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and various stressed conditions. However, few data are 
available on older adults, and the findings are discordant. 
Future studies should focus on older adults and possibly 
frail elders or those who have already experienced an age-
associated cognitive decline.
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Introduction

Older individuals commonly experience losses of cogni-
tive performance, bone mass, muscle mass, and function-
ality. These features largely contribute to the development 
of frailty, which is a complex multidimensional syndrome 
characterized by loss of reserves (e.g., energy, physical 
capacity, cognition health) that gives rise to vulnerability 
(Hogan et al. 2003). Ultimately, this condition can predis-
pose to poor quality of life, impaired performance in activi-
ties of daily living, increased risk of fall and consequently, 
mortality (Ruiz et al. 2008; Tinetti et al. 1988). There are 
only a few strategies capable of attenuating age-related 
physiological decline and the development of frailty in 
senescence. Exercise training has been thought to be the 
cornerstone in the prevention and treatment of this condi-
tion (Ferri et al. 2003). Moreover, there is strong evidence 
pointing out the efficacy of specific dietary interventions in 
adding to the well-known beneficial effects of training to 
older individuals, with proteins, amino acids and creatine 
being the most studied nutrients in this context (Gualano 
et al. 2014; Tieland et al. 2012). Whilst a number of recent 
reviews have addressed the therapeutic role of increased 
dietary intake of proteins and amino acids as a measure to 
counteract frailty in elderly (Bauer et al. 2013; Breen and 
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Phillips 2011; Wall et al. 2014), much less attention has 
been given to creatine.

The creatine/phosphorylcreatine system plays a cru-
cial bioenergetic role in some tissues with high metabolic 
demand (e.g., skeletal muscle, bone, and brain), by trans-
ferring the N-phosphoryl group from phosphorylcreatine 
to adenosine diphosphate (ADP) to re-synthesize adeno-
sine triphosphate (ATP), via a reversible reaction cata-
lyzed by creatine kinase (CK). Furthermore, the creatine/
phosphorylcreatine system can also act as a spatial energy 
buffer to shuttle high-energy phosphates between mito-
chondria and cellular ATP utilization sites (Gualano et al. 
2012; Wallimann and Hemmer 1994; Wallimann et al. 
1977, 1992, 2011; Wyss and Kaddurah-Daouk 2000). 
Creatine supplementation is considered an efficient strat-
egy in improving energy provision in excitable tissues. In 
addition, a growing body of evidence supports the role 
of creatine in enhancing training volume, thereby maxi-
mizing systemic exercise adaptations (for comprehen-
sive reviews, see (Gualano et al. 2009, 2012; Wallimann 
et al. 2011). Therefore, either “directly” (by supplying 
extra energy to a target tissue) or “indirectly” (by improv-
ing training quality), creatine has emerged as a relevant 
dietary intervention able to partially offset frailty in the 
elderly. This narrative review aims to summarize the 
recent findings on the application of creatine supplemen-
tation as an adjuvant therapy in the management of age-
related deficits in muscle, bone and brain metabolism in 
older individuals.

Creatine supplementation and skeletal muscle

Exercise training has been considered one of the most 
efficient interventions to counteract the decline in muscle 
mass and function in older individuals (Ferri et al. 2003). 
Furthermore, there is a growing body of evidence showing 
that nutritional strategies may be effective in sparing mus-
cle mass in this population, with creatine supplementation 
being a case in point (Rawson and Venezia 2011). The next 
sections will cover the main potential mechanisms behind 
the anabolic effect of creatine, the possible aging-related 
deficiency in muscle creatine content, the response of aging 
muscle to creatine accumulation following dietary creatine 
intake, and the recent clinical findings concerning creatine 
supplementation on muscle mass and function in older 
individuals.

What are the mechanisms underlying the anabolic 
effect of creatine?

There are a few potential mechanisms to explain the ana-
bolic effect of creatine in skeletal muscle. It has been 

speculated that creatine supplementation could elicit 
gains in muscle mass through the activation of a number 
of anabolic signalling molecules. This premise relies on 
the fact that creatine is osmotically active since it is taken 
up into target cells by a specialized 2Na+:1Cl−:1 creatine 
cotransporter (CrT solute carrier SLC6A8) (Guimbal and 
Kilimann 1993) and hence, may induce cellular swelling, 
which may act as a trigger to increase the expression of 
genes and proteins linked to muscle hypertrophy (Parise 
et al. 2001; Safdar et al. 2008). In fact, a microarray study 
revealed that a 10-day creatine supplementation regimen 
was able to modulate mRNA content of genes and pro-
tein content of kinases involved in osmosensing, which 
could stimulate genes related to anabolic signal transduc-
tion (Safdar et al. 2008). Supporting these findings, an 
experimental study showed that five days of creatine sup-
plementation increased muscle mRNA expression of insu-
lin growth factor (IGF)-I and IGF-2 at rest, but not during 
or following exercise (Deldicque et al. 2005). Moreover, 
creatine was able to increase the phosphorylation state of 
eukaryotic translation initiation factor eIF4E-binding pro-
tein 1 (4E-BP1) versus placebo 24 h following an exercise 
session (Deldicque et al. 2005). Importantly, the role of 
creatine supplementation in stimulating IGF-1 expression 
was confirmed by others (Burke et al. 2008). Collectively, 
these data suggested that creatine supplementation could 
facilitate muscle anabolism by increasing the expression of 
growth factors and the phosphorylation of anabolic signal-
ling proteins.

Of particular interest to older populations, satellite 
cells and their myogenic regulatory factors also seem to 
be responsive to creatine supplementation. For instance, 
12 weeks of creatine supplementation along with resist-
ance training increased mRNA expression of myogenic 
regulatory factors (i.e., myogenin and MRF-4) in untrained 
males (Willoughby and Rosene 2003). In agreement with 
these findings, an in vitro study revealed that creatine 
induced differentiation of myogenic satellite cells (Vierck 
et al. 2003). These data were corroborated by a subse-
quent experimental study in which creatine supplementa-
tion enhanced satellite cell mitotic activity following com-
pensatory hypertrophy, which was induced in rat plantaris 
muscle by removing the soleus and gastrocnemius muscles 
(Dangott et al. 2000). Importantly, findings from a human 
study demonstrated that 16 weeks of creatine supplemen-
tation in combination with resistance training amplified 
the training-induced increase in satellite cell number and 
myonuclei concentration in skeletal muscle fibers, which 
could allow for enhanced muscle fiber growth in response 
to strength training as typically seen after creatine intake 
(Olsen et al. 2006).

It is currently controversial as to whether the anabolic 
effect of creatine supplementation is due to a “direct” 
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action of creatine on the skeletal muscle or an “indirect” 
effect of creatine maximizing the anabolic stimulus of 
training. Two studies using isotopic techniques (the gold-
standard for measuring protein balance) did not show any 
additional benefit of short-term creatine supplementation 
(i.e., up to 5 days), combined or not with a resistance train-
ing session, on protein balance in healthy young individu-
als (Louis et al. 2003a, b), suggesting that acute creatine 
intake may be unable to modulate either fractional protein 
synthesis or protein degradation in humans, despite the 
“pro-anabolic” molecular responses commonly reported in 
the literature (Deldicque et al. 2005; Burke et al. 2008; Wil-
loughby and Rosene 2003). These studies favor the hypoth-
esis that, at least in young humans, the inclusion of regular 
training appears to be necessary to cause the hypertrophic 
stimulus observed with creatine supplementation. Notably, 
when training load was deliberately equalized in both cre-
atine and placebo groups during a resistance-training pro-
gram, the previously claimed effect of this dietary supple-
ment on muscle mass or function was no longer observed 
(Syrotuik et al. 2000). This further supports the notion that 
the anabolic effects of creatine supplementation (both at 
the molecular and phenotype level) may be primarily medi-
ated by an enhanced training stimulus. Importantly, most 
of these experimental and clinical studies comprised young 
individuals; therefore, the potential mechanisms by which 
creatine supplementation may increase lean mass and func-
tion in elderly subjects remain largely unexplored.

Is muscle creatine content reduced in the elderly?

There is evidence suggesting that muscle creatine content 
may fluctuate as a function of lifespan. Some investigations 
suggested that muscle creatine content could be decreased 
in older individuals when compared with their younger 
peers (Forsberg et al. 1991; Moller et al. 1980), although 
conflicting data do exist (Kent-Braun and Ng 2000; Raw-
son et al. 2002). The mechanisms underlying a potential 
aging-induced muscle creatine reduction are multiple and 
may involve: (a) preferential Type II fiber atrophy, which 
has been shown to have greater phosphorylcreatine content 
than Type I fibers; (b) progressive reduction of meat con-
sumption, which is the primary dietary source of creatine; 
(c) reduction in physical activity levels, which may be itself 
implicated in Type II fiber atrophy (Rawson and Venezia 
2011; Tesch et al. 1989). Noticeably, creatine transporter 
(CreaT) protein content was shown to be unaffected in 
older individuals (Tarnopolsky et al. 2003b), suggest-
ing that aging per se may not be responsible for reduced 
muscle creatine content; rather, age-associated changes 
in behavior (e.g., insufficient physical activity levels and 
meat intake) seem to better explain any possible reduction 
in muscle creatine content. To our knowledge, there are no 

longitudinal studies confirming that senescence leads to 
decreased muscle creatine content, nor are there any cross-
sectional studies controlling all the confounding variables 
that could influence any possible difference in creatine con-
tent (if any) in older and younger subjects.

Can creatine supplementation increase muscle creatine 
content in the elderly?

There are controversial results regarding the efficacy of 
creatine supplementation in augmenting muscle creatine 
content in older individuals, possibly due to the fact that 
baseline creatine content (a major factor inversely related 
to muscle creatine accretion) has varied among studies 
(Rawson et al. 2002; Smith et al. 1998). However, the exist-
ing findings generally demonstrate that post-supplementa-
tion muscle creatine may reach similar values in younger 
and older individuals alike, suggesting an efficient response 
in the elderly (Brose et al. 2003; Eijnde et al. 2003; Raw-
son et al. 2002; Smith et al. 1998). This assumption, how-
ever, is based on a limited number of investigations. Raw-
son and Venezia (2011) reviewed four studies involving 
older individuals supplemented with creatine and found 
increased muscle creatine content in all of them (+5 to 
36 %), irrespective of sex, fitness status or supplementation 
protocol (i.e., acute or chronic regimen, with doses vary-
ing from 5 to 20 g day−1) (Brose et al. 2003; Eijnde et al. 
2003; Rawson et al. 2002; Smith et al. 1998). However, the 
large inter-individual variation with respect to muscle cre-
atine accretion suggests that some older individuals may be 
unresponsive to creatine supplementation, a finding which 
has also been reported in younger adults (Syrotuik and 
Bell 2004). Data suggest that a higher proportion of Type 
II fibers and greater fiber cross-sectional area are deter-
mining factors for muscle creatine accumulation after cre-
atine supplementation in young individuals (Syrotuik and 
Bell 2004). Whether these factors (or others) play a role 
in creatine accumulation in older individuals needs further 
investigation.

Can creatine supplementation improve muscle mass 
and function in the elderly?

In a meta-analysis published in 2003, 43 out of 67 studies 
showed that creatine supplementation led to increased lean 
and/or body mass in young and middle-aged adults (Branch 
2003). Interestingly, these data may also hold true for older 
adults. A more recent meta-analysis comprising 357 older 
adults demonstrated that creatine supplementation during 
resistance training can enhance muscle mass gain, strength, 
and functional performance over resistance training alone 
(Devries and Phillips 2014). This conclusion was confined 
to studies involving healthy older individuals, due to the 
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paucity of investigations with frailer individuals at the time 
of the publication. However, recent data have shown that 
creatine supplementation may also improve muscle mass 
and function in older individuals with physical impair-
ments. For example, a six-month randomized controlled 
trial demonstrated that creatine supplementation combined 
with resistance training was capable of increasing appen-
dicular lean mass, maximal strength and muscle function to 
a greater extent than resistance training or creatine supple-
mentation alone in vulnerable older individuals (i.e., physi-
cally inactive and with disease symptoms). Interestingly, 
the incidence of sarcopenia throughout the trial was lower 
in the creatine versus placebo groups (Gualano et al. 2014).

Short-term creatine supplementation (i.e., 5–7 days), 
even without exercise training, has been shown to be suffi-
cient to increase total body mass (likely due to water reten-
tion), enhance fatigue resistance, increase muscle strength, 
or improve the performance of activities of daily living in 
older individuals (Gotshalk et al. 2008; Rawson and Clark-
son 2000; Rawson et al. 1999; Stout et al. 2007). Moreover, 
the combination of creatine supplementation and resistance 
training seemed to act synergistically in producing greater 
effects in skeletal muscle than resistance training alone 
(Gualano et al. 2014; Neves et al. 2011; Tarnopolsky et al. 
2007; Wilkinson et al. 2015).

It is notable that some studies have failed to find ben-
eficial effects of creatine supplementation on body com-
position (Bermon et al. 1998; Gualano et al. 2010; Raw-
son et al. 1999), exercise tolerance (Jakobi et al. 2001), 
and muscle function (Bermon et al. 1998; Rawson and 
Clarkson 2000; Rawson et al. 1999) in elderly individu-
als. According to Rawson and Venezia (2011), a number of 
factors may contribute to the discordance in the literature, 
such as: (a) low sample sizes (i.e., n ≤ 25), (b) short-term 
follow-ups (i.e., ≤14 weeks); (c) co-supplementation of 
creatine with other dietary aids (i.e., protein and conjugated 
linoleic acid); (d) samples excessively heterogeneous (i.e., 
age between 56 and 71 years); (e) incomplete phenotypi-
cal characterization of samples (i.e., no clear description on 
physical activity level, chronic diseases, and use of medi-
cations). The conduct of high-quality, adequately powered, 
randomized controlled trials remains imperative to deter-
mine under which conditions creatine supplementation can 
benefit elderly populations.

Although gains in lean mass have been commonly 
attributed to creatine supplementation (Devries and Phil-
lips 2014), the current literature does not allow a defini-
tive conclusion as to what extent creatine-induced water 
retention contributes to these findings. There is limited 
evidence showing that creatine supplementation, when 
combined with resistance training, can promote morpho-
logical changes in skeletal muscle, including increases in 
Type I, IIa and IIx fibers (Brose et al. 2003). However, it is 

conceivable that any increases in lean mass or body mass 
observed after short-term creatine supplementation (i.e., up 
to 7 days) are mainly accounted for by intracellular water 
retention rather than accretion of contractile proteins. In 
medium- to long-term interventions (i.e., months to years), 
particularly in the presence of resistance training, it is pos-
sible that water retention plays a gradually less important 
role in lean mass gains. Prospective studies involving accu-
rate muscle morphological measures are necessary to con-
firm this speculation.

A recent meta-analysis revealed that resistance-trained 
young individuals experienced greater gains in lean body 
mass and muscle strength when whey proteins were con-
sumed within a multi-ingredient supplement containing 
creatine, when compared to the ingestion of an iso-ener-
getic equivalent carbohydrate or non-whey protein sup-
plement (Naclerio and Larumbe-Zabala 2015). Studies 
involving older individuals co-supplementing with creatine 
and proteins are scarce and contradictory, possessing small 
samples, with short-term follow-ups, and with heteroge-
neous outcomes and experimental designs [Bemben et al. 
2010; Candow et al. 2008; Eliot et al. 2008; Villanueva 
et al. 2014; Collins et al. 2016 (in press)]. The potential 
role of co-supplementation with creatine, amino acids and/
or proteins in sparing muscle mass and improving function-
ality in older individual merits further investigation.

Further to its anabolic effects, creatine supplementa-
tion appears to mediate other physiological and molecular 
responses in the skeletal muscle that could be advantageous 
to older individuals. For instance, creatine supplementa-
tion in association with a training program was shown to 
improve glycemic control in older type-2 diabetic patients 
(Gualano et al. 2010). Creatine-induced glucose uptake 
was attributed to increases in muscle AMP-activated pro-
tein kinase (AMPK) protein expression (Alves et al. 2012a) 
and glucose transporter type-4 (GLUT-4) translocation 
(Gualano et al. 2010). Given that insulin resistance is a 
common feature in older populations, these findings reveal 
a potentially novel therapeutic role of dietary creatine 
intake concomitantly to training in the elderly.

To summarize this section, acute and chronic creatine 
supplementation can improve lean mass and muscle func-
tion in older populations. Importantly, creatine in conjunc-
tion with resistance training can result in greater adap-
tations in skeletal muscle as compared with resistance 
training alone (Aguiar et al. 2013; Alves et al. 2013; Can-
dow et al. 2008; Gualano et al. 2014; Neves et al. 2011; 
Tarnopolsky et al. 2007; Wilkinson et al. 2015). The benefi-
cial effect of creatine upon lean mass and muscle function 
appears to be applicable to older individuals, regardless of 
sex, fitness or health status, although studies with very old 
(>90 years) and severely frail individuals remain scarce 
and the underlying muscle mechanisms are unclear (Fig. 1 
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illustrates the potential effects of creatine supplementation 
with or without training in the skeletal muscle). The opti-
mal supplementation protocol to elicit the greatest anabolic 
stimulus remains unknown, with recent evidence showing 
that doses as low as 1 g day−1 of creatine (which provided 
two to threefold increases in the daily amount of dietary 
creatine) for 12 months were insufficient to induce any 
gains in lean mass or function in postmenopausal women 
(Lobo et al. 2015); studies employing higher-dose proto-
cols may shed light on a possible dose–response to creatine 
supplementation in this population. Finally, further larger 
studies testing the effects of co-supplementation with cre-
atine and other potential anabolic nutrients (e.g., proteins 
and amino acids) in older individuals remain necessary.

Creatine supplementation and bone

Creatine supplementation has potential to affect bone as 
phosphorylcreatine is used to resynthesize ATP through the 
creatine kinase reaction in bone cells (Wallimann and Hem-
mer 1994). Creatine added to cell culture medium increases 
the metabolic activity, differentiation and mineralization of 
osteoblast cells involved in bone formation (Gerber et al. 
2005). Osteoblasts contain receptor activator for the nuclear 
factor-kappaB ligand (RANKL) which binds to RANK on 
osteoclasts precursor cells, stimulating differentiation of 
these cells into mature osteoclasts (i.e. cells involved in 
bone resorption) (Leibbrandt and Penninger 2009). This 
normally activates osteoclasts, so that bone formation is 

Fig. 1  Potential molecular, biochemical and physiological effects 
of creatine supplementation in the skeletal muscle. Dietary creatine 
can be taken up by skeletal muscle via a specific transporter (CreaT), 
and, hence, increase muscle creatine content (both in younger and 
older individuals). Increased muscle creatine content could lead to 
extracellular water absorption via osmosis to restore intramuscular 
protein levels. The resulting increase in mechanical stress caused 
by the expansion in intracellular water could activate osmosensing 
genes, which could act as an anabolic stimulus for protein synthe-
sis. Additionally, increased muscle creatine could activate myogenic 
regulatory factors (i.e., MRF4 and myogenin), which, in turn, could 
promote activation, proliferation, and differentiation of satellite cells, 
which are thought to increase myonuclei population improving the 
machinery for myofibrillar protein synthesis. Creatine supplementa-
tion could also enhance myofibrillar protein synthesis by increasing 
the expression of genes and proteins involved in classical anabolic 
signalling (e.g., IGF-1 and mTOR expression). Importantly, increased 
muscle creatine content could enhance training quality, which could 
facilitate complex mechanotransduction processes (including those 

aforementioned), ultimately resulting in increased myofibrillar pro-
tein synthesis. Finally, creatine supplementation could increase 
AMPK expression, which could lead to GLUT-4 translocation; this 
mechanism could explain the effect of creatine supplementation in 
improving glucose uptake. Whether these molecular responses are 
mediate by energy buffering, physiochemical attributes of the com-
pound, cell volume regulation, or creatine intake’s direct influence 
on cellular metabolism via gene modulation remain unclear; nor is 
currently known as to which extension creatine supplementation per 
se (without training) can effectively trigger phenotypical adaptions 
(e.g., increased muscle mass). All of these potential mechanisms need 
further confirmation in older individuals. CreaT creatine transporter, 
GLUT-4 glucose transporter type-4, AMPK Adenosine Monophos-
phate-activated protein kinase, 4-EBP1 eukaryotic translation ini-
tiation factor eIF4E-binding protein 1, IGF-1 insulin growth factor-1, 
Akt protein kinase B, p70S6K p70 ribosomal S6 protein kinase, mTOR 
mammalian target of rapamycin, sat. cell satellite cell, prot protein, 
reg regulatory, Cr creatine. References can be found in the text
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coupled to resorption. In this way, bone constantly turns 
over in a cycle of remodeling. Increased osteoblast cell 
activity stimulates the production of osteoprotegerin (OPG) 
which acts as a decoy receptor for RANKL, preventing 
RANKL binding with RANK and therefore inhibiting oste-
oclast cell differentiation, resulting in less bone resorption 
(Yasuda et al. 1998). Through this activation of osteoblasts 
(Gerber et al. 2005) creatine may, therefore, also inhibit 
osteoclasts. In fact, there is evidence that abundance of 
the brain-type cytoplasmic creatine kinase (Ckb) is highly 
increased during osteoclastogenesis, and that decreasing 
Ckb abundance by RNA interference or blocking its enzy-
matic activity with cyclocreatine (i.e., a synthetic creatine 
analog), suppressed the bone-resorbing activity of osteo-
clasts grown in vitro (Chang et al. 2008). Interestingly, 
in vivo experiments showed that Ckb−/− mice were less 
susceptible to bone loss induced by ovariectomy, lipopoly-
saccharide challenge or interleukin-1 treatment than wild-
type controls (Chang et al. 2008). Moreover, treatment with 
cyclocreatine or adenoviruses harboring Ckb small hairpin 
RNA prevented bone loss in rodents (Chang et al. 2008). 
Collectively, these data reveal an important role for Ckb in 
the bone-resorbing function of osteoclasts.

Osteoclast activity can be indirectly assessed in humans 
by measuring break-down products of type I collagen 
in blood or urine, such as cross-linked n-telopeptides of 
Type I collagen (NTx). The first studies to assess effects 
of creatine on NTx showed this marker of bone resorp-
tion was reduced 19–72 % with creatine supplementation 
(3–3.5 g day−1, 12–16 weeks) compared to placebo in boys 
with muscular dystrophy (Louis et al. 2003c; Tarnopol-
sky et al. 2004). Young healthy adults who supplemented 
with creatine (9 g day−1, 5 weeks) during resistance train-
ing reduced NTx by 30 % compared to placebo (Cornish 
et al. 2009). In aging males, creatine supplementation 
(0.1 g kg−1) during 10 weeks of supervised resistance train-
ing (3 g week−1) decreased NTx by 27 % compared to 
an increase of 13 % for the placebo group (Candow et al. 
2008).

While these studies suggest a beneficial effect of creatine 
on bone cells, others have failed to observe the same ben-
efits. Daily ingestion of creatine (1 g day−1) for 52 weeks 
in postmenopausal women had no effect on serum C-ter-
minal telopeptide of type I collagen (CTX; indicator of 
bone resorption) (Creatine: pre 0.39 ± 0.17 ng mL−1, post 
0.83 ± 2.9 ng mL−1; Placebo: pre 0.38 ± 0.16 ng mL−1, 
post 0.68 ± 1.7 ng mL−1) or Procollagen type I N-propep-
tide (P1NP; indicator of bone formation) (Creatine: pre 
53.1 ± 30.6 µg L−1, post 57.5 ± 27.8 µg L−1; Placebo: pre 
50.4 ± 23.3 µg L−1, post 55.0 ± 22.5 µg L−1) (Lobo et al. 
2015). Previous work from the same laboratory also failed 
to observe a beneficial effect from creatine supplementation 
(20 g day−1 for 5 days + 5 g day−1 for 161 days) on CTX 

or P1NP in postmenopausal women (Gualano et al. 2014), 
and no effects of 0.1 g kg−1 g day−1 creatine for 12 weeks 
on CTX or P1NP in children and teenagers with childhood 
systemic lupus erythematosus (Hayashi et al. 2014). In 
healthy older adults, creatine supplementation (5 g day−1) 
during 14–24 weeks of resistance training had no effect on 
NTx (Tarnopolsky et al. 2007) or serum osteocalcin (an 
indicator of bone formation) compared to placebo (Brose 
et al. 2003).

Can creatine supplementation promote bone accretion 
in experimental models?

In young male rats (5 weeks of age), creatine supplementa-
tion (2 % wet weight) for 8 weeks increased lumbar spine 
bone mineral density by 41 % and femoral load to failure 
by 12 % compared to placebo (Antolic et al. 2007). In 
ovariectomized Wistar rats, an animal model of postmen-
opausal osteoporosis, creatine ingestion (300 mg kg−1 for 
8 weeks) led to a significant increase in lumbar bone phos-
phate content, which could lead to greater bone quality over 
time (de Souza et al. 2012). In contrast to these studies, cre-
atine supplementation (300 mg kg−1) for 12 weeks, with 
or without aerobic exercise, had no effect on bone mineral 
density, bone strength or bone histomorphometry proper-
ties in ovariectomized Wistar rats (Murai et al. 2015). Cre-
atine administration (5 mg kg−1) for 9 weeks also had no 
effect on bone mineral density in hypertensive male rats, a 
representative model of osteoporosis (Alves et al. 2012b).

Can creatine supplementation promote bone accretion 
in humans?

There are a limited number of studies examining the effects 
of creatine supplementation on properties of bone accre-
tion, most of which have used dual energy X-ray absorpti-
ometry to assess changes in areal bone mineral density (i.e. 
in g/cm−2) or bone mineral content (g). In young boys with 
Duchenne muscular dystrophy or Becker dystrophy who 
were independent of wheelchairs, 12 weeks of creatine sup-
plementation (3 g day−1) improved whole-body and lumbar 
spine bone mineral density by 2–3 % over placebo (Louis 
et al. 2003c); however, Tarnopolsky et al. (2004) failed to 
replicate these findings after 16 weeks of creatine supple-
mentation using a similar dose (~3.5 g day−1) in young 
boys with muscular dystrophy.

Studies involving aging adults have also produced incon-
sistent results. Healthy postmenopausal women who sup-
plemented with creatine (0.1 g kg−1 day−1, or ~7 g day−1) 
during 52 weeks of supervised resistance training 
(3 days week−1) experienced a significant increase in femo-
ral shaft sub-periosteal width (an indicator of bone bend-
ing strength; Beck et al. 2011) and a decrease in the rate 
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of bone mineral density loss in the femoral neck (−1.2 %) 
compared to women on placebo (−3.9 %; Chilibeck et al. 
2015). These results support previous findings from the 
same lab of a significant increase in upper-limb bone min-
eral content from creatine supplementation (0.3 g kg−1 for 
5 days + 0.07 g kg−1 for 79 days; corresponding to about 
26 g for 5 days + 6 g for 70 days) and resistance train-
ing in healthy older males (Creatine: pre 433 ± 77 g, post 
447 ± 82 g, Placebo: pre 405 ± 97 g, post 401 ± 98 g, 
p < 0.05; Chilibeck et al. 2005).

Others have not observed the same benefits in older 
adults. Lobo et al. (2015) investigated the effects of low-
dose creatine (1 g day−1) without exercise training for 
52 weeks on properties of bone in postmenopausal women. 
Creatine had no greater effect on bone mineral density 
or bone microarchitecture (cortical bone density; tra-
becular bone volume, number, thickness, as assessed by 
high-resolution peripheral quantitative tomography) com-
pared to women on a placebo. Creatine supplementation 
(20 g day−1 for 5 days + 5 g day−1 for 24 weeks), with or 
without resistance training (2 days week−1), had no effect 
on bone mineral density (whole-body, lumbar spine, femur) 
in postmenopausal women (Gualano et al. 2014). Tarnopol-
sky et al. (2007) investigated the effects of creatine supple-
mentation (5 g day−1 for 24 weeks) and resistance training 
(2 days week−1) in healthy older adults (71 years, n = 21) 
and found no beneficial effect from creatine on bone min-
eral density (whole body, hip, lumbar spine) compared to 
placebo.

Differences in dosing and length of interventions may 
explain some of the discrepancies between studies. For 
example, in the study of Chilibeck et al. (2015), the cre-
atine dosage was about 7 g day−1 compared to 1–5 g day−1 
in the studies of Lobo et al. (2015), Gualano et al. (2014) 
and Tarnopolsky et al. (2007). Furthermore, the study of 
Chilibeck et al. (2015) was 52 weeks with greater training 
frequency (3 days week−1) whereas the studies showing 
no effect from creatine on bone used exercise training pro-
grams lasting 24 weeks (Gualano et al. 2014; Tarnopolsky 
et al. 2007) with lower training frequency (2 days week−1). 
Bone turnover is a long process and exercise and nutri-
tional supplement interventions of at least 1 year, and pref-
erable 2 years, are needed to produce effects on bone (Chi-
libeck et al. 2013). Although the study by Chilibeck et al. 
(2005) found significant increases in arm bone mineral 
content after only 12 weeks of creatine supplementation, 
this study is limited in that the bone results were from sub-
regions of dual energy X-ray absorptiometry whole-body 
scans, which may have poor precision (Chilibeck et al. 
1994).

The 12-month study by Lobo et al. (2015) had no train-
ing component to the design, and as mentioned above, 
used a very low dose of creatine (i.e. 1 g day−1). Creatine 

supplementation increases phosphorylcreatine in aged mus-
cle (Brose et al. 2003), and by doing so, may allow older 
individuals to train at higher volumes and increase muscle 
mass (Chrusch et al. 2001). This increased training volume 
and muscle mass may provide additional strain on bone 
(through increased muscle pull on bone) and stimulate 
bone formation. Support from this notion is that during cre-
atine supplementation, the increase in muscle mass corre-
lates with an increase in bone mass (Chilibeck et al. 2005).

Creatine supplementation appeared to be relatively safe 
in the longer-term studies (i.e., 6–12 months) of older indi-
viduals (Chilibeck et al. 2015; Tarnopolsky et al. 2007; 
Gualano et al. 2014; Lobo et al. 2015). There is some con-
cern that high doses of creatine may adversely affect kid-
ney or liver, as evidenced in some animal studies (Edmunds 
et al. 2001; Tarnopolsky et al. 2003a). Some of these long-
term studies excluded participants with signs of kidney 
and/or liver dysfunction at baseline (Chilibeck et al. 2015; 
Tarnopolsky et al. 2007); therefore, the safety of creatine 
in these studies can only be assumed in participants with-
out kidney or liver dysfunction prior to supplementation. 
These studies all carefully followed adverse events, and 
included participants taking a variety of medications (with 
the exception of medications that affect bone metabolism). 
None reported kidney or liver adverse events by blood or 
urine markers, or interactions with medications (Chilibeck 
et al. 2015; Tarnopolsky et al. 2007; Gualano et al. 2014; 
Lobo et al. 2015). Two of the studies reported gastrointes-
tinal adverse events that were “mild” in severity in 2–33 % 
of participants (Chilibeck et al. 2015; Tarnopolsky et al. 
2007). As some of these studies excluded participants at 
baseline who had liver or kidney dysfunction, we suggest 
that older individuals with kidney or liver dysfunction not 
supplement with creatine until future studies can demon-
strate safety in these participants.

In summary, creatine may affect the bone remode-
ling process, either by stimulating osteoblasts to increase 
bone formation or by inhibiting osteoclasts to reduce 
bone resorption. As bone formation is linked to resorp-
tion through the bone remodeling cycle, the effects on one 
type of bone cell (i.e., osteoblasts or osteoclasts) may not 
be exclusive of effects on the opposite type of bone cell. 
Results of studies using serum or urinary markers of bone 
formation and resorption are inconsistent with respect to 
the beneficial effects of creatine. Future studies of creatine 
supplementation should investigate effects of creatine on 
RANK/RANKL/OPG to better assess the mechanisms by 
which creatine may affect the coupling of bone formation 
to bone resorption. The effects of creatine on bone accre-
tion are also inconsistent. In aging adults, creatine sup-
plementation (of at least 7 g day−1) may have beneficial 
effects on bone mineral density if combined with higher-
frequency (≥3 days week−1) resistance training for long 
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durations (i.e. at least 12 months). Studies of creatine 
supplementation in humans of shorter durations or using 
lower doses showed no benefit on bone properties. Animal 
research is also equivocal with some showing benefits of 
creatine supplementation, including increases in direct 
measures of bone strength, while others have not replicated 
these findings. Additional human clinical trials are needed 
using larger sample sizes of mixed gender, longer durations 
of resistance training (>52 weeks), higher creatine dosages 
(>7 g), and further evaluation of bone mineral, bone geom-
etry and microarchitecture properties.

Creatine supplementation and brain

Compared to skeletal muscle, where about 95 % of the cre-
atine in the body is stored, there is very little creatine in 
the brain. However, the brain is responsible for up to 20 % 
of energy consumption, and creatine and phosphorylcre-
atine are essential to maintain nervous system energy lev-
els (reviewed in Beard and Braissant 2010; Wyss and Kad-
durah-Daouk 2000). Relative to changes in brain creatine 
content consequent to diseases such as major depression 
(Allen 2012; Kato et al. 1992), schizophrenia (Öngur et al. 
2009), or creatine deficiency syndromes (Beard and Brais-
sant 2010), far less is known about the effects of healthy 
aging on brain creatine (Rawson and Venezia 2011). Brain 
creatine is inversely correlated with age and performance 
on the mini-mental state exam (Laakso et al. 2003), and 
can also be increased with memory training (Valenzuela 
et al. 2003). Although brain creatine should not be viewed 
as constant across the lifespan, longitudinal data on age-
related changes in brain creatine are lacking.

As described elsewhere in this review, there is a great 
deal of research that demonstrates the efficacy of creatine 
supplementation on improving muscle and bone health in 
older adults. Additionally, creatine supplementation has 
an excellent safety profile in young and older adults and 
in several patient populations (reviewed in Gualano et al. 
2012; Kim et al. 2011; Persky and Rawson 2007; Rae and 
Broer 2015). While the effects of creatine monohydrate 
supplementation on skeletal muscle metabolism and func-
tion have been well described, far less is known about 
the effects of creatine monohydrate intake on the brain. A 
small number of groups have investigated the effects of 
creatine supplementation on brain creatine or on cognitive 
processing, although these studies have primarily focused 
on younger adults (reviewed in Rae and Broer 2015; Raw-
son and Venezia 2011). This section will summarize the 
most recent developments regarding the effects of creatine 
supplementation on the brain.

Can creatine supplementation increase brain creatine 
levels in older adults?

Dechent et al. (1999) first demonstrated that creatine 
supplementation could increase brain creatine levels in 
humans. These findings were supported in most (six) 
(Dechent et al. 1999; Hellem et al. 2015; Kondo et al. 
2011; Lyoo et al. 2003; Pan and Takahashi 2007; Turner 
et al. 2015), but not all (one) (Wilkinson et al. 2006) stud-
ies (reviewed by Rae and Broer 2015; Rawson and Venezia 
2011). It is difficult to directly compare these investiga-
tions due to differences in methodology in brain creatine 
assessment (total creatine assessed with 1H-NMR vs. phos-
phorylcreatine assessed with 31P-NMR), supplement dose, 
supplement duration, and population (e.g., vegetarians vs. 
omnivores; athletes vs. depressed vs. apparently healthy). 
Also, as with skeletal muscle, initial brain creatine levels, 
which may or may not be lower in vegetarians (Yazigi Solis 
et al. 2014), are inversely related to the increase in brain 
creatine post-supplementation (Pan and Takahashi 2007). A 
final complicating factor in the comparison of these studies 
is that there appears to be regional differences in brain cre-
atine content, and, subsequently, regional differences in the 
response to creatine supplementation (Dechent et al. 1999). 
If there is a significant increase in brain creatine or phos-
phorylcreatine, subsequent to creatine ingestion, which 
seems probable, the increase has been shown to be smaller 
than seen in muscle following creatine ingestion (e.g. 20 
vs. 8 %) (Harris et al. 1992; Dechent et al. 1999; reviewed 
in Rawson and Venezia 2011).

Can creatine supplementation improve cognitive 
processing in older adults?

The effects of creatine monohydrate ingestion on cogni-
tive processing have been previously reviewed (Rae and 
Broer 2015; Rawson and Venezia 2011). The majority of 
these investigations have focused on apparently healthy 
young adults, so any extrapolations to older adults must be 
approached with caution. Also, as with the investigations 
into the effects of creatine supplementation on brain cre-
atine levels, direct comparison between studies is difficult 
due to differences in supplement dose (2.5–20 g day−1) and 
duration (5 days to 24 weeks), populations (e.g. young vs. 
old; vegetarian vs. omnivores), additional stress (e.g., sleep 
or oxygen deprivation vs. rested) and various cognitive out-
come assessments. A final complication is that the major-
ity of the studies that assessed brain creatine pre- and post-
supplementation did not measure cognitive processing, and 
the majority of studies that assessed cognitive processing 
pre- and post-supplementation do not have direct measures 
of changes in brain creatine to support their findings.
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Nonetheless, of 11 studies, 9 reported significant 
improvements in some aspect of cognitive processing fol-
lowing creatine monohydrate supplementation. Five stud-
ies were focused on rested volunteers (4 showed beneficial 
effects of creatine) (Hammett et al. 2010; Ling et al. 2009; 
Rae et al. 2003; Rawson et al. 2008; Benton and Dono-
hoe 2011), two on sleep deprived volunteers (both showed 
beneficial effects) (McMorris et al. 2006, 2007b), one on 
oxygen deprived volunteers (beneficial effects) (Turner 
et al. 2015), one on mentally fatigued volunteers (benefi-
cial effects) (Watanabe et al. 2002), and two on older adults 
described below (Alves et al. 2013; McMorris et al. 2007a).

McMorris et al. (2007a) examined the effects of creatine 
monohydrate ingestion (20 g day−1 for 7 days) in older 
adults (76 years old) and found improvements in some, but 
not all aspects of cognitive processing. For example, while 
performance on random number generation and a forward 
recall verbal short-term memory test were unaffected by 
supplementation, performance on forward and backward 
recall spatial short-term memory tests, a forward recall ver-
bal short-term memory test, and a long-term memory test 
were improved (McMorris et al. 2007a). Alves et al. (2013) 
examined the combined effects of creatine supplementa-
tion and resistance training on physical and mental func-
tion. Compared to placebo ingestion or placebo ingestion 
plus strength training, creatine supplementation alone, or 
combined with strength training, did not improve cogni-
tive processing or mood, assessed with a modified Geri-
atric Depression Scale, the Mini-Mental State Examina-
tion, Stroop Test, Trail Making Test, Digit Span Test, and 
Delayed Recall Test. At this point in time, a number of 
studies suggest that creatine supplementation improves 
cognitive processing under resting and various stressed 
conditions. However, fewer data are available on older 
adults.

How does creatine supplementation improve cognitive 
processing?

Although the direct mechanism through which creatine 
supplementation improves cognitive processing is not 
known, the best explanation is that increasing brain creatine 
levels improves brain energy metabolism. During intense 
exercise, muscle ATP needs are increased, but increasing 
muscle creatine through supplementation provides a larger 
reserve for ATP production and subsequently improves 
exercise performance. Similarly, increasing brain creatine 
with supplementation, improves energy availability, and 
subsequently improves brain performance (i.e. cognitive 
processing). Improved cognitive processing subsequent to 
creatine supplementation has been shown during increased 
brain activity (Watanabe et al. 2002), increased brain and 
muscle activity (McMorris et al. 2006, 2007b), when brain 

metabolism is compromised by hypoxia (Turner et al. 
2015), when brain creatine might be decreased due to a low 
creatine diet (Rae et al. 2003) or aging (McMorris et al. 
2007a), and also under resting conditions (Hammett et al. 
2010; Ling et al. 2009; Rae et al. 2003; Benton and Dono-
hoe 2011). As mentioned previously, with the exception of 
one study of hypoxic volunteers (Turner et al. 2015), stud-
ies that report improved cognitive processing subsequent 
to creatine supplementation did not asses changes in brain 
creatine levels to confirm the hypothesis that increased 
energy availability is the mechanism for improved cogni-
tive processing (Hammett et al. 2010; Ling et al. 2009; Rae 
et al. 2003; Benton and Donohoe 2011; McMorris et al. 
2006, 2007a, b; Watanabe et al. 2002).

Why does not creatine supplementation improve 
cognitive processing in older adults in every study?

It is difficult to explain the discrepant findings, due to 
the small number of studies that focused on older adults 
(n = 2), and also due to differences in methodologies and 
populations described elsewhere in this review. Clearly, 
creatine is important in both muscular and cerebral ener-
getics, and although there are many similarities between 
the two tissues, there are important differences as well. For 
instance, in skeletal muscle, there is separation of the sites 
of creatine synthesis (liver, pancreas, kidneys) and storage/
utilization (muscle). Thus, skeletal muscle is designed to 
take up creatine from periphery. The brain, however, has 
a more limited capacity to take up creatine, and the two 
enzymes involved in creatine synthesis, AGAT (arginine: 
glycine amidinotransferase) and GAMT (guanidinoacetate 
methyltransferase) are present in nervous tissue, suggesting 
that the brain is capable of creatine synthesis (Beard and 
Braissant 2010; Braissant 2012; Rae and Broer 2015). Fur-
ther, the SLC6A8 creatine transporter (i.e. CRT1 or CreaT) 
is expressed in micro-capillary endothelial cells at the 
blood–brain barrier, but not in the surrounding astrocytes. 
This is suggestive of a possible, albeit limited permeabil-
ity of the brain to peripheral creatine. In fact, in the three 
creatine deficiency syndromes identified in humans, AGAT 
and GAMT deficiencies are responsive to creatine ther-
apy, while SLC6A8 deficiencies are not. Thus, although 
increased brain creatine and improved cognitive processing 
following oral creatine monohydrate supplementation have 
been shown, increasing brain creatine levels through oral 
supplementation is likely more difficult than increasing 
muscle creatine levels.

Although the majority of peer reviewed studies sug-
gest that oral creatine monohydrate supplementation can 
improve cognitive processing, currently, only two studies 
have investigated older adults, and the data are discrepant. 
Nonetheless, creatine monohydrate is an inexpensive, safe 
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nutrient that stands to offer many benefits to older adults 
across multiple systems. Future studies should focus on 
older adults and possibly frail elders or those who have 
already experienced an age-associated cognitive decline. 
Additionally, dose–response studies are needed, as the opti-
mal dose for increasing brain creatine levels is not known.

Concluding remarks

Creatine supplementation, particularly along with resist-
ance training, emerges as a potential nutritional interven-
tion capable of improving health in aging. The beneficial 
effects of creatine on muscle function and lean mass in 
elderly individuals are consistent and supported by meta-
analytic data, whereas the actions of this nutrient on bone 
and brain metabolism remain promising but require further 
high-quality clinical studies involving older individuals.
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