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Abstract: The loss of muscle mass and strength with aging results in significant functional
impairment. Creatine supplementation has been used in combination with resistance training
as a strategy for increasing lean tissue mass and muscle strength in older adults, but results
across studies are equivocal. We conducted a systematic review and meta-analysis of random-
ized controlled trials of creatine supplementation during resistance training in older adults
with lean tissue mass, chest press strength, and leg press strength as outcomes by searching
PubMed and SPORTDiscus databases. Twenty-two studies were included in our meta-analysis
with 721 participants (both men and women; with a mean age of 5770 years across studies)
randomized to creatine supplementation or placebo during resistance training 2—3 days/week for
7-52 weeks. Creatine supplementation resulted in greater increases in lean tissue mass (mean
difference =1.37 kg [95% CI=0.97-1.76]; p<0.00001), chest press strength (standardized mean
difference [SMD]=0.35[0.16-0.53]; p=0.0002), and leg press strength (SMD =0.24 [0.05-0.43];
p=0.01). A number of mechanisms exist by which creatine may increase lean tissue mass and
muscular strength. These are included in a narrative review in the discussion section of this
article. In summary, creatine supplementation increases lean tissue mass and upper and lower
body muscular strength during resistance training of older adults, but potential mechanisms by
which creatine exerts these positive effects have yet to be evaluated extensively.
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Introduction

The European Working Group on Sarcopenia in Older People characterizes sarcopenia
as a loss of both muscle mass and muscle function (ie, strength and performance),’
whereas the International Working Group on Sarcopenia defines sarcopenia as a
decline in muscle mass and walking speed.? Janssen et al® estimated that health-care
costs associated with sarcopenia were $18.5 billion per year in the USA in 2000, this
projects to $26.3 billion for 2017. Independent of pharmacological interventions,
resistance training is effective for increasing lean tissue mass and muscular strength
in older adults, with nutritional interventions (ie, creatine, proteins, and omega-3 fatty
acids), further augmenting these beneficial effects on muscle.*

Creatine monohydrate is the most popular nutritional supplement used by athletes®
and increasingly used in combination with resistance training to preserve or increase
lean tissue mass and muscle strength in older adults.*® Creatine is a compound syn-
thesized from three amino acids, with the first steps of synthesis from arginine and
glycine in the kidney and subsequent steps involving methionine in the liver.” Creatine
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is consumed in the diet, mainly from beef, pork, and fish.® The
majority of creatine is taken up by skeletal muscle where it
combines with phosphate to form phosphorylcreatine (PCr).
PCr buffers adenosine triphosphate (ATP) levels to improve
high-intensity exercise capacity,’ potentially allowing one to
train with higher volumes during resistance training sessions.’
Creatine may also lead to cell swelling, through increased
water via osmosis, and this may activate protein synthesis
within muscle fibres.!

Previous meta-analyses have determined that creatine
supplementation during resistance training is effective for
improving lean tissue mass and some muscular strength
measures compared with resistance training without creatine
supplementation in older adults.'"!> Lean tissue mass and
upper body (ie, chest press) strength were increased with
high probability with creatine supplementation (p<0.01);
however, the meta-analyses were mixed as to whether cre-
atine supplementation increased lower body (ie, leg press)
strength, with one meta-analysis failing to reach statistical
significance (p=0.1)"! and another reaching statistical signifi-
cance at p=0.02.'2 It is important to determine with certainty
whether creatine supplementation during resistance training
can augment lower body strength since it is more negatively
affected with aging than upper body strength.!> Since the
publication of these meta-analyses, the number of studies
on creatine supplementation during resistance training in
older adults has almost doubled. The primary purpose of this
review was to systematically review the literature on creatine
supplementation and resistance training in older adults and
perform updated meta-analyses on outcomes of lean tissue
mass and muscular strength in the upper and lower body
(ie, chest press and leg press strength). The latter part of
this review is a narrative review of the potential physiologi-
cal mechanisms by which creatine supplementation might
increase muscle mass in older adults.

Meta-analysis methods

The population we chose to study was older adults; therefore,
we included only studies where the mean age of participants
was =50 years. This is the approximate age at which lean tis-
sue mass and muscle strength begin to precipitously decline. '
The intervention we assessed was creatine monohydrate
supplementation during resistance training programs that
lasted for at least 5-week duration with training at least
twice per week. We included studies that combined creatine
monohydrate with other nutritional supplements but also
ran our meta-analyses without these studies to find whether
they affected the meta-analyses results. We included studies

of healthy older adults and older adults with specific disease
conditions and again ran our meta-analyses with and without
these studies to determine how they influenced the results. We
included only studies combining creatine supplementation
(with or without other nutritional supplements) with resis-
tance training as creatine is minimally effective for enhancing
cellular responses, leading to muscle hypertrophy if muscle
loading is not present.’> The comparator was resistance
training without creatine supplementation. The outcomes we
assessed were whole-body lean tissue mass, determined with
dual-energy X-ray absorptiometry, hydrostatic weighing, or
air displacement plethysmography, and chest press and leg
press muscular strength, representing global measures of
upper and lower body strength, respectively. Adverse events
were assessed descriptively, as a secondary outcome measure.
We included only randomized controlled studies.

PubMed and SPORTDiscus databases were searched
using key terms and Boolean phrases used in previous meta-
analyses'!'>— (creatine OR creatine monohydrate OR creatine
supplementation OR creatine loading) AND (weight lifting
OR weight training OR resistance training, OR resistance
exercise OR strength training) AND (age OR middle-age OR
older adults OR elderly). Abstracts and manuscripts retrieved
were reviewed by at least two investigators for inclusion. A
third investigator was consulted when there was disagreement
about inclusion. Authors were contacted for any missing
information. Databases were searched up until June 2017.
There were no language restrictions. Jadad scores, based on
five questions, were used to assess the quality of studies.!'

Data extracted included pre- and posttraining means
and SDs or change scores for outcome variables and SDs
for the change scores. When pre- and posttraining means
were extracted, change scores were calculated as pretrain-
ing mean subtracted from posttraining mean. SDs for the
change scores were estimated from pre- and posttraining
SDs (SDpre and SDW) using the following equation derived
from the Cochrane Handbook for Systematic Reviews of
Interventions:!’

SD change score = [(SDpre)? + (SDpost)* — 2x (correlation
between pre- and post-scores) X SDpre X SDpost]"?

In this equation, we used 0.8 as the assumed correlation
between pre- and post-scores.

Meta-analyses were run by using RevMan 5 software
(Cochrane Community, London, UK). Heterogeneity was
evaluated using > and P tests where heterogeneity was
indicated by either 2 p-value 0.1 or P test value >75%.
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When heterogeneity was present, we used a random-effects
model, and when heterogeneity was not present, we used a
fixed-effects model for our meta-analysis. Weighted mean
difference was calculated for lean tissue mass, along with the
95% CI. As units of measurement differed across studies for
measurements of strength, we calculated standardized mean
differences (SMDs) and 95% ClIs for leg press and chest press
strength. Forest plots were generated for study-specific effect
sizes along with 95% Cls and pooled effects. A p-value <0.05
was considered statistically significant. Funnel plots were
generated and inspected for publication bias.

Results

A total of 321 abstracts were retrieved. After the review of
abstracts, 26 full-length manuscripts were retrieved. Three
manuscripts were excluded because they involved interven-
tions of creatine supplementation without resistance train-
ing,'®2° and one study presented lean tissue mass and strength
results from the same participants across two manuscripts;>'*?
therefore, 22 unique studies were included. Of these studies,
five combined creatine supplementation with other nutritional
supplements (ie, protein or conjugated linoleic acid). Table 1
shows the description of the included studies.

Participants (n=721) across studies were randomized
to receive creatine or placebo during resistance training
programs. Resistance training was performed 2—3 days per
week. Participants included healthy older adults (n=15 stud-
ies); frail or vulnerable older adults (n=2); and older adults
with heart disease, Parkinson’s disease, chronic obstructive
pulmonary disease, type 2 diabetes, and osteoarthritis (n=1
for each). Mean ages ranged from 57 to 70 years across
individual studies. Study duration was 7-52 weeks. Eight
studies included a creatine “loading” phase, where a creatine
dosage of 20 g/day for 5-7 days was consumed. Dosing
thereafter and dosing in other studies ranged from 3 to 5 g/
day. Twelve studies reported that creatine supplementa-
tion increased either lean tissue mass or muscle function,
whereas ten studies showed no effect from creatine. Most
studies reported no adverse effects related to creatine, but
four studies reported gastrointestinal adverse events, and
two studies reported muscle cramping. These adverse events
did not cause participants to withdraw from these studies.
Importantly, five studies with duration ranging from 3 to 52
weeks that evaluated liver or kidney function through blood
or urine testing found no adverse effects. Figure 1 presents
the forest plots from the meta-analyses.

Creatine-supplemented groups had significantly greater
increases in lean tissue mass (p<0.00001), chest press

Table | Study characteristics and outcomes of research examining the influence of creatine in older adults with a resistance training program

Jadad

Adverse events

Outcome measure

Intervention Duration

Study population

Study

score

Not reported and/or not

collected

CR T bench press, knee extension, bicep curl,

fat-free mass, and muscle mass

12 wks

CR (5 g/day) or PLA

18 (healthy women)

n=

Aguiar et al®

3 days/wk
CR (4x5 g/day for 5 days,

RT =

=64.9 years

Mean age

No adverse events

<> leg press or chest press strength

24 wks

22 (healthy women)

n=

Alves et al**

5 g/day thereafter) or PLA

RT

Mean age =66.8 years

2 days/wk

No adverse events
No adverse events

<> upper or leg press strength, lean tissue mass

14 wks
52 days > leg press and chest press strength

3 days/wk
CR (20 g/day for 5 days

CR (5 g/day), protein (35 g/day),

protein (35 g/day) + CR

(5 g/day) or PLA
followed by 3 g/day) or PLA

RT
RT

32 (16 men, 16 women,

42 (healthy men)
healthy)

Age =48-72 years

n
n

Bemben et al?'
and Eliot

et al?

Bermon et al*®

One gastrointestinal adverse
event in the CR group, no

extension strength, isometric dorsiflexion strength

CR T lean tissue mass, isometric knee

14 wks

3 days/wk

CR (5 g/day) or PLA RT

3 days/wk

28 (15 men; |13 women,

healthy)

Age =67-80 years

n

Brose et al?*

kidney or liver adverse events

in men

Mean age = men, 68.7 years;

> sit to stand in 30 s; 30 m walking time, time to

women, 70.8 years

(Continued)

climb 14 stairs, type |, lla, lIx muscle fiber area
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A
Creatine Placebo Mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% ClI
Aguiar et a2 11 15 9 0 25 9 4.4% 1.10[-0.80, 3.00]
Brose et al?6 (men) 1.4 4.6 5 0 35 2  04% 1.40[-4.91,7.71]
Brose et al?6 (women) 2 25 5 06 1.2 5 27% 1.40[-1.03,3.83]
Candow et al?’ 21 14 13 0.6 2.1 12 8.0% 1.50[0.09, 2.91]
Candow et al?8 (Cr after) 3 19 12 05 21 12 6.2% 2.50[0.90,4.10]
Candow et al?8 (Cr before) 1.8 2 15 05 2.1 12 6.5% 1.30[-0.26, 2.86]
Chilibeck et al?® -1 29 15 -13 22 18 5.0% 0.30[-1.49, 2.09]
Chrusch et al® 3.3 42 16 13 32 14 23% 2.00[-0.65, 4.65]
Collins et al®® 09 27 9 09 12 7 4.1% 0.00[-1.98, 1.98]
Cooke et al3! 2 48 10 05 69 10 0.6% 1.50[-3.71,6.71]
Deacon et al33 11 25 38 07 2 42 159% 0.40[-0.60, 1.40]
Eijnde et al3* 09 42 23 03 35 23 32% 0.60[-1.63,2.83]
Eliot et al22 25 46 10 -04 78 10 05% 2.90[-2.71,8.51]
Eliot et al?2 (protein) 16 5.6 1 07 39 1" 1.0% 0.90 [-3.13, 4.93]
Gualano et al% 3 13 13 0 13 12 152% 3.00[1.98,4.02]
Johannsmeyer et al38 28 4.3 14 09 43 17 1.7% 1.90[-1.14,4.94]
Neves et al?® 11 3.9 13 08 3 1" 2.1% 0.30 [-2.46, 3.06]
Pinto et al*0 1.8 13 13 06 1.3 14 165% 1.20[0.22,2.18]

Tarnopolsky et al*! (men) 27 54 11 14 35 8 1.0% 1.30[-2.71,5.31]
Tarnopolsky et al*! (women) 16 29 10 04 32 10 22% 1.20[-1.48,3.88]

Villanueva et al*2 18 26 7 08 57 7 0.7% 1.00[-3.64, 5.64]
Total (95%, Cl) 272 266 100.0% 1.37[0.97, 1.76]
Heterogeneity: 2=20.55, df=20 (p=0.42); 12=3%
Test for overall effect: Z=6.72 (p<0.00001) -10 -5 0 5 10
Favors placebo Favors creatine
B
Creatine Placebo Std. mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Aguiar et alz3 14 17 9 9 5 9 3.9% 0.38 [-0.55, 1.31]
Alves et al?4 34 4 12 27 22 10 4.9% 0.20 [-0.64, 1.05]
Bemben et al?! 42 13 10 33 6 10 4.0% 0.85[-0.07, 1.78]
Bemben et al?! (protein) 38 20 10 36 17 10 4.5% 0.10 [-0.77, 0.98]
Bermon et al?5 1 1 8 06 04 8 3.4% 0.50 [-0.50, 1.50]
Brose et al?6 (men) 30 20 7 22 12 7 3.0% 0.45[-0.61, 1.52]
Brose et al?6 (women) 15 14 6 13 7 6 27% 0.17 [-0.97, 1.30]
Candow et al?” 11 11 13 9 14 12 5.6% 0.15[-0.63, 0.94]
Candow et al?8 (Cr after) 16 13 12 2 15 12 47% 0.96 [0.11, 1.82]
Candow et al?8 (Cr before) 15 13 15 2 15 12 53% 0.911[0.10, 1.71]
Chilibeck et al?® 18 15 15 1 14 18 71% 0.47 [-0.22, 1.17]
Chrusch et al® 19 13 16 16 1 14  6.6% 0.24 [-0.48, 0.96]
Cooke et al3! 8 9 10 7 13 10 4.5% 0.09 [-0.79, 0.96]
Gualano et al®s 8 16 13 13 8 12 55% -0.38 [-1.17, 0.42]
Gualano et al3 26 43 15 1.8 4.9 15  6.7% 0.17 [-0.55, 0.89]
Hass et al®” 0.2 0.07 10 0.1 0.06 10 3.4% 1.47 [0.46, 2.48]
Johannsmeyer et al38 15 20 14 13 22 17 6.9% 0.09 [-0.62, 0.80]
Pinto et al® 12 5 13 11 6 14 6.0% 0.17 [-0.58, 0.93]
Tarnopolsky et al*! (men) 42 36 10 38 14 8 4.0% 0.13 [-0.80, 1.06]
Tarnopolsky et al*0 (women) 36 10 10 31 7 10 4.3% 0.55[-0.34, 1.45]
Villanueva et al4? 29 9 7 25 18 7 31% 0.26 [-0.79, 1.32]
Total (95% Cl) 235 231 100.0% 0.35[0.16, 0.53]

Heterogeneity: x2=15.70, df=20 (p=0.73); I2=0%

Test for overall effect: Z=3.68 (p=0.0002) -2~ 0 1 2

Favors placebo  Favors creatine

Figure | (Continued)
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C
Creatine Placebo
Study or subgroup Mean SD Total Mean SD Total
Alves et al24 17 14 12 8 9 10
Bemben et al2! 40 16 10 33 32 10
Bemben et al2! (protein) 45 23 10 49 33 10
Bermon et al?® 46 4.6 8 2543 8
Brose et al?6 (men) 50 33 7 65 23 7
Brose et al?6 (women) 42 36 6 47 1B 6
Candow et al?” 20 18 13 21 17 12
Candow et al28 (Cr after) 41 38 12 6 35 12
Candow et al28 (Cr before) 37 27 15 6 35 12
Chilibeck et al2® 54 49 15 50 45 18
Chrusch et al® 50 24 16 29 19 14
Cooke et al31 67 46 10 64 52 10
Gualano et al3® 14 16 13 13 B 12
Gualano et al3¢ 14 13 15 10 9 15
Johannsmeyer et al38 28 23 14 36 24 17
Neves et al3° 10 M 13 11 N 11
Pinto et al40 54 47 13 71 33 14
Tarnopolsky et al4! (men) 80 44 10 64 34 8
Tarnopolsky et al*' (women) 77 19 10 50 34 10
Villanueva et al42 210 97 7 180 53 7
Total (95% ClI) 229 223

Heterogeneity: x2=22.54, df=19 (p=0.26); 12=16%
Test for overall effect: Z=2.47 (p=0.01)

Mean difference Std. mean difference

Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
47%  0.72[-0.15, 1.59]
46%  0.27[-0.62, 1.15]
46%  -0.13[-1.01, 0.74]
3.6%  0.45[-0.55, 1.44]
31%  —0.49 [-1.56, 0.58]
2.8%  —0.16 [-1.30, 0.97]
5.8%  —0.06 [-0.84, 0.73]
4.9% 0.93 [0.08, 1.77]
5.4% 0.98 [0.17, 1.79]
75%  0.08 [-0.60, 0.77]
6.1% 0.94 [0.18, 1.70]
46%  0.06[-0.82, 0.94]
58%  0.08[-0.71, 0.86]
6.8%  0.35[-0.37, 1.07]
7.0%  -0.33 [-1.04, 0.38]
55%  —0.09 [-0.89, 0.72]
6.1%  —0.41[-1.17, 0.36]
4.0%  0.38[-0.56, 1.32]
4.1% 0.94 [0.00, 1.87]
32%  0.36 [-0.70, 1.42]

100.0% 0.24 [0.05, 0.43]

-2 - 0 1 2
Favors placebo  Favors creatine

Figure | Forest plots for lean tissue mass (A), chest press strength (B), and leg press stress (C).
Notes: Some studies presented data on men and women separately?*' and on creatine and creatine + protein groups separately;2'?? therefore, these studies are entered
twice in the meta-analysis for these separate subgroups. One study also presented data on participants who received creatine before versus after resistance training

programs;? therefore, these subgroups are entered separately in the meta-analysis.
Abbreviations: |V, inverse variance; Std, standardized; Cr, creatine.

strength (p=0.0002), and leg press strength (p=0.01) com-
pared with placebo. When studies that combined creatine
supplementation with other nutritional supplements (ie,
conjugated linoleic acid or protein?!-?23%4142) were excluded
one at a time, the increases in creatine-supplemented groups
were still greater than that in placebo groups for all mea-
sures. When all of these studies were excluded, the creatine-
supplemented groups had significantly greater increases for
lean tissue mass (mean difference =1.44 [95% CI=1.02—1.86]
kg; p<0.00001), chest press strength (standardized mean dif-
ference [SMD] =0.36 [0.16—0.57]; p=0.0004), and leg press
strength (SMD =0.21 [0.01-0.42]; p=0.04). When studies
of individuals with chronic conditions (eg, osteoarthritis,
chronic obstructive pulmonary disease, Parkinson’s disease,
and type 2 diabetes®**337%) were excluded one at a time,
creatine-supplemented groups still had greater increases than
that of placebo groups for all measures. When all of these
studies were excluded, the creatine-supplemented groups had
significantly greater increases for lean tissue mass (mean
difference =1.26 [0.77-1.74] kg; p<0.00001), chest press
strength (SMD =0.35 [0.16—0.55]; p=0.0004), and leg press
strength (SMD =0.27 [0.07-0.47]; p=0.009). When studies
that combined other nutritional supplements with creatine and
studies of individuals with chronic conditions were excluded,
creatine supplementation still resulted in greater increases

than placebo for lean tissue mass (mean difference =1.35
[0.83—1.88]; p<0.00001), chest press strength (SMD =0.37
[0.16-0.58]; p=0.0007), and leg press strength (SMD =0.25
[0.03-0.47]; p=0.03). Inspection of Funnel plots did not
reveal any publication bias.

Discussion

The important outcome from this meta-analysis is that
creatine supplementation during resistance training results
in ~1.4 kg greater increase in lean tissue mass than when
placebo is consumed (Figure 1A), and this translates to sig-
nificantly greater increases in upper body (ie, chest press) and
lower body (ie, leg press) strength (Figure 1B and C) in older
adults. Meta-analyses of creatine supplementation interven-
tions in older adults are important because individual studies
are equivocal as to whether creatine supplementation is effec-
tive in older adults, with just more than half of the studies
showing significant effects from creatine supplementation on
lean tissue mass or muscular strength (Table 1). Variability in
lean tissue mass and muscle strength measurements is quite
high in older adults," and therefore, it is difficult to obtain
adequate statistical power to detect differences with creatine
supplementation in many individual studies. Meta-analyses
allow one to address this lack of statistical power by assessing
large numbers of individuals.
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Our review included over 700 participants, which is
approximately double the number of participants from previ-
ous meta-analyses.!""'2 These previous meta-analyses found
that creatine increased lean tissue mass and upper body
strength, but either had no effect on lower body strength
(ie, leg press)!! or a statistically significant effect.!? Increas-
ing lower body strength is clinically significant because it
is affected more than upper body strength with aging, and
lower leg strength is related to a reduction in performance of
moderate- to high-intensity activities in older individuals."

Evidence for adverse effects from creatine is scarce. Some
studies show altered kidney and liver function with high doses
of creatine in animal models.* In a couple of case studies
in young men (18-24 years) who took resistance training
frequently and intensely, it was suggested that creatine or
a creatine-containing supplement contributed to impaired
kidney function;**5 however, no evidence from randomized
controlled trials has shown that creatine has serious adverse
effects. Studies included in our review (Table 1) or others
directly assessing kidney function with creatine in older
adults*® have not detected adverse effects on the kidney or
liver with creatine supplementation. Further, a recent posi-
tion paper by the International Society of Sports Nutrition
concludes that creatine supplementation does not have any

adverse effects on older adults.’ Very large numbers of indi-
viduals are usually required to adequately detect whether an
intervention increases chances of serious adverse events;*
therefore, even a review of the existing studies with ~700
older adults might be underpowered to detect adverse events
with creatine supplementation.

A number of mechanisms are involved by which creatine
supplementation leads to an increase in lean tissue mass and
muscular strength. Figure 2 summarizes these mechanisms,
which are discussed below.

Creatine supplementation increases intramuscular
creatine stores in older adults, which may result in greater
levels of PCr.23448-50 Increased PCr would provide greater
buffering of ATP during high-intensity exercise (ie, resistance
training), allowing one to train with a greater volume.” Fur-
thermore, elevated intramuscular creatine allows for greater
rates of PCr recovery following exercise in older adults® as
the creatine kinase reaction would be driven in the direction
of enhanced PCr resynthesis (ie, creatine + ATP — PCr +
ADP), which would improve the performance on repeated
bouts of high-intensity exercise. Most>' but not all* stud-
ies of short-term creatine supplementation (ie, 5—14 days)
indicate that creatine can improve high-intensity exercise
performance in older adults.

Creatine
IGF-1
. PCr and glycogen
Myostatin . MREs
SC activation
Akt
ROS
Myonuclei
mTOR FoxO
Transcription .
Exercise
Protein translation Muscle Protein capacity
breakdown
Muscle Muscle hypertrophy
Inhibit
Activate

Figure 2 Potential mechanisms by which creatine supplementation leads to muscle hypertrophy.
Abbreviations: IGF-1, insulin-like growth factor |; MRFs, myogenic regulatory factors; mTOR, mammalian target of rapamycin; PCr, phosphorylcreatine; ROS, reactive

oxygen species; SC, satellite cells.
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Individuals with low intramuscular creatine stores (ie,
vegetarians) are more responsive to creatine supplementa-
tion.’ Controversy exists as to whether creatine stores are
reduced and PCr metabolism is affected with aging. Some
studies show reduced stores of creatine in older adults and
slow PCr kinetics during or following exercise,*- " whereas
others indicate no difference between young and older
adults®'-% or even higher PCr stores in older adults.** Differ-
ences between studies may be related to muscle groups evalu-
ated. PCr levels might be similar between young and older
adults in the lower leg (ie, gastrocnemius or tibialis anterior),
which is used to a greater extent during daily lower-intensity
activities (ie, walking), but PCr might be lower in the vastus
lateralis of older adults.% The vastus lateralis would be used
to a greater extent during higher intensity activities such as
running or cycling,® activities that are lower in older versus
younger adults.!® Using the same methodology as our meta-
analyses in the earlier section, we conducted a meta-analysis
to assess PCr differences between young and older adults.
When all studies were considered, no difference was shown
in PCr stores between muscles of young and older adults

A
Oold Young

Study or subgroup Mean SD Total Mean SD Total Weight
Conley et al®? 271 56 40 292 438 9 11.3%
Kent-Braun et al®2 (men) 40 1.8 9 394 19 10 9.8%
Kent-Braun et al®? (women) 394 1.8 9 392 18 9 9.6%
Larsen et al® (TA) 382 1.5 16 376 13 16 11.5%
Larsen et al® (VL) 36.9 0.9 16 378 1.3 16 11.3%
McCully et al% 596 1.7 29 101 35 5 8.5%
Moéller et al®® 727 6.6 22 755 6 50 13.1%
Rawson et al*® 239 1.9 7 205 2 8 7.5%
Smith et al*® 35 5.2 4 395 51 5 6.5%
Solis et al>® 41 05 13 41 06 13 10.9%
Total (95% CI) 165 141  100.0%
Heterogeneity: t2=0.37; 32=28.62, df=9 (p=0.0008); 12=69%

Test for overall effect: Z=0.83 (p=0.41)

B Old Young

Study or subgroup Mean SD Total Mean SD Total Weight
Conley et al®? 271 5.6 40 292 4.8 9 23.0%
Kent-Braun et al®? (men) 40 1.8 9 394 19 10 0.0%
Kent-Braun et al®? (women) 394 1.8 9 392 18 9 0.0%
Larsen et al® (TA) 382 15 16 376 1.3 16 0.0%
Larsen et al®® (VL) 36.9 0.9 16 378 13 16 23.3%
McCully et al® 596 1.7 29 101 35 5 0.0%
Moéller et al®® 727 6.6 22 755 6 50 47.4%
Rawson et al*® 239 19 7 205 2 8 0.0%
Smith et al*® 35 52 395 5.1 5 6.2%
Solis et al%® 41 05 13 41 0.6 13 0.0%
Total (95% Cl) 82 80 100.0%

Heterogeneity: 12=0.00; x2=0.87, df=3 (p=0.83); 12=0%
Test for overall effect: Z=2.98 (p=0.003)

(p=0.41; Figure 3A); however, when only studies of vastus
lateralis were included (ie, studies of gastrocnemius and tibi-
alis anterior were excluded), there was lower intramuscular
PCr in the muscles of older adults (p=0.003; Figure 3B).

Lower creatine stores in the vastus lateralis of older adults
may be related to the effects of aging on type Il muscle fibers
(ie, preferential atrophy®®), as these generally have higher PCr
stores than in type I fibers.®” Alternatively, dietary changes
with aging may be the cause as older adults typically have low
meat intake®® and, therefore, lower dietary creatine intake.*
Physical activity levels are generally reduced with aging,'
and the level of physical activity is related to changes in PCr
stores, with higher physical activity increasing PCr stores
and immobilization (no physical activity) decreasing PCr
stores.*” The lower PCr levels in the vastus lateralis of older
adults (Figure 3B) may suggest that older adults are more
responsive to creatine supplementation when considering
muscle performance that involves the activation of the larger
muscles of the leg (ie, knee extensors).

A direction for future research is to further determine
the effects of creatine on aging cellular biology. A couple of

Std. mean difference
1V, Random, 95% ClI

Std. mean difference
IV, Random, 95% CI

-0.38 [-1.10, 0.35]
0.31[=0.60, 1.22]
0.11 [-0.82, 1.03]
0.42[-0.28, 1.12]

-0.78 [-1.51, -0.06]
-2.01[-3.08, -0.93]
~0.45 [-0.95, 0.06]
1.64 [0.41, 2.86]

-0.78 [- 2.18, 0.62]
0.00 [-0.77, 0.77]

-0.20 [-0.67, 0.27]

-4 -2

Favors young

2
Favors old

Std. mean difference
1V, Random, 95% CI

Std. mean difference
1V, Random, 95% ClI

-0.38 [-1.10, 0.35]
0.31[-0.60, 1.22]
0.11 [-0.82, 1.03]
0.42[-0.28, 1.12]

-0.78 [-1.51, -0.06]
-2.01[-3.08,-0.93]
~0.45 [-0.95, 0.06]
1.64 [0.41, 2.86]

-0.78 [~ 2.18, 0.62]
0.00 [-0.77, 0.77]

~0.53 [-0.88, -0.18]

-4 -2

Favors young

2
Favors old

Figure 3 Forest plots for phosphorylcreatine content in muscle of young and older adults for all studies (A) and for studies of only vastus lateralis (ie, studies of gastrocnemius

or tibialis anterior were excluded from the analysis) (B).

Notes: One study presented data on men and women separately;®* therefore, these subgroups are entered separately in the meta-analysis. One study presented data for
two different muscle groups;®* therefore, these are entered separately in the meta-analysis.
Abbreviations: |V, inverse variance; Std, standardized; TA, tibialis anterior; VL, vastus lateralis.
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studies in our review?”*® showed that a whole-body marker
of muscle protein catabolism (ie, urinary excretion of
3-methylhistidine) is reduced in older men (but not in older
women) after supplementing with creatine. This positive
effect of creatine in older men is in agreement with research
in younger adults.” Only a couple of studies included in our
review?%3! performed muscle biopsies to assess changes in
muscle fiber area. No significant effects of creatine supple-
mentation on muscle fiber area were evident, despite an
increase in lean tissue mass and strength found in one of
these studies.?® Muscle fiber area measurements are subject
to high variability; therefore, larger sample sizes are needed
to detect whether creatine supplementation has effects on
the muscle fiber level.

In this section, we discuss the effects of creatine supple-
mentation on the cellular level from studies of cell cultures,
animals, and younger humans and how this might translate
to the enhancement of muscle mass in older individuals.
Ingwall et al”'™ were the first to show that creatine added
to muscle cell cultures could stimulate myosin heavy chain
and actin protein synthesis, myofibrillar proteins important
in the muscle contractile process. Important, however, is that
these cells were from the breast muscles of chick embryos
and, therefore, were muscle cells that were undergoing rapid
differentiation (ie, development) and that they would most
likely respond differently than human adult muscle cells. To
address this limitation, Willoughby and Rosen” assessed the
effect of creatine supplementation during 12 weeks of resis-
tance training in young adult men and showed that creatine
increased myosin heavy chain type I, Ila, and IIx mRNA
expression (indicating greater transcription for these proteins)
and myosin heavy chain type I and IIx (but not Ila) protein
levels compared with resistance training without creatine
supplementation. These changes occurred in conjunction
with increased muscle mass and strength in the creatine-
supplemented versus placebo group. These results are in
contrast, however, to other studies that indicated that 5-9
days of creatine supplementation with or without an acute
session of resistance training failed to increase the synthetic
rate of myofibrillar (ie, myosin and actin) or sarcoplasmic
proteins as assessed by the incorporation of radio-labeled
leucine into muscle biopsies of young men or women.”*"
Longer periods of creatine supplementation may be needed
for the stimulation of protein synthesis.

In order to determine in detail which proteins are upregu-
lated with creatine supplementation, Safdar et al'® assessed
a global array of mRNAs (to assess which proteins are
transcribed) and proteins in the vastus lateralis in response

to 10 days of creatine supplementation (ie, 20 g/day for
3 days; 5 g/day for 7 days) in young men. Proteins involved
in sensing changes in osmolarity and signal transduction
were upregulated with creatine supplementation, along
with proteins involved in satellite cell proliferation and dif-
ferentiation. Satellite cells sit between the basal lamina and
sarcolemma (ie, muscle fiber membrane) of muscle fibers and
are involved in the development of new muscle fibers or, in
adult muscle, repair of damaged muscle fibers.” Satellite cells
donate their nuclei to muscle fibers, increasing the capacity
for protein synthesis within the muscle fibers.” Safdar et al'
proposed that the cellular swelling induced by the increased
water content from creatine supplementation facilitated the
production of “myogenic regulatory factors” (MRFs) that are
involved in stimulating satellite cells to proliferate and fuse
with muscle fibers. There are four major MRFs involved in
proliferation and differentiation of satellite cells, expressed
at different time points:” 1) Myf5 is expressed at the earliest
and involved in satellite cell activation and proliferation; 2)
MyoD is involved in the migration of satellite cells to the
muscle fibers and differentiation of the satellite cells; 3)
myogenin is involved in the fusion of the satellite cells with
the muscle fibers; and 4) Mrf4 is involved in maturation of
the newly repaired or newly formed muscle fibers. Insulin-
like growth factor-1 (IGF-1), produced by muscle fibers, is
thought to regulate MRF expression, so that the sequence of
events is increased IGF-1 production, followed by increased
expression of MRFs simultaneous with increased satellite
cell activation, proliferation, and differentiation to form
new myonuclei within muscle fibers to increase capacity for
protein synthesis.” In contrast to the effect of MRFs on satel-
lite cells, myostatin, another signaling protein or “myokine”
seems to have the opposite effect; it suppresses satellite cell
activation. In addition to their effect on satellite cell activa-
tion, proliferation, and differentiation, the MRFs also bind
to DNA and activate genes involved in the expression of
proteins important for muscle contraction such as myosin
heavy chains, myosin light chains (ie, important components
of the myosin contractile protein), actin (another important
contractile protein), and creatine kinase (an enzyme involved
in breakdown of PCr which plays a major role in buffering
ATP during high-intensity exercise).”

Creatine supplementation may stimulate the steps from
IGF-1 production to satellite cell activation and differentia-
tion. During 72 hours of incubating differentiating murine
cell culture (ie, derived from rats and mice) with creatine,
mRNA for IGF-1 was upregulated during the entire 72-hour
period; whereas MRFs were upregulated in their expected
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sequence (ie, mRNA for Myf5 was increased by 24 hours
and MyoD, myogenin, and Mrf4 by 72 hours).” As noted
earlier, cultures of rapidly developing muscle fibers from
animals may not respond the same way as adult human
muscle fibers. During 8 weeks of resistance training, young
men and women who supplemented with creatine had greater
increases in muscle-specific IGF-1 compared with those
who supplemented with placebo.”” The response of MRFs
to creatine supplementation is however mixed. Hespel et al’
supplemented young adults with creatine or placebo during
2 weeks of leg immobilization followed by 10 weeks of
knee extension exercise. Creatine supplementation increased
Mrf4 expression, and this was correlated with an increase in
muscle fiber size; however, myogenin decreased with creatine
compared with placebo by Week 10. As Mrf4 is expressed
after myogenin, it may be that the sequence by which MRFs
were expressed was faster with creatine supplementation,
and myogenin may have been decreasing, whereas Mrf4 was
increasing in the creatine group by the end of the 10-week
intervention. In contrast, Willoughby and Rosen” found that
creatine supplementation during 12 weeks of heavy resistance
training in young men was superior to placebo for increasing
mRNA and protein levels of myogenin and Mrf4, with no
effect on the other MRFs (ie, Myf5 and MyoD). The lack of
effect on these two MRFs may be due to the timing of the
assessment (ie, Myf5 and MyoD are expressed first, and by
12 weeks, their expression is likely decreased compared with
the other MRFs).

As mentioned above, myostatin has an opposite effect
when compared with the MRFs, in that it suppresses satellite
cell activation. A limited number of studies on the effect of
creatine supplementation on myostatin levels have shown
that creatine supplementation in pigs decreased mRNA
expression of myostatin,® and creatine supplementation dur-
ing 8 weeks of resistance training in young men decreased
serum levels of myostatin.®! This latter study is limited in
that myostatin was not assessed in muscle. The effect of
creatine supplementation on MRF and myostatin expression
may translate to increased satellite cell activation and differ-
entiation. For example, over 8 weeks of resistance training
in young men, creatine supplementation resulted in a faster
increase in satellite cell number, myonuclei per muscle
fiber, and muscle fiber size.’? The effect of creatine on the
stimulation of satellite cell proliferation may have important
implications for older individuals, as satellite cell number is
reduced with aging.®® Following an acute bout of resistance
training exercise, compared with younger men, older men
have a delayed increase in satellite cell number, a smaller

increase in satellite cells expressing MyoD, a smaller decrease
in satellite cells expressing myostatin, smaller increases in
myogenin mRNA, and greater increases in myostatin protein
expression.® Creatine supplementation, therefore, has the
potential, in older adults, to offset these changes in myostatin
and MRF expression and their effects on satellite cells. This
has not however been directly assessed in older adults and
is an avenue for future research.

Along with the stimulation of MRFs, IGF-1 stimulates
signaling pathways (ie, phosphatidylinositol 3-kinase [PI3K]-
Akt/protein kinase B [PKB]-mammalian target of rapamycin
[mTOR]) within muscle that are involved in translation of
proteins (ie, synthesis of proteins at ribosomes from codes on
mRNA delivered from the nucleus).” Controversy exists as
to whether creatine supplementation is effective for stimulat-
ing these signaling pathways. Creatine added to murine cell
culture enhanced differentiation by activating these path-
ways involved in translation;® however, when creatine was
supplemented for 5 days before an acute resistance training
session in young human adults, there was either enhanced
activation of only specific components of this pathway and
only at 24 hours postexercise® or no enhanced activation of
these pathways.®” These pathways involved in translation may
be negatively affected by aging.*® The total amount of mMTOR
is upregulated in older adults when a nutritional supplement
containing creatine is consumed;*® however, there was no
effect of creatine on the phosphorylation (ie activation) of
mTOR or other components of the translation-signaling
pathway. The nutritional supplement used in this study
also contained additional components besides creatine (ie,
L-carnitine, leucine, and vitamin D); thus, the direct effect
of creatine could not be determined. The effect of creatine
on the activation of translation-signaling pathways in older
adults remains another area of future research. Along with
translation initiation that is activated by the PI3K-Akt/
PKB-mTOR signaling pathway, muscle proteolysis (via
FoxO3a) is also inactivated by Akt.”> As mentioned earlier,
some research, albeit at the whole-body level (ie, urinary
excretion of 3-methylhistidine), indicates that muscle protein
catabolism is reduced with creatine supplementation during
resistance training in older men,?’*¥ suggesting activation
of Akt and inhibition of proteolysis; therefore, creatine may
have anabolic and anti-catabolic effects on muscle.

Other mechanisms by which creatine supplementa-
tion may enhance the adaptations to resistance training
session in older adults include reducing oxidative stress
and enhancing energy stores aside from PCr. Creatine
supplementation prevents oxidative stress and inflammation
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and could protect against tissue and mitochondrial DNA
damage.®* Mitochondrial defects with aging may lead to
increased production of reactive oxygen species, which
leads to inflammation and muscle atrophy.”® With aging,
there is a loss of efficiency in transfer of electrons along
the electron transport chain during mitochondrial oxida-
tive phosphorylation, resulting in increased proportion of
electrons transferred to oxygen, leading to formation of
reactive oxygen species, which damages mitochondrial
DNA. This leads to alterations in genes encoding electron
transport chain proteins and further defects in the electron
transport chain.”® Reactive oxygen species produced by
defective transfer of electrons along the electron transport
chain include hydrogen peroxide and hydroxl radicals.”
When creatine is added to cell cultures that have been
oxidatively damaged, it has direct effects for reducing these
reactive oxygen species.’! It is hypothesized that creatine
is oxidized to C,H,NO, during the scavenging of these
reactive oxygen species.’!

Regarding energy stores, creatine supplementation
upregulates genes encoding proteins involved in increased
glycogen synthesis and decreases the expression of genes
encoding proteins involved in glycogen breakdown.!” In older
diabetic adults, creatine supplementation during 12 weeks of
resistance training increased the amount of glucose transport
protein 4 in muscle fiber membranes® that would enhance
glucose uptake into muscle to favor glycogen storage. This
may provide an important additional energy source during
resistance training because resistance training exercise lowers
muscle glycogen.”

In summary, our meta-analyses show that creatine supple-
mentation during resistance training is effective for increasing
lean tissue mass and upper and lower body strength in older
adults. Creatine might enhance energy stores, including PCr
and glycogen to allow better buffering (ie, resynthesis) of ATP
during intense exercise. This might allow for resistance train-
ing with a greater volume and translate into superior adap-
tation to training. Creatine supplementation might enhance
protein synthesis, possible by stimulating signaling pathways
activated by the osmotic effect of creatine. Although study
results are mixed, creatine supplementation could stimulate
myogenic regulator factors, which activate transcription of
contractile proteins and enhance satellite cell activation,
proliferation, and differentiation. Satellite cells donate their
nuclei to adjacent muscle fibers, increasing capacity for
protein synthesis. Creatine might activate pathways within
muscle fibers involved in protein translation and might also
reduce oxidative stress and inflammation. These mechanisms
could explain the superior adaptation to resistance training

when creatine is supplemented in older adults; however,
further study is needed to confirm whether these mechanisms
are actually involved in older adults.
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