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This study investigated the effect of insulin on plasma and
muscle creatine accumulation and limb blood flow in humans
after creatine administration. Seven men underwent a 300-
min euglycemic insulin clamp combined with creatine admin-
istration on four separate occasions. Insulin was infused at
rates of 5, 30, 55, or 105 mU·m22 ·min21, and on each occasion
12.4 g creatine was administered. During infusion of insulin
at rates of 55 and 105 mU·m22 ·min21, muscle total creatine
concentration increased by 4.5 6 1.4 (P , 0.05) and 8.3 6 1.0
mmol/kg dry mass (P , 0.05), and plasma creatine concentra-
tions were lower at specific time points compared with the 5
mU·m22 ·min21 infusion rate. The magnitude of increase in
calf blood flow (plethysmography) was the same irrespective
of the rate of insulin infusion, and forearm blood flow
increased to the same extent as the three highest infusion
rates. These findings demonstrate that insulin can enhance
muscle creatine accumulation in humans but only when
present at physiologically high or supraphysiological concen-
trations. This response is likely to be the result of an
insulin-mediated increase in muscle creatine transport rather
than creatine delivery.

phosphocreatine; muscle fatigue; exercise

CREATINE, in its free and phosphorylated forms, plays
an important role in the regulation of muscle energy
metabolism and fatigue development (22, 35). Increas-
ing dietary creatine intake from 1–2 g/day (in a normal
healthy, meat-eating individual) to 20 g/day for a period
of 4–6 days has been shown to increase muscle total
creatine (TCr) concentration by ,20%, with large inter-
individual variation (5–30%; 15, 18, 20). It has also
been reported that this regimen of creatine supplemen-
tation can sustain muscle ATP resynthesis and aug-
ment performance during repeated bouts of maximal
exercise (1, 5, 6, 10, 16). However, it appears that the
ergogenic and metabolic effects of creatine ingestion
are dependent on the magnitude of the increase in
muscle TCr during supplementation. Specifically, it has
been suggested that an increase in muscle TCr content
in excess of 20 mmol/kg dry muscle (dm) is required to
exert an ergogenic effect on muscle power output (6)
and postexercise phosphocreatine (PCr) resynthesis
(15). Indeed, this may be one reason for the reported

lack of effect of creatine supplementation on exercise
performance (30, 32).

Recently, Green et al. (13) reported that ingestion of
creatine in combination with a carbohydrate-contain-
ing solution increased muscle TCr by .25%. This was
60% greater than the increase observed when creatine
alone was ingested. Moreover, the authors demon-
strated that the ingestion of creatine in conjunction
with carbohydrate increased muscle TCr in all subjects
by .20 mmol/kg dm. However, only half of the subjects
who ingested creatine alone had an increase of this
magnitude. In accordance with published animal experi-
ments (19, 23, 24), the authors proposed that the
increase in muscle creatine accumulation originated
from carbohydrate-mediated insulin release, which
would stimulate sodium-dependent muscle creatine
transport. In the study of Green et al., subjects ingested
94 g of carbohydrate (in the form of glucose and simple
sugars) with each 5-g dose of creatine to achieve
physiologically high plasma insulin concentrations dur-
ing the 1st h after ingestion. However, the quantity of
ingested carbohydrate proved to be close to the limit of
palatability. The concentration of insulin necessary to
stimulate muscle creatine accumulation in humans is
presently unknown. On the basis of previously pub-
lished work involving a mouse muscle cell line (31),
isolated rat skeletal muscle (19), and human volunteers
(13), it is hypothesized that a concentration close to the
upper physiological limit would be required to promote
this response.

Insulin has also been reported to stimulate muscle
blood flow (2), a response that cannot be observed in
vitro. Therefore, it could be concluded that the increase
in muscle creatine accumulation observed after cre-
atine and carbohydrate consumption in humans may
have at least partly resulted from an insulin-mediated
increase in muscle blood flow and thereby muscle
creatine availability. In this context, submaximal exer-
cise performed before creatine ingestion has been shown
to augment muscle creatine accumulation (18).

The aims of the present study were, first, to deter-
mine whether insulin per se could stimulate in vivo
creatine accumulation in human skeletal muscle. The
second aim was to determine at what plasma insulin
concentration a response, if any, was evident, and the
final aim was to determine whether an insulin-
mediated increase in muscle blood flow was associated
with any observed increase in muscle creatine accumu-
lation.

MATERIALS AND METHODS

Subjects. Seven moderately active, healthy, nonvegetarian
men (age 25.9 6 3.0 yr, weight 72.6 6 3.4 kg, height 1.81 6

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

0193-1849/98 $5.00 Copyright r 1998 the American Physiological SocietyE974



0.03 m, and body mass index 22.2 6 1.0 kg/m2) participated in
the present study, which was approved by the University of
Nottingham Medical School Ethics Committee. The training
status of each subject was assessed by means of a training
diary. All exercised on a regular basis for $1 h on no more
than three occasions each week. Before taking part in the
study, all subjects underwent routine medical screening and
completed a general health questionnaire. All gave their
informed consent to take part in the study and were aware
that they were free to withdraw from the experiment at any
point.

Study protocol. Subjects reported to the laboratory after an
overnight fast on four occasions, each separated by $2 wk,
having abstained from meat, alcohol, and strenuous exercise
for 24 h before each visit. On arrival, subjects rested in a
supine position on a bed while a cannula was placed in an
antecubital vein in the left forearm for the infusion of insulin
and glucose. A second cannula was placed retrogradely in a
superficial vein on the dorsal surface of the left hand. During
each experiment, this hand was kept in a hand-warming unit
(air temperature 55°C) to arterialize the venous drainage of
the hand (12). After this, a nasogastric tube was placed in the
stomach. The position of the distal end of the tube was
confirmed by aspirating fluid from the stomach and checking
its pH. The proximal end of the tube was then fixed.

Each experimental visit consisted of a 300-min euglycemic
insulin (human Actrapid) clamp (8), combined with oral and
nasogastric creatine feeding (Fig. 1). During each clamp,
blood glucose concentration was maintained at 4.5 6 0.3
mmol/l via infusion of a 20% glucose solution. The insulin
infusion rate varied between treatments, being either 5, 30,
55, or 105 mU·m22 ·min21, and the order of administration
was randomized. The lowest infusion rate was aimed at
maintaining a plasma insulin concentration comparable to
that observed after an overnight fast. The 55 and 105
mU·m22 ·min21 infusion rates were aimed at producing physi-
ologically high and supraphysiological serum insulin concen-
trations, respectively. As illustrated in Fig. 1, insulin infusion
started at t 5 0 min. After an equilibration period of 60 min,
subjects ingested 5 g of creatine monohydrate (Experimental
& Applied Sciences, Denver, CO) dissolved in 250 ml warm
water. A nasogastric tube was then used for enteral infusion
of an isotonic creatine solution (100 mmol/l, 2.5 ml/min) from
t 5 75 min until the end of the experiment. In a pilot study,
these procedures had been found to increase plasma creatine
concentration to ,1 mmol/l within 60 min of creatine admin-
istration and to maintain a steady-state plasma concentra-
tion at this level thereafter. The total quantity of creatine
administered during each treatment was 12.4 g.

Blood sampling and analysis. During each experimental
visit, 25 ml of arterialized venous (a-v) blood were obtained at
5-min intervals for monitoring blood glucose concentration
(YSI 2300 STATplus, YSI, Yellow Springs, OH). At 15-min

intervals, 5 ml of a-v blood were collected into lithium heparin
containers and, after centrifugation (3,000 rpm for 10 min),
the plasma was removed and stored frozen at 220°C. Cre-
atine and creatinine concentrations were determined on
these samples at a later date according to the method of
Dunnett et al. (9) with high-performance liquid chromatogra-
phy (System Gold 507, Beckman, Bucks, UK). At 30-min
intervals, a further sample of 5 ml of a-v blood was collected
and allowed to clot, and, after centrifugation, the serum was
stored frozen at 220°C. Insulin was measured on these
samples at a later date with a radioimmunoassay (Diagnostic
Products, Los Angeles, CA).

Blood flow measurements. Forearm and calf blood flow
were measured simultaneously at 20-min intervals by venous
occlusion plethysmography with a mercury-in-rubber strain
gauge (36). Changes in gauge resistance were recorded with
commercial computer hardware and software (Maclab, Mega
System, New Zealand and Macintosh LC, Cupertino, Califor-
nia). The average slope of five occlusions was used to calculate
forearm and calf blood flow as milliliters per 100 ml tissue per
minute.

Muscle sampling and analysis. Muscle biopsy samples
were obtained from the vastus lateralis muscle immediately
before and at the end of each insulin clamp with the percuta-
neous needle biopsy technique (4). To enable true resting
muscle PCr and free creatine concentrations to be achieved,
biopsy samples were frozen in liquid nitrogen 1 min after
removal from the limb (33). Samples were then freeze-dried
and stored at 280°C for subsequent metabolite analysis.
After removal of visible blood and connective tissue, muscle
samples were powdered, and ATP, PCr, and free creatine
concentrations were determined spectrophotometrically with
the method of Harris et al. (17). To reduce the variance in
nonmuscle constituents, PCr and creatine concentrations
were adjusted with the highest ATP concentration from each
pair of samples (18). TCr was calculated by adding PCr and
free creatine concentrations. In addition, 1.5–3.5 mg of
muscle powder from each biopsy were solubilized in NaOH
(0.1 mol/l) by heating at 80°C for 20 min, and the neutralized
extract was then used for the spectrophotometric determina-
tion of muscle glycogen concentration (17).

Statistical analysis. A two-way ANOVA (time and treat-
ment effects, Minitab, Clecom, Birmingham, UK) was per-
formed to detect differences in plasma creatine, serum insu-
lin, and blood flow responses between treatments. When
comparisons of muscle metabolites across treatments were
made, metabolite concentrations were initially analyzed with
a balanced analysis for repeated measures (ANOVA, Minitab,
Clecom). If significance was achieved, a Student’s paired
t-test was used to locate differences between treatments.
Relationships between variables were examined by comput-
ing the Pearson product-moment correlation coefficient (r).
The total area under the plasma creatine-time curve was
calculated with the least squares method. Statistical signifi-
cance was declared at P , 0.05, and all values are means 6 SE.

RESULTS

Serum insulin. Infusion of insulin at rates of 5, 30,
55, and 105 mU·m22 ·min21 resulted in steady-state
serum insulin concentrations of 12 6 0.2, 56 6 2, 109 6
5, and 199 6 5 mU/l, respectively, within 60 min of the
onset of infusion (Fig. 2). The total volumes of 20%
glucose solution infused to maintain these circulating
insulin concentrations were 75 6 60, 800 6 60, 1,075 6
60, and 1,180 6 80 ml, respectively.Fig. 1. Study protocol.
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Plasma creatine. Basal plasma creatine concentra-
tions were similar between treatments (75 6 8 µmol/l).
As illustrated in Fig. 3, plasma creatine concentration
increased markedly during the first hour after creatine
administration on each treatment (P , 0.001) and
remained elevated at a steady state thereafter. How-
ever, plasma creatine concentrations were significantly
lower at specific time points when insulin was infused
at rates of 55 (P , 0.05) and 105 mU·m22 ·min21 (P ,
0.05), when compared with the infusion rate of 5
mU·m22 ·min21. Furthermore, the total area under the
plasma creatine-time curve (196 6 20, 173 6 12, 160 6
16, and 156 6 13 mmol· l21 ·min at the insulin infusion
rates of 5, 30, 55, and 105 mU·m22 ·min21, respectively)

was negatively correlated with the infused dose of
insulin (r 5 20.885, P , 0.01).

Blood flow. The forearm and calf blood flow values
immediately before and at the end of each insulin
clamp are presented in Table 1. Before insulin infusion,
neither forearm nor calf blood flow differed between
experimental treatments. Infusion of insulin at rates of
30, 55, and 105 mU·m22 ·min21 resulted in similar
increases in forearm blood flow of ,65% within 100
min, but no response was observed at the 5 mU·m22 ·
min21 infusion rate. This insulin-mediated increase in
forearm blood flow was maintained for the remainder of
each infusion period, such that forearm blood flow was
higher at the end of the 30, 55, and 105 mU·m22 ·min21

treatments when compared with the 5 mU·m22 ·min21

infusion rate (Table 1). The calf blood flow response was
similar for all treatments; it gradually increased over
the initial 120 min to ,40% above baseline (P , 0.001),
which was then sustained until the end of the experi-
ment (Table 1).

Muscle metabolites. Muscle ATP, PCr, free creatine,
TCr, and glycogen concentrations before and after
insulin and creatine administration are presented in
Table 2. Before administration, muscle metabolite con-
centrations were not different between treatments. Af-
ter administration, not significant changes were ob-
served in muscle PCr and ATP concentrations within
and across treatments. Infusion of insulin at rates of 5,
30, and 55 mU·m22 ·min21 had no effect on muscle free
creatine concentration. However, free creatine in-
creased by 6.9 6 1.9 mmol/kg dm (P , 0.05) during
infusion of insulin at a rate of 105 mU·m22 ·min21, but
this increase was not significantly different compared
with the infusion rate of 5 mU·m22 ·min21. No change
in muscle TCr concentration was observed when insu-
lin was infused at rates of 5 and 30 mU·m22 ·min21. As
Fig. 4 illustrates, significant increases were observed at
the 55 and 105 mU·m22 ·min21 infusion rates, and the
magnitude of increase was greatest at the highest
infusion rate (P , 0.05). There was a strong correlation
between the dose of insulin infused and the change
observed in muscle TCr concentration (r 5 0.977, P ,
0.001).

Similar to TCr, muscle glycogen concentration in-
creased significantly when insulin was infused at rates
of 55 and 105 mU·m22 ·min21 (Table 2). However, the
magnitude of the increase was not different between

Fig. 2. Serum insulin concentration during intravenous infusion of
insulin at rates of 5 (k), 30 (j), 55 (s), and 105 (r) mU·m22 ·min21

combined with oral and nasogastric administration of creatine.
Insulin infusion started at t 5 0 min and oral creatine feeding at t 5
60 min.

Fig. 3. Plasma creatine concentration during intravenous infusion of
insulin at rates of 5 (k), 30 (j), 55 (s), and 105 (r) mU·m22 ·min21

combined with oral and nasogastric administration of creatine.
Insulin infusion started at t 5 0 min and oral creatine feeding at t 5
60 min. Magnitude of increase in plasma creatine was smaller when
insulin was infused at rates of 55 (1P , 0.05) and 105 (*P , 0.05)
when compared with infusion rate of 5 mU·m22 ·min21.

Table 1. Mean forearm and calf blood flow
immediately before and after 300 min of insulin
infusion combined with oral and nasogastric
administration of creatine

Infusion Rate,
mU·m22 ·min21

Forearm Calf

0 min 300 min 0 min 300 min

5 1.660.1 1.860.3 1.260.2 1.660.2*
30 1.860.3 2.760.4* 1.060.1 1.860.5*
55 1.360.2 2.560.4* 1.160.3 1.660.3*

105 1.760.2 2.660.5* 1.160.2 1.660.3*

Values are means 6 SE expressed in ml·100 ml21 ·min21. *P ,
0.001 significantly different from 0 min.
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these treatments. As expected, there was a strong
association between the dose of insulin infused and the
observed increase in muscle glycogen (r 5 0.966, P ,
0.001).

DISCUSSION

We have recently demonstrated that creatine accumu-
lation can be substantially augmented in human skel-
etal muscle when creatine is ingested in conjunction
with large quantities of simple carbohydrates (13). It
was speculated that insulin, released as a consequence
of carbohydrate ingestion, was responsible for this

enhancement of muscle creatine transport. This hypoth-
esis was supported by findings from animal studies
showing that insulin could increase whole body cre-
atine retention in vivo (24) and could stimulate cellular
creatine uptake in vitro (19). Over 90% of creatine
enters skeletal muscle by binding to a specific trans-
porter protein (35). This process is saturable, is sodium
dependent, and allows creatine to enter the muscle
against a concentration gradient (25, 31, 34). It has
been proposed that insulin facilitates sodium-depen-
dent creatine transport by increasing muscle sodium-
potassium pump activity (7, 21, 28, 31). In support of
this hypothesis, Odoom et al. (31) demonstrated that
insulin, insulin-like growth factor I, triiodothyronine,
and amylin, all of which are known to stimulate
sodium-potassium activity, increased creatine accumu-
lation in a muscle cell line. Furthermore, ouabain, an
inhibitor of sodium-potassium ATPase activity, was
shown to reduce cellular creatine uptake in vitro (11,
31). All of these studies, however, employed animal or
muscle cell line models, and all used supraphysiological
concentrations of insulin to augment cellular creatine
transport. As a result of this, there is currently little, if
any, published information concerning the effects of
insulin on muscle creatine accumulation in humans.
The principal aim of the present study therefore was to
examine the relationship between insulin availability
and muscle creatine accumulation in humans. We were
able to demonstrate that insulin augmented muscle
creatine accumulation but only when present at high
(,100 mU/l) or supraphysiological (,200 mU/l) concen-
trations. In line with this finding, we were able to show
that the plasma creatine concentration was lower at
several time points after administration when insulin
was clamped at 100 and 200 mU/l (55 and 105
mU·m22 ·min21), indicating that muscle creatine trans-
port was increased under these conditions.

Previous studies have demonstrated that it takes
4–6 days of creatine supplementation at a rate of 20
g/day to increase muscle TCr concentration by ,20
mmol/kg dm (15, 18, 20). It is therefore not surprising
that the changes in muscle TCr concentrations in the
present study, where a total dose of 12.4 g was adminis-
tered, were considerably lower than those previously
reported. However, extrapolating from the present data
what the increase in muscle TCr might have been if 20
g of creatine had been administered for a period of 5
days, we can estimate that at the 5 mU·m22 ·min21

insulin infusion rate (control) an increase of ,20
mmol/kg dm would have occurred. This fits well with
previous studies involving 5 days of creatine supplemen-
tation at a rate of 20 g/day (13, 15). Similarly, the
estimated 33 mmol/kg dm increase in muscle TCr
content at the 55 mU·m22 ·min21 insulin infusion rate
is in good agreement with our previous work showing
an increase of 33.4 6 3.4 mmol/kg dm after the inges-
tion of 5 g creatine with 94 g carbohydrate four times
daily for 5 days (13). This also confirms that the effect of
carbohydrate on muscle creatine transport that we
previously observed was insulin mediated. Indeed, the
area under the plasma creatine-time curve was nega-

Table 2. Muscle metabolite concentrations of vastus
lateralis before and after 300 min of insulin infusion
combined with oral and nasogastric administration
of creatine

Insulin Infusion, mU·m22 ·min21

5 30 55 105

Precreatine

ATP 23.460.7 24.360.7 23.960.6 24.060.7
PCr 76.463.1 74.262.3 73.662.7 76.362.3
Free Cr 49.862.5 49.463.2 49.663.1 50.161.9
TCr 126.261.3 123.662.0 123.260.9 125.762.0
Glycogen 343624 373632 341623 356639

Postcreatine

ATP 23.460.7 23.561.0 25.060.8 23.760.8
PCr 73.164.1 74.063.1 75.162.4 77.262.7
Free Cr 55.663.8 52.563.8 52.762.3 56.962.9a

TCr 128.761.7c 126.562.5c 127.861.1a,b 134.162.3a

Glycogen 364624d 398631 395617a 443641a

Values are means 6 SE in mmol/kg dry muscle. Cr, creatine; PCr,
phosphocreatine; TCr, total creatine. aP , 0.05, significantly differ-
ent from Precreatine within treatment. bP , 0.05, cP , 0.01, dP ,
0.001 significantly different from 105 mU·m22 ·min21 insulin infu-
sion rate.

Fig. 4. Changes in muscle total creatine (TCr) concentration after
intravenous infusion of insulin at rates of 5, 30, 55, and 105
mU·m22 ·min21 combined with oral and nasogastric administration
of creatine. *P , 0.05, significant increase from precreatine feeding.
1P , 0.05, 11P , 0.01, significantly different from treatment in
which insulin was infused at a rate of 105 mU·m22 ·min21.

E977MUSCLE CREATINE TRANSPORT



tively correlated (r 5 20.887, P , 0.05) with the rate of
insulin infusion in the present study. It is likely that
the 67 mmol/kg dm increase in muscle TCr concentra-
tion predicted for the highest insulin infusion rate in
the present study is an overestimate. The maximal
increase is normally no more than 35 mmol/kg dm (13,
18), and human skeletal muscle appears to have an
upper limit of ,160 mmol/kg dm (18). In support of this
conclusion, it has been demonstrated that the presence
of a high creatine concentration will ultimately down-
regulate muscle creatine transport in isolated skeletal
muscle (26), and this is probably achieved by downregu-
lation of creatine transporter expression (27, 34). The
time course of muscle creatine transporter downregula-
tion during creatine supplementation in humans is
currently unknown.

In contrast to several previous studies (16, 18), the
increase in muscle TCr concentration observed when
insulin was infused at 55 and 105 mU·m22 ·min21 was
not accompanied by a significant increase in muscle
PCr concentration. At the highest insulin infusion rate,
muscle free creatine concentration increased by 6.9 6
1.9 mmol/kg dm (2.3 mmol/l intracellular water). Given
that the Michaelis-Menten constant (Km ) of creatine
kinase for creatine is known to be close to 19 mmol/l (3),
it would appear that the increase in muscle free
creatine concentration (from 16.2 to 18.5 mmol/l) dur-
ing the 4 h of creatine administration was insufficient
to significantly increase creatine kinase flux. Addition-
ally, it is likely that any small increase in PCr concentra-
tion that may have occurred because of the equilibrium
nature of the creatine kinase reaction would have been
too small to detect with current methods.

Harris et al. (18) demonstrated that 1 h of submaxi-
mal exercise performed before creatine ingestion in-
creased muscle creatine concentration by ,10% more
than that seen in individuals ingesting creatine in the
absence of exercise. The authors postulated that this
response was attributable to an exercise-induced in-
crease in muscle blood flow increasing muscle creatine
delivery. Therefore, a second aim of the present experi-
ment was to investigate whether insulin could indi-
rectly enhance muscle creatine accumulation by stimu-
lating muscle blood flow, and, thereby, muscle creatine
delivery. We demonstrated that insulin did increase
calf blood flow, but the magnitude of this increase was
the same irrespective of the rate of insulin infusion.
Forearm blood flow increased during insulin infusion
rates of 30, 55, and 105 mU·m22 ·min21. Again, the
magnitude of this increase was not different between
infusion rates. It is therefore unlikely that an increase
in muscle blood flow was responsible for the increases
in muscle creatine accumulation seen in the present
study. Indeed, given that the Km and maximum velocity
for muscle creatine transport have been reported to be
in the region of 20–110 µmol/l and 100–600 µmol/l,
respectively (11, 25, 29, 31), it is highly unlikely that
creatine availability limited creatine transport in the
present study, where plasma creatine concentration
was maintained at a steady state of ,800 µmol/l (Fig.
3). The same is true of more conventional regimens of

muscle creatine loading (18, 20). It would seem, there-
fore, that the increase in muscle creatine accumulation
after submaximal exercise observed by Harris et al.
may have been attributable to an exercise-induced
increase in muscle insulin sensitivity. In support of this
suggestion, Green et al. (14) demonstrated that the
ingestion of 94 g of simple carbohydrates in combina-
tion with 5 g of creatine appeared to eliminate the
stimulatory effect of exercise on muscle creatine trans-
port. This is presumably a result of the marked in-
crease in serum insulin concentration overshadowing
any effect of exercise on insulin sensitivity.

In conclusion, the present study demonstrates that
insulin can enhance muscle creatine accumulation in
human skeletal muscle but only when present at high
or supraphysiological concentrations. Furthermore, it
would appear that this effect is achieved by an insulin-
mediated augmentation of sodium-dependent creatine
transport, rather than an insulin-mediated increase in
muscle creatine delivery. These findings will be of
interest to individuals wishing to maximize muscle
creatine accumulation in an attempt to improve exer-
cise performance, particularly because the magnitude
of the increase in exercise performance and postexer-
cise PCr resynthesis appears to be related to the extent
of muscle creatine retention during supplementation
(6, 15). The present findings also suggest that ingesting
creatine with anything other than large quantities
(,100 g) of simple carbohydrates will be no more
effective at increasing muscle creatine retention than
ingesting creatine alone.
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