety of different mitochondrial myopathies [225,226]. Chronic Progressive External
Ophthalmoplegia (CPEO) is usually a sporadic disorder seen in older adults with ophthalmoplegia, ptosis,
hypoacusis, dysphagia and muscle weakness [227]. One prospective clinical trial found no significant
benefits (strength or neuromuscular symptom score) in 16 patients with CPEO after a month of high
dose CrM [228]. Another clinical trial failed to show an increase in muscle PCr/ATP or strength in 15
patients with CPEO after six weeks of CrM (0.15 grams/kg/day) [227]. Both studies found trends toward
higher strength outcomes and suggested that further research was required [229].

In summary, the data to date does not support a role for CrM in ALS, CPEO, and there is too little data in
peripheral nerve or neuromuscular junction disorders to render a conclusion. The literature remains gen-
erally supportive of the conclusions of the 2013 Cochrane review showing that CrM (~0.1 grams/kg/day)
improves strength (~8.5 %) and lean mass (~0.63 kg) in patients with MD [230]; however, this does not
translate to myotonic MD patients. It is very likely that the full potential of CrM will be only apparent when
combined with exercise therapy as seen in the aging population [213,214], and inflammatory myopathies
[207]. In addition, it is likely that the potential benefits of CrM will be best realized when it is a part of a multi-
ingredient supplement strategy that targets the final common pathways of muscle pathology in patients
with myopathies [44]. Indeed, the combination of CrM, alpha-lipoic acid, vitamin E and coenzyme Q10
lowered lactate and markers of oxidative stress in patients with mitochondrial myopathy [191], yet there
were no benefits from very high dose of coenzyme Q10 in a similar but larger cohort of patients [231]. The
addition of CrM to vitamin D, calcium and omega-3 fish oil to high quality protein has been shown to
enhance strength and function during resistance exercise training in older adults [232,233].

15. Creatine supplementation and the aging brain

With the global rise in the aging population, cognitive decline has become increasingly prevalent. The
United Nations projects that, by 2050, the global number of individuals aged > 65 will double to 1.6 billion
people [234]. This rapid increase in older adults will not only increase the prevalence of disease and disability
but will also highlight concerns about impairments in cerebral functioning.
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Deficits in executive function (e.g. decision making and working memory), concentration, and reaction
time are hallmark characteristics of cognitive impairment in older adults. These impairments range from mild
deficits, which may not be clinically detectable, to diseases like Dementia and Alzheimer’s Disease (AD).
There are many different mechanisms associated with age-related cognitive impairment, with examples
including vascular conditions and neuronal degeneration [235]. Age-related cognitive decline can impair an
individual's ability to perform activities of daily living, increasing the risk of falls, dementia, and ultimately,
mortality. These impairments not only diminish quality of life but also threaten independence and auton-
omy. As cognitive decline progresses, many older adults require caregiver support and have a greater
reliance on healthcare services, further contributing to increased mortality risk.

Creatine plays a vital role in the (PCr) energy system, acting as an ATP buffer in tissues that have significant
and fluctuating energy demands, such as the brain, to sustain neuronal function [236]. Although only
comprising approximately 2% of total body mass, the brain is a highly metabolically active organ, accounting
for about 20% of resting energy consumption. Interestingly, the rate of brain metabolism remains relatively
constant despite varying challenges posed by cognitive and motor tasks [237] thereby suggesting a great
demand for high-energy compounds such as PCr in the brain. In fact, it has been shown that genetic creatine
deficiencies (e.g. GAMT deficiency) or low levels of creatine in the brain lead to clear developmental delays,
extrapyramidal movement disorders and seizures [238]. To sustain a consistent creatine supply, the brain
depends on multiple sources, including dietary intake from creatine-rich foods or supplementation and
endogenous synthesis in the liver and brain cells [239]. However, the relative contribution of each source
remains unclear and is likely influenced by dietary creatine availability, precursor molecule intake, and the
efficiency of creatine transport and synthesis mechanisms both within and outside the central nervous
system (CNS).

Although skeletal muscle has an outstanding capacity to uptake creatine, that is not the case in the brain.
The brain’s ability to absorb creatine is limited by the blood-brain barrier (BBB) and a lack of SLC6A8
transporters in the astrocyte feet lining the microcapillary endothelial cells [240]. Despite these limitations,
some of the dietary creatine and creatine synthesized in the liver enters the brain via the SLC6A8 Cr
transporter (CT1), which is expressed in the microcapillaries of the BBB, neurons, and oligodendrocytes
[241]. Evidence suggests that CrM has the potential to elevate brain creatine and PCr levels, which is
associated with increased brain bioenergetics and improved cognitive performance [242]. These positive
metabolic effects may promote better cognitive functioning during periods of increased ATP demand (sleep
deprivation, hypoxia or mental fatigue) or for those who may be reduced brain creatine levels (elderly or
those with pathophysiological states such as creatine deficiency syndrome) [240,243-246]. In addition to
bioenergetics, creatine has been reported to have anti-apoptotic, anti-excitotoxic, and anti-oxidative proper-
ties in vivo and in vitro [11,132,247]. This ensures protection against cell death and promotion of survival and
differentiation of neurons [248]. Recently, Zhu et al. [249] reported that mice supplemented with 3% creatine
showed reduced cognitive impairment, blunted oxidative stress, improved and hippocampal structural
plasticity in response to injections designed to initiate cognitive decline (D-galactose). In addition, the
mice who received CrM had a 14.3% increase in CK-BB expression and increased CK-BB activity. These results
suggest that CrM may act as a neuroprotective substance in mice by preventing or delaying age-related
cognitive decline.

Like skeletal muscle, brain creatine stores are thought to decrease with age, potentially contributing to
reduced brain activity and disease [250,251]. Aging is strongly associated with structural and functional brain
deterioration, diminished mitochondrial oxygen consumption, and decreased ATP synthesis [252]. Age-
related changes in neural activity and brain organization particularly affect the prefrontal cortex (PFC). The
PFC s a region highly active during tasks of executive function [253] and neural activity in this area has been
shown to become less localized with age over time [254]. Interestingly, older adults who engage both
hemispheres of the PFC tend to perform cognitive tasks more effectively than those who show asymmetrical
activation [255], suggesting that maintaining energy availability is crucial for cognitive performance. Thus,
the role of creatine in energy metabolism highlights the importance of adequate energy availability during
mentally stimulating tasks. Given the widespread prevalence of age-related cognitive, structural, and
metabolic decline, the need to investigate CrM as a tool to improve overall brain health remains an
important consideration. One important thing to note is that there is substantial inter-individual variation
in brain creatine content, due to the variable nature of physiological changes associated with aging.
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Consequently, chronological age alone should not determine the need for supplementation — a more precise
approach would involve directly measuring brain creatine levels in individuals to assess supplementation
needs.

Only a limited number of studies have explored the effects of CrM on cognitive function in older
adults. McMorris et al. [245] reported significant improvements in working memory and long-term
memory in healthy older adults following 7 days of CrM. Similarly, Alves and colleagues [168] found
that 16 weeks of CrM improved incidental memory in older adults with fibromyalgia. These studies are
supported by a recent systematic review and meta-analysis that reports CrM results in improved memory
measures in healthy older adults (66-76 years of age) compared to placebo across randomized controlled
trials (RCTs) [256]. These findings are supported by a second systematic review and meta-analysis that
reports improvements in memory (but not attention or overall executive function) in healthy and
diseased adults (e.g. fibromyalgia and mild cognitive impairment associated with Parkinson Disease) as
a result of CrM [257]. In contrast, another study by Alves et al. [258] found no significant improvements
across all measured cognitive variables in postmenopausal females following 24 weeks of CrM. A key
difference between the aforementioned RCTs was the dosage and duration of CrM supplementation.
Specifically, McMorris et al. [245] utilized 4 x5 grams/day for 7 days, whereas Alves et al. [168] supple-
mented with 4 x5 grams/day for 5 days, followed by 1 x 5grams/day for 107 days and Alves et al. [258]
administered 4 x5 grams/day for 5 days, followed by 1x5 grams/day for 163 days. Based on dosing
duration, one might expect the longer supplementation protocol in Alves et al. [258] to produce greater
cognitive benefits. However, age and health differences between study participants may have also
influenced outcomes, as McMorris et al.'s sample had a mean age of 76 years (SD =9), whereas Alves
et al. [168] recruited adults (~49years of age) with fibromyalgia and Alves et al. [258] included
postmenopausal participants ranging from 60 to 80 years old (mean age =67 years).

Only two studies have measured changes in brain creatine content in older adults. In the most recent
study, Smith et al. [259] showed that CrM (20 g/day) for 8 weeks significantly increased brain total creatine
levels by 11% (p <0.001) and measures of cognition and memory in 20 older adults (73 years of age)
diagnosed with Alzheimer’s Disease. In contrast, Solis et al. [260] failed to observe a significant increase in
brain creatine levels following 7 days of CrM (0.3 grams/kg/day) in older adults [260], suggesting that longer
supplementation periods or higher doses may be required to achieve cognitive benefits in aging and/or
clinical populations. These variations in participant age, health status and treatment protocols highlight the
need for future research to control for total brain creatine content and other individual differences when
assessing the cognitive benefits of CrM in older adults.

Interestingly, recent studies have explored the potential synergistic effects of CrM with antidepressant
medications. An open-label pilot study demonstrated that the combination of 5-hydroxytryptophan (5-HTP)
and CrM (5 grams/day) twice daily for 8 weeks provided potential benefits for adult women with serotonin-
norepinephrine reuptake inhibitor (SNRI)-resistant depression [261]. Most recently, Sherpa et al. [262]
showed that CrM (5 grams/day) could augment the antidepressant effects of cognitive behavioral therapy
(CBT). While the mechanisms explaining the possible antidepressant effects of creatine remain unknown, it
has been recently proposed that creatine acts as a neuromodulator and neurotransmitter, acting on the D,
and D, dopamine receptors, serotonergic 5-HT ;, receptors, a;-adrenoceptors and adenosine A; and A,,
receptors [263].

Beyond oral supplementation, previous research has examined the impact of dietary creatine (i.e. from
food sources) in older adults. Machado et al. [264] found that older women who consumed high levels of
creatine from their diet ( >1 grams/day, approximately 200-250 grams of red meat or fish) performed better
on cognitive tasks involving attention and select inhibition in comparison to females who consumed <1
grams/day of creatine from their diet. In addition, an innovative pilot study by Chen et al. [265] investigated
the intravenous administration of PCr or ATP in combination with fluoxetine, demonstrating a novel strategy
to enhance antidepressant efficacy. While preliminary, this approach suggests a promising direction for
future research involving CrM in psychiatric treatment. Despite these positive findings, more research is
needed to elucidate the exact effect of dietary or supplementary creatine in maintaining brain creatine stores
and improving both brain and overall health.

One possible explanation for the inconsistencies observed in much of the CrM cognitive functioning
research is the limited increase in brain CrM levels in older adults, even following standard supplementation
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protocols. For example, Solis et al. [260] reported no significant increase in brain CrM using 3'P-MRS
following 7 days of supplementation with 0.3 grams/kg/day in older adults. This raises an important question
about the true potential of CrM to enhance cognitive functioning in this population. It may be that higher
doses, longer supplementation durations, or novel delivery forms (e.g. combination with medications, CrM
ethyl ester or hydrochloride, or chewable CrM gummies) are necessary to overcome BBB limitations and
increase neural uptake. While direct measurement or brain CrM would provide valuable insight, it is currently
impractical to measure this on a large scale. Therefore, perhaps future research may consider stratifying
participants by baseline cognitive performance scores or using indirect markers of brain bioenergetics (e.g.
fNIRS/EEQG) to tailor CrM protocols more effectively.

In summary, evidence suggests that adequate creatine intake whether through diet or supplementation,
may support memory and cognitive function in older adults, offering a promising avenue for brain health.
Further research is needed to determine optimal dosing strategies for increasing brain creatine levels in older
adults and the underlying mechanisms involved. In addition, future research should investigate the potential
synergistic effects of CrM and current treatments for physical and mental health disorders. Overall, CrM in
older adults shows promise in enhancing cognitive function, supporting brain energy metabolism, and
potentially serving as an adjunct therapy for mood disorders. However, long-term, large-scale trials are
needed to establish its role as a clinical intervention for cognitive aging and neurodegenerative conditions
such as Dementia and AD.

16. Safety of creatine supplementation in older adults

The safety of CrM has been extensively documented across diverse populations in the scientific literature
(see Kreider et al., [1], for a comprehensive review). Acknowledged as a Generally Recognized As Safe (GRAS)
food compound, CrM has also undergone rigorous safety evaluations by regulatory authorities, including the
U.S. Food and Drug Administration, which has confirmed its safety when used as intended. However, there
has been relatively limited scientific focus on the safety of CrM in older populations. This represents a critical
gap, especially considering the age-related changes in pharmacokinetics and pharmacodynamics that could
alter the body’s response to many substances, potentially increasing the risk of toxicity or adverse reactions if
doses are not appropriately adjusted [266]. Preliminary studies have demonstrated differential physiological
responses to CrM between young and older individuals [260,267], underscoring the need for an age-sensitive
assessment of creatine safety in older adults. Furthermore, there is a notable lack of research on how CrM
may interact with common medications or comorbidities in this vulnerable population. This gap highlights
the necessity of investigating potential drug-nutrient interactions and the influence of age-related physio-
logical changes on creatine metabolism and safety.

Available data on CrM safety in older populations are typically derived as secondary outcomes from
efficacy studies in which creatine is administered alongside resistance training and/or other nutrients. This
approach limits the understanding of creatine pharmacovigilance on its own, particularly in vulnerable
populations. The variability in treatment durations and dosages further complicates the assessment of safety.
Additionally, the safety indicators used in these studies have been relatively limited, primarily focusing on
subjectively reported side effects, traditional clinical enzymes, blood chemistry components, and surrogate
markers of organ function. According to these studies, CrM does not appear to induce significant clinician- or
patient-reported side effects, nor does it impair typical clinical biomarkers of safety (for a detailed review, see
[268]. Subjectively reported side effects include gastrointestinal disturbances [111,214-271], muscle dis-
comfort [111,271,272], overuse trauma [271,273], chest cold [271], and increased sweating/hot flashes [274].
These effects were generally minor, transient, and infrequent. Whether muscle-related symptoms are
attributable to CrM or to myofibrillar damage induced by exercise remains unclear in this population.
Recently, a comprehensive safety analysis was performed and found that in older adults with 32 published
studies and 1232 participants, there was no significant differences in any evaluated side effects [275].

Several studies have demonstrated increased serum and/or urinary creatinine levels following CrM in
a dose-dependent manner in older populations [267,276,277]. This is likely due to enhanced creatine
utilization/metabolism rather than kidney dysfunction. It is due to a higher rate of creatine > creatinine
conversion in muscle and muscle mass and creatinine are positively correlated). A rare creatine-only long-
term study involving older adults with Parkinson disease found that supplementation with 4 grams of
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creatine per day resulted in an increase in serum creatinine, but no other kidney function markers were
significantly affected over a two-year period [120]. This suggests a negligible risk of kidney dysfunction
associated with low-dose CrM. Interestingly, CrM has been shown to interact with several pharmaceutical
agents, including pemetrexed, entecavir, cimetidine, trimethoprim, and probenecid, as indexed in DDInter,
a comprehensive database dedicated to drug interactions. The administration of CrM to older adult patients
taking these medications may result in elevated serum levels of both the drugs and creatinine, raising
potential safety concerns regarding the use of CrM in all patients taking these medications. This underscores
the need for careful monitoring and further research to assess the safety and potential interactions between
CrM and specific drugs (also food compounds) in this population.

Overall, CrM is generally safe for older adult populations when co-administered with exercise training
or in rare creatine-only trials. However, there is an urgent need for older adult focused safety studies
conducted in accordance with Good Pharmacovigilance Practices to properly evaluate clinical and
laboratory manifestations of possible adverse events of CrM. Such studies should consider demographic
characteristics, exposure duration, time from initiation of creatine intake to adverse event occurrence,
doses used (including labeled doses and overdoses), concomitant medications, the presence of co-
morbid conditions (particularly those known to increase the risk of adverse events, such as hepatic or
renal impairments), specific creatine formulations, and changes in event reporting rates over the product
lifecycle. Considering the numerous benefits of CrM for older adults, both in conjunction with and
independent of exercise interventions [103,278,279], the availability of robust, evidence-based safety
data would significantly enhance its potential for widespread application within this rapidly expanding
demographic.

17. Importance of food-sourced creatine for healthy aging

Animal-based foods are a primary dietary source of exogenous creatine for most individuals, with an
omnivorous diet — comprising fish, poultry and meat - estimated to provide approximately 50% of daily
creatine requirements [6]. Despite this, dietary reference intakes for creatine remain undefined, particularly
for older adults, leaving populations without specific nutritional recommendations for this conditionally
essential nutrient [280-282]. Emerging evidence suggests that dietary creatine needs may vary based on
factors such as dietary habits, body size, muscle mass, and physical activity levels [2]. Given that aging
compromises these factors, older adults may require additional creatine to maintain optimal levels.
Epidemiological data indicates that lower dietary creatine intake in older adults is associated with increased
risks of various health conditions affecting energy-demanding organs. For example, older adults consuming
<0.95 grams of creatine per day were shown to perform worse on cognitive functioning tests compared to
peers with higher creatine intake [24]. Additionally, suboptimal dietary creatine intake (<1 grams/day) was
linked to a 2.62-fold higher risk of angina pectoris and a 2.59-fold higher risk of liver conditions, even after
adjusting for demographic and nutritional variables [25]. These findings suggest that dietary creatine may
play a protective role in preserving cognitive performance and supporting cardiovascular, liver, and poten-
tially muscular health in aging populations. Addressing this nutritional gap could be a crucial public health
initiative to promote health and functionality during aging. Strategies to increase creatine intake include
promoting the consumption of creatine-rich foods, recommending CrM, or utilizing creatine-fortified foods
[283]. While supplementation may effectively maintain creatine levels, dietary sources remain particularly
important for individuals who prefer whole-food solutions or choose not to use supplements.

Despite increasing interest in the role of food-sourced creatine for older adults, significant knowledge
gaps remain regarding its use and efficacy in this population. Notably, there are no specific dietary guidelines
for creatine intake tailored to older adult populations, despite their unique metabolic and muscle main-
tenance needs compared to younger individuals [284]. Limited data exist on the typical dietary intake of
creatine among older adults, particularly across different cultural and dietary contexts. For example, many
older individuals reduce meat consumption [285], the primary dietary source of creatine, potentially leading
to suboptimal intake. Furthermore, the absorption and utilization of creatine from food sources in older
adults are poorly understood, especially given age-related changes in digestion and metabolism [286]. The
comparative efficacy of creatine from dietary sources versus supplementation remains unclear, particularly in
supporting muscle mass, cognitive function, and other health outcomes. Additionally, the impact of
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biological aging on the metabolism and storage of dietary creatine, particularly in the context of reduced
muscle mass, is insufficiently characterized. The potential interactions between dietary creatine and common
conditions or medications in older populations, such as diabetes or statin use, are also understudied.
Research often overlooks subgroups like frail older adults, those with sarcopenia, or vegetarians, who may
have distinct creatine needs and intake patterns. Furthermore, environmental and ethical concerns asso-
ciated with creatine-rich foods such as red meat highlight the need for exploring alternative sources [287],
such as lab-grown creatine or fortified products, which remain largely unexplored. Addressing these gaps
through targeted research is essential to elucidate the role of food-sourced creatine in promoting healthy
aging, thereby informing dietary guidelines and strategies for improving health outcomes in older adults.

18. Summary

CrM is safe and has emerged as a promising strategy to support healthy aging, particularly when combined
with exercise training, by increasing lean body mass, regional muscle size, strength and functional ability in
older adult populations. There is also evidence that CrM increases bone area and bone strength.
Subsequently, CrM and exercise training should be considered in the treatment regimen for those diagnosed
with age-related sarcopenia and osteoporosis. Furthermore, preliminary research suggests potential benefits
from CrM on measures of glucose kinetics and cognition and memory in healthy older adults and those
diagnosed with Alzheimer’s Disease. Finally, CrM has widespread application for those with various neuro-
muscular disorders.

Disclosure statement

DGC has received research grants and performed industry sponsored research involving creatine supplementation,
received creatine donation for scientific studies and travel support for presentations involving creatine supplementation
at scientific conferences. In addition, DGC serves on the Scientific Advisory Board for Alzchem and Create (companies
which manufacture creatine) and the editorial review board for the Journal of the International Society of Sports
Nutrition. DGC is also a sports science advisor to the International Society of Sports Nutrition and serves as an expert
witness/consultant in legal cases involving creatine supplementation.

SMO serves as a member of the Scientific Advisory Board on Creatine in Health and Medicine (AlzChem LLC). SMO co-
owns patent “Supplements Based on Liquid Creatine” at the European Patent Office (W02019150323 A1) and patent
application “Composition Comprising Creatine for Use in Telomere Lengthening” at the U.S. Patent and Trademark Office
(# 63/608,850). SMO has received research support related to creatine during the past 36 months from the Serbian
Ministry of Science, Technological Development and Innovation; Provincial Secretariat for Higher Education and
Scientific Research; AlzChem GmbH; Kaneka Nutrients; ThermolLife International, and Vireo System Inc. SMO does not
own stocks and shares in any organization.

PDC serves on the Scientific Advisory Committee for Osteoporosis Canada.

BG has received research grants, creatine donations for scientific studies, travel support for participation in scientific
conferences, and an honorarium for speaking at lectures from AlzChem. In addition, B.G. serves on the Scientific Advisory
Board for Alzchem.

MAT is the CEO of Exerkine Corporation. The company products that have been shown to improve mitochondrial
function and these products are commercially available for healthy aging and obesity (TRIM7 and MUSCLE5). These
products contain protein, creatine monohydrate, coenzyme Q10, alpha lipoic acid, green tea, green coffee bean extract,
caffeine and forskolin. MAT has received remuneration for speaker honoraria and advisory board duties from Sanofi-
Genzyme in 2022-24 and Amicus Therapeutics in 2024-25.

RBK has conducted industry-sponsored research on creatine, received financial support for presenting at
conferences, and has served as an expert witness throughout his career. Additionally, he serves as Chair of the
Scientific Advisory Board for AlzChem, GmHb (a company that makes creatine monohydrate), is a co-founder of
the nonprofit International Society of Sports Nutrition (ISSN), and a member of the scientific advisory boards for
Oath Nutrition and Trace Minerals.

SCF has served as a scientific advisor for a company that sells creatine products and is a scientific advisor of Bear
Balanced. SCF has received creatine donations from Creapure for research purposes.

JA is the CEO and co-founder of the International Society of Sports Nutrition (ISSN), an academic nonprofit. The ISSN
may be sponsored by companies that manufacture, market, and sell creatine-containing supplements, including
Creapure, Bear Balanced, and Create.

IL, TW, TM and US declare no competing interests.



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 21

Funding

IL is financially supported by the Sdo Paulo Research Foundation (FAPESP), Brasil; Process Number [#2021/13580-1].

ORCID

Darren G. Candow (]2} http://orcid.org/0000-0002-6655-4482
Igor Longobardi (i) http://orcid.org/0000-0001-6669-9553
Richard B. Kreider (J2) http://orcid.org/0000-0002-3906-1658
Scott C. Forbes (2) http://orcid.org/0000-0001-6896-5552
Jose Antonio (2} http://orcid.org/0000-0002-8930-1058

Authors’ contributions

Conceptualization: All Authors; Writing-original draft preparation: All authors. The authors declare that the content of this
paper has not been published or submitted for publication elsewhere. The author(s) read and approved the final
manuscript.

References

1.

Kreider RB, Jager R, Purpura M. Bioavailability, efficacy, safety, and regulatory status of creatine and related
compounds: a critical review. Nutrients. 2022;14(5):1035. doi: 10.3390/nu14051035

. Kreider RB, Stout JR. Creatine in health and disease. Nutrients. 2021;13(2):447. doi: 10.3390/nu13020447
. Buford TW, Kreider RB, Stout JR, et al. International Society of Sports Nutrition position stand: creatine sup

plementation and exercise. J Int Soc Sports Nutr. 2007;4(1):4. doi: 10.1186/1550-2783-4-6

. Kreider RB, Jung YP. Invite review: creatine supplementation in exercise, sport, and medicine. J Exerc Nutrition

Biochem. 2011;6(1):53-69. doi: 10.5717/jenb.2011.15.2.53

. Paddon-Jones D, Barsheim E, Wolfe RR. Potential ergogenic effects of arginine and creatine su pplementation.

J Nutr. 2004;134(10):28885-2894S. doi: 10.1093/jn/134.10.2888S

. Brosnan ME, Brosnan JT. The role of dietary creatine. Amino Acids. 2016;48(8):1785-1791. doi: 10.1007/s00726-016-

2188-1

. Da Silva RP, Clow K, Brosnan JT, et al. Synthesis of guanidinoacetate and creatine from amino acids by rat pancreas.

Br J Nutr. 2014;111(4):571-577. doi: 10.1017/50007114513003012

. DaSilva RP, Nissim |, Brosnan ME, et al. Creatine synthesis: hepatic metabolism of guanidinoacetate and creatine in

the rat in vitro and in vivo. Am J Physiol Endocrinol Metab. 2009;296(2):E256-E261. doi: 10.1152/ajpendo.90547.
2008

. Persky AM, Brazeau GA, Hochhaus G. Pharmacokinetics of the dietary su pplement creatine. Clin Pharmacokinet.

2003;42(6):557-574. doi: 10.2165/00003088-200342060-00005

. Bonilla DA, Kreider RB, Stout JR, et al. Metabolic basis of creatine in health and disease: a Bioinformatics-assisted

review. Nutrients. 2021;13(4):1238. doi: 10.3390/nu13041238

. Wallimann T, Tokarska-Schlattner M, Schlattner U. The creatine kinase system and pleiotropic effects of creatine.

Amino Acids. 2011;40(5):1271-1296. doi: 10.1007/s00726-011-0877-3

. Wallimann T, Dolder M, Schlattner U, et al. Some new aspects of creatine kinase (CK): compartmentation,

structure, function and regulation for cellular and mitochondrial bioenergetics and physiology. Biofactors.
1998;8(3-4):229-234. doi: 10.1002/biof.5520080310

. Wallimann T, Schlosser T, Eppenberger HM. Function of M-line-bound creatine kinase as intramyofibrillar ATP

regenerator at the receiving end of the phosphorylcreatine shuttle in muscle. J Biol Chem. 1984;259(8):5238-5246.
doi: 10.1016/50021-9258(17)42981-4

. Balsom PD, Séderlund K, Ekblom B. Creatine in humans with special reference to creatine su pplementation. Sports

Med. 1994;18(4):268-280. doi: 10.2165/00007256-199418040-00005

. Blancquaert L, Baguet A, Bex T, et al. Changing to a vegetarian diet reduces the body creatine pool in omnivorous

women, but appears not to affect carnitine and carnosine homeostasis: a randomised trial. Br J Nutr. 2018;119
(7):759-770. doi: 10.1017/5S000711451800017X

. Watt KKO, Garnham AP, Snow RJ. Skeletal muscle total creatine content and creatine transporter gene expression

in vegetarians prior to and following creatine su pplementation. Int J Sport Nutr Exerc Metab. 2004;14(5):517-531.
doi: 10.1123/ijsnem.14.5.517

. Kaviani M, Shaw K, Chilibeck P. Benefits of creatine su pplementation for vegetarians compared to omnivorous

athletes: a systematic review. Int J Environ Res Public Health. 2020;17(9):3041. doi: 10.3390/ijerph17093041

. Forbes SC, Candow DG, Ostojic SM, et al. Meta-analysis examining the importance of creatine ingestion strategies

on lean tissue mass and strength in older adults. Nutrients. 2021;13(6):1912. doi: 10.3390/nu13061912


https://doi.org/10.3390/nu14051035
https://doi.org/10.3390/nu13020447
https://doi.org/10.1186/1550-2783-4-6
https://doi.org/10.5717/jenb.2011.15.2.53
https://doi.org/10.1093/jn/134.10.2888S
https://doi.org/10.1007/s00726-016-2188-1
https://doi.org/10.1007/s00726-016-2188-1
https://doi.org/10.1017/S0007114513003012
https://doi.org/10.1152/ajpendo.90547.2008
https://doi.org/10.1152/ajpendo.90547.2008
https://doi.org/10.2165/00003088-200342060-00005
https://doi.org/10.3390/nu13041238
https://doi.org/10.1007/s00726-011-0877-3
https://doi.org/10.1002/biof.5520080310
https://doi.org/10.1016/S0021-9258(17)42981-4
https://doi.org/10.2165/00007256-199418040-00005
https://doi.org/10.1017/S000711451800017X
https://doi.org/10.1123/ijsnem.14.5.517
https://doi.org/10.3390/ijerph17093041
https://doi.org/10.3390/nu13061912

22 (& D.G.CANDOW ET AL

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Candow DG, Forbes SC, Kirk B, et al. Current evidence and possible future applications of creatine supplementation
for older adults. Nutrients. 2021;13(3):1-18. doi: 10.3390/nu13030745

Casey A, Constantin-Teodosiu D, Howell S, et al. Creatine ingestion favorably affects performance and muscle metabo-
lism during maximal exercise in humans. Am J Physiol. 1996;271(1):E31-E37. doi: 10.1152/ajpendo.1996.271.1.E31
Green A, Hultman E, Macdonald |, et al. Carbohydrate ingestion augments skeletal muscle creatine accumulation during
creatine su pplementation in humans. Am J Physiol. 1996;271(5):E821-E826. doi: 10.1152/ajpendo.1996.271.5.E821
Hultman E, Soderlund K, Timmons JA, et al. Muscle creatine loading in men. J Appl Physiol. 1996;81(1):232-237.
doi: 10.1152/jappl.1996.81.1.232

Harris R, S6derlund K, Hultman E. Elevation of creatine in resting and exercised muscle of normal subjects by
creatine su pplementation. Clin Sci. 1992;83(3):367-374. doi: 10.1042/cs0830367

Ostojic SM, Korovljev D, Stajer V. Dietary creatine and cognitive function in U.S. adults aged 60 years and over.
Aging Clin Exp Res. 2021;33(12):3269-3274. doi: 10.1007/s40520-021-01857-4

Ostojic SM, Korovljev D, Stajer V. Dietary intake of creatine and risk of medical conditions in U.S. older men and
women: data from the 2017-2018 National health and Nutrition examination survey. Food Sci Nutr [Internet]. 2021
[cited 2025 Mar 20];9(10):5746-5754. doi: 10.1002/fsn3.2543

Wallimann T, Wyss M, Brdiczka D, et al. Intracellular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the “phosphocreatine circuit” for cellular energy
homeostasis. Biochemical J. 1992;281(1):21-40. doi: 10.1042/bj2810021

Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. Physiol Rev. 2000;80(3):1107-1213. doi: 10.1152/
physrev.2000.80.3.1107

Brosnan JT, Brosnan ME. Creatine: endogenous metabolite, dietary, and therapeutic supplement. Annu Rev Nutr.
2007;27(1):241-261. doi: 10.1146/annurev.nutr.27.061406.093621

Sestili P, Ambrogini P, Barbieri E, et al. New insights into the trophic and cytoprotective effects of creatine in in vitro
and in vivo models of cell maturation. Amino Acids. 2016;48(8):1897-1911. doi: 10.1007/s00726-015-2161-4
Kazak L, Cohen P. Creatine metabolism: energy homeostasis, immunity and cancer biology. Nat Rev Endocrinol.
2020;16(8):421-436. doi: 10.1038/s41574-020-0365-5

Saks VA, Rosenshtraukh LV, Smirnov VN, et al. Role of creatine phosphokinase in cellular function and metabolism.
Can J Physiol Pharmacol. 1978;56(5):691-706. doi: 10.1139/y78-113

Ellington WR, Suzuki T. Early evolution of the creatine kinase gene family and the capacity for creatine biosynthesis
and membrane transport. Subcell Biochem. 2007;46:17-26.

Wallimann T, Eppenberger HM. Localization and function of M-line-bound creatine kinase. M-band model and
creatine phosphate shuttle. Cell Muscle Motil. 1985;6:239-285.

Kammermeier H. Why do cells need phosphocreatine and a phosphocreatine shuttle. J Mol Cell Cardiol. 1987;19
(1):115-118. doi: 10.1016/50022-2828(87)80550-3

Tian R, Ingwall JS. Energetic basis for reduced contractile reserve in isolated rat hearts. Am J Physiol. 1996;270(4 Pt
2). H1207-H1216. doi: 10.1152/ajpheart.1996.270.4.H1207

Meyer RA, Sweeney HL, Kushmerick MJ. A simple analysis of the “phosphocreatine shuttle. Am J Physiol. 1984;246
(5):C365-C377. doi: 10.1152/ajpcell.1984.246.5.C365

Kushmerick MJ. Energy balance in muscle activity: simulations of ATPase coupled to oxidative phosphorylation
and to creatine kinase. Comp Biochem Physiol B Biochem Mol Biol. 1998;120(1):109-123. doi: 10.1016/50305-
0491(98)00026-1

Wallimann T, Turner DC, Eppenberger HM. Localization of creatine kinase isoenzymes in myofibrils. I. Chicken
skeletal muscle. J Cell Biol. 1977;75(2):297-317. doi: 10.1083/jcb.75.2.297

Ventura-Clapier R, Kuznetsov AV, d’Albis A, et al. Muscle creatine kinase-deficient mice. I. Alterations in myofibrillar
function. J Biol Chem. 1995;270(34):19914-19920. doi: 10.1074/jbc.270.34.19914

Rossi AM, Eppenberger HM, Volpe P, et al. Muscle-type MM creatine kinase is specifically bound to sarcoplasmic
reticulum and can support Ca2+ uptake and regulate local ATP/ADP ratios. J Biol Chem. 1990;265(9):5258-5266.
doi: 10.1016/50021-9258(19)34115-8

Korge P, Campbell KB. Local ATP regeneration is important for sarcoplasmic reticulum Ca2+ pump function. Am
J Physiol. 1994;267(2):C357-C366. doi: 10.1152/ajpcell.1994.267.2.C357

Duke AM, Steele DS. Effects of creatine phosphate on Ca2+ regulation by the sarcoplasmic reticulum in mechani-
cally skinned rat skeletal muscle fibres. J Physiol. 1999;517(2):447-458. doi: 10.1111/j.1469-7793.1999.0447t.x
Wallimann T, Tokarska-Schlattner M, Neumann D, et al. The phospho-creatine circuit: molecular and cellular
physiology of creatine kinases, sensitivity to free radicals and enhancement by creatine supplementation. In:
Saks, V.A., Editor. Molecular Systems Bioenergetics: Energy for Life, Basic Principles, Organization and Dynamics of
Cellular Energetics, Chapter 7. 2007. pp 195-264.

Tarnopolsky MA, Beal MF. Potential for creatine and other therapies targeting cellular energy dysfunction in
neurological disorders. Ann Neurol. 2001;49(5):561-574. doi: 10.1002/ana.1028

Stadhouders AM, Jap PHK, Winkler HP, et al. Mitochondrial creatine kinase: a major constituent of pathological
inclusions seen in mitochondrial myopathies. Proc Natl Acad Sci USA. 1994;91(11):5089-5093. doi: 10.1073/pnas.
91.11.5089


https://doi.org/10.3390/nu13030745
https://doi.org/10.1152/ajpendo.1996.271.1.E31
https://doi.org/10.1152/ajpendo.1996.271.5.E821
https://doi.org/10.1152/jappl.1996.81.1.232
https://doi.org/10.1042/cs0830367
https://doi.org/10.1007/s40520-021-01857-4
https://doi.org/10.1002/fsn3.2543
https://doi.org/10.1042/bj2810021
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1146/annurev.nutr.27.061406.093621
https://doi.org/10.1007/s00726-015-2161-4
https://doi.org/10.1038/s41574-020-0365-5
https://doi.org/10.1139/y78-113
https://doi.org/10.1016/S0022-2828(87)80550-3
https://doi.org/10.1152/ajpheart.1996.270.4.H1207
https://doi.org/10.1152/ajpcell.1984.246.5.C365
https://doi.org/10.1016/S0305-0491(98)00026-1
https://doi.org/10.1016/S0305-0491(98)00026-1
https://doi.org/10.1083/jcb.75.2.297
https://doi.org/10.1074/jbc.270.34.19914
https://doi.org/10.1016/S0021-9258(19)34115-8
https://doi.org/10.1152/ajpcell.1994.267.2.C357
https://doi.org/10.1111/j.1469-7793.1999.0447t.x
https://doi.org/10.1002/ana.1028
https://doi.org/10.1073/pnas.91.11.5089
https://doi.org/10.1073/pnas.91.11.5089

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 23

Saks V. Molecular system bioenergetics: energy for life. Molecular system bioenergetics: energy for life. Wiley-VCH;
2007.

Steeghs K, Benders A, Oerlemans F, et al. Altered Ca2+ responses in muscles with combined mitochondrial and
cytosolic creatine kinase deficiencies. Cell. 1997;89(1):93-103. doi: 10.1016/50092-8674(00)80186-5

Grosse R, Spitzer E, Kupriyanov VV, et al. Coordinate interplay between (Na+ + K+)-ATPase and creatine phospho-
kinase optimizes (Na+/k+)-antiport across the membrane of vesicles formed from the plasma membrane of cardiac
muscle cell. Biochim Biophys Acta. 1980;603(1):142-156. doi: 10.1016/0005-2736(80)90397-1

Dzeja PP, Terzic A. Phosphotransfer reactions in the regulation of ATP-sensitive K+ channels. FASEB J. 1998;12
(7):523-529. doi: 10.1096/fasebj.12.7.523

Abraham MR, Selivanov VA, Hodgson DM, et al. Coupling of cell energetics with membrane metabolic sensing.
Integrative signaling through creatine kinase phosphotransfer disrupted by M-CK gene knock-out. J Biol Chem.
2002;277(27):24427-24434. doi: 10.1074/jbc.M201777200

Wallimann T. Bioenergetics, dissecting the role of creatine kinase. Current Biology. 1994;4(1):42-46. doi: 10.1016/
50960-9822(00)00008-7

Bessman SP, Fonyo A. The possible role of the mitochondrial bound creatine kinase in regulation of mitochondrial
respiration. Biochem Biophys Res Commun. 1966;22(5):597-602. doi: 10.1016/0006-291X(66)90317-2

Bessman SP, Geiger PJ. Transport of energy in muscle: the phosphorylcreatine shuttle. Science. 1981;211
(4481):448-452. doi: 10.1126/science.6450446

Fritz-Wolf K, Schnyder T, Wallimann T, et al. Structure of mitochondrial creatine kinase. Nature. 1996;381
(6580):341-345. doi: 10.1038/381341a0

Schlattner U, Tokarska-Schlattner M, Wallimann T. Mitochondrial creatine kinase in human health and disease.
Biochim Biophys Acta. 2006;1762(2):164-180. doi: 10.1016/j.bbadis.2005.09.004

Kay L, Nicolay K, Wieringa B, et al. Direct evidence for the control of mitochondrial respiration by mitochondrial
creatine kinase in oxidative muscle cells in situ. J Biol Chem. 2000;275(10):6937-6944. doi: 10.1074/jbc.275.10.6937
Meyer LE, Machado LB, Santiago APSA, et al. Mitochondrial creatine kinase activity prevents reactive oxygen
species generation: antioxidant role of mitochondrial kinase-dependent ADP re-cycling activity. J Biol Chem.
2006;281(49):37361-37371. doi: 10.1074/jbc.M604123200

Bellissimo CA, Delfinis LJ, Hughes MC, et al. Mitochondrial creatine sensitivity is lost in the D2. mdx model of
Duchenne muscular dystrophy and rescued by the mitochondrial-enhancing compound olesoxime. Am J Physiol
Cell Physiol. 2023;324(5):C1141-C1157. doi: 10.1152/ajpcell.00377.2022

Kupriyanov VV, Seppet EK, Emelin IV, et al. Phosphocreatine production coupled to the glycolytic reactions in the
cytosol of cardiac cells. Biochim Biophys Acta. 1980;592(2):197-210. doi: 10.1016/0005-2728(80)90181-4

Kraft T, Hornemann T, Stolz M, et al. Coupling of creatine kinase to glycolytic enzymes at the sarcomeric I-band of
skeletal muscle: a biochemical study in situ. J Muscle Res Cell Motil. 2000;21(7):691-703. doi: 10.1023/
A:1005623002979

. Van Dorsten FA, Wyss M, Wallimann T, et al. Activation of sea-urchin sperm motility is accompanied by an increase

in the creatine kinase exchange flux. Biochem J. 1997;325(2):411-416. doi: 10.1042/bj3250411

Tombes RM, Brokaw CJ, Shapiro BM. Creatine kinase-dependent energy transport in sea urchin spermatozoa.
Flagellar wave attenuation and theoretical analysis of high energy phosphate diffusion. Biophys J. 1987;52
(1):75-86. doi: 10.1016/5S0006-3495(87)83190-9

Kaldis P, Kamp G, Piendl T, et al. Functions of creatine kinase isoenzymes in spermatozoa. Adv Dev Biol. 1997;5
(€):275-312.

Guzun R, Kaambre T, Bagur R, et al. Modular organization of cardiac energy metabolism: energy conversion,
transfer and feedback regulation. Acta Physiol (oxf). 2015;213(1):84-106. doi: 10.1111/apha.12287

Balestrino M. Role of creatine in the heart: health and disease. Nutrients. 2021;13(4):1215. doi: 10.3390/nu13041215
Lygate CA. The pitfalls of in vivo cardiac physiology in genetically modified mice - lessons learnt the hard way in
the creatine kinase system. Front Physiol. 2021;12:12. doi: 10.3389/fphys.2021.685064

Zervou S, McAndrew DJ, Lake HA, et al. Cardiac function and energetics in mice with combined genetic
augmentation of creatine and creatine kinase activity. J Mol Cell Cardiol. 2024;196:105-114. doi: 10.1016/j.yjmcc.
2024.09.007

Whittington HJ, Ostrowski PJ, McAndrew DJ, et al. Over-expression of mitochondrial creatine kinase in the murine
heart improves functional recovery and protects against injury following ischaemia-reperfusion. Cardiovasc Res.
2018;114(6):858-869. doi: 10.1093/cvr/cvy054

Schlattner U, Tokarska-Schlattner M, Ramirez S, et al. Mitochondrial kinases and their molecular interaction with
cardiolipin. Biochim Biophys Acta. 2009;1788(10):2032-2047. doi: 10.1016/j.bbamem.2009.04.018

Schlattner U, Dolder M, Wallimann T, et al. Mitochondrial creatine kinase and mitochondrial outer membrane porin
show a direct interaction that is modulated by calcium. J Biol Chem. 2001;276(51):48027-48030. doi: 10.1074/jbc.
M106524200

Candow DG, Chilibeck PD, Forbes SC, et al. Creatine supplementation for older adults: focus on sarcopenia,
osteoporosis, frailty and cachexia. Bone. 2022;162:162. doi: 10.1016/j.bone.2022.116467

Adcock KH, Nedelcu J, Loenneker T, et al. Neuroprotection of creatine su pplementation in neonatal rats with
transient cerebral hypoxia-ischemia. Dev Neurosci. 2002;24(5):382-388. doi: 10.1159/000069043


https://doi.org/10.1016/S0092-8674(00)80186-5
https://doi.org/10.1016/0005-2736(80)90397-1
https://doi.org/10.1096/fasebj.12.7.523
https://doi.org/10.1074/jbc.M201777200
https://doi.org/10.1016/S0960-9822(00)00008-7
https://doi.org/10.1016/S0960-9822(00)00008-7
https://doi.org/10.1016/0006-291X(66)90317-2
https://doi.org/10.1126/science.6450446
https://doi.org/10.1038/381341a0
https://doi.org/10.1016/j.bbadis.2005.09.004
https://doi.org/10.1074/jbc.275.10.6937
https://doi.org/10.1074/jbc.M604123200
https://doi.org/10.1152/ajpcell.00377.2022
https://doi.org/10.1016/0005-2728(80)90181-4
https://doi.org/10.1023/A:1005623002979
https://doi.org/10.1023/A:1005623002979
https://doi.org/10.1042/bj3250411
https://doi.org/10.1016/S0006-3495(87)83190-9
https://doi.org/10.1111/apha.12287
https://doi.org/10.3390/nu13041215
https://doi.org/10.3389/fphys.2021.685064
https://doi.org/10.1016/j.yjmcc.2024.09.007
https://doi.org/10.1016/j.yjmcc.2024.09.007
https://doi.org/10.1093/cvr/cvy054
https://doi.org/10.1016/j.bbamem.2009.04.018
https://doi.org/10.1074/jbc.M106524200
https://doi.org/10.1074/jbc.M106524200
https://doi.org/10.1016/j.bone.2022.116467
https://doi.org/10.1159/000069043

2 D. G. CANDOW ET AL.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

Prass K, Royl G, Lindauer U, et al. Improved reperfusion and Neuroprotection by creatine in a mouse model of
stroke. J Cereb Blood Flow Metab. 2006;27(3):452-459. doi: 10.1038/sj.jcbfm.9600351

Andres R, Wallimann T, Widmer H. Creatine su pplementation improves neural progenitor cell survival in
Huntington’s disease. Brain Circ. 2016;2(3):133. doi: 10.4103/2394-8108.192519

Pulido SM, Passaquin AC, Leijendekker WJ, et al. Creatine supplementation improves intracellular Ca2+ handling
and survival in mdx skeletal muscle cells. FEBS Lett. 1998;439(3):357-362. doi: 10.1016/50014-5793(98)01399-4
Brewer GJ, Wallimann TW. Protective effect of the energy precursor creatine against toxicity of glutamate and f3-
amyloid in rat hippocampal neurons. J Neurochem. 2000;74(5):1968-1978. doi: 10.1046/j.1471-4159.2000.
0741968.x

Sestili P, Martinelli C, Colombo E, et al. Creatine as an antioxidant. Amino Acids. 2011;40(5):1385-1396. doi: 10.
1007/s00726-011-0875-5

Tokarska-Schlattner M, Dolder M, Gerber |, et al. Reduced creatine-stimulated respiration in doxorubicin chal-
lenged mitochondria: particular sensitivity of the heart. Biochim Biophys Acta. 2007;1767(11):1276-1284. doi: 10.
1016/j.bbabio.2007.08.006

Kay L, Potenza L, Hininger-Favier |, et al. Supplementing soy-based diet with creatine in rats: implications for
cardiac cell signaling and response to doxorubicin. Nutrients. 2022;14(3):583. doi: 10.3390/nu14030583

Bredahl EC, Najdawi W, Pass C, et al. Use of creatine and creatinine to minimize doxorubicin-induced cytotoxicity in
cardiac and skeletal muscle myoblasts. Nutr Cancer. 2021;73(11-12):2597-2604. doi: 10.1080/01635581.2020.
1842893

O’Gorman E, Beutner G, Dolder M, et al. The role of creatine kinase in inhibition of mitochondrial permeability
transition. FEBS Lett. 1997;414(2):253-257.

Dolder M, Walzel B, Speer O, et al. Inhibition of the mitochondrial permeability transition by creatine kinase
substrates. Requirement for microcompartmentation. J Biol Chem. 2003;278(20):17760-17766. doi: 10.1074/jbc.
M208705200

Wallimann T, Harris R. Creatine: a miserable life without it. Amino Acids. 2016;48(8):1739-1750. doi: 10.1007/
500726-016-2297-x

Kirk B, Cawthon PM, Arai H, et al. The conceptual definition of sarcopenia: Delphi consensus from the global
leadership initiative in sarcopenia (GLIS). Age Ageing. 2024;53(3). doi: 10.1093/ageing/afae052

Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised European consensus on definition and diagnosis. Age
Ageing. 2019;48(1):16-31. doi: 10.1093/ageing/afy169

Franulic F, Salech F, Rivas D, et al. Deciphering osteosarcopenia through the hallmarks of aging. Mech Ageing Dev.
2024;222:222. doi: 10.1016/j.mad.2024.111997

Larsson L, Degens H, Li M, et al. Sarcopenia: aging-related loss of muscle mass and function. Physiol Rev. 2019;99
(1):427-511. doi: 10.1152/physrev.00061.2017

Santilli V, Bernetti A, Mangone M, et al. Clinical definition of sarcopenia. Clin Cases Min Bone Metab. 2014;11(3):177.
doi: 10.11138/ccmbm/2014.11.3.177

Hurst C, Robinson SM, Witham MD, et al. Resistance exercise as a treatment for sarcopenia: prescription and
delivery. Age Ageing. 2022;51(2):afac003. doi: 10.1093/ageing/afac003

Forbes SC, Candow DG. Creatine and strength training in older adults: an update. Trans| Exercise Biomed [Internet].
2024 [cited 2024 Oct 27];1(3-4):212-222. doi: 10.1515/teb-2024-0019

Davies TW, Watson N, Pilkington JJ, et al. Creatine supplementation for optimization of physical function in the
patient at risk of functional disability: a systematic review and meta-analysis. JPEN J Parenter Enteral Nutr. 2024;48
(4):389-405. doi: 10.1002/jpen.2607

Bohannon RW. Muscle strength: clinical and prognostic value of hand-grip dynamometry. Curr Opin Clin Nutr
Metab Care. 2015;18(5):465-470. doi: 10.1097/MC0.0000000000000202

Candow DG, Forbes SC, Chilibeck PD, et al. Effectiveness of creatine su pplementation on aging muscle and bone:
focus on falls prevention and inflammation. J Clin Med. 2019;8(4):488. doi: 10.3390/jcm8040488

Candow DG, Chilibeck PD, Forbes SC. Creatine supplementation and aging musculoskeletal health. Endocrine.
2014;45(3):354-361. doi: 10.1007/512020-013-0070-4

Chilibeck PD, Kaviani M, Candow DG, et al. Effect of creatine supplementation during resistance training on lean
tissue mass and muscular strength in older adults: a meta-analysis. Open Access J Sports Med. 2017;8:226. doi: 10.
2147/0AJSM.S123529

Devries M, Phillips S. Creatine supplementation during resistance training in older adults-a meta-analysis. Med Sci
Sports Exerc. 2014;46(6):1194-1203. doi: 10.1249/MSS.0000000000000220

Dos Santos EEP, de Araujo RC, Candow DG, et al. Efficacy of creatine supplementation combined with resistance
training on muscle strength and muscle mass in older females: a systematic review and meta-analysis. Nutrients.
2021;13(11):3757. doi: 10.3390/nu13113757

Bhasin S, Travison TG, Manini TM, et al. Sarcopenia definition: the position statements of the sarcopenia definition
and outcomes consortium. J Am Geriatr Soc. 2020;68(7):1410-1418. doi: 10.1111/jgs.16372

Kirk B, Zanker J, Bani Hassan E, et al. Sarcopenia definitions and outcomes consortium (SDOC) criteria are strongly
associated with malnutrition, depression, Falls, and fractures in high-risk older Persons. J Am Med Dir Assoc.
2021;22(4):741-745. doi: 10.1016/j.jamda.2020.06.050


https://doi.org/10.1038/sj.jcbfm.9600351
https://doi.org/10.4103/2394-8108.192519
https://doi.org/10.1016/S0014-5793(98)01399-4
https://doi.org/10.1046/j.1471-4159.2000.0741968.x
https://doi.org/10.1046/j.1471-4159.2000.0741968.x
https://doi.org/10.1007/s00726-011-0875-5
https://doi.org/10.1007/s00726-011-0875-5
https://doi.org/10.1016/j.bbabio.2007.08.006
https://doi.org/10.1016/j.bbabio.2007.08.006
https://doi.org/10.3390/nu14030583
https://doi.org/10.1080/01635581.2020.1842893
https://doi.org/10.1080/01635581.2020.1842893
https://doi.org/10.1074/jbc.M208705200
https://doi.org/10.1074/jbc.M208705200
https://doi.org/10.1007/s00726-016-2297-x
https://doi.org/10.1007/s00726-016-2297-x
https://doi.org/10.1093/ageing/afae052
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1016/j.mad.2024.111997
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.11138/ccmbm/2014.11.3.177
https://doi.org/10.1093/ageing/afac003
https://doi.org/10.1515/teb-2024-0019
https://doi.org/10.1002/jpen.2607
https://doi.org/10.1097/MCO.0000000000000202
https://doi.org/10.3390/jcm8040488
https://doi.org/10.1007/s12020-013-0070-4
https://doi.org/10.2147/OAJSM.S123529
https://doi.org/10.2147/OAJSM.S123529
https://doi.org/10.1249/MSS.0000000000000220
https://doi.org/10.3390/nu13113757
https://doi.org/10.1111/jgs.16372
https://doi.org/10.1016/j.jamda.2020.06.050

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 25

Candow DG, Chilibeck PD. Differences in size, strength, and power of upper and lower body muscle groups in
young and older men. J Geron: Ser A. 2005;60(2):148-156. doi: 10.1093/gerona/60.2.148

Candow DG, Ostojic SM, Forbes SC, et al. Does one dose of creatine supplementation fit all? Adv Exercise Health
Sci. 2024;1(2):99-107. doi: 10.1016/j.aehs.2024.05.002

Delpino FM, Figueiredo LM, Forbes SC, et al. Influence of age, sex, and type of exercise on the efficacy of creatine su
pplementation on lean body mass: a systematic review and meta-analysis of randomized clinical trials. Nutrition.
2022;103-104:103-104. doi: 10.1016/j.nut.2022.111791

Candow DG, Moriarty T. Effects of creatine monohydrate supplementation on muscle, bone and brain- hope or
hype for older adults? Curr Osteoporos Rep. 2024;23(1). doi: 10.1007/s11914-024-00895-x

Burke R, Pifiero A, Coleman M, et al. The effects of creatine supplementation combined with resistance training on
regional measures of muscle hypertrophy: a systematic review with meta-analysis. Nutrients. 2023;15(9):2116. doi:
10.3390/nu15092116

Frank-Wilson AW, Farthing JP, Chilibeck PD, et al. Lower leg muscle density is independently associated with fall
status in community-dwelling older adults. Osteoporos Int [Internet]. 2016 [cited 2022 Apr 4];27(7):2231-2240. doi:
10.1007/500198-016-3514-x

Gualano B, Rawson ES, Candow DG, et al. Creatine supplementation in the aging population: effects on skeletal
muscle, bone and brain. Amino Acids. 2016;48(8):1793-1805. doi: 10.1007/s00726-016-2239-7

Gerber I, Ap Gwynn |, Alini M, et al. Stimulatory effects of creatine on metabolic activity, differentiation and
mineralization of primary osteoblast-like cells in monolayer and micromass cell cultures. Eur Cell Mater.
2005;10:8-22. doi: 10.22203/eCM.v010a02

Candow DG, Little JP, Chilibeck PD, et al. Low-dose creatine combined with protein during resistance training in
older men. Med Sci Sports Exerc. 2008;40(9):1645-1652. doi: 10.1249/MSS.0b013e318176b310

Wallimann T, Hemmer W. Creatine kinase in non-muscle tissues and cells. Mol Cell Biochem. 1994;133-134
(1):193-220. doi: 10.1007/BF01267955

Yasuda H, Shima N, Nakagawa N, et al. Identity of osteoclastogenesis inhibitory factor (OCIF) and Osteoprotegerin
(OPG): a mechanism by which OPG/OCIF inhibits osteoclastogenesis in vitro 1. Endocrinology. 1998;139
(3):1329-1337. doi: 10.1210/end0.139.3.5837

Chilibeck P, Candow D, Landeryou T, et al. Effects of creatine and resistance training on bone health in
postmenopausal women. Med Sci Sports Exerc. 2015;47(8):1587-1595. doi: 10.1249/MSS.0000000000000571
Guyatt GH, Cranney A, Griffith L, et al. Summary of meta-analyses of therapies for postmenopausal osteoporosis
and the relationship between bone density and fractures. Endocrinol Metab Clin North Am [Internet]. 2002 [cited
2025 Jun 15];31(3):659-679. doi: 10.1016/50889-8529(02)00024-5

Chilibeck PD, Candow DG, Gordon JJ, et al. A 2-year randomized controlled trial on creatine su pplementation
during exercise for postmenopausal bone health. Med Sci Sports Exerc. 2023;55(10):1750-1760. doi: 10.1249/MSS.
0000000000003202

Sales LP, Pinto AJ, Rodrigues SF, et al. Creatine supplementation (3 g/d) and bone health in older women: a 2-year,
randomized, placebo-controlled trial. J Geron: Ser A. 2020;75(5):931-938. doi: 10.1093/gerona/glz162

Candow DG, Chilibeck PD, Gordon JJ, et al. Efficacy of creatine su pplementation and resistance training on area
and density of bone and muscle in older adults. Med Sci Sports Exerc. 2021;53(11):2388-2395. doi: 10.1249/MSS.
0000000000002722

LaCroix AZ, Beck TJ, Cauley JA, et al. Hip structural geometry and incidence of hip fracture in postmenopausal
women: what does it add to conventional bone mineral density? Osteoporos Int. 2010;21(6):919-929. doi: 10.1007/
s00198-009-1056-1

Beck TJ. Extending DXA beyond bone mineral density: understanding hip structure analysis. Curr Osteoporos Rep.
2007;5(2):49-55. doi: 10.1007/s11914-007-0002-4

Duckham RL, Frank AW, Johnston JD, et al. Monitoring time interval for pQCT-derived bone outcomes in
postmenopausal women. Osteoporos Int [Internet]. 2013 [cited 2025 Jun 15];24(6):1917-1922. doi: 10.1007/
s00198-012-2242-0

Kaptoge S, Beck TJ, Reeve J, et al. Prediction of incident hip fracture risk by femur geometry variables measured by
hip structural analysis in the study of osteoporotic fractures. J Bone Miner Res [Internet]. 2008 [cited 2024 Jul 29];23
(12):1892-1904. doi: 10.1359/jbmr.080802

Bender A, Samtleben W, Elstner M, et al. Long-term creatine supplementation is safe in aged patients with
Parkinson disease. Nutr Res. 2008;28(3):172-178. doi: 10.1016/j.nutres.2008.01.001

Bender A, Beckers J, Schneider |, et al. Creatine improves health and survival of mice. Neurobiol Aging. 2008;29
(9):1404-1411. doi: 10.1016/j.neurobiolaging.2007.03.001

Alley DE, Hicks GE, Shardell M, et al. Meaningful improvement in gait speed in hip fracture recovery. J Am Geriatr
Soc [Internet]. 2011 [cited 2025 Jun 15];59(9):1650-1657. doi: 10.1111/j.1532-5415.2011.03560.x

Candow D, Chilibeck P, Gordon J, et al. Effect of 12 months of creatine supplementation and whole-body
resistance training on measures of bone, muscle and strength in older males. Nutr Health. 2021;27(2):151-159.
doi: 10.1177/0260106020975247

MacRae PG, Lacourse M, Moldavon R. Physical performance measures that predict faller status in
community-dwelling older adults. J Orthop Sports Phys Ther. 1992;16(3):123-128. doi: 10.2519/jospt.1992.16.3.123


https://doi.org/10.1093/gerona/60.2.148
https://doi.org/10.1016/j.aehs.2024.05.002
https://doi.org/10.1016/j.nut.2022.111791
https://doi.org/10.1007/s11914-024-00895-x
https://doi.org/10.3390/nu15092116
https://doi.org/10.3390/nu15092116
https://doi.org/10.1007/s00198-016-3514-x
https://doi.org/10.1007/s00198-016-3514-x
https://doi.org/10.1007/s00726-016-2239-7
https://doi.org/10.22203/eCM.v010a02
https://doi.org/10.1249/MSS.0b013e318176b310
https://doi.org/10.1007/BF01267955
https://doi.org/10.1210/endo.139.3.5837
https://doi.org/10.1249/MSS.0000000000000571
https://doi.org/10.1016/S0889-8529(02)00024-5
https://doi.org/10.1249/MSS.0000000000003202
https://doi.org/10.1249/MSS.0000000000003202
https://doi.org/10.1093/gerona/glz162
https://doi.org/10.1249/MSS.0000000000002722
https://doi.org/10.1249/MSS.0000000000002722
https://doi.org/10.1007/s00198-009-1056-1
https://doi.org/10.1007/s00198-009-1056-1
https://doi.org/10.1007/s11914-007-0002-4
https://doi.org/10.1007/s00198-012-2242-0
https://doi.org/10.1007/s00198-012-2242-0
https://doi.org/10.1359/jbmr.080802
https://doi.org/10.1016/j.nutres.2008.01.001
https://doi.org/10.1016/j.neurobiolaging.2007.03.001
https://doi.org/10.1111/j.1532-5415.2011.03560.x
https://doi.org/10.1177/0260106020975247
https://doi.org/10.2519/jospt.1992.16.3.123

26 D. G. CANDOW ET AL.

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.

Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci.
2001;56(3):M146-M157. doi: 10.1093/gerona/56.3.M146

Varadhan R, Russ DW, Gabr RE, et al. Relationship of physical frailty to phosphocreatine recovery in muscle after
mild exercise stress in the oldest-old women. J Frailty Aging. 2019;8(4):162-168. doi: 10.14283/jfa.2019.21

Smith JC, Stephens DP, Hall EL, et al. Effect of oral creatine ingestion on parameters of the work rate-time
relationship and time to exhaustion in high-intensity cycling. Eur J Appl Physiol Occup Physiol. 1998;77
(4):360-365. doi: 10.1007/s004210050345

Collins J, Longhurst G, Roschel H, et al. Resistance training and Co-supplementation with creatine and protein in
older subjects with frailty. J Frailty Aging. 2016;5(2):126-134. doi: 10.14283/jfa.2016.85

Roschel H, Hayashi AP, Fernandes AL, et al. Supplement-based nutritional strategies to tackle frailty:
a multifactorial, double-blind, randomized placebo-controlled trial. Clin Nutr. 2021;40(8):4849-4858. doi: 10.
1016/j.cInu.2021.06.024

Yquel RJ, Arsac LM, Thiaudiére E, et al. Effect of creatine supplementation on phosphocreatine resynthesis,
inorganic phosphate accumulation and pH during intermittent maximal exercise. J Sports Sci. 2002;20
(5):427-437. doi: 10.1080/026404102317366681

Riesberg LA, Weed SA, McDonald TL, et al. Beyond muscles: the untapped potential of creatine.
Int Immunopharmacol. 2016;37:31. doi: 10.1016/j.intimp.2015.12.034

Lawler JM, Barnes WS, Wu G, et al. Direct antioxidant properties of creatine. Biochem Biophys Res Commun.
2002;290(1):47-52. doi: 10.1006/bbrc.2001.6164

Lopez-Otin C, Blasco MA, Partridge L, et al. The hallmarks of aging. Cell. 2013;153(6):1194. doi: 10.1016/j.cell.2013.
05.039

Stachowiak G, Pertynski T, Pertyriska-Marczewska M. Metabolic disorders in menopause. Prz Menopauzalny. 2015;1
(1):59-64. doi: 10.5114/pm.2015.50000

Deng X, Wang P, Yuan H. Epidemiology, risk factors across the spectrum of age-related metabolic diseases. J Trace
Elem Med Biol. 2020;61:61. doi: 10.1016/j.jtemb.2020.126497

Van Wyk H, Brouwer AF, Lee GO, et al. Early detection of dengue outbreaks: transmission model analysis of
a dengue outbreak in a remote setting in Ecuador. Epidemiology [Internet]. 2025 [cited 2025 Jun 16]. doi: 10.1097/
EDE.0000000000001874

Valenzuela PL, Carrera-Bastos P, Castillo-Garcia A, et al. Obesity and the risk of cardiometabolic diseases. Nat Rev
Cardiol. 2023;20(7):475-494. doi: 10.1038/541569-023-00847-5

Kazak L, Chouchani ET, Jedrychowski MP, et al. A creatine-driven substrate cycle enhances energy expenditure and
thermogenesis in beige fat. Cell [Internet]. 2015 [cited 2023 May 23];163(3):643-655. doi: 10.1016/j.cell.2015.09.035
Forbes S, Candow D, Krentz J, et al. Changes in fat mass following creatine su pplementation and resistance
training in adults =50 years of age: a meta-analysis. J Funct Morphol Kinesiol [Internet]. 2019 [cited 2021 Jul 7];4
(3):62. doi: 10.3390/jfmk4030062

DeFronzo RA, Ferrannini E, Groop L, et al. Type 2 diabetes mellitus. Nat Rev Dis Primers. 2015;1(1):1. doi: 10.1038/
nrdp.2015.19

Guma A, Zierath JR, Wallberg-Henriksson H, et al. Insulin induces translocation of GLUT-4 glucose transporters in
human skeletal muscle. Am J Physiol. 1995;268(4):E613-E622. doi: 10.1152/ajpendo.1995.268.4.E613

Solis MY, Artioli GG, Gualano B. Potential of creatine in glucose management and diabetes. Nutrients. 2021;13
(2):1-13. doi: 10.3390/nu13020570

Alsever RN, Georg RH, Sussman KE. Stimulation of insulin secretion by guanidinoacetic acid and other guanidine
derivatives 1. Endocrinology. 1970;86(2):332-336. doi: 10.1210/endo-86-2-332

Ribeiro AS, Avelar A, Kassiano W, et al. Creatine supplementation does not influence the ratio between intracellular
water and skeletal muscle mass in resistance-trained men. Int J Sport Nutr Exerc Metab. 2020;30(6):405-411. doi:
10.1123/ijsnem.2020-0080

Safdar A, Yardley NJ, Snow R, et al. Global and targeted gene expression and protein content in skeletal muscle of
young men following short-term creatine monohydrate supplementation. Physiol Genomics. 2008;32(2):219-228.
doi: 10.1152/physiolgenomics.00157.2007

Ju JS, Smith JL, Oppelt PJ, et al. Creatine feeding increases GLUT4 expression in rat skeletal muscle. Am J Physiol
Endocrinol Metab. 2005;288(2):E347-E352. doi: 10.1152/ajpendo.00238.2004

Gualano B, DeSallespainneli V, Roschel H, et al. Creatine in type 2 diabetes: a randomized, double-blind,
placebo-controlled trial. Med Sci Sports Exerc. 2011;43(5):770-778. doi: 10.1249/MSS.0b013e3181fcee7d
Gualano B, Novaes RB, Artioli GG, et al. Effects of creatine supplementation on glucose tolerance and insulin
sensitivity in sedentary healthy males undergoing aerobic training. Amino Acids. 2008;34(2):245-250. doi: 10.1007/
500726-007-0508-1

Eijnde BO’, Ursg B, Richter EA, et al. Effect of oral creatine supplementation on human muscle GLUT4 protein
content after immobilization. Diabetes. 2001;50(1):18-23. doi: 10.2337/diabetes.50.1.18

Derave W, Eijnde BO, Verbessem P, et al. Combined creatine and protein supplementation in conjunction with
resistance training promotes muscle GLUT-4 content and glucose tolerance in humans. J Appl Physiol. 2003;94
(5):1910-1916. doi: 10.1152/japplphysiol.00977.2002


https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.14283/jfa.2019.21
https://doi.org/10.1007/s004210050345
https://doi.org/10.14283/jfa.2016.85
https://doi.org/10.1016/j.clnu.2021.06.024
https://doi.org/10.1016/j.clnu.2021.06.024
https://doi.org/10.1080/026404102317366681
https://doi.org/10.1016/j.intimp.2015.12.034
https://doi.org/10.1006/bbrc.2001.6164
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.5114/pm.2015.50000
https://doi.org/10.1016/j.jtemb.2020.126497
https://doi.org/10.1097/EDE.0000000000001874
https://doi.org/10.1097/EDE.0000000000001874
https://doi.org/10.1038/s41569-023-00847-5
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.3390/jfmk4030062
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1152/ajpendo.1995.268.4.E613
https://doi.org/10.3390/nu13020570
https://doi.org/10.1210/endo-86-2-332
https://doi.org/10.1123/ijsnem.2020-0080
https://doi.org/10.1123/ijsnem.2020-0080
https://doi.org/10.1152/physiolgenomics.00157.2007
https://doi.org/10.1152/ajpendo.00238.2004
https://doi.org/10.1249/MSS.0b013e3181fcee7d
https://doi.org/10.1007/s00726-007-0508-1
https://doi.org/10.1007/s00726-007-0508-1
https://doi.org/10.2337/diabetes.50.1.18
https://doi.org/10.1152/japplphysiol.00977.2002

151.

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.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 27

Alves CRR, Ferreira JC, De siqueira-Filho MA, et al. Creatine-induced glucose uptake in type 2 diabetes: a role for
AMPK-a? Amino Acids. 2012;43(4):1803-1807. doi: 10.1007/s00726-012-1246-6

Wang L, Yan N, Zhang M, et al. The association between blood glucose levels and lipids or lipid ratios in type 2
diabetes patients: a cross-sectional study. Front Endocrinol (Lausanne). 2022;13. doi: 10.3389/fend0.2022.969080
Sears B, Perry M. The role of fatty acids in insulin resistance. Lipids Health Dis. 2015;14(1). doi: 10.1186/512944-015-
0123-1

Deminice R, de Castro GS, Brosnan ME, et al. Creatine supplementation as a possible new therapeutic approach for
fatty liver disease: early findings. Amino Acids [Internet]. 2016 [cited 2025 Mar 2];48(8):1983-1991. doi: 10.1007/
s00726-016-2183-6

Deminice R, de Castro GSF, Francisco LV, et al. Creatine supplementation prevents fatty liver in rats fed
choline-deficient diet: a burden of one-carbon and fatty acid metabolism. J Nutr Biochem [Internet]. 2015 [cited
2025 Jun 16];26(4):391-397. doi: 10.1016/j.,jnutbio.2014.11.014

Deminice R, da Silva RP, Lamarre SG, et al. Creatine supplementation prevents the accumulation of fat in the livers
of rats fed a high-fat diet. J Nutr [Internet]. 2011 [cited 2025 Jun 16];141(10):1799-1804. doi: 10.3945/jn.111.144857
da Silva RP, Leonard KA, Jacobs RL. Dietary creatine su pplementation lowers hepatic triacylglycerol by increasing
lipoprotein secretion in rats fed high-fat diet. J Nutr Biochem [Internet]. 2017 [cited 2025 Mar 2];50:46-53. doi: 10.
1016/j.jnutbio.2017.08.010

Da Silva RP, Kelly KB, Leonard KA, et al. Creatine reduces hepatic TG accumulation in hepatocytes by stimulating
fatty acid oxidation. Biochim Biophys Acta Mol Cell Biol Lipids [Internet]. 2014 [cited 2025 Jun 16];1841
(11):1639-1646. doi: 10.1016/j.bbalip.2014.09.001

Marinello PC, Cella PS, Testa MTJ, et al. Creatine su pplementation protects against diet-induced non-alcoholic
fatty liver but exacerbates alcoholic fatty liver. Life Sci [Internet]. 2022 [cited 2025 Jun 16];310:121064. doi: 10.1016/
j.Ifs.2022.121064

Earnest CP, Almada AL, Mitchell TL. High-performance capillary electrophoresis-pure creatine monohydrate
reduces blood lipids in men and women. Clin Sci (lond). 1996;91(1):113-118. doi: 10.1042/cs0910113

Kreider RB, Ferreira M, Wilson M, et al. Effects of creatine supplementation on body composition, strength, and
sprint performance. Med Sci Sports Exerc. 1998;30(1):73-82. doi: 10.1097/00005768-199801000-00011

Gualano B, Ugrinowitsch C, Artioli GG, et al. Does creatine sup plementation improve the plasma lipid profile in
healthy male subjects undergoing aerobic training? J Int Soc Sports Nutr. 2008;5(1). doi: 10.1186/1550-2783-5-16
Kreider R, Melton C, Rasmussen C, et al. Long-term creatine sup plementation does not significantly affect clinical
markers of health in athletes. Mol Cell Biochem. 2003;244(1-2):95-104. doi: 10.1023/A:1022469320296

Volek JS, Duncan ND, Mazzetti SA, et al. No effect of heavy resistance training and creatine su pplementation on
blood lipids. Int J Sport Nutr Exerc Metab. 2000;10(2):144-156. doi: 10.1123/ijsnem.10.2.144

Devries MC, Phillips SM. Creatine su pplementation during resistance training in older adults - a meta-analysis. Med
Sci Sports Exerc. 2014;46(6):1194-1203. doi: 10.1249/MSS.0000000000000220

Neves M, Gualano B, Roschel H, et al. Effect of creatine su pplementation on measured glomerular filtration rate in
postmenopausal women. Appl Physiol Nutr Metab. 2011;36(3):419-422. doi: 10.1139/h11-014

Wilkinson TJ, Lemmey AB, Jones JG, et al. Can creatine su pplementation improve body composition and objective
physical function in rheumatoid arthritis patients? A randomized controlled trial. Arthritis Care Res (hoboken).
2016;68(6):729-737. doi: 10.1002/acr.22747

Alves CRR, Santiago BM, Lima FR, et al. Creatine su pplementation in fibromyalgia: a randomized, double-blind,
placebo-controlled trial. Arthritis Care Res (hoboken). 2013;65(9):1449-1459. doi: 10.1002/acr.22020

Lopez-Otin C, Blasco MA, Partridge L, et al. Hallmarks of aging: an expanding universe. Cell. 2023;186(2):243-278.
doi: 10.1016/j.cell.2022.11.001

Hespel P, T Eijnde BO, Van Leemputte M. Opposite actions of caffeine and creatine on muscle relaxation time in
humans. J Appl Physiol. 2002;92(2):513-518. doi: 10.1152/japplphysiol.00255.2001

Pearlman JP, Fielding RA. Creatine monohydrate as a therapeutic aid in muscular dystrophy. Nutr Rev. 2006;64
(2):80-88. doi: 10.1111/j.1753-4887.2006.tb00191.x

Park JH, Vital TL, Ryder NM, et al. Magnetic resonance imaging and P-31 magnetic resonance spectroscopy provide
unique quantitative data useful in the longitudinal management of patients with dermatomyositis. Arthritis &
Rheumatism. 1994;37(5):736-746. doi: 10.1002/art.1780370519

Argov Z, Bank WJ. Phosphorus magnetic resonance spectroscopy (31P MRS) in neuromuscular disorders. Ann
Neurol. 1991;30(1):90-97. doi: 10.1002/ana.410300116

Tarnopolsky M, Parise G. Direct measurement of high-energy phosphate compounds in patients with neuromus-
cular disease. Muscle Nerve. 1999;22(9):1228-1233. doi: 10.1002/(SICI)1097-4598(199909)22:9<1228::AID-MUS9>3.
0.CO;2-6

Roy BD, Bourgeois JM, Mahoney DJ, et al. Dietary su pplementation with creatine monohydrate prevents
corticosteroid-induced attenuation of growth in young rats. Can J Physiol Pharmacol. 2002;80(10):1008-1014.
doi: 10.1139/y02-129

Antolic A, Roy BD, Tarnopolsky MA, et al. Creatine monohydrate increases bone mineral density in young
Sprague-Dawley rats. Med Sci Sports Exerc. 2007;39(5):816-820. doi: 10.1249/mss.0b013e31803 1fac4


https://doi.org/10.1007/s00726-012-1246-6
https://doi.org/10.3389/fendo.2022.969080
https://doi.org/10.1186/s12944-015-0123-1
https://doi.org/10.1186/s12944-015-0123-1
https://doi.org/10.1007/s00726-016-2183-6
https://doi.org/10.1007/s00726-016-2183-6
https://doi.org/10.1016/j.jnutbio.2014.11.014
https://doi.org/10.3945/jn.111.144857
https://doi.org/10.1016/j.jnutbio.2017.08.010
https://doi.org/10.1016/j.jnutbio.2017.08.010
https://doi.org/10.1016/j.bbalip.2014.09.001
https://doi.org/10.1016/j.lfs.2022.121064
https://doi.org/10.1016/j.lfs.2022.121064
https://doi.org/10.1042/cs0910113
https://doi.org/10.1097/00005768-199801000-00011
https://doi.org/10.1186/1550-2783-5-16
https://doi.org/10.1023/A:1022469320296
https://doi.org/10.1123/ijsnem.10.2.144
https://doi.org/10.1249/MSS.0000000000000220
https://doi.org/10.1139/h11-014
https://doi.org/10.1002/acr.22747
https://doi.org/10.1002/acr.22020
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1152/japplphysiol.00255.2001
https://doi.org/10.1111/j.1753-4887.2006.tb00191.x
https://doi.org/10.1002/art.1780370519
https://doi.org/10.1002/ana.410300116
https://doi.org/10.1002/(SICI)1097-4598(199909)22:9%3C1228::AID-MUS9%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4598(199909)22:9%3C1228::AID-MUS9%3E3.0.CO;2-6
https://doi.org/10.1139/y02-129
https://doi.org/10.1249/mss.0b013e318031fac4

28 D. G. CANDOW ET AL.

177. Tarnopolsky MA, Mahoney DJ, Vajsar J, et al. Creatine monohydrate enhances strength and body composition in

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Duchenne muscular dystrophy. Neurology. 2004;62(10):1771-1777. doi: 10.1212/01.WNL.0000125178.18862.9D
Louis A, Lebacq J, Poortmans JR, et al. Beneficial effects of creatine su pplementation in dystrophic patients. Muscle
Nerve. 2003;27(5):604-610. doi: 10.1002/mus.10355

Miller R, Mitchell J, Lyon M, et al. Riluzole for amyotrophic lateral sclerosis (Als)/motor neuron disease (MND).
Cochrane Database Sys Rev. 2002 4:CD001447.

Klivenyi P, Ferrante RJ, Matthews RT, et al. Neuroprotective effects of creatine in a transgenic animal model of
amyotrophic lateral sclerosis. Nat Med. 1999;5(3):347-350. doi: 10.1038/6568

Snow RJ, Turnbull J, Da Silva S, et al. Creatine su pplementation and riluzole treatment provide similar beneficial
effects in copper, zinc superoxide dismutase (G93A) transgenic mice. Neuroscience. 2003;119(3):661-667. doi: 10.
1016/50306-4522(03)00212-4

Groeneveld GJ, Veldink JH, Van der Tweel |, et al. A randomized sequential trial of creatine in amyotrophic lateral
sclerosis. Ann Neurol. 2003;53(4):437-445. doi: 10.1002/ana.10554

Swoboda KJ, Prior TW, Scott CB, et al. Natural history of denervation in SMA: relation to age, SMN2 copy number,
and function. Ann Neurol. 2005;57(5):704-712. doi: 10.1002/ana.20473

Strauss KA, Farrar MA, Muntoni F, et al. Onasemnogene abeparvovec for presymptomatic infants with two copies
of SMN2 at risk for spinal muscular atrophy type 1: the phase lll SPR1NT trial. Nat Med. 2022;28(7):1381-1389. doi:
10.1038/541591-022-01866-4

McMillan H, Kernohan K, Yeh E, et al. Newborn screening for spinal muscular atrophy: Ontario testing and
follow-up recommendations. Can J Neurol Sci. 2021;48(4):504-511. doi: 10.1017/cjn.2020.229

Ramos DM, d'Ydewalle C, Gabbeta V, et al. Age-dependent SMN expression in disease-relevant tissue and
implications for SMA treatment. J Clin Invest. 2019;129(11):4817-4831. doi: 10.1172/JCI124120

McComas AJ, Quartly C, Griggs RC. Early and late losses of motor units after poliomyelitis. Brain. 1997;120(Pt
8):1415-1421. doi: 10.1093/brain/120.8.1415

Power GA, Dalton BH, Behm DG, et al. Motor unit number estimates in masters runners: use it or lose it? Med Sci
Sports Exerc. 2010;42(9):1644-1650. doi: 10.1249/MSS.0b013e3181d6f9e9

Jones EJ, Piasecki J, Ireland A, et al. Lifelong exercise is associated with more homogeneous motor unit potential
features across deep and superficial areas of vastus lateralis. Geroscience. 2021;43(4):1555-1565. doi: 10.1007/
$s11357-021-00356-8

Lewelt A, Krosschell KJ, Stoddard GJ, et al. Resistance strength training exercise in children with spinal muscular
atrophy. Muscle Nerve. 2015;52(4):559-567. doi: 10.1002/mus.24568

Rodriguez MC, MacDonald JR, Mahoney DJ, et al. Beneficial effects of creatine, CoQ10, and lipoic acid in
mitochondrial disorders. Muscle Nerve. 2007;35(2):235-242. doi: 10.1002/mus.20688

Chetlin RD, Gutmann L, Tarnopolsky MA, et al. Resistance training exercise and creatine in patients with
Charcot-Marie-Tooth disease. Muscle Nerve. 2004;30(1):69-76. doi: 10.1002/mus.20078

Smith CA, Chetlin RD, Gutmann L, et al. Effects of exercise and creatine on myosin heavy chain isoform composi-
tion in patients with Charcot-Marie-Tooth disease. Muscle Nerve. 2006;34(5):586-594. doi: 10.1002/mus.20621
Stout JR, Eckerson JM, May E, et al. Effects of resistance exercise and creatine supplementation on myasthenia
gravis: a case study. Med Sci Sports Exerc. 2001;33(6):869-872. doi: 10.1097/00005768-200106000-00003
Guglieri M, Bushby K, McDermott MP, et al. Effect of different corticosteroid dosing regimens on clinical outcomes
in boys with Duchenne muscular dystrophy: a randomized clinical trial. JAMA. 2022;327(15):1456-1468. doi: 10.
1001/jama.2022.4315

Payne ET, Yasuda N, Bourgeois JM, et al. Nutritional therapy improves function and complements corticosteroid
intervention in mdx mice. Muscle Nerve. 2006;33(1):66—77. doi: 10.1002/mus.20436

Passaquin AC, Renard M, Kay L, et al. Creatine su pplementation reduces skeletal muscle degeneration and
enhances mitochondrial function in mdx mice. Neuromuscul Disord. 2002;12(2):174-182. doi: 10.1016/50960-
8966(01)00273-5

Louis M, Raymackers JM, Debaix H, et al. Effect of creatine supplementation on skeletal muscle of mdx mice.
Muscle Nerve. 2004;29(5):687-692. doi: 10.1002/mus.20014

Fernandes VAR, dos Santos GP, latecola A, et al. Evaluation of creatine monohydrate supplementation on the
gastrocnemius muscle of mice with muscular dystrophy: a preliminary study. Pathophysiology. 2025;32(1):2. doi:
10.3390/pathophysiology32010002

Ogborn DI, Smith KJ, Crane JD, et al. Effects of creatine and exercise on skeletal muscle of FRG1-transgenic mice.
Can J Neurol Sci. 2012;39(2):225-231. doi: 10.1017/50317167100013275

Walter MC, Lochmiiller H, Reilich P, et al. Creatine monohydrate in muscular dystrophies: a double-blind,
placebo-controlled clinical study. Neurology. 2000;54(9):1848-1850. doi: 10.1212/WNL.54.9.1848

Schneider-Gold C, Beck M, Wessig C, et al. Creatine monohydrate in DM2/PROMM: a double-blind
placebo-controlled clinical study. Neurol. 2003;60(3):500-502. doi: 10.1212/01.WNL.0000044405.29988.E1
Tarnopolsky M, Mahoney D, Thompson T, et al. 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(1):51-58. doi: 10.1002/mus.10527


https://doi.org/10.1212/01.WNL.0000125178.18862.9D
https://doi.org/10.1002/mus.10355
https://doi.org/10.1038/6568
https://doi.org/10.1016/S0306-4522(03)00212-4
https://doi.org/10.1016/S0306-4522(03)00212-4
https://doi.org/10.1002/ana.10554
https://doi.org/10.1002/ana.20473
https://doi.org/10.1038/s41591-022-01866-4
https://doi.org/10.1038/s41591-022-01866-4
https://doi.org/10.1017/cjn.2020.229
https://doi.org/10.1172/JCI124120
https://doi.org/10.1093/brain/120.8.1415
https://doi.org/10.1249/MSS.0b013e3181d6f9e9
https://doi.org/10.1007/s11357-021-00356-8
https://doi.org/10.1007/s11357-021-00356-8
https://doi.org/10.1002/mus.24568
https://doi.org/10.1002/mus.20688
https://doi.org/10.1002/mus.20078
https://doi.org/10.1002/mus.20621
https://doi.org/10.1097/00005768-200106000-00003
https://doi.org/10.1001/jama.2022.4315
https://doi.org/10.1001/jama.2022.4315
https://doi.org/10.1002/mus.20436
https://doi.org/10.1016/S0960-8966(01)00273-5
https://doi.org/10.1016/S0960-8966(01)00273-5
https://doi.org/10.1002/mus.20014
https://doi.org/10.3390/pathophysiology32010002
https://doi.org/10.3390/pathophysiology32010002
https://doi.org/10.1017/S0317167100013275
https://doi.org/10.1212/WNL.54.9.1848
https://doi.org/10.1212/01.WNL.0000044405.29988.E1
https://doi.org/10.1002/mus.10527

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 29

Walter MC, Reilich P, Lochmiiller H, et al. Creatine monohydrate in myotonic dystrophy: a double-blind,
placebo-controlled clinical study. J Neurol. 2002;249(12):1717-1722. doi: 10.1007/s00415-002-0923-x
Tarnopolsky M, Martin J. Creatine monohydrate increases strength in patients with neuromuscular disease.
Neurology. 1999;52(4):854-857. doi: 10.1212/WNL.52.4.854

Dunlap HV, MacNeil LG, Tarnopolsky MA. Functional impairment in patients with sporadic inclusion body myositis.
Can J Neurol Sci. 2014;41(2):253-259. doi: 10.1017/50317167100016668

Chung YL, Alexanderson H, Pipitone N, et al. Creatine supplements in patients with idiopathic inflammatory
myopathies who are clinically weak after conventional pharmacologic treatment: six-month, double-blind, rando-
mized, placebo-controlled trial. Arthritis Rheum. 2007;57(4):694-702. doi: 10.1002/art.22687

Solis MY, Hayashi AP, Artioli GG, et al. Efficacy and safety of creatine supplementation in juvenile dermatomyositis:
a randomized, double-blind, placebo-controlled crossover trial. Muscle Nerve. 2016;53(1):58-66. doi: 10.1002/mus.
24681

Johnson LG, Collier KE, Edwards DJ, et al. Improvement in aerobic capacity after an exercise program in sporadic
inclusion body myositis. J Clin Neuromuscul Dis. 2009;10(4):178-184. doi: 10.1097/CND.0b013e3181a23c86
Wallace A, Pietrusz A, Dewar E, et al. Community exercise is feasible for neuromuscular diseases and can improve
aerobic capacity. Neurology. 2019;92(15):e1773-e1785. doi: 10.1212/WNL.0000000000007265

Connor SG, Fairchild TJ, Learmonth YC, et al. Testosterone treatment combined with exercise to improve muscle
strength, physical function and quality of life in men affected by inclusion body myositis: a randomised,
double-blind, placebo-controlled, crossover trial. PLOS ONE. 2023;18(4):e0283394. doi: 10.1371/journal.pone.
0283394

Spector SA, Lemmer JT, Koffman BM, et al. Safety and efficacy of strength training in patients with sporadic
inclusion body myositis. Inc Muscle Nerve. 1997;20(10):1242-1248. doi: 10.1002/(SICI)1097-4598(199710)
20:10<1242::AID-MUS6>3.0.C0O;2-C

Brose A, Parise G, Tarnopolsky M. Creatine supplementation enhances isometric strength and body composition
improvements following strength exercise training in older adults. J Gerontol A Biol Sci Med Sci. 2003;58(1):11-19.
doi: 10.1093/gerona/58.1.B11

Chrusch M, Chilibeck P, Chad K, et al. Creatine supplementation combined with resistance training in older men.
Med Sci Sports Exerc. 2001;33(12):2111-2117. doi: 10.1097/00005768-200112000-00021

Tarnopolsky MA. Metabolic myopathies. Continuum (Minneap Minn). Continuum. 2022;28(6):1752-1777. doi: 10.
1212/CON.0000000000001182

Vorgerd M, Grehl T, Jager M, et al. Creatine therapy in myophosphorylase deficiency (McArdle disease): a
placebo-controlled crossover trial. Arch Neurol. 2000;57(7):956-963. doi: 10.1001/archneur.57.7.956

Vorgerd M, Zange J, Kley R, et al. Effect of high-dose creatine therapy on symptoms of exercise intolerance in
McArdle disease: double-blind, placebo-controlled crossover study. Arch Neurol. 2002;59(1):97-101. doi: 10.1001/
archneur.59.1.97

Robertshaw HA, Raha S, Kaczor JJ, et al. Increased PFK activity and GLUT4 protein content in McArdle’s disease.
Muscle Nerve. 2008;37(4):431-437. doi: 10.1002/mus.20947

Storey KB, Hochachka PW. Activation of muscle glycolysis: a role for creatine phosphate in phosphofructokinase
regulation. FEBS Lett. 1974;46(1-2):337-339. doi: 10.1016/0014-5793(74)80400-X

Korenke GC, Wanders RJA, Hanefeld F. Striking improvement of muscle strength under creatine therapy in
a patient with long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. J Inherit Metab Dis. 2003;26(1):67-68.
doi: 10.1023/A:1024031714659

Schnyder T, Rojo M, Furter R, et al. The structure of mitochondrial creatine kinase and its membrane binding
properties. Mol Cell Biochem. 1994;133-134(1):115-123. doi: 10.1007/BF01267951

Baker SK, Tarnopolsky MA. Targeting cellular energy production in neurological disorders. Expert Opin Investig
Drugs. 2003;12(10):1655-1679. doi: 10.1517/13543784.12.10.1655

Tarnopolsky MA, Simon DK, Roy BD, et al. Attenuation of free radical production and paracrystalline inclusions by
creatine su pplementation in a patient with a novel cytochrome b mutation. Muscle Nerve. 2004;29(4):537-547.
doi: 10.1002/mus.20020

Tarnopolsky MA, Roy BD, Macdonald JR. A randomized, controlled trial of creatine monohydrate in patients with
mitochondrial cytopathies. Muscle Nerve. 1997;20(12):1502-1509. doi: 10.1002/(SICI)1097-4598(199712)
20:12<1502::AID-MUS4>3.0.C0O;2-C

Komura K, Hobbiebrunken E, Wilichowski EKG, et al. Effectiveness of creatine monohydrate in mitochondrial
encephalomyopathies. Pediatr Neurol. 2003;28(1):53-58. doi: 10.1016/50887-8994(02)00469-1

Borchert A, Wilichowski E, Hanefeld F. Su pplementation with creatine monohydrate in children with mitochon-
drial encephalomyopathies. Muscle Nerve. 1999;22(9):1165-1336. doi: 10.1002/(SICI)1097-4598(199909)
22:9<1299::AID-MUS24>3.0.CO;2-4

Heighton JN, Brady LI, Newman MC, et al. Clinical and demographic features of chronic progressive external
ophthalmoplegia in a large adult-onset cohort. Mitochondrion. 2019;44:15-19. doi: 10.1016/j.mit0.2017.12.006
Klopstock T, Querner V, Schmidt F, et al. A placebo-controlled crossover trial of creatine in mitochondrial diseases.
Neurology. 2000;55(11):1748-1751. doi: 10.1212/WNL.55.11.1748


https://doi.org/10.1007/s00415-002-0923-x
https://doi.org/10.1212/WNL.52.4.854
https://doi.org/10.1017/S0317167100016668
https://doi.org/10.1002/art.22687
https://doi.org/10.1002/mus.24681
https://doi.org/10.1002/mus.24681
https://doi.org/10.1097/CND.0b013e3181a23c86
https://doi.org/10.1212/WNL.0000000000007265
https://doi.org/10.1371/journal.pone.0283394
https://doi.org/10.1371/journal.pone.0283394
https://doi.org/10.1002/(SICI)1097-4598(199710)20:10%3C1242::AID-MUS6%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-4598(199710)20:10%3C1242::AID-MUS6%3E3.0.CO;2-C
https://doi.org/10.1093/gerona/58.1.B11
https://doi.org/10.1097/00005768-200112000-00021
https://doi.org/10.1212/CON.0000000000001182
https://doi.org/10.1212/CON.0000000000001182
https://doi.org/10.1001/archneur.57.7.956
https://doi.org/10.1001/archneur.59.1.97
https://doi.org/10.1001/archneur.59.1.97
https://doi.org/10.1002/mus.20947
https://doi.org/10.1016/0014-5793(74)80400-X
https://doi.org/10.1023/A:1024031714659
https://doi.org/10.1007/BF01267951
https://doi.org/10.1517/13543784.12.10.1655
https://doi.org/10.1002/mus.20020
https://doi.org/10.1002/(SICI)1097-4598(199712)20:12%3C1502::AID-MUS4%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-4598(199712)20:12%3C1502::AID-MUS4%3E3.0.CO;2-C
https://doi.org/10.1016/S0887-8994(02)00469-1
https://doi.org/10.1002/(SICI)1097-4598(199909)22:9%3C1299::AID-MUS24%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4598(199909)22:9%3C1299::AID-MUS24%3E3.0.CO;2-4
https://doi.org/10.1016/j.mito.2017.12.006
https://doi.org/10.1212/WNL.55.11.1748

30 D. G. CANDOW ET AL.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254.

Kornblum C, Schroder R, Miiller K, et al. 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 J Neurol. 2005;12(4):300-309. doi: 10.1111/j.1468-1331.2004.00970.x

Kley R, Tarnopolsky M, Vorgerd M. Creatine for treating muscle disorders. Cochrane Database Syst Rev. 2013;2013
(6). doi: 10.1002/14651858.CD004760.pub4

Glover El, Martin J, Maher A, et al. A randomized trial of coenzyme Q10 in mitochondrial disorders. Muscle Nerve.
2010;42(5):739-748. doi: 10.1002/mus.21758

Nilsson MI, Mikhail A, Lan L, et al. A five-ingredient nutritional supplement and home-based resistance exercise
improve lean mass and strength in free-living elderly. Nutrients. 2020;12(8):1-28. doi: 10.3390/nu12082391

Bell KE, Snijders T, Zulyniak M, et al. A whey protein-based multi-ingredient nutritional supplement stimulates
gains in lean body mass and strength in healthy older men: a randomized controlled trial. PLOS ONE. 2017;12(7):
€0181387. doi: 10.1371/journal.pone.0181387

United Nations. Department of economic and social affairs world social report 2023: leaving No one behind in an
ageing world leaving No one behind in an ageing world world social report 2023 world social report 2023: leaving
No one behind in an ageing world. 2023.

Pais R, Ruano L, Carvalho OP, et al. Global cognitive impairment prevalence and incidence in community dwelling
older adults-A systematic review. Geriatrics (basel). 2020;5(4):1-16. doi: 10.3390/geriatrics5040084

Wyss M, Schulze A. Health implications of creatine: can oral creatine s upplementation protect against neurological
and atherosclerotic disease? Neuroscience. 2002;112(2):243-260. doi: 10.1016/50306-4522(02)00088-X

Raichle ME, Gusnard DA. Appraising the brain’s energy budget. Proc Natl Acad Sci U S A. 2002;99(16):10237-10239.
doi: 10.1073/pnas.172399499

Der Knaap MV, Verhoeven N, Maaswinkel-Mooij P, et al. Mental retardation and behavioral problems as presenting
signs of a creatine synthesis defect. Ann Neurol. 2000;47(4):417-556. doi: 10.1002/1531-8249(200004)47:4<540::
AID-ANA23>3.0.C0O;2-K

Gutiérrez-Hellin J, Del Coso J, Franco-Andrés A, et al. Creatine supplementation beyond athletics: benefits of
different types of creatine for women, vegans, and clinical populations-A narrative review. Nutrients. 2024;17(1):95.
doi: 10.3390/nu17010095

Fernandes-Pires G, Braissant O. Current and potential new treatment strategies for creatine deficiency syndromes.
Mol Genet Metab. 2022;135(1):15-26. doi: 10.1016/j.ymgme.2021.12.005

Hanna-El-Daher L, Braissant O. Creatine synthesis and exchanges between brain cells: what can be learned from
human creatine deficiencies and various experimental models? Amino Acids. 2016;48(8):1877-1895. doi: 10.1007/
s00726-016-2189-0

Dechent P, Pouwels PJW, Wilken B, et al. Increase of total creatine in human brain after oral su pplementation of
creatine-monohydrate. Am J Physiol. 1999;277(3):R698-R704. doi: 10.1152/ajpregu.1999.277.3.R698

Turner CE, Byblow WD, Gant N. Creatine su pplementation enhances corticomotor excitability and cognitive
performance during oxygen deprivation. J Neurosci. 2015;35(4):1773. doi: 10.1523/JNEUROSCI.3113-14.2015
McMorris T, Harris RC, Swain J, et al. Effect of creatine supplementation and sleep deprivation, with mild exercise,
on cognitive and psychomotor performance, mood state, and plasma concentrations of catecholamines and
cortisol. Psychopharmacology (berl). 2006;185(1):93-103. doi: 10.1007/500213-005-0269-z

McMorris T, Mielcarz G, Harris R, et al. Creatine supplementation and cognitive performance in elderly individuals.
Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. 2007;14(5):517-528. doi: 10.1080/13825580600788100
Benton D, Donohoe R. The influence of creatine supplementation on the cognitive functioning of vegetarians and
omnivores. Br J Nutr. 2011;105(7):1100-1105. doi: 10.1017/S0007114510004733

Xu CJ, Klunk WE, Kanfe JN, et al. Phosphocreatine-dependent glutamate uptake by synaptic vesicles. A comparison
with atp-dependent glutamate uptake. J Biol Chem. 1996;271(23):13435-13440. doi: 10.1074/jbc.271.23.13435
Candow DG, Forbes SC, Ostojic SM, et al. “Heads up” for creatine supplementation and its potential applications for
brain health and function. Sports Med. 2023;53(S1):49-65. doi: 10.1007/540279-023-01870-9

Zhu Z, Zhang H, Li Q, et al. Long-term creatine supplementation improves cognitive and hippocampal structural
plasticity impairments in a D-Gal-induced aging model via increasing CK-BB activity in the brain. Food Sci Nutr.
2025;13(1). doi: 10.1002/fsn3.4767

Dolan E, Gualano B, Rawson ES. Beyond muscle: the effects of creatine supplementation on brain creatine,
cognitive processing, and traumatic brain injury. Eur J Sport Sci. 2019;19(1):1-14. doi: 10.1080/17461391.2018.
1500644

Forbes SC, Cordingley DM, Cornish SM, et al. Effects of creatine supplementation on brain function and health.
Nutrients. 2022;14(5):921. doi: 10.3390/nu14050921

Btaszczyk JW. Energy metabolism decline in the aging brain-pathogenesis of neurodegenerative disorders.
Metabolites. 2020;10(11):1-20. doi: 10.3390/metabo10110450

Friedman NP, Robbins TW. The role of prefrontal cortex in cognitive control and executive function.
Neuropsychopharmacology. 2022;47(1):72-89. doi: 10.1038/541386-021-01132-0

Cabeza R, Anderson ND, Locantore JK, et al. Aging gracefully: compensatory brain activity in high-performing older
adults. Neuroimage. 2002;17(3):1394-1402. doi: 10.1006/nimg.2002.1280


https://doi.org/10.1111/j.1468-1331.2004.00970.x
https://doi.org/10.1002/14651858.CD004760.pub4
https://doi.org/10.1002/mus.21758
https://doi.org/10.3390/nu12082391
https://doi.org/10.1371/journal.pone.0181387
https://doi.org/10.3390/geriatrics5040084
https://doi.org/10.1016/S0306-4522(02)00088-X
https://doi.org/10.1073/pnas.172399499
https://doi.org/10.1002/1531-8249(200004)47:4%3C540::AID-ANA23%3E3.0.CO;2-K
https://doi.org/10.1002/1531-8249(200004)47:4%3C540::AID-ANA23%3E3.0.CO;2-K
https://doi.org/10.3390/nu17010095
https://doi.org/10.1016/j.ymgme.2021.12.005
https://doi.org/10.1007/s00726-016-2189-0
https://doi.org/10.1007/s00726-016-2189-0
https://doi.org/10.1152/ajpregu.1999.277.3.R698
https://doi.org/10.1523/JNEUROSCI.3113-14.2015
https://doi.org/10.1007/s00213-005-0269-z
https://doi.org/10.1080/13825580600788100
https://doi.org/10.1017/S0007114510004733
https://doi.org/10.1074/jbc.271.23.13435
https://doi.org/10.1007/S40279-023-01870-9
https://doi.org/10.1002/fsn3.4767
https://doi.org/10.1080/17461391.2018.1500644
https://doi.org/10.1080/17461391.2018.1500644
https://doi.org/10.3390/nu14050921
https://doi.org/10.3390/metabo10110450
https://doi.org/10.1038/s41386-021-01132-0
https://doi.org/10.1006/nimg.2002.1280

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION e 31

Cabeza R. Hemispheric asymmetry reduction in older adults: the HAROLD model. Psychol Aging. 2002;17
(1):85-100. doi: 10.1037/0882-7974.17.1.85

Prokopidis K, Giannos P, Triantafyllidis KK, et al. Effects of creatine supplementation on memory in healthy
individuals: a systematic review and meta-analysis of randomized controlled trials. Nutr Rev. 2023;81(4):416-427.
doi: 10.1093/nutrit/nuac064

Xu C, Bi S, Zhang W, et al. The effects of creatine supplementation on cognitive function in adults: a systematic
review and meta-analysis. Front Nutr. 2024;11:11. doi: 10.3389/fnut.2024.1424972

Alves CRR, Filho CAAM, Benatti FB, et al. Creatine supplementation associated or not with strength training upon
emotional and cognitive measures in older women: a randomized double-blind study. PLOS ONE. 2013;8(10):
e76301. doi: 10.1371/journal.pone.0076301

Smith AN, Choi Y, Lee P, et al. Creatine monohydrate pilot in Alzheimer's: feasibility, brain creatine, and cognition.
Alzheimer’s Dementia: Transl Res Clin Interventions [Internet]. 2025 [cited 2025 Jun 17];11(2). doi: 10.1002/trc2.
70101

Solis M, Artioli G, Otaduy M, et al. Effect of age, diet, and tissue type on PCr response to creatine su pplementation.
J Appl Physiol [Internet]. 2017 [cited 2021 Oct 28];123(2):407-414. doi: 10.1152/japplphysiol.00248.2017

Kious BM, Sabic H, Sung YH, et al. An open-label pilot study of combined augmentation with creatine mono-
hydrate and 5-hydroxytryptophan for selective serotonin reuptake inhibitor- or serotonin-norepinephrine reup-
take inhibitor-resistant depression in adult women. J Clin Psychopharmacol. 2017;37(5):578-583. doi: 10.1097/JCP.
0000000000000754

Sherpa NN, De Giorgi R, Ostinelli EG, et al. Efficacy and safety profile of oral creatine monohydrate in add-on to
cognitive-behavioural therapy in depression: an 8-week pilot, double-blind, randomised, placebo-controlled
feasibility and exploratory trial in an under-resourced area. Eur Neuropsychopharmacol. 2025;90:28-35. doi: 10.
1016/j.euroneuro.2024.10.004

Pazini FL, Cunha MP, Rodrigues ALS. The possible beneficial effects of creatine for the management of depression.
Prog Neuropsychopharmacol Biol Psychiatry. 2019;89:193-206. doi: 10.1016/j.pnpbp.2018.08.029

Machado M, Masterson TD, Oliveira EF. Could dietary creatine intake modulate overweight elderly’s selective
attention and inhibitory function? Nutr Health. 2022;026010602211274. doi: 10.1177/02601060221127497

Chen Y, Cao X, Zang W, et al. Intravenous administration of adenosine triphosphate and phosphocreatine
combined with fluoxetine in major depressive disorder: protocol for a randomized, double-blind,
placebo-controlled pilot study. Trials. 2019;20(1). doi: 10.1186/s13063-018-3115-4

Mangoni AA, Jackson SHD. Age-related changes in pharmacokinetics and pharmacodynamics: basic principles and
practical applications. Br J Clin Pharmacol. 2004;57(1):6-14. doi: 10.1046/j.1365-2125.2003.02007 .x

Rawson ES, Clarkson PM, Price TB, et al. Differential response of muscle phosphocreatine to creatine su pplemen-
tation in young and old subjects. Acta Physiol Scand. 2002;174(1):57-65. doi: 10.1046/j.1365-201x.2002.00924.x
Chilibeck P, Kaviani M, Candow D, et al. Effect of creatine su pplementation during resistance training on lean
tissue mass and muscular strength in older adults: a meta-analysis. Open Access J Sports Med. 2017;8:213-226. doi:
10.2147/0AJSM.S123529

Brose A, Parise G, Tarnopolsky MA. Creatine su pplementation enhances isometric strength and body composition
improvements following strength exercise training in older adults. The Journals Of Gerontology Ser A: Biol Sci Med
Sci. 2003;58(1):B11-B19. doi: 10.1093/gerona/58.1.B11

Tarnopolsky M, Zimmer A, Paikin J, et al. Creatine monohydrate and conjugated linoleic acid improve strength and
body composition following resistance exercise in older adults. PLoS One. 2007;2(10):e991. doi: 10.1371/journal.
pone.0000991

Chami J, Candow D. Effect of creatine su pplementation dosing strategies on aging muscle performance. J Nutr
Health Aging. 2019;23(3):281-285. doi: 10.1007/s12603-018-1148-8

Pinto CL, Botelho PB, Carneiro JA, et al. Impact of creatine su pplementation in combination with resistance
training on lean mass in the elderly. J Cachexia Sarcopenia Muscle. 2016;7(4):413. doi: 10.1002/jcsm.12094
Eijnde BO, Van Leemputte M, Goris M, et al. Effects of creatine su pplementation and exercise training on fitness in
men 55-75 yr old. J Appl Physiol. 2003;95(2):818-828. doi: 10.1152/japplphysiol.00891.2002

Johannsmeyer S, Candow DG, Brahms CM, et al. Effect of creatine su pplementation and drop-set resistance
training in untrained aging adults. Exp Gerontol. 2016;83:112-119. doi: 10.1016/j.exger.2016.08.005

Kreider RB, Gonzalez DE, Hines K, et al. Safety of creatine su pplementation: analysis of the prevalence of reported
side effects in clinical trials and adverse event reports. J Int Soc Sports Nutr. 2025;22(sup1):2488937. doi: 10.1080/
15502783.2025.2488937

Bermon S, Venembre P, Sachet C, et al. Effects of creatine monohydrate ingestion in sedentary and weight-trained
older adults. Acta Physiol Scand. 1998;164(2):147-155. doi: 10.1046/j.1365-201X.1998.00427 .x

Seper V, Korovljev D, Todorovic N, et al. Guanidinoacetate-creatine su pplementation improves functional
performance and muscle and brain bioenergetics in the elderly: a pilot study. Ann Nutr Metab. 2021;77
(4):244-247. doi: 10.1159/000518499


https://doi.org/10.1037/0882-7974.17.1.85
https://doi.org/10.1093/nutrit/nuac064
https://doi.org/10.3389/fnut.2024.1424972
https://doi.org/10.1371/journal.pone.0076301
https://doi.org/10.1002/trc2.70101
https://doi.org/10.1002/trc2.70101
https://doi.org/10.1152/japplphysiol.00248.2017
https://doi.org/10.1097/JCP.0000000000000754
https://doi.org/10.1097/JCP.0000000000000754
https://doi.org/10.1016/j.euroneuro.2024.10.004
https://doi.org/10.1016/j.euroneuro.2024.10.004
https://doi.org/10.1016/j.pnpbp.2018.08.029
https://doi.org/10.1177/02601060221127497
https://doi.org/10.1186/s13063-018-3115-4
https://doi.org/10.1046/j.1365-2125.2003.02007.x
https://doi.org/10.1046/j.1365-201x.2002.00924.x
https://doi.org/10.2147/OAJSM.S123529
https://doi.org/10.2147/OAJSM.S123529
https://doi.org/10.1093/gerona/58.1.B11
https://doi.org/10.1371/journal.pone.0000991
https://doi.org/10.1371/journal.pone.0000991
https://doi.org/10.1007/s12603-018-1148-8
https://doi.org/10.1002/jcsm.12094
https://doi.org/10.1152/japplphysiol.00891.2002
https://doi.org/10.1016/j.exger.2016.08.005
https://doi.org/10.1080/15502783.2025.2488937
https://doi.org/10.1080/15502783.2025.2488937
https://doi.org/10.1046/j.1365-201X.1998.00427.x
https://doi.org/10.1159/000518499

32 (& D.G.CANDOW ET AL.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Moon A, Heywood L, Rutherford S, et al. Creatine su pplementation: can it improve quality of life in the elderly
without associated resistance training? Curr Aging Sci. 2013;6(3):251-257. doi: 10.2174/
1874609806666131204153102

Hong M, Wang J, Jin L, et al. The impact of creatine levels on musculoskeletal health in the elderly: a mendelian
randomization analysis. BMC Musculoskelet Disord. 2024;25(1). doi: 10.1186/512891-024-08140-3

Ostojic SM. Establishing reference intakes for creatine in infants aged 0 to 12 months. Nutr Rev. 2024;83(7):e2139-
€2143. doi: 10.1093/NUTRIT/NUAE124

Ostojic SM. Assessing dietary creatine intake in population studies: challenges and opportunities. Nutr Rev.
2024;83(7):€2009-€2014. doi: 10.1093/NUTRIT/NUAE155

Ostojic SM, Forbes SC. Perspective: creatine, a conditionally essential nutrient: building the case. Adv Nutr. 2022;13
(1):34-37. doi: 10.1093/advances/nmab111

Ostojic SM. Creatine as a food su pplement for the general population. J Funct Foods. 2021;83:104568. doi: 10.
1016/}.jff.2021.104568

Shur NF, Creedon L, Skirrow S, et al. Age-related changes in muscle architecture and metabolism in humans: the
likely contribution of physical inactivity to age-related functional decline. Ageing Res Rev. 2021;68:101344. doi: 10.
1016/j.arr.2021.101344

Koehler K, Hunt W, Garry P. Meat, poultry, and fish consumption and nutrient intake in the healthy elderly -
PubMed. J Am Diet Assoc. 1992;92(3):325-330. doi: 10.1016/50002-8223(21)00619-2

Lovat LB. Age related changes in gut physiology and nutritional status. Gut. 1996;38(3):306-309. doi: 10.1136/gut.
38.3.306

Ostojic SM. Eat less meat: fortifying food with creatine to tackle climate change. Clin Nutr. 2020;39(7):2320. doi: 10.
1016/j.cInu.2020.05.030


https://doi.org/10.2174/1874609806666131204153102
https://doi.org/10.2174/1874609806666131204153102
https://doi.org/10.1186/s12891-024-08140-3
https://doi.org/10.1093/NUTRIT/NUAE124
https://doi.org/10.1093/NUTRIT/NUAE155
https://doi.org/10.1093/advances/nmab111
https://doi.org/10.1016/j.jff.2021.104568
https://doi.org/10.1016/j.jff.2021.104568
https://doi.org/10.1016/j.arr.2021.101344
https://doi.org/10.1016/j.arr.2021.101344
https://doi.org/10.1016/S0002-8223(21)00619-2
https://doi.org/10.1136/gut.38.3.306
https://doi.org/10.1136/gut.38.3.306
https://doi.org/10.1016/j.clnu.2020.05.030
https://doi.org/10.1016/j.clnu.2020.05.030

	Abstract
	1. Introduction
	2. Creatine kinase system
	3. Creatine supplementation and aging muscle
	4. Creatine supplementation and aging bone, Falls and frailty
	5. Bone health
	6. Falls
	7. Frailty
	8. Creatine supplementation and age-related metabolic disorders and musculoskeletal conditions
	9. Creatine supplementation for neuromuscular disorders
	10. Neuropathies
	11. Neuromuscular junction disorders
	12. Muscular dystrophies
	13. Inflammatory myopathies
	14. Metabolic myopathies
	15. Creatine supplementation and the aging brain
	16. Safety of creatine supplementation in older adults
	17. Importance of food-sourced creatine for healthy aging
	18. Summary
	Disclosure statement
	Funding
	ORCID
	Authors’ contributions
	References

