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ABSTRACT - Purpose: Regular exercise training and metformin medication are widely considered to
increase insulin sensitivity and protect against type 2 diabetes, however, evaluating the effect of exercise
training on the disposition and pharmacokinetics of metformin is unclear. Methods: We investigated the
effect of a 4-wk swim training program (45 min/day, 5 days/wk) on the pharmacokinetics for the use of
metformin in fructose-induced insulin resistant rats. Fructose-induced insulin resistant rats were assigned
into two groups (n=6/group): swim training with metformin (SM), and non-swim training with metformin
(CM). Blood samples were collected from 12 h-fasted rats at baseline and at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8,
10, and 12 h after an oral glucose tolerance test (OGTT) with administration of a single dose of metformin
(450 mg/kg). Results: Our study revealed that both glucose and insulin levels in the SM group were
significantly lower than those in the CM group at 15 min following OGTT. The maximum concentration
(Cumax) and area under the serum concentration-time curve (AUC) for the SM group were significantly lower
than CM group. The apparent distribution volume (Vd) and the time-averaged total body clearance (CL) for
the SM group were significantly higher than those for the CM group. There were no significant differences
in the time to maximum concentration (Ty,) or the time to half-life concentration (t;;) between the two
groups. Conclusions: Our data demonstrate that swim training reduces metformin serum levels.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION Metformin was introduced for use in
insulin-resistant ~ states even  before the
Fructose is used extensively in carbonated development of hyperglycemia (9). Its effects
beverages, baked goods, canned fruits, jams, and include  anti-hyperglycemic action, weight
dairy products (1). The increasing consumption of stabilization or reduction, with no risk for serious
fructose could play a potential role in the etiology hypoglycemia and a countering of insulin
of obesity and metabolic disease (2). The resistance (10). Metformin has a narrow
pathologic signs of insulin resistance in the therapeutic window (11). It is an important to
fructose induced animal model resemble human examine the factors that affect the narrow
type 2 diabetes mellitus (3, 4). therapeutic window for medicine
It is well established that exercise produces pharmacokinetics. Pregnancy (12), renal function
lower glucose and lipid profiles and decreased (13), food intake (14), gastric emptying and
cardiovascular  complications (5). Regular gastrointestinal motility (15) have been reported
physical training has been found to improve to alter metformin pharmacokinetics. Our
insulin sensitivity in peripheral tissues for persons previous study showed that performing a single
with impaired glucose tolerance and type 2 bout of swimming before  metformin
diabetes mellitus (6). Studies have shown that administration can improve insulin sensitivity and
people with pre-diabetes (i.e., impaired glucose the rate of metformin absorption (16). However,
tolerance, IGT) can prevent or delay the there are major differences between acute and
development of type 2 diabetes mellitus (DM) by chronic exercise response following exercise
up to 58% through regular exercise (7). Exercise
has been considered essential to diabetes Corresponding Author: Mei-Chich Hsu; Graduate Institute

of Sports Science, National Taiwan Sport University, 250,
Wen Hua Ist Road, Kueishan, Taoyuan County 33301,
Taiwan, ROC. E-mail: meichich@gmail.com

management along with diet and medication (8).
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stimulation. Acute exercise results in blood flow
shunting away from the viscera and towards the
muscle. Chronic exercise, on the other hand,
results in an adaptation response that increases
blood volume, increases fat free mass and reduces
fat mass. Therefore, it is difficult to extrapolate
the results from acute exercise to the effects from
the physiological adaptations of regular exercise
training. Given exercise training, there can still be
different pharmacokinetic effects. Previous
studies indicated that exercise training reduced
the amount of N-acetylprocainamide
concentration (17). Kim et al. indicated no
difference in azosemide absorption in rats after
treadmill running (18). Therefore, we extend
knowledge from previous studies here. The
purpose of this study was to examine the swim
training effects on the glucose tolerance and
pharmacokinetic parameters for metformin use.

METHODS

Chemicals

Metformin hydrochloride (Sigma, St. Louis, MO,
USA),  phenformin (Sigma), potassium
dihydrogen  phosphate (Merck, Darmstadt,

Germany), acetic acid (Merck), dichloromethane
(Merck), and high-performance liquid
chromatography (HPLC)-grade acetonitrile (J.T.
Baker, Phillipsburg, NJ, USA) were used.
Double-deionized water was used throughout this
study (Millipore Direct-Q5, Billerica, MA, USA).

Animals

Twelve male Wister 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 21-23 °C, with a 12-h
light-dark cycle. Rats received normal rat chow
(PMI Nutrition International, Brentwood, MO,
USA) and water ad libitum. After the experiments,
all animals were euthanized by over-exposure to
carbon dioxide gas. 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,
Executive Yuan, Taiwan.

Study design and fructose-induced insulin
resistance in rats

After 1 week of familiarization, twelve rats were

each fed a 10 % fructose solution for 12 weeks
(16). An oral glucose tolerance test (OGTT) was
performed to evaluate the decreasing glucose
concentration and insulin level by loading glucose
(1g/kg). The area under the insulin curve (AUC
insulin) and glucose (AUC glucose) were
calculated using the trapezoidal rule. In addition
to glucose and insulin levels, cholesterol,
triglyceride, free fatty acids and blood pressure in
a fasting state were also measured. The levels of
serum cholesterol, triglyceride and free fatty acids
were analyzed using a bioanalyzer (Kodak
Ektachem DT60, Rochester, NY, USA). The
systolic blood pressure (SBP) and distal blood
pressure (DBP) were measured using the tail-cuff
method using an electro-sphygmomanometer
(model 179; Blood Pressure Analyzer IITC,
Woodland Hills, CA, USA). Fructose solution
administration group had significantly higher
AUC insulin (31.4 £ 5.0 vs. 4.9 £ 9.3 min- mg/dl),
AUC glucose (1847.4 + 129.3 vs. 1098.0 + 183.3
min - mg/dl), triglycerides (158.9 £ 21.1 vs. 74.1 £+
6.7 mg/dl) and systolic blood pressure (137.5 +
2.1 vs. 128.0 £ 3.9 mmHg) than those in the
non-fructose treated normal control group after
12-weeks fructose solution administration.
Therefore, the insulin-resistant condition was
created in the rats (16).

According to the AUC insulin-matched
results from the OGTT, rats with fructose-induced
insulin resistance were assigned into two groups:
(1) sedentary controlled with single dose of
metformin administration (CM, n=6), and (2)
swim training with single dose of metformin
administration (SM, n=6). Rats in the SM group
swam for 10 min per day for 2 days before
beginning the experiment to familiarize them with
the swimming environment. The  water
temperature was maintained at 34 £1° C. The SM
group was made to swim for 45 min per day,
while the CM group was placed in 4-cm-deep
water for the same time. Swim training was
performed for 4 wks, 5 days per week. The rats
swam for 45 min without any loading treatment
during the first week. Afterward, the rats swam
with a lead tail weight, increasing the weight from
1% to 2% of the body weight during the 2- to
4-week period.

Body weight and blood sampling

Food was withheld for 12 h before the
pharmacokinetic procedures. Body weights were
measured before blood sampling. Blood samples
(0.5 mL) were withdrawn first. The OGTT (with
an oral glucose load of 1 g/kg) was performed,
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and metformin (450 mgkg, p.o) was
administered. 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. Rats were re-fed normal chow and water after
the second hour of blood sampling. Samples were
centrifuged at 4000xg for 5 min, and serum was
transferred to labeled tubes. All samples were
stored at —80 °C until being assayed.

Epididymal fat pad weight

All rats were anesthetized with an intraperitoneal
injection of pentobarbital sodium (65 mg/kg). The
epididymal fat pad (EFP) was removed and
weighed. Epididymal fat pad weights are highly
correlated with overall body fat (r = 0.95) as
determined by carcass analysis (19). Therefore,
EFP is as a marker to stand for adipose content of
whole body. Relative EFP weight was calculated
and presented as EFP weight/body weight
x100%.

Determination of metformin concentration
Blood metformin concentrations were determined
using the analytical method of Chien et al. (16).
The serum (50 pL) was acidified with 10 pL of 1
M acetic acid and then deproteinated with 300 pL
acetonitrile. A 200 pL volume of water was added,
vortexed for 30 s, and centrifuged at 12,000xg for
5 min. The supernatant was decanted into a fresh
tube. This was further washed with 300 pL
dichloromethane, vortexed for 30 s, and
centrifuged at 12,000xg for 5 min. The upper
aqueous layer (20 pL) was injected into a HPLC
system equipped with a Hypersil CPS column (3
um, 250 x 4,6 mm [.D.; Waltham, MA, USA).
The flow rate was kept constant at 1 mL/min and
the temperature maintained at 40°C. A mixture of
acetonitrile and 0.01 M 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
metformin curve obtained from spiked serum
samples. Phenformin was used as an internal
standard.

Glucose and insulin concentration

A glucose analyzer (Lifescan, CA, USA) was
utilized to determine the glucose concentration
using the glucose oxidase method. Serum insulin
was assessed with an Immunolite analyzer using
the chemiluminescent method as described by the
manufacturer (Diagnostic Products, Los Angeles,
CA, USA).

STATISTICAL ANALYSIS

Pharmacokinetic data were analyzed using the
WinNonlin program (vers. 1.1, Pharsight Corp.,
Mountain ~ View, CA, USA) using a
non-compartmental analytical method. The
parameters included the area under the serum
concentration-time curve (AUC), the apparent
volume of the distribution (Vd), the
time-averaged total body clearance (CL), the time
to the half life concentration (t;;), the maximum
concentration (Cpa), and the time to the
maximum concentration (Tp.). All values were
expressed as the meantstandard error (SE).
Independent ¢-test was used to analyze the results.
The statistical software used was SPSS 11.0
Statistics Program (Chicago, IL, USA). Values of
p<0.05 were considered significant.

RESULTS

There was a slight trend toward less body weight
in swimming trained-rats than in control rats
(529+£16 versus 502113 g), but the difference was
not statistically significant (Figure 1A). However,
the relative epididymal fat pad weights in the SM
group was significantly reduced by 15%, as
compared with those in the CM group (p<0.05)
(Figure 1B).

A
600

500F
400
300F
200

100

CM

22
2.0F
1.8F
. 1.6F
" 14F
1.2F
1.0¢=

Relative EFP weight (%)

Body weight (g) (g)
(=)
*
7]
=

CM SM

Figure 1. (A) Body weight and (B) relative epididymal
fat pad weight (EFP) in sedentary controlled or swim
trained rats. Each bar represents the mean with SE
(n=6). *Significantly different from the CM group
(p<0.053).
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As shown in Figure 2, the glucose concentrations
in the SM group were lower than those in the CM
group at 15 min following OGTT. There were no

CM group from 30 min to 10 h (Figure 4). The
maximum concentration and AUC for the SM
group was significantly lower than that for the

significant differences between the two groups in
serum glucose levels at 0.5, 0.75, 1 and 2 h during
OGTT. The Insulin concentrations in the SM
group were also significantly lower than those in
the CM group at 15 min and 1 h (Figure 3).

Serum metformin concentrations in the SM
group were significantly lower than those in the

CM group. The apparent distribution (Vd) volume
and the time-averaged total body clearance (CL)
for the SM group were significantly higher than
that for the CM group. There were no significant
differences in Ty, and t;, between the two groups
(Table 1).
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Figure 2. Glucose response curves during an oral-glucose-tolerance test in sedentary controlled (CM, open circle) or
swim trained (SM, solid square) rats. Group SM swam for 45 min per day for 28 days. Each point represents the mean
with SE (n=6). *Significantly different from the CM group (p<0.05).
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Figure 3. Insulin response curves during an oral-glucose-tolerance test in sedentary controlled (CM, open circle) or
swim trained (SM, solid square) rats. Group SM swam for 45 min per day for 28 days. Each point represents the mean
with SE (n=6). *Significantly different from the CM group (p<0.05).
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Figure 4. Mean serum concentration-time profiles for metformin after a single oral dose (450 mg/kg) was administered.
Group SM (solid square) swam for 45 min per day for 28 days. Each point represents the mean with SE (n=6).
*Significantly different from the CM group (open circle, p<0.05).

Table 1. Pharmacokinetic parameters following a single oral dose of metformin

Grou Tmax Crnax tin AUC vd CL
P (hr) (ng/mL) (hr) (hrxpg/mL) (mL/kg) (mL/hr/kg)
CM 2.0+0.0 64.7+3.2 4.1+£0.9 232.3+14.3 10.5+2.1 1.8+0.1
SM 1.9+0.5 26.9£7.1* 3.1+0.4 109.5+£28* 19.3+2.7* 4.7+0.9*

Group SM swam for 45 min per day for 28 days. Ty, the time to maximum metformin concentration in
serum; Cax, the maximum metformin concentration in serum; t;,, the elimination half-life; AUC, area
under the serum concentration-time curve; Vd, apparent volume of the distribution; CL, the
time-averaged total body clearance. Data are mean £ SE (n=6). *Significantly different from the CM

group (p<0.05).
DISCUSSION the viscera (i.e. the stomach, liver, etc.) towards
the muscles during moderate exercise. Study has
Exercise can affect drug pharmacokinetics shown that splanchnic blood flow redistribution

depending on factors such as the drug chemical
properties, the route or timing of drug
administration, and the mode of exercise (20-22).
The major finding of this study was that swim
training reduced the metformin accumulation. The
maximum concentration and AUC for the SM
group were significantly lower than that those for
the CM group (Table 1).

In adding to the first-pass effect (23),
reducing absorption content and increasing the
rate of elimination would cause decreasing
metformin levels. The blood flow,
stomach-emptying rate and gastric intestinal
mobility would affect the rate and extent of drug
absorption (20). Blood flow is important in
carrying absorbed drugs via systemic circulation.
It is well known that blood is shunted away from

will recover 60 min post exercise (24). In this
study, the blood sampling period was in seated
status (more than 20 hrs after one session exercise
training). Thus, the visceral blood distribution
was not altered. Transit time through the
gastrointestinal (GI) tract is the other factor that
influences absorption. Study has shown that
metformin absorption is increased when the
gastrointestinal motility is slowed (15). Six to
13-week exercise training decreased GI transit
time (25, 26). This could indicate that drug
absorption in the gastrointestinal tract may be
decreased. A decrease in bowel transit time
during exercise may not allow adequate time for
absorption, since drugs move through the
gastrointestinal tract at a faster rate (27).
Moreover, studies indicated that the inactive state
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increased bowel transit time (28). Therefore, we
suggest that decreased absorption is probably due
to reduced GI transit time.

Increasing the rate of elimination is the
second reason for decreasing metformin levels.
Drugs are eliminated by metabolism and
excretion. It has been reported that metformin is
metabolized via hepatic CYP2C11, 2D1 and
3A1/2 (29). Studies have reported that exercise
training may increase cytochrome P450 activity
(30, 31). However, Kim et al. (21) and Ardies et
al. (32) reported that exercise training may not
alter CYPs activity. Thus, there is no evidence to
show if exercise training can increase metformin
metabolism via CYPs or not. There is a need for
further investigation. Our study showed that swim
training increased CL  after metformin
administration (Table 1). Generally, the kidneys
can contribute to drug clearance via glomerular
filtration, active secretion and tubular absorption.
The principal mechanism of metformin
elimination is active tubular secretion, a
carrier-mediated system that has greater affinity
for free-drug molecules compared to the plasma
protein (33). Our study result is consistent with
previous findings that exercise training increases
clearance in minimal protein binding drugs (such
as antipyrine) and elimination by active tubular
secretion drugs (such as azosemide) (18, 34). This
study showed that four weeks of exercise did
increase the renal clearance for azosemide despite
no change in renal function (18). Although we
lack experimental evidence to support that
exercise training increased CL by renal or non
renal routes, we suggest that exercise training
may increase renal CL. Exercise training
enhanced azosemide clearance could be due to a
considerable increase in intrinsic renal excretion
of azosemide (18). Furthermore, metformin is
transported by at least two organic cation
transporters (OCT), OCT1 and OCT2. A recent
study further demonstrated the contribution of
human OCT to the renal tubular transport of
metformin and indicated that OCT2 plays a
dominant role for metformin pharmacokinetics
(35). Zeibig et al. reported that there was a 7-fold
up-regulation of OCT2 mRNA expression after
6-month training (36). Therefore, it may suggest
that swim training increased the clearance of
metformin possibly through the activation of
OCT2 expression.

The area under the serum concentration-time
curve reflected the total amount of drug content.
Drug levels related to the efficiencies and side
effects. The second major finding of this study

was that swim training enhanced insulin
sensitivity with lower metformin concentration
(Fig 2, Fig 3 & Table 1). Several studies showed
that exercise training enhanced insulin sensitivity
in health (37) and patients with Type 2 diabetes
(38). Exercise training has a profound effect on
the prevention and treatment of obesity and
diabetes (39). In this study the results showed that
swim training decreases EFP weight (Figure 2),
which is consistent with a previous study (40).
Adipose tissue is an endocrine organ and plays a
prominent role in energy metabolism. Epididymal
adipose tissue may contribute to the mechanism
underlying the impaired glucose homeostasis and
insulin resistance (41). The dysregulation of
adipocyte function results in the development of a
variety of metabolic and circulatory diseases (42).
Adipocytokines are secreted from adipose tissue.
It has been shown to influence insulin signaling,
regulation of these cytokines and may play a role
in the etiology of insulin resistance, obesity and
diabetes by altering or influencing carbohydrate
and/or lipid metabolism (39). Therefore,
decreasing EFP is probably the other reason for
increasing insulin sensitivity. Skeletal muscle is
the target tissue for the peripheral disposal of
glucose in response to a glucose challenge (43),
and those effects persisted for at least 48 h after a
single bout of exercise (44). It is well known that
muscle contraction increases glucose uptake via
stimulated the translocation of GLUT4 to the
plasma membrane (45). Our data show that
exercise training enhanced insulin sensitivity with
metformin compared with only metformin
administration. 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 (46).
Furthermore, a previous study proved a single
dose of metformin did not decrease the glucose
area under the curve (16). Therefore, we suggest
that the increasing insulin sensitivity was due to
swim training and not the single dose of
metformin administration. This study showed that
swim training reduced metformin accumulation.
A lower amount of drug concentration may
reduce the metformin side effect (lactic acidosis).
It is implicated that exercise may serve as a
potential approach to decrease the systemic
adverse effects of metformin.

The physico-chemical properties of the drug
depend on transport processes and extent of
plasma protein. The drug distribution in the body
depends on tissue binding (47). The greater the
amount of free drug available for distribution into
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the tissues, the greater the interaction with the
receptors responsible for the pharmacologic
response and drug elimination. The results
showed the apparent distribution (Vd) volume for
the SM group was significantly higher than that
for the M group. The apparent distribution
volume was calculated using the formula:
Vd=Vp+VTxfu/ft, where Vd is the apparent
distribution volume, Vp is the plasma volume, VT
is the tissue volume, fu is the drug free fraction in
the plasma and ft is the drug free fraction in the
tissue. The increase in plasma water, tissue water
and drug free fraction in the blood results in an
increase in apparent distribution volume.
Metformin is not a highly protein-binding drug.
Therefore, the change in the drug free fraction in
the blood would be minor. These results showed
that body weight in the SM group was similar to
that in the CM group (Figurel). Conversely, the
percentage of EFP weight in the SM group was
lower than that in the CM group (Figure 2). This
implicated that there is more muscle tissue in the
SM group than in the CM group, since the water
content in muscle tissue is higher than that in
adipose tissue. This study indicated that
hydrophilic drug volume of distribution has a
highly positive correlation with lean-body mass
(48). Metformin is a hydrophilic drug. Thus, the
exercise training enhanced the apparent drug
distribution volume in the SM group probably via
increasing muscle mass.

Concerns may be raised about the intestinal
transit rate and protein levels of renal OCTs
because we lack experimental and clinical
evidence that addition with exercise training
could decrease the GI transit time and enhance
renal OCT2 mRNA level. Instead, we
demonstrated that swim training can function to
reduce metformin plasma concentrations in
experimental animals. Whether the use of
exercise training in general leads to reduced
metformin blood levels needs further critical
evaluation and investigation.

In conclusion, this study revealed that swim
training decreases the metformin accumulation
and has addictive effects on the glucose and
insulin response to metformin administration in
insulin resistant rats. It provides important
information  concerning the  drug-exercise
interaction and a model for the therapeutic indices
to IGT or type 2 DM patients.
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