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ABSTRACT: The purpose of the study was to investigate the effects of swimming on the
pharmacokinetic and insulin sensitivity of metformin in insulin resistant rats. Rats with fructose-
induced insulin resistance were assigned into four groups: control group (C, n=8), metformin group
(M, n=8), swimming group (S, n=8) and metformin with swimming group (MS, n=8). After 12 h of
fasting, the S and MS group swam for 45 min, while the M and C groups were placed in 4 cm deep
water for the same time period. The first blood samples were withdrawn from the tail 60 min after
the four groups had left the water. An oral glucose loading was performed in all groups and
metformin was administered to the M and MS groups after the first blood sample. Blood samples
were collected at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10 and 12 h. The results showed that the MS group
increased the time to the maximum concentration, the time to half-life concentration and enhanced
insulin sensitivity. This study suggests that swimming before administration of metformin
significantly improved insulin sensitivity and the rate of metformin absorption. Copyright # 2008
John Wiley & Sons, Ltd.
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Introduction

Insulin resistance plays a major role in the
pathogenesis of type 2 diabetes [1,2]. Studies
have shown that people with pre-diabetes can
prevent or delay the development of type 2
diabetes mellitus (DM) by up to 58% through
lifestyle modifications including regular exercise

[3]. It is well established that exercise produced
lower glucose and lipid profiles and decreased
cardiovascular complications [4–6]. Even a single
bout of aerobic exercise can significantly lower
plasma glucose levels [7].

In addition to lifestyle modifications, pharma-
ceutical interventions such as metformin pro-
vided the possibility to alter the natural history of
glucose intolerance [8]. Metformin is introduced
for use in insulin-resistant states even before the
development of hyperglycaemia [9]. Its effects
include an antihyperglycaemic action, weight
stabilization or reduction, improvement in the
lipid profile, no risk of serious hypoglycaemia,
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and a countering of insulin resistance [10].
Metformin was absorbed from the small intestine
and duodenum [10,11], and the oral bioavail-
ability was in the range 40%–60%. It was rapidly
distributed following absorption, was not meta-
bolized, and was excreted completely unchanged
in urine via active renal tubular secretion.
Binding of metformin to plasma proteins did
not occur [10]. Exercise alters one’s physical
condition, which consequently may change the
absorption of a drug [12]. For example, the
absorption of midazolam was reduced by mod-
erate exercise [13]. On the contrary, the rates of
absorption of tetracycline, doxycycline and sul-
phamethizol were enhanced during a basketball
game [14]. Previous studies clearly showed that
the pharmacokinetic effects of exercise were
inconsistent [12,15]. The effects of pharmacoki-
netics and insulin sensitivity are currently un-
known when rats were administered metformin
after exercise. The purpose of the current study
was to investigate how a single bout of swim-
ming affects insulin sensitivity and pharmacoki-
netics of metformin. The results may provide
further insights into the individualization of
dosing regimens and therapeutic indices.

Materials and Methods

Metformin hydrochloride (Sigma, St Louis, MO,
USA), phenformin (Sigma), potassium dihydro-
gen phosphate (Merck, Darmstadt, Germany),
dichloromethane (Merck), acetic acid (Merck)
and high-performance liquid chromatography
(HPLC)-grade acetonitrile (J.T. Baker, Phillips-
burg, NJ, USA) were used. Double deionized
water was used throughout the study (Millipore
Direct-Q5, Billerica, MA, USA).

Animals

Forty male Wistar rats, weighing 120–150 g, were
purchased from the National Animal Laboratory
of the National Science Council (NSC, Taipei,
Taiwan, ROC). Rats were allowed to acclimatize
to the facilities for 1 week before the studies
began. The temperature of the animal room was
maintained at 21–238C, with a 12 h light–dark
cycle. Rats were allowed free access to water and

chow (PMI Nutrition International, Brentwood,
MO, USA). This study was approved by the
Animal Care and Use Committee of Taipei
Physical Education College and conformed to
the Guidelines for the Use of Laboratory Animals
published by the Council of Agriculture, Execu-
tive Yuan, Taiwan, ROC.

Fructose-induced insulin resistance in rats

After 1 week of familiarization, eight rats were
fed water and chow. Thirty-two rats were fed a
10% fructose solution and chow for 12 weeks. An
oral glucose tolerance test (OGTT) was per-
formed to evaluate the decreasing glucose con-
centration and insulin level by loading glucose
(50% glucose solution, 1 g/kg body weight
(BW)). The area under the curve of insulin (IAUC
insulin) was calculated by the trapezoidal rule. In
addition to glucose and insulin levels, cholester-
ol, triglyceride, free fatty acids and blood
pressure in a fasting state were also measured
to ensure that an insulin-resistant condition had
been created in the rats (Table 1).

Blood sampling

Rats with fructose-induced insulin resistance
were assigned to four groups: control group (C,
n=8), metformin group (M, n=8), swimming
group (S, n=8) and metformin with swimming
group (MS, n=8) by IAUC matched from the
OGTT results. Food was withheld for 12 h before
the OGTT test and pharmacokinetic procedures.
The S and MS groups were made to swim for
45 min, while the M and C groups were placed in
4 cm deep water for the same time. The tempera-
ture of the water, 45 cm deep in a plastic barrel,
was maintained at 34� 18C. Blood samples
(0.5 ml) were withdrawn from the tail when the
four groups left the water after 60 min. The OGTT
(with an oral glucose load of 1 g/kg BW) was
performed in all four groups. After glucose
loading, metformin solution (0.3 g/ml) was ad-
ministered to M and MS groups (450 mg/kg), the
same volume of water per weight were adminis-
tered to C and S groups. Blood samples were
collected into test tubes at 0.25, 0.5, 0.75, 1, 2, 3, 4,
6, 8, 10 and 12 h. Samples were also used for
blood glucose and serum insulin measurements
between 0 and 2 h. Blood glucose and insulin
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curves were plotted and total areas under the
curve were calculated geometrically. The trape-
zoidal rule was used for calculation of areas
under the curve (AUC) of glucose and insulin
responses. All AUC are incremental (i.e. change
from baseline values). Rats were re-fed normal
chow and water after the second hour of blood
sampling. Samples were centrifuged at 4000 rpm
for 5 min, and the serum was transferred to
labeled tubes. All samples were stored at �808C
until being assayed.

Analysis of blood parameters

Blood metformin concentrations were deter-
mined by a modified analytical method of
Atanasova et al. [16]. The serum (50 ml) was
acidified with 10 ml of 1M acetic acid and then
deproteinated with 300 ml acetonitrile. Then
200 ml water was added, vortexed for 30 s and
centrifuged at 12000 rpm for 5 min. The super-
natant was decanted into a fresh tube. This was
further washed with 300 ml dichloromethane,
vortexed for 30 s, and centrifuged at 12000 rpm
for 5 min. The upper aqueous layer (20 ml) was
injected into an HPLC system. A Hypersil Cps 3-
0679 column (250� 4.6 mm i.d.; Waltham, MA,
USA) was used. The flow rate was kept constant
at 1 ml/min, and the temperature was main-
tained at 408C. A mixture of acetonitrile and
0.01M potassium dihydrogen phosphate (40: 60,
pH 5.5) was used as the mobile phase, with UV
detection at 234 nm. All concentrations were
calculated from a standard curve of metformin
obtained from spiked serum samples. Phenfor-
min was used as an internal standard. A glucose

analyser (Lifescan, CA, USA) was utilized to
determine the glucose concentration by the
glucose oxidase method. Serum insulin was
assessed with an Immunolite analyser by a
chemiluminescent method as described by the
manufacturer (Diagnostic Products, Los Angeles,
CA, USA). The insulin sensitivity index was
derived from the formula: 10000� [(fasting glu-
cose� fasting insulin)� (mean glucose�mean
insulin during OGTT)]�1/2. A higher value
indicates better insulin sensitivity. It was highly
correlated (r=0.73, p50.0001) with the rate of
whole-body glucose disposal during the eugly-
caemic insulin clamp [17]. Serum levels of
triglycerides, cholesterol and free fatty acids
(FFAs) were measured by an analyser (Kodak
Ektachem DT60, Rochester, NY, USA). The
systolic blood pressure (SBP) and distal blood
pressure (DBP) were measured by the tail-cuff
method using an electrosphygmomanometer
(model 179; Blood Pressure Analyzer IITC,
Woodland Hills, CA, USA). Five readings were
recorded, the maximum and minimum values
were discarded, and the average blood pressure
values were calculated from the remaining three
values.

Statistical analysis

Pharmacokinetic data were analysed using the
WinNonlin program (vers. 1.1, Pharsight Corp.,
Mountain View, CA, USA) by a non-compart-
mental analytical method. The parameters in-
cluded the time to the maximum concentration
(Tmax), the maximum concentration (Cmax), the
time to the half-life concentration (t1/2), the area

Table 1. Characteristics of rats with fructose-induced insulin resistance after 12 weeks of 10% fructose solution feeding

Regular group (n=8) Fructose-induced group (n=32)

Weight (g) 433.4� 15.7 453.5� 6.9
Glucose AUC (mg min/dl) 1098.0� 183.3 1847.4� 129.3a

Insulin AUC (mg min/l) 4.9� 9.3 31.4� 5.0a

Triglyceride (mg/dl) 74.1� 6.7 158.9� 21.1a

Cholesterol (mg/dl) 62.5� 2.3 54.7� 1.5
Systolic pressure (mmHg) 128.0� 3.9 137.5� 2.1a

Diastolic pressure (mmHg) 78.7� 5.5 89.2� 2.8

The regular group were fed chow and water (n=8). The fructose-induced group were fed chow and drank a 10% fructose solution (n=32). Glucose

AUC represents the areas under the curve of glucose response. Insulin AUC represents the areas under the curve of insulin response. Data are

mean� SE. aSignificantly different from the regular group (p50.05).
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under the serum concentration-time curve
(AUC), the apparent volume of the distribution
(Vd/F), and the time-averaged total body clear-
ance (Cl/F). All values were expressed as the
mean � standard error (SE). The numerical data
were analysed using ANOVA with the Scheffe
post test. A level of p50.05 was set as significant
on all tests. The statistical software used was
SPSS 11.0 Statistics Program (Chicago, IL, USA).

Results

Glucose tolerance and insulin response following
the OGTT

The S and MS group had a lower glucose area
under curve (GAUC) than both the C and M
groups (Figure 1). The trend of the lowest GAUC
was in the MS group, but there was no significant
difference between the S and MS groups. The MS
group had a slightly decreased insulin area
under curve (IAUC) in the period of OGTT,
but there was no difference in the four groups
(Figure 2). The combination of metformin and
exercise treatment significantly enhanced insulin
sensitivity (Figure 3).

Pharmacokinetics

The mean plasma concentration-time profiles of
metformin after a single oral dose (450 mg/kg)
are shown in Figure 4, and other relevant

Figure 1. Glucose area under curve (GAUC) was measured
following an oral glucose tolerance test (OGTT, 1 g/kg). Rats
with fructose-induced insulin resistance were assigned to four
groups (C, M, S and MS). Group C sink for 45 min before the
same volume of water per weight was administered. Group M
sink for 45 min before a single dose of metformin was
administered. Group S swam for 45 min before the same
volume of water per weight was administered. Group MS
swam for 45 min before a single dose of metformin was
administered. Each bar represents the mean � SE (n=8).
*Significantly different from the C group (p50.05). #Signifi-
cantly different from the M group (p50.05)

Figure 2. Insulin area under curve (IAUC) was measured
following an oral glucose tolerance test (OGTT, 1 g/kg). Rats
with fructose-induced insulin resistance were assigned to four
groups (C, M, S and MS). Group C sink for 45 min before the
same volume of water per weight was administered. Group M
sink for 45 min before a single dose of metformin was
administered. Group S swam for 45 min before the same
volume of water per weight was administered. Group MS
swam for 45 min before a single dose of metformin was
administered. Each bar represents the mean� SE (n=8)

Figure 3. The insulin sensitivity index was measured follow-
ing an oral glucose tolerance test (OGTT, 1 g/kg). Rats with
fructose-induced insulin resistance were assigned to four
groups (C, M, S and MS). Group C sink for 45 min before the
same volume of water per weight was administered. Group M
sink for 45 min before a single dose of metformin was
administered. Group S swam for 45 min before the same
volume of water per weight was administered. Group MS
swam for 45 min before a single dose of metformin was
administered. Each bar represents the mean � SE (n=8).
*Significantly different from the C group (p50.05). #Signifi-
cantly different from the M group (p50.05). ySignificantly
different from the S group (p50.05)
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pharmacokinetic parameters are shown in
Table 2. With regard to the mean plasma
concentration–time profiles of metformin, the
MS group had higher metformin concentrations
than the M group at 0.75 and 1 h following
metformin administration. The MS group had
shorter Tmax and t1/2 values than the M group.
However, there were no significant differences in
the AUC, Cmax, Vd/F or Cl/F between the two
groups (Table 2).

Discussion

Individual drugs have specific physiochemical
characteristics. Therefore, it is difficult to make
any general statements regarding the effects of
exercise on the absorption of drugs after their

oral administration [12]. It is necessary to
evaluate the effects of exercise on pharmacoki-
netics for each individual drug. The main finding
of this study was that swimming before admin-
istration of metformin increased its rate of
absorption, as evidenced by the reduced Tmax

and t1/2 values. Metformin is a small basic
compound (with a molecular weight of 129 Da)
that is ionized at physiological pH levels and is
poorly absorbed from the stomach [18]. Metfor-
min is absorbed from the small intestine [10],
especially the duodenum [11]. It is well estab-
lished that the stomach-emptying rate, gastric
intestinal mobility and blood flow to the absorp-
tion site probably affect the rate and extent of
drug absorption [12]. One study showed that
walking induced a three-fold increase in colon
motility [19]. Marathe et al. [20] also indicated
that an increased rate of GI transit can enhance
metformin absorption. This result is consistent
with the current study results (Figure 4). We
speculate that swimming before administration
of metformin may induce an increase in GI
mobility, which was one of the factors that
increase the rate of metformin absorption.

Restored blood in the small intestine is
probably a second factor increasing the rate of
absorption. Blood flow is important in carrying
absorbed drugs to the systemic circulation. It is
altered during acute exercise when blood is
shunted away from the viscera (i.e. the stomach,
liver, etc.) towards the muscles. A study showed
that after a bout of dynamic exercise, skeletal
muscle vascular beds were dilated due to
reductions in sympathetic nerve activity, vascular
responsiveness to sympathetic nerve activity and
total peripheral resistance [21]. These same
changes may also occur in the splanchnic and
renal vascular beds, leading to splanchnic and

Figure 4. Mean plasma concentration-time profiles of metfor-
min after a single oral dose was administered (450 mg/kg).
Group M sink for 45 min before a single dose of metformin
was administered. Group MS swam for 45 min before a single
dose of metformin was administered. Each bar represents the
mean� SE (n=8). *Significantly different from the M group
(p50.05)

Table 2. Pharmacokinetic parameters following a single oral dose of metformin

Group Tmax (h) Cmax (mg/ml) t1/2 (h) AUC (h/mg/ml) Vd/F (ml/kg) Cl/F (ml/h/kg)

M 2.1� 0.3 18.7� 3.1 4.6� 0.5 95.0� 7.2 25.1� 3 3.8� 0.3
MS 1.2� 0.2a 21.3� 1.2 2.9� 0.4a 90.6� 6.8 26.4� 5.6 4.0� 0.7

Group M sink for 45 min before a single dose of metformin was administered. Group MS swam for 45 min before a single dose of metformin was

administered. Tmax, the time to maximum concentration; Cmax, the maximum concentration; t1/2, the time to half-life concentration; AUC, area

under the serum concentration-time curve; Vd/F, apparent volume of the distribution; Cl/F, the time-averaged total body clearance. Data are

mean� SE (n=8). aSignificantly different from the M group (p50.05).
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renal vasodilation [22] that can increase the blood
flow to splanchnic organs, such as the small
intestine. A previous study by Rao et al. (2005)
indicated that blood flow was restored in
splanchnic organs after exercise by reducing
sympathetic activity [19]. An increase in the
splanchnic blood flow may increase the oral
absorption of high first-pass effect compounds
that are absorbed in the small intestine [23]. Since
metformin is a high first-pass drug [10], post-
exercise physiological effects are probably due to
the increased rate of metformin absorption.

The current study indicated that none of the
AUC, distribution or clearance rate of metformin
significantly changed after a single bout of
swimming (Table 2). The distribution is depen-
dent upon the delivery of the drug to tissues, the
passage of the drug through tissue membranes,
and the binding of the drug to plasma proteins
and other tissue components [24]. Metformin is
rapidly distributed and may be transferred to the
deep compartment [10]. The ratio of the distribu-
tions between tissue and plasma did not change
as indirectly evidenced by the unaltered AUC of
metformin after a single bout of swimming.
Moreover, one study showed that metformin
does not bind to plasma proteins [25]. We suggest
that even if exercise alters the volume of plasma
or its content, it probably has only a slight effect
on the distribution of metformin.

The pharmacokinetics of highly extractable
drugs are more likely to be affected by exercise
than those of drugs with low extraction ratios,
which are less likely to be influenced by changes
in blood flow during exercise [12]. One study
indicated that exercise increased the AUC of
propranolol [26], which was readily extracted by
the liver. However, metformin was not extracted
by the liver [10,27]. This study indicated that
elimination by the circulation did not change
after a single bout of swimming (Table 2). The
result agrees with previous studies which in-
dicated that blood flow changes in the liver
during single bouts of exercise did not affect the
metabolism of low-extraction drugs [28,29]. In
addition to the liver, the kidneys are the major
organ of elimination. Active tubular secretion is
the principal mechanism of metformin elimina-
tion, and renal function was likely the principal
determinant of the rate of metformin elimination

[30]. One study showed that serum metformin
concentrations were three times higher in sub-
jects with renal failure than in subjects with
normal renal function [10]. On the other hand,
the renal clearance of metformin was correlated
with creatinine clearance [31]. Exhaustion ex-
ercise decreased renal blood flow by 21.1%
during the recovery period, which paralleled
the decrease in creatinine clearance [32]. Renal
blood flow may fall by up to 25% of the resting
value when strenuous work is performed [33].
Our study indicated that a single bout of
unloaded swimming for 45 min did not alter
metformin clearance. The intensity is probably
too low to alter the clearance in this exercise
model. However, the exercise intensity for
persons with type 2 DM or insulin resistance is
suggested to be from low to moderate [34,35].
Thus, we expect that exercise with low- to
moderate-intensity before administration of met-
formin would not significantly alter its clearance
rate in type 2 DM patients.

The current study indicated that single bout of
swimming significantly decreased blood glucose
under glucose challenge (Figure 1). Skeletal
muscles are the primary tissue for the peripheral
disposal of glucose in response to a glucose
challenge [7], and those effects persisted for at
least 48 h [36] after a single bout of exercise. It is
well known that muscle contraction increases
total blood flow to muscle, recruits capillaries
and stimulates the translocation of GLUT4 to the
plasma membrane, thereby increasing glucose
uptake [37]. In contrast, the glucose area under
the curve after a single dose of metformin was
not significantly lower than that in the control
group (Figure 1). This result was agreement with
a previous study [38]. Chu et al. indicated the
acute effect of metformin on glucose metabolism
was an inhibition of hepatic glucose production
and not a stimulation of glucose utilization [39].
It was noted that an inhibitory effect on intestinal
glucose absorption or utilization was exerted for
several days of metformin treatment [40].

The MS group produced better whole-body
insulin sensitivity than the S group and M group
(Figure 3). This effect comes from the additive
effect of the lower insulin secretion and glucose
level (Figures 1 and 2). To our knowledge, this is
the first paper to indicate that performing a
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single bout of swimming before a single dose of
metformin administration can increase insulin
sensitivity. This information is novel and could
be valuable for those persons with type 2 DM or
insulin resistance. It may be possible to reduce
the dosage of metformin administration if they
exercise.

Conclusion

The current study indicated that a single bout of
swimming before administration of metformin
significantly improved insulin sensitivity and the
rate of metformin absorption.
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