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ABSTRACT

The in¯uence of portal hypertension on the metabolism and pharmacokinetics of aspirin
was evaluated after the administration of a single oral dose of acetylsalicylic acid
(20mg kg71) in portal-vein-ligated (PVL) rats. Experiments were also performed in
control (sham-operated rats) and in rats that received an oral daily dose (150mg kg71)
of silymarin from the tenth day after surgery for 7 d. Plasma concentration pro®les of all
groups exhibited monoexponential decay but with important changes in
pharmacokinetic parameters. The aspirin elimination constant (k) for PVL rats was
lower than for control rats, whereas the plasma half-life and area under the curve were
greater than those in the control group. However, Cmax was comparable with that of the
control rats. Urinary excretion of the metabolites (salicylic acid and glucuronides) was
signi®cantly altered in PVL rats: the urinary glucuronides were reduced and urinary
salicylic acid was increased. The activities of plasma and liver esterases were increased
signi®cantly in PVL rats, while the activity of p-nitroanisole-O-demethylase was not
a�ected. Depletion of cytochrome P 450 was also noted in the same group of rats.
Silymarin markedly reversed the alterations found in the PVL group.
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INTRODUCTION

The central role of the liver in drug elimination raises the question of altered
disposition and e�ects in patients with impaired hepatic function.1 In subjects
with normal liver function, the hepatic clearance of a drug may be limited
entirely or partially by its rate of delivery to the organ.2 Therefore, alterations
in hepatic haemodynamics occurring in liver diseases lead to changes in the
hepatic elimination of several drugs.
Extra-hepatic, intra-hepatic, and surgical shunts are frequently present,

especially in chronic liver disease, permitting drugs to bypass functioning liver
cells.3 Additionally, a decrease in the activity of cytochrome P 450 has been
noted after end-to-side portacaval shunts in the rat.4 PVL rats develop partial
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hepatic atrophy 10 d after the operation and the portal blood ¯ow is diverted
away from the liver by up to 80±90%.5 They provide a useful tool to study this
problem. In this model, the loss of drug metabolic activity appears to be
selective. Farrell and Zaluzny6 have shown that the levels of total cytochrome P
450 are reduced and the activities of several mixed-function oxidases, especially
ethylmorphine-N-demethylase, are decreased.
Salicylates are subject to various metabolic transformations in the liver. The

hepatic metabolism of salicylates involves several enzyme systems: in vivo,
acetylsalicylic acid (ASA) undergoes hydrolysis to salicylic acid (SA) under the
in¯uence of the acetylsalicylic acid-acyl-hydrolase, (aspirin-esterase), which is
widely distributed in body tissues, primarily in liver, kidney, and blood.7

Conjugation with glucuronic acid requires a microsomal enzyme not related to
the mixed-function oxidase.8 Oxidation to gentisic acid is a typical mixed-function
oxidase reaction coupled to cytochrome P 450 and the formation of salicyluric acid
is a non-microsomal conjugation.8 By studying salicylate disposition, themanner in
whichexperimental portal hypertensiona�ects theability tometabolizeASAcanbe
explored and the changes in the kinetics of aspirin following PVL determined.
The purpose of the present investigation was to test the e�ects of portal

hypertension on the pro®le of urinary metabolites of aspirin after its oral
administration to rats, as well as on the time-course of the plasma
concentrations of total salicylates after the oral administration of ASA. We
also evaluated the e�ects of silymarin on the ligated-vein-induced changes in
the metabolism and elimination of salicylates because several reports have
indicated that it can improve biochemical alterations in human liver diseases,
especially mild alcoholic liver damage,9 and it can protect against liver injury
induced by CCl4 ,

10 galactosamine,11 phalloidine,12 and paracetamol.13

MATERIALS AND METHODS

Animals

MaleWistar rats weighing 200±250 gwere housed in stainless steel screened ¯oor
cages and allowed free access to food (Purina rat chow) and water until the time of
experimentation. The animal facility was temperature and humidity controlled.
Five groupswere formed.Group 1 consisted of sham-operated rats which served as
controls. Rats in groups 2 and 3 were submitted to the partial vein ligation
procedure described below. Silymarin was administered to group 3 10d after the
surgical procedure for 7 d (150mgkg71 in 0´5% carboxymethylcellulose (CMC),
p.o.). Two additional groups of rats which served as controls were sham operated.
These groups received 0´5% CMC and silymarin at the same dose as group 3
respectively, 10 d after the sham operation for 7 d, p.o.

Partial portal vein ligation

Under ether anaesthesia, the abdominal cavity was opened through a
midline incision under sterile conditions. The abdominal viscera were lifted out
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of the abdomen and covered with moistened gauze. A 20 gauge needle was
placed alongside the length of the portal vein and the vein was ligated above
the con¯uence of the splenic and superior mesenteric veins. The needle was
then removed and the portal vein was allowed to reexpand. The abdominal
viscera were placed back into the abdomen which was closed by suturing.

Determination of portal systemic shunting (PSS)

The degree of PSS was evaluated following the injection of 57Co-labelled
microspheres by the method described by Chojkier and Groszmann.14

Measurements of urinary total salicylates and quantitation of individual
metabolites

Twenty-four hours after the end of the treatments, ®ve animals from each
group were kept in individual rat metabolic cages and allowed free access to
food and water. The urine of the ®rst 24 h was collected for blank
determinations, and at the end of this time, ASA (20mgkg71 dissolved in
1mL water) was administered by an intragastric tube.
A further collection of urine was made for the 24 h period following ASA

administration. The total volume of urine was measured and aliquots were
taken for the determination of total salicylates eliminated and for the
separation of salicylate metabolites by thin-layer chromatography performed
on silica-gel-HF-254-precoated plates. Solvents used for development were
benzene:diethylether:acetic acid:methanol, 120:60:8:2; v/v. The spots visualized
under UV light were scraped o� for thorough extraction with water. Salicylate
and its metabolites were measured as described by Trinder.15 The identi®cation
of each spot was carried out by comparison with the Rf values of the pure
standards developed in parallel.

Determination of cytochrome P 450 and enzyme activities

Five animals from each group were lightly anaesthetized with ethyl ether,
blood was collected by heart puncture, and the livers were quickly removed for
enzyme assays on microsomal fractions. Livers were homogenized in
phosphate bu�er, pH 7´4, and centrifuged at 15 000 g for 30min at 4 8C; the
supernatants containing the microsomal fraction were used as the enzyme
source.
Oxidation was assessed by measuring cytochrome P 450 and p-nitroanisole-

O-demethylase. Cytochrome P 450 was measured by the method of Omura and
Sato;16 p-nitroanisole-O-demethylase activity was measured by p-nitrophenol
production using conditions described elsewhere.17 ASA-esterase activity was
measured in both sera and microsomal fractions by the method of Spenny.18

Microsomal protein concentrations was measured by Bradford's method.19
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The time course of the plasma concentration of salicylates

Additional sets of ®ve rats from each group received an oral dose of ASA
(20mg kg71). Blood samples were drawn by retro-orbital puncture immedi-
ately before aspirin administration and every 5min for 140min. Total salicylate
concentrations were determined by the method of Trinder.15

Plasma levels

Time curves were constructed and experimental results were ®tted to the
open one-compartment model. Pharmacokinetic parameters were derived from
these ®ttings.20

Maximum plasma concentrations (Cmax ) and the times needed to attain Cmax

(tmax ), were determined from the observed plasma concentration±time data.
The disposition rate constants (k) for aspirin were calculated from the
30±140min data points of the semilogarithmic plasma concentration±time
curves by linear regression analysis. Elimination half-lives (t1/2) were
obtained by dividing ln 2 by k. The area under the curve (AUC) was
calculated by the trapezoidal rule with extrapolation to in®nity.

Liver function tests

The presence of liver damage in PVL rats was evaluated by measuring the
activities of gamma-glutamyl transpeptidase,21 alkaline phosphatase,22 and
glutamic pyruvic transaminase23 in serum, 10 d after the surgical procedure.

Statistical analysis

All comparisons were performed by analysis of variance followed by the
Tukey test as described by Tallarida and Murray.24 Signi®cance was assumed
when p50´01.

RESULTS

Determination of PSS

The degree of PSS was measured 10 d after the surgical procedure.
Statistically signi®cant higher PSS values were found in the groups of rats
with PVL (p50´01). In sham-operated animals the PSS was 0´98+0´02%
whereas in PVL animals it was 82+0´9%.

Liver function tests

Ten days after the portal vein ligation, signi®cant changes in serum enzyme
activities were observed as depicted in Table 1. Alkaline phosphatase and
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glutamic pyruvic transaminase activities were increased while gamma-glutamyl
transpeptidase activity was similar to that found in control animals.
Treatment of animals with silymarin was e�ective to counteract those

changes.

Aspirin metabolism

In all groups, the metabolites collected in the urine over 24 h after ASA
administration accounted for virtually 100% of the administered dose (Figure
1). These metabolites were salicylic acid (SA), gentisic acid (GA), salicyluric
acid (SU), and glucuronides (G). No di�erences were found in the metabolites
excreted by sham-operated rats receiving either silymarin or CMC (results not
shown). The cumulative excretions expressed as percentages of the adminis-
tered dose (mean+SD) were G, 36+2%, SU, 30+2%, GA, 18+2%, and SA,
13+1%.
Rats with PVL showed a reduction of the glucuronides in urine (33%) which

compensated for the increased amount excreted as salicylic acid.
The 7 d silymarin treatment, started 10 d after the surgical procedure,

partially reversed the changes observed in PVL rats. No statistically signi®cant
changes were observed in the cumulative excretions of gentisic and salicyluric
acid in the PVL rats as compared to the control group.

Enzymatic activities and cytochrome P 450 content

Table 2 shows the data of serum enzymatic activities and hepatic cytochrome
P 450 content. ASA-esterase activities in both liver and serum were augmented
(p50´01) in the PVL group. These values returned to normal after silymarin
treatment. Liver p-nitroanisole-O-demethylase activity was similar in all
groups. There was a signi®cant reduction in hepatic cytochrome P 450 content
in PVL rats compared with the control group expressed as picomoles of
cytochrome P 450 per milligram of microsomal protein (p50´01). However,
when PVL rats were treated with silymarin cytochrome P 450 tended to normal
values.
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Table 1. Serum activities of gamma-glutamyl transpeptidase, alkaline phosphatase and
glutamic pyruvic transaminase. The values are the means for ®ve di�erent animals+SD

Enzymes Control PVL PVL+Silymarin Silymarin

GGTP mmolL71min71 6´9+0´3 7´3+0´2 7´6+0´3 7´5+0´3
AP mmolL71min71 112´0+8´0 160´0+12´0* 130´0+10´0 120´0+9´0
GPT mUImL71 450´0+30´0 700´0+50´0* 520´0+42´0 465´0+28´0

*p50´01: signi®cantly di�erent from control values.



Neither silymarin or CMC (results not shown) produces any biochemical
change when compared with the control group.

Pharmacokinetic analysis

Plasma salicylate concentration curves after oral administration of aspirin
are shown in Figure 2.
The time-course of total salicylates in plasma after the administration of

ASA followed ®rst-order kinetics which ®tted well to a one-compartment open
model in all cases.
Thirty minutes after ASA administration plasma salicylate concentration

was higher at all sampling points in the PVL rats compared with control rats.
The pharmacokinetic parameters calculated from these data are given in

Table 3.
The Cmax reached in the PVL group (152+10 mgmL71) was not signi®cantly

di�erent from Cmax in the other groups. The PVL group exhibited prolonged
tmax for salicylates and an increased plasma half-life of total salicylates. The
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Figure 1. Metabolites recovered in the urine over 24 h after an oral dose of aspirin (20mgkg71).
The results are expressed as percentages of the administered dose and represent the mean+SD for
full rats in each group. *Signi®cantly di�erent from the control group, p50´01. silym, silymarin



mean half-life in the PVL rats (49´6+2min) was nearly 1´4-fold higher than in
the sham control (35+1´5min). Signi®cant change was also seen in AUC. The
AUC was enhanced in PVL rats (262+11 against 183´3+10 mg hmL71 for
controls).
Silymarin treatment again was e�ective in reversing Cmax and AUC e�ects.
None of the kinetic parameters calculated showed di�erences between the

rats treated with silymarin or CMC only.
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Table 2. Enzymatic activities and cytochrome P 450 content. Data are expressed as the
mean+SD, n=5

Enzymes Control PVL PVL+silymarin Silymarin

Serum ASA-esterases
(nmolmL71min71)

0´18+0´03 0´45+0´05* 0´20+0´03 0´19+0´03

Liver ASA-esterase
(nmolmg71min71)

32´0+3´0 65´0+9´0* 31´0+2´0 29´0+3´0

p-nitroanisole-O-demethylase
(mmol h71 100mg71)

0´72+0´09 0´69+0´08 0´70+0´08 0´73+0´09

Cytochrome P 450
(pmolmg71)

206´0+19´0 96´0+7´0* 210´0+21´0 194´0+12´0

*Means signi®cantly di�erent from control group, p50.01.

Figure 2. Salicylate plasma concentration±time pro®les in representative animals after the oral
administration of aspirin (20mgkg71). silym, silymarin



DISCUSSION

Intra- and extra-hepatic systemic shunting (PSS) is a common ®nding in
patients with portal hypertension.25,26 It is di�cult to perform systematic
studies on liver disease in the clinic. Hence, animal models are a suitable
alternative. The model of partial portal vein ligation developed by Van Thiel
et al.27 is a good model to induce portal hypertension and PSS in rats. The
quantitation of PSS is of considerable importance because it is relevant to
the metabolism and disposition of drugs. In our experiments we determined the
degree of PSS in rats using the method described by Chojkier and
Groszmann.14 This method is a simple, rapid and reliable technique for
measuring PSS in vivo and very important to validate our results.
PVL produced hepatic atrophy analogous to that observed after a

portacaval shunt.6,28 Nine weeks after ligation conventional liver function
tests and hepatic histology were between normal limits suggesting that liver
atrophy is not related to continuing ischaemic necrosis.6 The liver has not lost
its potential for reacting to an inducer as manifested by its response to
phenobarbital. Administration of phenobarbital increased liver mass, cyto-
chrome P 450 levels, and mixed-function oxidase activities both in rats with
PVL and in controls, indicating that the liver of the PVL rats retained
considerable protein synthetic capacity.6

Our results show that PVL modi®ed the cumulative urinary excretion of
ASA metabolites determined over 24 h after an oral dose. The salicylic acid
excretion increased while the glucuronide excretion decreased. Contrariwise,
the salicyluric and gentisic acid excretions were virtually unchanged.
Serum and liver microsomal esterase activities were stimulated after PVL.

The increased hydrolytic activity in both serum and liver of PVL rats is
re¯ected by high SA blood levels and impaired in vivo metabolism of the orally
given drug.
In PVL animals there was a contrast between the ASA-esterase activities

determined in liver and serum and p-nitroanisole-O-demethylase. While the
ASA-esterase increased, the p-nitroanisol-O-demethylase was not modi®ed.
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Table 3. Mean plasma pharmacokinetic parameters of aspirin after single oral
administration of 20mg kg71. Values are expressed as the mean+SD from ®ve rats

Parameter Control PVL PVL+silymarin Silymarin

Cmax (mgmL71) 135´0+8´0 152´0+10´0 150´0+9´0 140´0+8´0
tmax (min) 20´0 30´0 20´0 20´0
k (min71) 0´020+0´003 0´014+0´002* 0´022+0´003 0´021+0´002
t1/2 (min) 35´0+1´5 49´6+2´0* 31´5+1´0 33´0+1´3
AUC0±? (mg hmL71) 183´3+10´0 262´0+11´0* 166´7+10´0 174´6+12´0

*Signi®cantly di�erent from control group, p50´01.



The hepatic content of cytochrome P 450 decreased after PVL, similar to
previous ®ndings.28,29 Values for cytochrome P 450 content decreased
whether expressed per wet weight per unit of microsomal protein or DNA
(in this case the di�erence was not signi®cant). The last observation suggests
that the cytochrome content of individual liver cells had decreased.6 In our
study, although the cytochrome P 450 content was decreased, the enzymatic
activities were not paralleled. These present results show an apparent
paradox but this heterogeneity of results has already been reported by
others.30

Farrel et al.31 also found in male rats that PVL reduced the activity of
ethylmorphine-N,N-demethylase but not that of aniline hydroxylase.
Because dietary protein restriction lowers cytochrome P 450 levels,32 we

carefully controlled food intake and body weight in all PVL animals treated or
not with silymarin.
On the other hand, the e�ciency of drug removal processes across the liver

(hepatic clearance) is characterized in terms of the following basic rate-limiting
parameters: (i) the intrinsic free-drug clearance (Clint ); (ii) liver blood ¯ow (Q);
(iii) free fraction of drug in blood (fb ); (iv) the presence or absence of PSS of
orally administered drugs.33 The equation de®ning the relationship between
these parameters is

ClH=Q[fbClint/Q+fb Clint]

The pharmacokinetic characteristics of drugs due to the abrupt changes in
splanchnic and hepatic circulation are markedly di�erent depending upon
whether the extraction ratio is low, intermediate or high. After i.v. drug
administration in subjects without liver disease the hepatic clearance of a given
drug with high hepatic extraction ratio (fbClint44Q) is determined mainly by
the liver blood ¯ow. When drugs are administered orally and the portal
circulation is normal there can be an appreciable ®rst-pass loss of the
compound due to metabolism prior to entry into the systemic circulation.34

This `®rst-pass' metabolism is characteristic of drugs that are highly extracted
by the liver after oral administration such as ASA.35

Moreover, Pomier-Layrargues et al .36 provided evidence to suggest that the
reduction of hepatic blood ¯ow after ligation has signi®cant e�ects on drug
disposition in individuals with moderate liver disease as in the case of the
present work.
Our results suggest that the reduced formation of glucuronides in vivo might

be a consequence of the decrease in liver blood ¯ow which has been thoroughly
documented in previous studies.37,38 The glucuronide formation might be more
sensitive to changes in hepatic blood ¯ow than the corresponding uptake for
microsomal oxidation or for conjugation with glycine.
On the other other hand, if signi®cant portosystemic shunting is present,

although the free intrinsic clearance could remain unchanged, the drug
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absorbed from the intestine is initially diverted from the liver into the systemic
circulation, and extraction and metabolism may still occur during the ®rst pass
through the intestinal wall but not through the liver. It has been shown that the
conjugative capacity of the gut wall is very important for ASA.39 Then, we
cannot exclude that the reduced formation of glucuronides in PVL animals
might re¯ect only the extrahepatic glucuronidation.
It is important to remark that, in contrast with other drugs,39 salicylate

produced no change in the volume of distribution during liver damage induced
by PVL. Therefore, the prolongation of the half-life could be attributed directly
to the blood ¯ow ratio of the blood level in venous blood to the average blood
level in arterial and portal blood. In these rats, intrahepatic or extrahepatic
shunting may be expected to occur. Additionally, our data add new evidence
on the role of silymarin to improve some biochemical alterations present in
several types of liver damage.40,41

Most of the bene®cial e�ects of this drug were attributed to its `stabilizing
action' on membranes and to its capacity to increase liver regeneration.42

According to Down et al.44 silymarin would appear to possess a particular
a�nity for the microsomal fraction of the liver cells. This could explain the
amelioration of the ASA-esterase activities and cytochrome P 450 content
observed by us. Besides, the high chemical reactivity of ¯avonoids is expressed
in their binding a�nity to biological systems. Binding of ¯avonoids to a variety
of enzymes, some of which, such as aryl hydroxylase,44 participate in drug
metabolism, could explain the di�erences in ASA metabolism and disposition
observed in rats treated with silymarin. With our results we cannot discard the
possibility of a direct e�ect of silymarin on portal hypertension. Nevertheless,
they could remain in the sphere of possible e�ects of an indirect nature that
might be exerted by this drug on the liver, i.e. micro-bleeding found in diabetes
mellitus can be stopped by ¯avonoids.45 This property could be useful to stop
bleeding from oesophageal varices that appears as a consequence of portal
hypertension. On the other hand, it is possible that factors released from the
vascular endothelium could be responsible for some of the abnormal liver
functions frequently found in portal hypertension. Therefore, the known
inhibition of prostaglandin and leukotriene formation by ¯avonoids45 could
also lead to the observed amelioration of metabolic functions in the PVL rat
liver.
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