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Abstract—The effect of exhaustive exercise on the hepatobiliary transport of organic anions was
investigated in rats. Animals were run on a rodent treadmill at 24 m/min up a 12% grade (152 =
15 min). Exercise resulted in significant hypoglycaemia (—46%) and increased plasma levels of lactate
(+12%), together with a marked reduction of glycogen concentration in the liver (-72%). When
bromosulphthalein was administered i.v., its maximal biliary excretion (7m) was significantly reduced
(—30%), and plasma and liver concentrations of the dye were increased (+31% and +56%, respectively).
The decrease corresponded both to the excretion of the conjugated and unconjugated dye (—30% and
—33%, respectively). Cytosolic glutathione S-transferase activity in the liver was not affected by exercise,
but there was a significant reduction in the hepatic concentration of glutathione (—50%). The Tm of
dibromosulphthalein was also significantly reduced (—36%) and its plasma and liver concentrations
increased (+67% and +33%, respectively) in exercised rats. The results suggest that, in addition to the
direct effect of liver glutathione depletion, other factors must be involved in the impairment of the
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biliary excretion of organic anions caused by exercise.

In spite of the widespread idea that exercise
is beneficial, different studies in the literature have
demonstrated that increased levels of physical exer-
cise can have deleterious effects and lead to tissue
injury [1, 2]. Rats exercised to exhaustion have been
reported to show a marked reduction in total liver
glutathione concentration and an increased oxidized/
reduced glutathione ratio [3, 4] in liver, plasma and
skeletal muscle. Such results could be interpreted to
indicate depletion of glutathione antioxidant systems
during exhaustive exercise.

Glutathione is a molecule involved in a variety of
important intracellular functions, not only including
protection against oxidative stress, but also detox-
ification of a number of drugs and xenobiotics, that
are conjugated with the tripeptide by means of glu-
tathione S-transferases [5, 6]. Elimination of these
molecules from the organism could, therefore, be
altered as a consequence of glutathione depletion
during strenuous exercise. Detoxification is also
dependent on the transport through the hepatocytic
membranes, including transfer from plasma to liver
and canalicular secretion, and on bile flow [7]. These
processes could be affected by the damage to cell
constituents as a consequence of oxidative stress [8].

The purpose of this study was to investigate the
effects of exercise to exhaustion on the different
steps of the hepatobiliary transport of organic anions
in rats. Two cholephilic dyes, bromosulphthalein
(BSP) and dibromosulphthalein (DBSP), were stud-
ied. The fact that BSP is conjugated with glutathione
in the liver while DBSP is excreted without prior
biotransformation [9] would allow factors affecting
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hepatic transport from those interfering with con-
jugation to be distinguished.

MATERIALS AND METHODS

Chemicals. Amyloglucosidase, 5-5'-dithiobis-(2-
nitrobenzoic acid), glucose-6-phosphate dehydro-
genase, reduced glutathione, glutathione reductase,
hexoquinase, lactic dehydrogenase, malic dehydro-
genase, nicotinamide adenine dinucleotide, nico-
tinamide adenine dinucleotide phosphate and sul-
fobromophthalein were purchased from the Sigma
Chemical Co. (St Louis, MO). Dibromosulphthalein
was obtained from SERB (Paris, France). All other
reagents were of the highest quality available. Dis-
tilled deionized water was used throughout.

Animals and experimental procedure. Male Wistar
rats (Charles River, Barcelona, Spain), 12 weeks
old, body wt 240-280 g, were housed in cages in a
temperature controlled room (22°) with a 12 hr-12 hr
dark/light cycle. They received a standard laboratory
chow (Panlab, Barcelona, Spain) and tap water ad
lib. Animals were randomly divided into two groups:
runners and rested controls. Runners were exercised
to exhaustion on a rodent treadmill (model LI§706
Letica, Barcelona, Spain) at a speed of 24 m/min
and a 12% degree. Exercise was terminated when
rats would no longer avoid the electrical grid system
at the rear of the treadmill. The endurance run time
was 152 = 15 min.

Immediately after exercise was completed, ani-
mals were anaesthetized with sodium pentobarbitone
(45 mg/kg body wt i.p.; Claudio Barcia, Madrid,
Spain) and the left jugular vein catheterized to collect
a 400 uL blood sample. After laparotomy, the com-
mon bile duct was cannulated with polyethylene
tubing (PE-50). The entire surgical procedure took
less than 10 min. Rectal temperature was monitored
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Fig. 1. Effect of exercise on blood glucose and lactate concentrations and on liver glycogen content.

Blood values were obtained immediately after catheterization of the left jugular vein and liver values

at the end of experiments. Values are means = SE from twelve animals. *P < (.05 significantly different
from control value.
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Fig. 2. Effect of exercise on biliary concentration and

excretion of BSP and on bile flow. After a priming dose of

2.15 umol/100 g body wt BSP was infused for 60 min at

215/min. 100 g body wt in control and exercised rats. Values

are means *+ SE from six animals. *P < 0.05 significantly
differently from control value.

via a thermistor probe and maintained at 37° through-
out the experiments.

Both control and runners were further divided into
two subgroups, receiving either BSP or DBSP. The

dyes (dissolved in 0.145 M NaCl) were administered
as a i.v. injection of 2.15 umol/100 g body wt fol-
lowed by a 60 min i.v. infusion at 215 nmol/min 100 g
body wt. Bile samples were collected under ice at
10 min intervais. At the end of the experiments the
animals were killed by exsanguination and the livers
washed with ice-cold 0.154 M NaCl, weighed and
frozen at —80°.

Analytical methods. Blood glucose was determined
with hexoquinase and glucose-6P-dehydrogenase
[10]. Perchloric acid extracts were analysed for blood
lactate [11]. Liver glycogen content was determined
by the method of Kepler and Decker [12]. Bile
flow was measured gravimetrically, assuming a bile
density of 1.0 g/mL. The concentration of BSP and
DBSP in plasma and bile was estimated by
absorbance at 580 nm after appropriate dilution of
samples with 0.05N NaOH. Liver BSP and DBSP
concentrations were measured by the method of
Whelan and Combes [13]. Free and conjugated BSP
were separated by paper chromatography using as
solvent system butan-1-ol/acetic acid/ethanol/water
(120/1/20/40). The spots were cut, eluted with water
and read at 580 nm after alkalinization. Bile acid
concentration in bile was measured with 3-alpha
hydroxysteroid dehydrogenase [14]. Determination
of total glutathione content of liver homogenates
prepared in cold 5% (w/v) trichloroacetic acid in
0.01 N HCI, was carried out as described by Tietze
[15] with the modification of Griffith [16]. Liver
cytosolic glutathione S-transferase activity was deter-
mined using BSP as substrate [17]. Liver glutamate
oxalacetate transaminase (GOT) [18] and lactic
dehydrogenase (LDH) {19] activities were measured
in liver homogenates. Protein concentration was
determined by the method of Lowry er al. [20].

Statistical methods. Results were expressed as
means *+ SE. Significance of the differences between
means was evaluated by the Mann—Whitney U test.
P values less than 0.05 were considered to be signifi-
cant.

RESULTS

Blood glucose and lactate concentrations are
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Table 1. Biliary excretion of unconjugated and conjugated BSP and liver glutathione and glutathione
S-transferase activity in control and exercised rats

Conjugated BSP Unconjugated BSP
(nmol/min. g liver)

Glutathione transferase
(umol/min.mg protein)

Glutathione
(umol/g liver)

36.1£2.2

Control S.
25.4 +2.9* 3.

Exercised

— 3

4

*

I+ I+

o~

0.8 2203 83
0.5 602" 29720

Values are means = SE from six animals. BSP was infused 60 min at 215 nmol/min. 100 g body wt
after a priming dose of 2.15 umol/100 g body wt. Biliary data correspond to 40-60 min after beginning
of infusion. Plasma and liver data were obtained at the end of experiments. *P < 0.05 significantly
different from control value.
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Fig. 3. Plasma and liver concentration of BSP in control and exercised rats. After a priming dose of

2.15 umol/100 g body wt BSP was infused for 60 min at 215/min. 100 g body wt. Data were obtained at

the end of the infusion and are means = SE from six animals. *P < 0.05 significantly different from
control value.
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shown in Fig. 1. Ten minutes after completion of
exercise blood glucose levels were lower (—46%)
and plasma lactate higher (+12%) in exercised than
in non exercised rats. Exercised rats showed a
significant decrease in hepatic glycogen concen-
tration (—72%) (Fig. 1).

The maximal biliary BSP excretion (Tm) was sig-
nificantly lowered by exercise (—30%), with no
modification in its biliary concentration (Fig. 2).
Cumulative excretion of BSP during this period was
significantly reduced in exercised rats (14.8 =
1.3umol vs 23.8+ 2.6umol in the controls;
P < 0.05). The decrease in the excretion of the dye
corresponded both to a lowered excretion of uncon-
jugated (—33%) and conjugated (—30%) BSP
(Table 1). Plasma and liver BSP concentrations were
significantly enhanced (+31% and +56%, respect-
ively) at the end of experiments (Fig. 3). Exercised
animals showed lowered bile flow values than the
controls (—36%) (Fig. 1).

Figure 4 shows the effect of exercise to exhaustion
on biliary DBSP. Maximal biliary excretion of the
dye and bile flow were also significantly reduced
(—36% and —33%, respectively), while liver and
plasma concentrations were significantly increased
(+33% and +67%, respectively) (Fig. 5). Exercise
induced a significant decrease in the biliary cumu-
lative excretion of this organic anion (16.7 £
1.9umol vs 29.1 =3.3umol in the controls;
P <0.05).

Mean bile acid secretion into bile corresponding

to the 60 min experimental period was significantly
reduced by 25% in the group of runners as compared
to control animals (54.3 = 4.1 nmol/min.g liver vs
72.3 = 5.4nmol/min.g liver in the controls; N = 12;
P < 0.05). Liver glutathione concentration at the
end of experiments was also significantly lowered
in exercised animals (—50%) (Table 1). Cytosolic
alutathione  S-transferase  activity remained,
however, unchanged (Table 1). GOT and LDH
activities in liver homogenates did not significantly
differ between exercised and control animals (GOT:
148 = 11 units/g liver vs 134 =19 units/g liver in the
controls; LDH: 642 = 24 units/g liver vs 586 +
16 units/g liver in the controls).

DISCUSSION

Strenuous exercise is associated with metabolic
alterations resulting from increased energy demands.
In our experiments it was found, as reported by other
authors [21, 22], that at the completion of exercise
blood glucose levels were significantly reduced,
reflecting the marked increase in glucose utilization
by muscle [23]. The liver must prevent hypo-
glycaemia producing glucose primarily by gly-
cogenolysis, which results in the reduced liver gly-
cogen concentration found during exercise.

Following acute exercise in rats it has been shown
that elevated levels of blood lactate return to normal
within 15 min [21] and it has been suggested that its
immediate fate would be the conversion to glucose



2522

O Control
c 307 & Exercise
=
]
£ 201
2z
4]
g 101
o
(=]
0
807
co
g3
g;, 60 1
o £
ﬂ.g 40 1
2]
L€
QC

Bile flow
(ul/min.g liver)

31 . :
2J I;% %
1 -
o+
20 40 60
Time (min)
Fig. 4. Effect of exercise on biliary concentration and
excretion of DBSP and on bile flow. After a priming dose
of 2.15 umol/100 g body wt DBSP was infused for 60 min
at 215/min. 100 g body wt in control and exercised rats.

Values are means = SE from six animals. *P < 0.05 sig-
nificantly different from control value.

in the liver to compensate for the hypoglycaemia
observed at exhaustion [21]. This would explain why
blood lactate levels were only slightly increased when
assayed in exercised rats.

J. G. VIiLLA et al.

Different investigations have demonstrated that
exhaustive exercise results in oxidative stress as a
consequence of an increased free radical production
exceeding the antioxidant capacity of tissues [24].
As expected from processes that increase oxidative
stress, following prolonged exercise large alterations
of the glutathione system are found both in rats [3, 4]
and humans [25]. This could modify the hepatobiliary
transport of compounds that, as BSP, are conjugated
with glutathione in the liver.

In our study maximal biliary excretion of BSP was
significantly reduced following strenuous exercise.
Elimination of this anion from plasma depends on
several hepatic processes, including uptake by the
hepatocytes, conjugation and transport into bile.
The alteration of one or several of these steps could
account for the change in the rate of BSP excretion.

The lowered BSP Tm caused by exercise cannot
be explained only as the result of an inhibitory effect
on the uptake of the organic anion, since in spite of
the higher plasma BSP levels of the exercised rats
compared with the controls, its concentration in liver
was significantly enhanced.

An alternative explanation may be that of alter-
ations in the hepatic biotransformation of the dye.
Intrahepatic conjugation with glutathione plays an
important role in the overall transcellular transport
process of this anion, and a decreased BSP excretion
has been reported after inhibition of glutathione §-
transferase activity [26, 27} or glutathione depletion
[28]. In the present study no significant changes in
liver glutathione S-transferase activity were found.
This coincides with previous data in that both glu-
tathione peroxidase and glutathione S-transferase
activities remained unchanged following prolonged
exercise [29]. Liver glutathione concentration, how-
ever, was clearly reduced, which could account for
the lowered BSP-glutathione excretion into bile due
to the lower quantity of conjugated dye available for
excretion.

Although reduced BSP conjugation could partly
explain our results, the fact remains that the biliary
excretion of the unconjugated dye is also significantly
lowered by strenuous exercise. This would not be
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Fig. 5. Plasma and liver concentration of DBSP in control and exercised rats. After a priming dose of

2.15 umol/100 g body wt DBSP was infused for 60 min at 215/min. 100 g body wt. Data were obtained

at the end of the infusion and are means = SE from six animals. *P < 0.05 significantly different from
control value.
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directly related to the glutathione depletion, since
the biliary excretion of DBSP, an organic anion that
is not conjugated within the hepatocyte [9], was also
significantly impaired.

Some explanations could be put forward to
account for these effects. Cholephilic anions have
been classified as bile acid dependent or independent
according to whether their excretion is affected or
not by modifications in bile acid secretion [30, 31}.
Unconjugated BSP is included in the first group,
whereas excretion of DBSP may or may not depend
on bile acids [30, 31]. In our study, biliary secretion
of bile acids and bile flow were significantly reduced
and this could in turn partly affect the excretion of
organic anions. Relationships are, however, complex
and it cannot be ruled out that the decreased bile
flow and secretion of bile acids are a consequence of
the toxic effect caused by the liver accumulation of
organic anions [32, 33].

Although our data apparently indicate that strenu-
ous exercise does not cause a significant general
hepatocyte damage, hepatocyte plasma membrane
alterations cannot be totally excluded. It is well
known that increased oxidative stress can be associ-
ated with lipid peroxidation of membranes, resulting
in loss of structural integrity and selective per-
meability of membranes [34]. Although different
authors have not found significant alterations of
malondialdehyde levels (a commonly used index of
lipid peroxidation) in either rat muscle or liver fol-
lowing strenuous exercise [35], in some cases it has
been reported that an exhaustive bout of exercise
can significantly increase its liver concentration [8].
It has also been shown that following exhaustive
exercise there is a significant reduction of liver
phospholipid content [36]. Changes in membrane
composition or fluidity could therefore significantly
interfere with the mechanisms of bile formation and
the excretory process of the tested organic anions.

Another factor that could contribute to the results
here reported would be the reduction of liver blood
flow induced by exercise [37], that has been demon-
strated to lower the hepatic detoxification of high
clearance drugs [38]. In this respect, it has been
proposed that liver glutathione depletion, such as
that found in our experiments, can induce decreases
in liver blood flow as a consequence of changes in
prostaglandin metabolism [39].

In summary, we have shown that exhaustive exer-
cise is associated in rats with an impaired biliary
excretion of organic anions. Although this effect
can be partly dependent on the reduction in liver
glutathione content and the impairment in the pro-
cess of hepatic biotransformation, other factors prob-
ably related to the oxidative stress induced by exer-
cise must be involved. The exact mechanisms remain
unclear and require additional study.
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