DE GRUYTER

Transl. exerc. biomed. 2024; aop a

Original Research Article

George Pittas, Jan Miller, David Laithwaite and Paul Greenhaff*

Creatine supplementation strategies aimed at
acutely increasing and maintaining skeletal
muscle total creatine content in healthy, young

volunteers

https://doi.org/10.1515/teb-2024-0032
Received September 16, 2024; accepted October 24, 2024;
published online December 6, 2024

Abstract

Objectives: Insight regarding dietary creatine (Cr) supple-
mentation strategies to acutely increase and maintain
muscle total creatine (TCr) content is missing.

Methods: Healthy, young, men ingested 4 x 5 g Cr/day (d) for
5d, followed by 5 g/d for 28 d (Cr group, n=8). To achieve
insulin mediated muscle Cr transport, another group (n=16)
ingested 4 x 5 g Cr plus 95 g dextrose/d for 5d (CrCHO), and
thereafter two sub-groups ingested 5 g of Cr (CrCHO1, n=8) or
5 g Cr plus 95 g dextrose/d for 28 d (CrCHO2, n=8). A fourth
group ingested 4 x 5g of Cr plus 14 g protein, 7 g phenylala-
nine, 7 g leucine and 57 g dextrose/d for 5 d, and once/
d thereafter for 28 d (CrPAC, n=8). Muscle biopsies were
obtained at 0, and after 5 and 33 d.

Results: After 5 d, muscle TCr increased in Cr (p<0.001),
CrCHO (p<0.001), and CrPAC (p<0.05) groups, and was
numerically greatest in CrCHO; achieving a content reported
to be an average maximum (150 mmol/kg). After 33 d, TCr
also increased to ~150 mmol/kg in the Cr group (p<0.05),
remained unchanged from 5 d in CrCHO2, and tended to
decline in CrCHO1. Muscle TCr remained unchanged from 5
d in CrPAC after 33 d, being less than the Cr group (p<0.05).
Muscle Cr transporter mRNA expression changed modestly,
but the increase in muscle TCr after 5 d was inversely
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associated with fold-change in mRNA expression (r=0.502,
p<0.05).

Conclusions: A maximum increase in muscle TCr is ach-
ieved after 5 d Cr ingestion alongside 95 g dextrose, and
continued consumption of Cr with dextrose will maintain
this maximum. Ingestion of Cr alone will achieve a high
muscle TCr content too, but takes longer.

Keywords: exercise nutrition; dietary supplements; insulin;
dextrose

Introduction

In 1992 Harris et al. [1] published the first evidence that
dietary creatine (Cr) supplementation (20-30 g Cr per day for
several days) can increase muscle total Cr (TCr; the sum of
phosphocreatine (PCr) and free Cr) content by up to 50 % in
healthy human volunteers. The subsequent plethora of
research on the effects of Cr supplementation on exercise
performance unequivocally demonstrated the positive er-
gogenic and metabolic effects of Cr supplementation during
short, high intensity exercise (for example see reviews [2—
4]). This has resulted in Cr becoming one of the most estab-
lished supplements in the sports and fitness market.
Creatine supplementation was effective at increasing
muscle TCr content in some, but not all, individuals when 4 x
5 g of Cr per day was consumed at equally spaced intervals as
a beverage for 5-7 days (loading phase; [1, 5, 6]). We have
previously demonstrated that insulin can further stimulate
muscle Cr accumulation in healthy, young volunteers above
the magnitude seen when Cr alone is ingested [7]. In addi-
tion, this stimulatory effect of insulin, which was achieved
by combining a 5 g liquid bolus of Cr with a second beverage
containing 93 g of simple carbohydrates on four occasions
per day for 5 days, was demonstrated to increase muscle TCr
content in all individuals [5], thus reducing the variation in
the Cr accumulation response between individuals. It is
likely however that this carbohydrate ingestion regimen is
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close to the limit of palatability [5]. Accordingly, Steenge et al.
[8] investigated the impact of ingesting Cr in tandem with a
more palatable beverage containing 50 g of protein and 47 g
of carbohydrates, which was found to augment whole-body
Cr retention by a magnitude similar to that observed with
95g of simple carbohydrates. Subsequently, we reported
that naso-gastric administration of Cr with a mixture con-
taining 57 g of carbohydrate, 14 g of protein hydrolysate, 7 g
of leucine and 7 g of phenylalanine (three times over a 24 h
period for 3 days), stimulated insulin release and augmented
whole-body creatine retention to the same extent as when
95 g of simple carbohydrate was administered at the same
frequency for 3 days [9]. Although interventions were
administered by oral gavage to minimize any impact of
palatability on end-point measures, this study demonstrated
that combining more tolerable quantities of carbohydrate
and protein with relatively small quantities of insulin
potentiating amino acids (leucine and phenylalanine)
augmented whole body Cr retention above that seen with Cr
alone in healthy, young volunteers over 3 days. By lowering
the amount of carbohydrate and protein ingested, it was also
hoped palatability and caloric issues associated with the
ingestion of large quantities of these nutrients would be
reduced.

A limited number of studies have investigated the
longer-term impact of Cr supplementation on muscle TCr
content following an initial muscle Cr loading phase (4 x 5g
of Cr ingested per day), and those that have present con-
trasting findings. Hultman et al. [10] was the first to
demonstrate that ingesting 2 g of Cr per day after 6 days of
muscle Cr loading was sufficient to maintain elevated muscle
TCr stores for a further 30 days in healthy, young volunteers,
which the authors proposed was achieved by maintaining
muscle creatine delivery at a rate close to the degradation
rate of muscle Cr to creatinine. In agreement Preen et al. [11]
demonstrated that following initial muscle Cr loading (4 x5g
of Cr ingested per day for 5 days), both 2 g Cr per day and 5g
Cr per day for a period of 42 days maintained elevated
muscle TCr content. In contrast, neither the ingestion of 2 g
Cr per day for 36 days (following a 5 day muscle Cr loading
phase; [12]) or the ingestion 5 g Cr per day for 77 days (after a
7 day muscle Cr loading phase; [13]) was effective at main-
taining muscle TCr content compared to immediately post
muscle Cr loading. Based on these contrasting reports it is
not possible to be definitive about the most effective strate-
gies to maintain muscle creatine stores following an initial
phase of Cr loading, but it is not immediately obvious to
rationalize why a maintenance dose of 2-5g Cr per day
following muscle Cr loading would not be effective at
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maintaining muscle TCr content given the non-enzymatic
degradation rate of muscle Cr to creatinine is widely
accepted to be between 1 and 2 g per day (see review 2).
Irrespective of this point, whilst reports outlined above have
demonstrated muscle Cr accumulation can be augmented in
the short-term when Cr is ingested alongside nutrients that
elevate serum insulin concentration [5, 8], to our knowledge
no study has investigated the longer-term impact of dietary
Cr supplementation combined with insulin potentiating
nutrients on muscle TCr content in healthy, young volun-
teers. This is of scientific and practical relevance given po-
tential palatability issues of ingesting large quantities of
insulin potentiating nutrients for more than a few days.

It has been suggested that longer-term dietary Cr sup-
plementation may reduce muscle Cr transporter protein in
human skeletal muscle [14], which may be detrimental to
metabolic and physiological function. This opinion is based
on in vitro cell based studies [15] and in vivo rodent studies
involving 3-6 months of daily Cr feeding at a dose up to 30-
fold greater than would be routinely ingested by humans (on
a weight for weight basis; [16]), but nevertheless may explain
the reports above that longer term dietary Cr ingestion was
not effective the maintaining muscle TCr content in healthy,
young volunteers [12, 13]. However, the limited evidence
available demonstrates that 2-4 months of dietary Cr sup-
plementation that was effective at increasing muscle TCr
content had no impact on muscle Cr transporter content in
either young or elderly human volunteers [17]. Furthermore,
8-9 days of dietary Cr supplementation that also increased
muscle TCr content had no impact on muscle Cr transporter
mRNA expression in healthy, young volunteers [17]. To our
knowledge, no study has investigated the effects of longer-
term Cr supplementation on the muscle Cr transporter
mRNA expression.

In the context of this background research, in this study
we hoped to confirm that following conventional acute
muscle Cr loading (4 x 5g per day for 5 days), continued
ingestion of Cr at rate of 5g per day (i.e. well above the
widely reported rate of muscle Cr degradation to creatinine)
was effective at maintaining an elevated muscle TCr content
for a further 28 days. We also aimed to generate novel insight
regarding the impact of combining each 5 g Cr bolus during
conventional acute muscle Cr loading (4 x 5g per day for
5 days) with a large bolus of simple sugars or a mixture of
protein, amino acids and carbohydrate predicted to increase
muscle Cr accumulation via an insulin mediated stimulatory
mechanism we have previously described [5-8]. Further-
more, and linked to this, whether such insulin related stra-
tegies were necessary and/or could maintain elevated
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muscle TCr content over a further 28 days, when dietary Cr
supplementation was reduced to a single 5 g per day bolus.
Finally, we aimed to quantify the impact of acute and longer-
term Cr supplementation on muscle Cr transporter mRNA
expression given the limited published data available. Of
note, the insight this research aims to deliver is of
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importance from a translational point of view given the
muscle metabolic [18] and exercise performance [19-21]
gains resulting from dietary Cr supplementation appear to
be most evident when a high muscle TCr content is achieved,
and the likelihood of a ‘non-response’ is minimized [5]. The
summary of this study is presented in Figure 1.

Creatine supplementation strategies aimed at

acutely increasing and maintaining skeletal muscle
total creatine content in healthy, young volunteers

INTRODUCTION

Creatine (Cr) is an established dietary supplement
and is increasingly employed in clinical research.

Insight regarding dietary creatine supplementation =
strategies to acutely increase and maintain muscle
total creatine (TCr) content is missing.

Objectives: to assess the
effects of different
supplementation strategies
on skeletal muscle
TCr content and to quantify
muscle Cr transporter mRNA
expression.
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RESULTS
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One group took 4x5g of creatine for 5 days, then 5g/day for 28 days (Cr),
while another took the same dose with 95g dextrose (CrCHO) for 5 days,
thereafter splitting into creatine-only (CrCHO1) and creatine+dextrose
sub-groups (CrCHO2). A fourth group took creatine with a protein/dextrose
supplement for 5 days, then once daily for 28 days (CrPAC).
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Real-time PCR

Muscle Biopsies

Total creatine content was analyzed through muscle biopsies from the
vastus lateralis at baseline and after 5 and 33 days, and creatine
transporter mRNA expression was assessed using real-time PCR.
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r d unchanged from day 5 in CrCHO2

and CrPAC, and declined in CrCHOL. Low ——High

Muscle Cr transporter mRNA expression
changed slightly, with an inverse
correlation to the 5-day TCr increase
(r=0.502, p<0.05).

CONCLUSION

A rapid, maximal increase in muscle TCr content occurred
when creatine was taken with simple sugars, and maintaining
this required continued sugar intake. Creatine ingestion alone
also led to muscle TCr content being maximised, but occurred

more slowly.
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Figure 1: Graphical representation of this study. Key points [1]: Ingestion of 4 x 5 g Cr/day for 5 days increased muscle TCr content. Moreover, continued
ingestion of 5 g Cr/day for a further 28 days increased muscle TCr further to the average maximum content reported for healthy volunteers (~150 mmol kg™
dm) [2]. A similar average increase to ~150 mmol kg™ dm occurred after 5 days when 4 x 5 g Cr/day was ingested in tandem with 95 g dextrose. This was
maintained for a further 28 days by ingesting 5 g Cr with 95 g of dextrose/day [3]. Ingestion of a protein, amino acid and carbohydrate formulation did not
maximise muscle Cr accumulation to the same extent as Cr plus dextrose, despite a similar plasma insulin response. Figure created with BioRender.
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Methods

Participants

Following medical screening, 32 healthy, non-vegetarian,
male volunteers provided written informed consent to take
part in the present experiment. All were sedentary to
moderately active, Cr supplement naive and had not
consumed dietary supplements of any nature for at least
three months prior to entering in to the study and all were
asked to maintain their habitual physical activity levels
throughout the study. This study was approved by the Uni-
versity of Nottingham Medical School Research Ethics
Committee (approval number C/6/2003) in accordance with
the Declaration of Helsinki.

Protocol

Participants were randomly allocated into one of four di-
etary supplementation strategies in a double blind study
design. One group of participants (n=8) ingested 4 x 5 g of Cr
per day for 5 days, followed by 5 g Cr per day for a further
28 days (Cr group). A second cohort (n=16), ingested 4 x 5 g Cr
+ 95 g dextrose per day for 5 days (CrCHO), but thereafter one
sub-group ingested 5 g of Cr per day for the following 28 days
(CrCHO1, n=8), whilst a second subgroup ingested 5 g of Cr +
95 g dextrose per day for 28 days (CrCHO2, n=8). A fourth
group of volunteers ingested 4 x 5 g of Cr + 14 g whey protein
+ 7 g phenylalanine + 7 g leucine + 57 g dextrose per day for
5 days, and thereafter the same supplement mixture once
per day for the following 28 days (CrPAC, n=8). One volunteer
withdrew from this group after the first day of supplemen-
tation, and a second volunteer after 5 days (end of loading
phase). Each volunteer attributed their withdrawal to poor
palatability or tolerability of the CrPAC supplement,
respectively. Therefore, seven volunteers in the CrPAC group
completed the loading phase of the study and six completed
the whole study. Volunteer physical characteristics at base-
line are described in Table 1.

All volunteers were supplied with a graduated mixing
container and instructed to dissolve each powder supplement
in water, to a volume of 340 mL, and to consume the supple-
ment within a 5 min period. During the initial 5 days of sup-
plementation (muscle Cr loading phase), volunteers were
instructed to consume a supplement drink every 3-4 h. Each
supplement was to be ingested at least 2h prior to and after
food consumption across the course of each day in an effort to
alleviate the effects of food ingestion on Cr absorption and
pancreatic insulin release.
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Table 1: Age, height, mass and body mass index (BMI) of volunteers
assigned to the following intervention groups at the beginning of the
study: Cr (4 x 5 g Cr per day for 5 days, followed by 5 g Cr per day for a
further 28 days, n=8); CrCHO1 (4 x 5 g Cr per day + 95 g of dextrose for
5 days, followed by 5 g Cr per day for a further 28 days, n=8); CrCHO2 (4 x
5g Cr per day + 95 g of dextrose for 5 days, followed by 5 g Cr + 95 g of
dextrose per day for a further 28 days, n=8); CrPAC (4 x 5 g Cr per day +
14 g protein hydrolysate, 7 g phenylalanine, 7 g leucine, and 57 g
dextrose, followed by 5 g Cr per day + 14 g protein hydrolysate, 7 g
phenylalanine, 7 g leucine, and 57 g dextrose for a further 28 days, n=7).

Group Age,y  Height, cm Mass, kg BMI
Cr (n=8) 20.8+1.0 178 £1 699+15 221+05
CrCHO1 (n=8)  22.0 + 2.6 181+3  780+27 239x07
CrCHO2 (n=8)  22.8 + 2.1 181+3 77.7+54 238+14
CrPAC (n=7) 226+1.6 178+2 81.0+59 255+1.6

Volunteers attended the laboratory on three pre-
determined occasions over the course of the study (day
0 (baseline), day 6 and day 34). On each occasion, partici-
pants reported to the laboratory at approximately 8am in a
fasted state, having refrained from exercise, alcohol and
consumption of meat and fish products for 24 h. On arrival,
participants emptied their bladder, their body mass was
recorded, and they then rested in a supine position for the
remainder of the visit. Following administration of local
anaesthetic (1% wj/v lignocaine hydrochloride, Antigen
Pharmaceutical Ltd., Roscrea, Ireland), a muscle biopsy
sample was obtained from the Vastus Lateralis muscle using
the Bergstrom needle biopsy technique [22]. Following
removal from the limb, the muscle sample was immediately
snap frozen by immersion in liquid nitrogen, and stored in
liquid nitrogen until analysis was performed at a later date.
Insufficient muscle was harvested from one volunteer at
baseline in the CrCHO group, and one volunteer in the Cr
group after 5 days supplementation.

After a short break, a 21 gauge venous cannulae was
inserted retrogradely into a superficial vein on the dorsal
surface of the hand following local anaesthesia (1% wj/v
lignocaine hydrochloride, Antigen Pharmaceutical Ltd.,
Roscrea, Ireland), and patency was maintained by saline
infusion (0.9 % sodium chloride BP, Baxter Healthcare Ltd.,
Thetford, England, UK). The hand was then placed in a
warming unit (~50 °C air temperature) for at least 15 min in
order to arterialise the venous drainage of the hand [23].
Following this, an 8 mL blood sample (baseline) was taken
followed immediately by the ingestion of one of the dietary
supplements described above. After supplement ingestion,
blood samples were collected at 15 min intervals for 60 min,
and at 20 min intervals thereafter for a further 120 min (total
collection time 180 min). Immediately after consumption of



DE GRUYTER

the supplement, each subject completed a palatability and
tolerability questionnaire.

Serum and plasma analysis

Following blood sample collection, ~4 mL was placed in a
plain blood collection tube and allowed to clot for the
collection of serum. The remaining blood was collected into a
tube containing K3EDTA (potassium ethylenediaminietetra-
acetic acid, 1.5 mg/mL) for plasma collection, mixed thor-
oughly and placed immediately on ice. All samples were
subsequently centrifuged at 3000 rpm for 10 min, and the
serum and plasma obtained was frozen (-20 °C) for serum
insulin and plasma Cr determination, respectively, at a later
date. Serum insulin concentration was determined using a
radioimmunoassay kit (Diagnostic Products Corporation,
Los Angeles, California, USA). The analytical coefficient of
variation for serum insulin concentration was 2.4 % (n=10
repeat determinations). Plasma Cr concentration was
determined using the high performance liquid chromatog-
raphy method described by Dunnett et al. [24]. The analytical
coefficient of variation for plasma Cr concentration was
1.7 % (n=10 repeat determinations).

Muscle sample analysis

Muscle samples were divided under liquid nitrogen and one
piece, to be used for muscle metabolite analysis, was freeze-
dried. Freeze dried muscle samples were powdered, with
care being taken to remove visible connective tissue and
blood, and an aliquot of powder was used for metabolite
extraction in perchloric acid (subsequently neutralized by
addition of KHCO;). Muscle ATP, PCr, and free Cr were
determined in muscle extracts using the enzymatic spec-
trophotometric method described by Harris et al. [25].
Muscle ATP content was used to normalise free Cr and PCr
contents (as muscle ATP did not change with time or treat-
ment during the experiment, data not shown) to account for
variation due to the presence of non-muscle constituents.
The analytical coefficient of variation for muscle ATP, free Cr
and PCr content was 0.8, 2.9 and 0.9 %, respectively (n=10
repeat determinations for each).

Total RNA was extracted from 30 mg of wet muscle tis-
sue by homogenizing in ice-cold TRIzol reagent (Invitrogen
Ltd., Paisley, UK). After spectrophotometric quantification at
260 nm, first-strand cDNA was generated from 0.5 ug of the
RNA using reverse transcriptase (Promega, Southampton,
UK) and stored at —80 °C. Subsequent analysis involved use
of predesigned Tagman primers and probes for the Cr
transporter (Hs00940513) and real-time PCR using an ABI
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PRISM 7000 sequence detection system (Applied Biosystems,
CA, USA). Briefly, fluorescent emission data were captured
and triplicate mRNA concentrations were quantified from a
relative standard curve using the critical threshold (Ct) value
[26]. Hydroxymethylbilane synthase (HMBS; Hs00609297)
was used as a housekeeping gene to compensate for varia-
tion in the amount of RNA and efficiency of reverse tran-
scription. Ct values for HMBS were unchanged across time
points and treatment (data not shown). The analytical coef-
ficient of variation for muscle HMBS expression was 3.6 %
(n=10 repeat determinations).

Statistical analysis

Variables measured pre-intervention on one occasion, such as
baseline body mass and fasting insulin concentration, were
compared across groups using one-way ANOVA. Responses in
variables to the acute supplementation period (days 0 to 5 in
groups Cr, CrCHO and CrPAC) and responses across the acute
and chronic supplementation periods (day 0 to 34 in groups Cr,
CrCHO1, CrCHO2 and CrPAC), were compared using mixed
model, two-way ANOVA (with repeated measures) to identify
significant differences within and between treatment in-
terventions. Violation of the assumption of sphericity was
assessed using Mauchly’s test and where appropriate the
Greenhouse-Geisser statistic used to determine significance.
Where the ANOVA indicated a significant group or group x
time interaction effect, Tukeys post-hoc test was performed to
locate where differences were located. The degree of associa-
tion between the change in muscle TCr content and Cr trans-
porter mRNA expression from baseline with dietary Cr
supplementation was determined using the Pearson correla-
tion coefficient (r). Statistical significance was accepted at

Table 2: Body mass (kg) at baseline (0 days) and following 5 and 33 days
of supplementation with: Cr (4 x 5 g Cr per day for 5 days, followed by 5 g
Cr per day for a further 28 days); CrCHO1 (4 x 5 g Cr per day + 95 g of
dextrose for 5 days, followed by 5 g Cr per day for a further 28 days);
CrCHO2 (4 x 5 g Cr per day + 95 g of dextrose for 5 days, followed by 5 g
Cr + 95 g of dextrose per day for a further 28 days); CrPAC (4 x 5 g Cr per
day + 14 g protein hydrolysate, 7 g phenylalanine, 7 g leucine, and 57 g
dextrose, followed by 5 g Cr per day + 14 g protein hydrolysate, 7 g
phenylalanine, 7 g leucine, and 57 g dextrose for a further 28 days).

Group 0 days (kg) 5 days (kg) 33 days (kg)
Cr 69.9 +1.5 69.9+1.5 709 + 1.7°
CrCHO 779+29 78.5 + 2.8° CrCHO1 75.2+4.6

CrCHO2 80.0 + 2.1°
CrPAC 81.0+5.9 84.8 + 5.6 86.0 + 6.0°

“Represents significantly different from 0 days (p<0.05) within the same
group.
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P<0.05 and values presented refer to mean+standard error of
the mean.

Results
Body mass

There was no difference in body mass between groups at day
0. However, across 33 days supplementation, there was a
group difference (p<0.05); the Cr and CrCHO2 group recor-
ded a greater body mass after 33 days compared to day
0 (p<0.05 for both), whereas CrPAC recorded an increased
body mass from day 0 after 5 days (p<0.05), which remained
evident after 33 days (p<0.05).

Serum insulin concentration

Serum insulin concentration before (0 min) and for the 180
min following supplement ingestion at baseline (day 0), and
following 5 and 33 days dietary supplementation is shown in
Figure 2. Basal serum insulin concentration was no different
between groups on any study day, but the insulin response
across 180 min following supplement ingestion differed be-
tween the groups (Time x Group: p<0.01 and Group: p<0.001
at each visit). Serum insulin concentration did not change
from the basal (pre-ingestion) value (~10mU/L) in the Cr
supplemented group over the 180 min of investigation on
any study day. In the CrCHO group, serum insulin concen-
tration peaked after +45 min (63.79.3 mU/L) and was greater
than Cr group from 15 to 140 min. Similarly, substantial in-
creases in serum insulin concentration were also observed
in the CrPAC group compared with Cr alone on day 0 and
following 5 and 33 days supplementation (Figure 2). In the
case of group CrCHO1, where Cr alone was ingested after day
5 onwards, serum insulin concentration did not change from
the basal concentration recorded on day 6 and day 34, as
seen in the Cr group. As expected, the CrCHO2 group, who
continued to ingest Cr with 95 g of dextrose on a daily basis
after day 5 to day 33, demonstrated increases in serum in-
sulin concentration on hoth these study days. Between
groups comparisons revealed that as expected serum insulin
concentration was greater on all study days from 15 min
onwards following the ingestion of Cr in conjunction with
carbohydrate (CrCHO1, CrCHO2) or CrPAC when compared
to Cr alone (Figure 2). Following 33 days supplementation
however, the magnitude of these serum insulin responses
had waned compared to baseline and after day 5.
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Plasma creatine concentration

Plasma Cr concentration before and for the 180 min following
supplement ingestion at baseline (day 0), and following 5 and
33 days dietary supplementation is shown in Figure 3. Basal
plasma Cr concentration was no different between groups on
any study day. An increase in plasma Cr concentration
occurred in all groups on all study days, but the pattern of
response differed markedly between groups (Time x Group:
p<0.001 at each visit). When considering the plasma Cr con-
centration within each study intervention group, the post-
ingestion concentration was different across the 3 study time-
points (Cr, CrCHO2 and CrPAC: each p<0.05, CrCHO1: p<0.001),
with this variable being lower on day 0 for all groups than that
observed after 33 days supplementation (Cr, CrCHO2 and
CrPAC: each p<0.005, CrCHO1: p<0.001; Figure 3) and lower on
day 5 for CrCHO1 (p<0.001), CrCHO2 (p<0.05) and CrPAC
(p<0.001). When considering differences in plasma Cr re-
sponses between study intervention groups, at baseline the
increase in plasma Cr concentration was greater in the Cr
group compared to CrCHO and CrPAC for up to 60-80 min
following ingestion, respectively (Figure 3). A similar blunting
of the plasma Cr response to ingestion was observed after day 5
of supplementation in the CrCHO2 and CrPAC study groups
compared Cr ingestion alone (Cr and CrCHO1), and these
blunted responses were also observed after 33 days supple-
mentation (Figure 3). The maximum plasma creatine concen-
tration and time to concentration maximum for the data
depicted in Figure 3 are shown in Table S1.

Muscle total creatine content

Muscle TCr content in each intervention group over the
course of the study is depicted in Figure 4. Both Group
(p<0.05) and time (p<0.001) effects were observed. In the Cr
supplemented group, muscle TCr content had increased
from baseline (day 0) after 5 days supplementation (p<0.001)
and had increased further after 33 days supplementation
(p<0.001 vs. baseline and p<0.05 vs. after 5 days). At this time-
point, muscle TCr content had increased by >20 mmol kg™
dm in seven of the eight volunteers in this study intervention
group. In the CrCHO group, muscle TCr content had also
increased from baseline after 5 days supplementation
(p<0.001). Furthermore, when Cr and dextrose ingestion was
continued for a further 28 days (albeit at considerably lower
daily doses; CrCHO2), muscle TCr content remained elevated
above the baseline value (p<0.001), and was no different to
the tissue content recorded after 5 days supplementation. In
contrast, this elevated muscle TCr content seen after 5 days
supplementation was not maintained after a further 28 days
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protein hydrolysate, 7 g phenylalanine, 7 g
leucine, and 57 g dextrose for a further
28 days). Following Tukey’s post-hoc testing of
+ + significant observations for the mixed model

ANOVA: ¥ reflects CrCHO different from Cr; @
reflects CrPAC different from Cr; * reflects
CrCHO2 different from Cr and CrCHOT1; T
reflects CrPAC different from Cr and CrCHO1; ¢
reflects CrPAC different from CrCHO1 at
designated individual timepoints. The level of

Basal 15 30 45 60 80 100 120
Time (min)

supplementation in the group CrCHO1 who ingested 5g Cr
only per day during this period (p>0.05 vs. baseline). Finally,
in the CrPAC group muscle TCr content increased from
baseline after 5 days supplementation (p<0.05) and this
content was maintained after 33 days supplementation
(p<0.01 vs. baseline).

Between group analysis revealed no differences in mus-
cle TCr content at baseline (day 0). Following 5 days

significant difference is depicted by one, two or
three symbols: p<0.05, p<0.01, and p<0.001,
respectively.

140 160 180

supplementation, muscle TCr content in the CrCHO group
(148.9+3.4 mmol kg dm) was greater compared to the CrPAC
group (138.4+4.5 mmol kg™’ dm, p<0.05), and tended to be
greater compared to the Cr group (139.5+4.2mmolkg™,
p=0.089). After a further 28 days supplementation, muscle TCr
content was greater in the Cr group (154.3+3.5 mmol kg™ dm)
compared to the CrPAC group (141.0+4.5mmolkg ™ dm,
p<0.05). Muscle TCr was also greater, on average, in the
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& 2001 from CrCHO1 at designated individual study
0 . . . . . . . timepoints. The level of significant difference is
Basal 15 30 45 60 80 100 120 140 160 180 depicted by one, two or three symbols: p<0.05,
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CrCHO2 group (151.5+5.1 mmol kg dm) compared to CrPAC
after 33 days supplementation, but this did not reach statis-
tical significance.

Muscle PCr and free Cr content at each time-point within
each study group is depicted in Table 3 for reference pur-
poses. In the case of both, no between treatment effects were
observed, but time effects were evident.

p<0.01, and p<0.001, respectively.

Muscle creatine transporter mRNA
expression

Due to muscle tissue availability being limited (complete
data sets: n=3 for the Cr group; n=11 for the CrCHO group; n=4
for the CrPAC group), muscle creatine transporter mRNA
expression data were pooled to allow quantification of the
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Figure 4: Muscle total creatine content at baseline (0 days) and
following 5 and 33 days of supplementation with: Cr (4 x 5 g Cr per day
for 5 days, followed by 5 g Cr per day for a further 28 days); CrCHO1 (4 x
59 Cr per day + 95 g of dextrose for 5 days, followed by 5 g Cr per day
for a further 28 days); CrCHO2 (4 x 5 g Cr per day + 95 g of dextrose for
5 days, followed by 5 g Cr + 95 g of dextrose per day for a further

28 days); CrPAC (4 x 5 g Cr per day + 14 g protein hydrolysate, 7g
phenylalanine, 7 g leucine, and 57 g dextrose, followed by 5 g Cr per
day + 14 g protein hydrolysate, 7 g phenylalanine, 7 g leucine, and 57 g
dextrose for a further 28 days). * (p<0.05), ** (p<0.01), *** (p<0.001)
represent greater than the value at day 0 within the same study group.
t(p<0.05) represents greater compared to day 5 within the same study
group. ¥ (p<0.05) represents greater compared to CrPAC at that
specific time-point.
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impact of acute and longer-term Cr supplementation on
muscle Cr transporter mRNA expression (n=18 full data sets,
54 muscle biopsies). Following 5 days supplementation,
during which all intervention groups experienced a signifi-
cant increase in muscle TCr content, muscle Cr transporter
mRNA expression had increased 1.23 fold relative to baseline
(Figure 5). Furthermore, this fold change in mRNA expres-
sion was inversely associated with the increase in muscle
TCr content from baseline following 5 days supplementation
(n=21, r=0.502, p<0.05). Following 33 days supplementation,
the fold change from baseline in muscle Cr transporter
mRNA expression appeared to have declined and was lower
compared to after 5 days supplementation (p<0.01, Figure 5).

Discussion

It is well documented that short term dietary ingestion of Cr
(~20 g per day for 5-7 days) increases skeletal muscle TCr
stores in healthy humans [1, 5, 6, 10], and can be augmented
when Cr is combined with ingestion of carbohydrate and/or
protein [5, 6, 8] to stimulate insulin mediated muscle creatine
accumulation [7]. Despite the well documented positive ef-
fects of dietary Cr supplementation on exercise performance
(for example see reviews 2, 3, 4), few studies have investi-
gated the longer-term impact of Cr supplementation on
muscle TCr content following an initial muscle Cr loading
phase (4 x 5g of Cr ingested per day), and those that have
presented contrasting findings [10-13]. Furthermore, it has
been suggested that such longer-term dietary Cr supple-
mentation may reduce muscle Cr transporter protein in
human skeletal muscle [14], which may be detrimental to
metabolic and physiological function. Therefore, in this
study we aimed to generate novel insight regarding the
impact of different acute and longer-term dietary Cr sup-
plementation regimens on muscle TCr accumulation in
healthy volunteers. We also aimed to quantify the impact of
acute and longer-term Cr supplementation on muscle Cr
transporter mRNA expression in healthy volunteers, given
the paucity of data on this topic. Such awareness is of
importance from a translational perspective given muscle
metabolic [18] and exercise performance [19-21] gains
resulting from dietary Cr supplementation appear to be most
evident when a high muscle TCr content is achieved, and the
likelihood of a ‘non-response’ is minimized [5].

We report here that following an initial period of muscle
Crloading (4 x 5 g per day for 5 days), continued ingestion of
Cr for a further 28 d at a lower dose of 5 g per day increased
muscle TCr content above that observed after 5 days
(Figure 4). Moreover, this magnitude of increase in muscle
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Table 3: Muscle phosphocreatine (PCr) and free creatine (Cr) content at baseline (0 days) and following 5 and 33 days of supplementation with: Cr (4 x
5 g Cr per day for 5 days, followed by 5 g Cr per day for a further 28 days); CrCHO1 (4 x 5 g Cr per day + 95 g of dextrose for 5 days, followed by 5 g Cr per
day for a further 28 days); CrCHO2 (4 x 5 g Cr per day + 95 g of dextrose for 5 days, followed by 5 g Cr + 95 g of dextrose per day for a further 28 days);
CrPAC (4 x 59 Cr per day + 14 g protein hydrolysate, 7 g phenylalanine, 7 g leucine, and 57 g dextrose, followed by 5 g Cr per day + 14 g protein
hydrolysate, 7 g phenylalanine, 7 g leucine, and 57 g dextrose for a further 28 days).* (p<0.05), ** (p<0.01), *** (p<0.001) represent greater than the value
at day 0 within the same study group. 1 (p<0.01) represents greater compared to day 5 within the same study group.

PCr, mmol-kg™ dm

Free Cr, mmol-kg™" dm

Group 0 days 5 days 33 days 0 days 5 days 33 days

Cr 753+ 2.1 81.4+4.4 86.6 + 2.2%* 49.1+2.2 58.0 + 1.3* 67.8 + 3.1%**11
CrCHO 81.4+ 16 86.1+2.7 CrCHOT 84.7+23 51.4+1.38 62.8 + 2.4%** CrCHOT 59.0 +3.2

CrCHO2 90.0 + 3.6 CrCHO2 61.5 + 2.9%**

CrPAC 753 + 2.4 81.3 + 3.9* 83.8+26 50.5 + 4.8 57.1+3.2 57.2+3.4
£157 7 days, and 5 g per day thereafter for 11 weeks (in conjunc-
;7 1.4 o tion with a heavy resistance exercise training protocol) was
% 1.3 | not effective at maintaining elevated muscle TCr content
';g 1.2 4 | [13]. This anomaly is not easy to explain, even for volunteers
511 with a body mass greater than in the current study [13], as a
0 R I 5 g bolus will provide Cr at more than double the accepted
;_ 09 | I rate of muscle Cr degradation to creatinine. Indeed, the
n 05 4 I ingestion of 2 or 5 g Cr per day for 30 or 60 days (following a
; o ) 5d 33d conventional acute muscle Cr loading phase) has been

Figure 5: Fold change in muscle creatine transporter mRNA expression
relative to baseline expression (day 0, dotted line) following 5 and 33 days
of dietary Cr supplementation. **(p<0.01) represents difference in fold
change expression from baseline after 5 vs. 33 days supplementation.

TCr content after 33 days was equivalent to that observed
when Cr was ingested with a large bolus of simple sugars for
5 days to augment muscle Cr accumulation (Figure 4). Of
note, two volunteers in the group that ingested Cr alone
demonstrated an increase in muscle TCr content of greater
than 20 mmol kg™' dm after 5 days supplementation. How-
ever, this occurred in seven of the eight volunteers after day
33, which confirms that the rate of muscle Cr accumulation
varies significantly between individuals [1, 19], but also
importantly that the majority of individuals eventually
respond to Cr feeding to the same extent when ingestion is
maintained at a rate of 5 g per day. This finding is of signif-
icant practical importance, as it highlights an effective and
simple strategy to increase muscle TCr content above
20 mmol kg™ dm, which is the magnitude of accumulation
that has been reported to be associated with enhanced
explosive, high-intensity exercise performance [19-21] and
increased post-exercise muscle PCr resynthesis [18]. Con-
trary to the present findings however, it has also been re-
ported that dietary Cr feeding at the rate of 25 g per day for

shown to maintain an elevated muscle TCr content in
healthy volunteers [10, 11].

The current findings confirm the ingestion of 4 x 5 g of
Cr with ~95 g of simple carbohydrates for 5 days increased
muscle TCr content to ~150 mmol kg™* dm as shown previ-
ously [5], which is close to the maximum level of muscle TCr
accumulation customarily reported during Cr feeding [1, 5,
10]. For the first time, we show that it is important to
continue ingesting 5g of Cr per day along with ~95g of
simple carbohydrates to maintain this high muscle TCr
content after 33 days (CrCHO2, Figure 4). Indeed, the inges-
tion of 5g of Cr alone for a further 28 days following the
ingestion of 4 x 5 g of Cr with ~95 g of simple carbohydrates
for 5 days resulted in a failure to maintain muscle TCr con-
tent significantly greater than at baseline (CrCHO1). The
mechanistic basis of this observation is unclear and may be
related to low study sample size, but from a practical stand-
point the data suggest ingesting dietary Cr supplements
along with simple sugars following a loading phase involving
Cr and simple carbohydrate ingestion.

We confirm here that ingesting more tolerable quanti-
ties of carbohydrate along with protein and relatively small
quantities of insulin potentiating amino acids (leucine and
phenylalanine; CrPAC) was as effective at elevating serum
insulin concentration as that observed with a bolus of 95 g
simple sugars (Figure 2). However, muscle TCr content
following 5 days of CrPAC ingestion was less than that
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observed when each 4 x 5 g Cr bolus was ingested alongside
95g simple sugars over the same period (138.4+4.5 vs.
148.9+3.4mmol kg dm, respectively, p<0.05), and no
greater than when 4 x 5g Cr alone was ingested for 5 days
(139.5+4.2 mmol kg dm, Figure 4). Furthermore, continued
ingestion of 5g Cr per day plus 14 g protein hydrolysate, 7 g
phenylalanine, 7 g leucine, and 57 g dextrose for a further
28 days was not effective at increasing muscle TCr content
any further. Indeed, after 33 days supplementation muscle
TCr content was less than the group that ingested Cr alone
(p<0.05). This clearly presents something of an anomaly.
Published data from this laboratory [9] has demonstrated
that ingestion of the same CrPAC supplement used in the
present study resulted in significantly less urinary Cr
excretion compared to ingesting Cr alone. A serum insulin
concentration above 50mU/L has been shown to stimulate
muscle Cr accumulation in vivo in humans [7], and in the
present study serum insulin concentration was increased to
a physiologically high concentration with the CrPAC
formulation for extended periods of time post-ingestion.
Indeed, the increase in serum insulin concentration with the
CrPAC formulation was equal, or greater, than the response
observed each 4 x 5g Cr bolus was ingested alongside 95g
simple sugars, where muscle Cr accumulation was
augmented (Figure 4). Furthermore, this increase in serum
insulin concentration with the CrPAC formulation, occurred
concurrently with a blunting of the increase in plasma Cr
concentration (Figure 3), which we have previously shown to
closely correlate with skeletal muscle Cr accumulation, at
least when Cr alongside 95 g of simple sugars was ingested
[5]. It would appear therefore that the blunted plasma Cr
responses with the CrPAC formulation, in conjunction with
the smaller than expected increase in muscle TCr content,
most likely reflect decreased intestinal absorption of Cr
following its ingestion. This we propose may have been a
consequence of nausea experienced by volunteers in this
supplement group. All volunteers were asked to report
adverse effects following supplement ingestion, and three of
eight participants in the CrPAC group reported nausea
symptoms during the loading phase soon after consumption
of each supplement bolus, which persisted for two volun-
teers throughout the whole study. This is perhaps not sur-
prising given ingestion of 10 g of phenylalanine has been
reported to result in nausea symptoms [27], and a supple-
ment similar in composition to the CrPAC formulated used in
the present study was reported not to be well tolerated [28].

Muscle Cr transporter mRNA expression increased on
average 1.23 fold from baseline following 4 x 5 g Cr ingestion
per day for 5 days (pooled data), which was greater than the
modest change in mRNA expression from baseline over
33 days (p<0.01, Figure 5). These small responses are in
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keeping with the findings of Tarnopolsky et al. [17], where no
change in Cr transporter mRNA content was observed of the
after 8-9 days of Cr supplementation. Perhaps of note, the
increase in muscle TCr content over the initial 5 days of Cr
supplementation was inversely associated with the fold-
change in Cr transporter mRNA expression (r=0.502, n=21,
p<0.05), i.e. the greater the increase in muscle TCr concen-
tration the smaller the change in the Cr transporter mRNA
expression. This may suggest that during the initial few days
Cr ingestion (4 x 5 g per day), when muscle accumulation is
greatest [1], the presence of a high plasma Cr concentration
and increased muscle Cr flux may up-regulate Cr transporter
mRNA expression, which is subsequently down-regulated as
the muscle Cr store reaches capacity. Extracellular Cr con-
centration and intramuscular TCr have been shown to be
determinants of muscle Cr transport in vitro [29] and in vivo
[1], respectively. It would be of interest to investigate more
closely the temporal relationship between plasma Cr con-
centration, muscle Cr accumulation and Cr transporter
mRNA and protein expression during acute Cr feeding.

Limitations

All dietary supplements across the course of the study were
ingested at least 2 h before and following food consumption to
alleviate the effects of food ingestion on Cr absorption and
pancreatic insulin release. Furthermore, no volunteer was
involved in an exercise training regimen, given it could have
impacted on muscle Cr accumulation [1, 30]. Nevertheless,
monitoring of physical activity levels and collection of diet
diaries may have been beneficial in providing some insight
regarding the variation in muscle TCr accumulation observed
between volunteers and over the course of the 33 days of
supplement ingestion.

This study required 32 healthy, non-vegetarian, male
volunteers to undergo three muscle biopsies over the course
of the 34 days of highly coordinated dietary supplement
ingestion. Despite the low analytical variation in the end point
measures (all <4 %), it is recognised that the relatively low
sample size was a limitation of the study, particularly in the
CrPAC group in which one volunteer withdrew after the first
day of supplementation, and a second volunteer after 5 days
(end of loading phase).

Conclusions

In keeping with published data to date the ingestion of4 x5 g
Cr per day for 5 days increased muscle TCr content in
healthy, young volunteers. Continued ingestion of 5 g Cr per
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day for a further 28 days increased muscle TCr accumulation
to the reported maximum content in human skeletal muscle
of 150 mmol kg dm. This highlights a Cr supplementation
strategy for individuals wishing to maximise muscle Cr
accumulation, whilst avoiding the ingestion of a large
quantity of simple sugars undertaken to stimulate insulin
mediated augmentation of muscle Cr accumulation over a
5 day period of muscle Cr loading. Nevertheless, ingestion of
Cr alone will take longer to achieve the same magnitude of
muscle accumulation compared to the ingestion of Cr in
tandem with simple sugars. For the first time we show that
an increase in muscle TCr content to 150 mmolkg™" dm
achieved by ingesting 4 x 5 g Cr per day in tandem with 95 g
of dextrose can be sustained for a further 28 days by
ingesting 5g Cr plus 95 g of dextrose per day. If this main-
tenance strategy is not undertaken, muscle TCr may decline
over 28 days even when 5 g Cr per day is ingested. The
mechanistic basis of this is observation is unclear and may
be explained by low sample size. Somewhat unexpectedly,
the ingestion of a protein, amino acid and simple carbohy-
drate formulation, that was as effective at increasing serum
insulin concentration as ingesting 95 g of dextrose, did not
increase muscle Cr accumulation to the same extent. Finally,
muscle Cr transporter mRNA expression changes modestly
during dietary Cr ingestion, but the increase in muscle TCr
content over 5 days supplementation (4 x 5 g Cr per day) was
inversely associated with the fold-change in Cr transporter
mRNA expression seen over this period (r=0.502, n=21,
P<0.05). From a practical standpoint, it would appear that if a
rapid increase in muscle TCr content is desired by a volun-
teer in an effort to quickly maximise functional and meta-
bolic gains associated with dietary Cr supplementation, then
each 5g bolus of Cr should be ingested alongside 95g of
simple sugars. Continued consumption of this formulation,
albeit at a reduced frequency, will maintain muscle TCr
content close to an average maximum of 150 mmol kg ' dm.
Ingestion of Cr alone will however reach this maximum
muscle TCr content, but will take longer to achieve.
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