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Abstract

Phenolic compounds are frequently detoxified by the formation of sulphate and glucuronic acid conjugates
in the liver. These conjugates are formed in the hepatocytes and then either transported into the bile or
back into the blood. In this study, we examined the transport kinetics of phenol and its metabolites in the
isolated perfused rat liver by monitoring the outflow profiles of these compounds after a bolus input in a
single pass preparation. .

Phenol was almost exclusively metabolized to phenyl sulphate (97%) at the trace concentrations used,
with the amount of phenol and metabolites excreted into the bile being minimal (3-5%). The metabolite
formed was rapidly transported back into the perfusate, with mean transit times of 17-4 and 12-3s
anterograde and 24-9 and 24-2 s retrograde at flow rates of 15 and 30 mL min~! respectively, which were
intermediate between those of Evans blue and water. The outflow concentration-time profile for phenyl
sulphate formation was unaffected by the addition of another organic anion (bromosulphophthalein).

The effect of enzyme zonation on outflow concentration-time profiles was also investigated using
retrograde perfusions. The transit time ratios for generated metabolite to water for anterograde perfusions
(0-6) was found to be more than twice that for retrograde perfusions (0-23) at 15mLmin~! and
approximately 1-6 times greater at 30mL min~!, being 0-58 and 0-37 respectively. The relative ratios
obtained are consistent with previous findings that normalized variance of solutes in the retrograde
perfusions is greater than that for anterograde perfusions.

The liver is generally accepted as being quantitatively the
major drug-eliminating organ in the body, capable of both
metabolic transformation and biliary excretion. Conjuga-
tive metabolism of xenobiotics with glucuronic acid or
sulphate represents an important detoxification mechanism
for many compounds, including those possessing phenolic
hydroxyl moieties. Glucuronidation of phenolic compounds
is catalysed by the enzyme family uridine diphosphate
(UDP) glucuronosyltransferase (2.4.1.17) which have mole-
cular weights of 50-60kDa and are tightly bound to the
membranes of the endoplasmic reticulum (Burchell &
Coughtrie 1989). This enzyme conjugates UDP-glucuronic
acid with the hydroxyl groups of many phenolic compounds
to form aglyclones. Sulphation of phenolic compounds is
catalysed by the cytosolic enzyme family aryl sulphotrans-
ferase (2.8.2.1), dimeric enzymes of approximately 65kDa
molecular weight (Sekura & Jakoby 1979). In this reaction,
3’ -phosphoadenosine- 5 -phosphosulphate serves as the
sulphate donor, yielding a phenolic sulphate ester, adeno-
sine- 5 -monophosphate and inorganic phosphate. In
general, glucuronidation and sulphation of compounds
increases their water solubility, decreases volumes of dis-
tribution, pharmacologically or toxicologically inactivates
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the compound and hence facilitates more rapid renal
tubular excretion (Mulder et al 1990).

The overall process of glucuronidation or sulphation of
compounds occurs in three steps: cellular uptake of the
parent compound, intracellular enzymatic metabolism,
and metabolite release. Studies to date on the glucuroni-
dation and sulphation of both xenobiotics and physiolo-
gical solutes have predominantly been carried out using
either rat isolated hepatocytes (Brock & Vore 1984;
Satofumi et al 1988) or both sinusoidal (basolateral)
(Hugentobler & Meier 1986; Potter et al 1987) and canali-
cular membrane vesicles (Meier et al 1987; Kobayashi et al
1991; Nishida et al 1992). When the isolated perfused rat
liver (IPRL) preparation has been used, the studies have
usually involved steady state perfusions (Pang & Gillette
1978; Pang & Terrell 1981; Vore et al 1991). In this work, we
have employed the IPRL and the impulse-response techni-
que to study the disposition of phenol and its metabolites.
Phenol was chosen due to its low molecular weight (MW
94-11) and high extraction ratio (Cassidy & Houston 1984),
essentially being completely biotransformed to either the
sulphate or glucuronide metabolite, with very little oxidative
metabolism occurring (Weitering et al 1979). Cellular uptake
of phenol is both rapid and passive due to its lipophilic
character. The usual pathway of xenobiotics undergoing
conjugation has been thought to be that of cellular uptake
and intracellular metabolism, followed by excretion at the
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canalicular plasma membrane into the bile duct and subse-
quent recirculation via the gastrointestinal tract as the con-
jugated metabolite. This work shows that phenol sulphate is
both rapidly formed and excreted back into the perfusate.
Phenol, phenyl-3-D-glucuronide and phenyl sulphate were
used as individual solutes in impulse-response injectates to
provide reference profiles for metabolites generated from
an injectate of phenol given by impulse-response.

Materials and Methods

Chemicals and materials

[#C]Phenol (130 mCi mmol~'), BCS (biodegradable count-
ing solution) and OCS (organic counting solution) were
obtained from Amersham (Arlington Heights, IL).
[ "*C]Sucrose (632 mCimmol), [*H]water (ImCig ') and
Econofluor were obtained from DuPont New England
Nouclear (Boston, MA). Evans blue and p-cresol were obtained
from Ajax (Sydney, NSW). Bromosulphophthalein, tauro-
cholate, a—p-(+)-glucose, albumin (bovine-fraction V),
phenyl-3-p-glucuronide, phenol and g-glucuronidase were
obtained from Sigma (St Louis, MO), [ *C]Phenyl sulphate
was prepared by single-pass perfusion through an IPRL with
a high dose of ['“Clphenol, with subsequent validation of
purity using sulphatase and glucuronidase enzyme incubation.
Emulsifier Safe was purchased from Packard (Groningen, The
Netherlands), Nembutal (pentobarbitone sodium) from
Boehringer Ingelheim (Artarmon, NSW) and heparin
(1000 units mL-!) from David Bull Laboratories (Mulgrave,
Victoria). Carbogen (5% CO, in O, v/v) was supplied by
Commonwealth Industrial Gases (Brisbane, Queensland).

Animals

Female Sprague-Dawley rats (10-12 weeks old, 190-250 g,
Central Animal Breeding House, Brisbane, Queensland)
were maintained on standard rat food pellets, water freely
available and a 12h light-dark schedule. The study was
approved by the University of Queensland Animal Experi-
mentation Ethics Committee.

Liver perfusion

Perfusions were carried out as outlined in previous studies
(Gores et al 1986). Fed rats were anaesthetized (pento-
barbitone sodium, 50mgkg™!, i.p.) a ventral midline lapar-
otomy from the front of the pelvic region to the xiphoid
process of the sternum and lateral extensions were per-
formed, and heparin (100 units) was administered via the
inferior vena cava. The bile duct was cannulated with
polyethylene (PE)-10 tubing, the portal vein with a 16-
gauge intravenous catheter and the thoracic inferior vena
cava with PE-240 tubing (10cm in length) or a 16-gauge
intravenous catheter for anterograde and retrograde perfu-
sions, respectively. Anterograde perfusion, using the portal
vein catheter as the initial point of perfusate entry, was
always effected before retrograde perfusion, where inlet
tubing was rapidly disconnected and reconnected such
that perfusate flow through the liver was reversed. Aerated
(pO, > 400mmHg) Krebs—Henseleit bicarbonate buffer
(pH 7-4), with albumin (1% w/v) and taurocholate
(25mgL-"), was maintained at a temperature of 37°C in a
circulating waterbath and delivered using a peristaltic pump

in a nonrecirculating system at flow rates of 1-90 + 0-03
(n = 30) and 408 & 0-12 (n = 8y mL min~! (g liver)~! (typi-
cally achieved using flow rates of 15 and 30mL min™!
respectively). Liver temperature was maintained in a
modified humidicrib and monitored by a thermometer
transiently placed between the right and median lobes.
Inflow and outflow samples were collected on ice for deter-
mination of pH, pO, and pCO, (1312 Blood Gas Manager,
Allied Instrument Lab, Milan, Italy). Liver viability was
assessed by macroscopic appearance, bile flow measure-
ment, transhepatic pressure and oxygen consumption. At
the completion of each experiment, the liver was excised and
its wet weight determined.

Impulse-response technique

This methodology essentially follows that for multiple
indicator dilution (MID) studies as employed in previous
studies (Wolkoff et al 1987; St-Pierre et al 1989). The injectate
used for the study of phenol metabolism consisted of
approximately 1 uCi [3H]water, 150 ug filtered Evans blue
(Minisart N, 0-45 um, Sartorius Chadstone, Victoria) and
various trace amounts of ['*C]phenol (0-2—4-8 uCi) in 50 uL.
perfusate. The injectate for preformed metabolite studies
consisted of [ *H]water (1 uCi), Evans blue (150 ug), 0-2 uCi
[“CJsucrose and 3 ug phenyl-3-pD-glucuronide or phenyl
sulphate in 50 L perfusate. The injectates were delivered
as boluses (impulses) via the inflow catheter, and their
effluents collected at 1- to 4-s intervals over the initial 120s.
All samples were immediately stored at 4°C before analysis.
Fifteen groups of experiments were performed in livers under
similar conditions of buffer temperature, transhepatic pres-
sure, perfusate pH and albumin concentration.

Sample analysis

All outflow samples and appropriate injectate and bile
dilutions were analysed for total *H- and "“C-activity on a
1600TR series liquid scintillation counter (Packard, Down-
ers Grove, IL). Samples and injectate dilutions were also
analysed for Evans blue absorbance using multicell plates
(A = 620nm, Titertek Multiskan MCC). Data obtained
were corrected for background either manually or automa-
tically in all cases.

Phenol and metabolite separation

An established differential extraction procedure was sub-
stantially followed in the analysis of phenol and metabolite
concentrations in the effluent, bile and appropriate injectate
dilutions (Cassidy & Houston 1984). In brief, a 625 uL
aliquot of OCS was added to 50uL of sample in an
Eppendorf tube which was then vortexed for 10s. The
tubes were then gently agitated for a further 30 min (SMI
multi-tube vortexer American DADE, Miami, FL), and
centrifuged for 10 min at 13000¢ (Microfuge E, Beckman,
UK). To 5mL Emulsifier Safe, a 500 uL aliquot of the
supernatant (OCS containing ["*C]phenol only) was added
and this was then assayed for activity. This method was
validated using the HPLC method described later.

Metabolite characterization and impulse-response relation-
ships
To determine the relative percentages of sulphate and
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glucuronide produced from phenol in the liver perfusion,
samples were incubated with S-glucuronidase before and
after OCS extraction of phenol at 37°C for 30 min. Samples
were then extracted with OCS and the OCS-extracted and
aqueous samples were analysed as for “C counts. Inhibition
of the metabolite efflux mechanism was also investigated
using the perfusate with 100 uM bromosulphophthalein. In
this experiment, the liver was initially perfused with Krebs
buffer containing no bromosulphophthalein and a single
impulse-response injectate with [*C] phenol was adminis-
tered. The perfusate was then changed to the Krebs buffer
containing bromosulphophthalein and allowed to equilibrate
before performing identical injections.

HPLC analysis of phenyl-3-p-glucuronide

A simple and efficient method for simultaneous
determination of both phenol and phenyl-g-p-glucuronide
was developed. The mobile phase used was methanol : water:
orthophosphoric acid (40:60:0-1) at a flow rate of
ImLmin~! and ambient temperature through an in-line
guard column (C18 yBondapak, Millipore Waters) and a
reverse phase C18 column (250 x 4.6mm, 5 micron,
Brownlee). The Millipore Waters HPLC system used con-
sisted of a dual piston pump (model 510), automatic injector
(WISP 710B), ultra violet spectrophotometer (model 481)
and a system interface module (SIM) integrating the data on
a Powermate 1 (NEC) using a Maxima package. Under
these conditions, retention times for phenyl-3-p-glucuro-
nide, phenol and the internal standard (IS) p-cresol were
approximately 4-6, 8-S and 13-5 min, respectively. Samples
were prepared by the addition of 200 4L methanol (with IS)
to 100 uL sample, vortexing for 5s then centrifugation for
10min to pellet any precipitate. A 20 uL aliquot of the
supernatant was then injected directly onto the column
with the wavelength of the detector set at 254 nm. Results
were analysed in terms of peak height ratios between peaks
of interest and the internal standard. ["*C]Phenol purity was
also validated using this assay by injecting a stock solution
and collecting fractions for counting over 20 min at 1 min
intervals.

Protein binding

The percentage of phenol and phenyl sulphate bound in
perfusate (1% BSA, pH 7-4) was determined separately by
equilibrium dialysis using a Spectra/Por molecular porous
membrane (Spectrum Medical Industries, LA) against
Krebs buffer (no BSA, pH 7-4) rolled in a water bath at
37°C for 20 h. The radiolabelled phenol or phenyl sulphate
concentration on each side of the membrane was determined
by scintillation counting, and the percentage bound defined
as the ratio of solute in the albumin perfusate minus that in
albumin free perfusate over that in albumin perfusate only.

Data analysis

Metabolite formation was calculated from the simple sub-
traction of extracted [*Clphenold min~! from that of the
total C (phenol and metabolite) for the same sample with
appropriate background corrections. The outflow profile
for each solute was expressed as a fraction of the injected
dose mL-!. The total recoveries of the phenol and meta-
bolites were assessed from the area under the outflow

concentration—time profile (AUC) of phenol and metabo-
lites, the measured perfusate flow rate (Q) and the amount
of phenol injected (D):

AUC-Q
"D M

where the percent recovery for phenol is defined by the AUC
for unchanged phenol and the percent recovery for phenol
and metabolites is defined by the AUC for *C in the
perfusate. The mean transit time (MTT) for each solute
was calculated from the ratio of the area under the curve
(AUQ) to the area under the moment curve (AUMC). In the
absence of metabolism, the volume of distribution (Vd) is
defined as MTT xQ. The MTT ratios were calculated as the
fractions of the MTT due to distribution in tissue outside the
vascular space:

% recovery =

MTT e, — MTT, 2)
MTT, — MTT,

where MTT,,,,, and MTT,, are the MTT of the metabolite

and water respectively, while the MTT for vascular space

(MTT,) is defined by Evans blue. All results are expressed as
mean £ s.e.

Fraction MTT =

Results

Typical anterograde outflow profiles (Q = 1-90 £+ 0-03 mL
min~!(g liver)~!) of the solutes are shown in Figs 1A and 1B.
Phenol is highly extracted and a metabolite is generated with
an intermediate transit time between Evans blue and water
(Table 1). The profiles for the retrograde perfusions are
similar in shape to the anterograde perfusions but are
characterized by lower peaks and longer mean transit
times for all solutes. (Figs 1C, 1D; Table 2). The percentage
recoveries of Evans blue, [™C]phenol, [“C]metabolite,
[PHlwater and ['*C]sucrose were 83.8+2:5 (n=39),
29+ 04 (n=24), 759 £ 3-2 (n = 28), 846 + 3-0 (n = 41)
and 83-6 £ 3-7 (n = B), respectively. The average wet weight
of the livers was 81 £0-3g (n = 15) which represented
3:5 £ 0-1% (n = 15) of the total body weight of the animals
used in this study 232-2 £ 7-0g (n = 15). Various solvents
were evaluated for a differential extraction of phenol from
its metabolites in outflow samples. These included Econo-
fluor, hexane (5% in isopropyl alcohol), BCS and OCS
(containing different percentages of ether, amyl alcohol or
ethyl acetate). OCS was found to yield the highest recovery
of [**Clphenol and subsequently chosen for the extraction
procedure. The OCS extraction procedure showed a
83-0 4+ 3-5% (n = 12) recovery for [*C]phenol and no meta-
bolite was shown to be extracted from the aqueous samples.

Recovery

The average “C-recovery per phenol injection from bile was
24 +0-4% (n = 25). The results obtained from all antero-
grade studies showed that the average Vd values of water at
190 and 3-66 mL min~!(g liver)~' were 0-73 and 0-93mL
(g liver)~! respectively. Analysis of the effluent after a bolus
injection of [*C]phenol using enzymatic hydrolysis in four
experiments revealed that 97-0 & 1-4% of the radiolabelled
compound recovered existed as phenyl sulphate, 0-6 £ 0-2%
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FiG. 1. Typical anterograde (A and B) and retrograde (C and D) outflow concentration—time profiles of Evans blue (@),
water (@), phenol (a) and its generated metabolites (w) in the rat isolated perfused liver at flow rates of 1-9 + 0-03 (A and

C) and 3:66 + 023 (B and D mL min~!(g liver)~'.

as phenyl-g8-p-glucuronide and 1-90 & 0-4% as unchanged
phenol. Inhibition studies by the perfusion of bromosul-
phophthalein did not affect outflow concentration-time pro-
files for either phenol or its metabolites.

Metabolite profiles

Figures 2A and 2B show the outflow profiles of preformed
phenyl-3-p-glucuronide and phenyl sulphate. Whilst the
profile for phenyl glucuronide was similar in shape to that
for the vascular reference (Evans blue), that of phenyl
sulphate was slightly delayed, with slower influx and efflux
portions of the curve. The mean transit times for both
phenyl-3-p-glucuronide 8-1s and phenyl sulphate 8-2s at
1-90mL min~!' (g liver)~! in the anterograde flow direction
were both similar to that for Evans blue (8-7 s). Assuming an

availability of one, the preformed metabolites of phenol can
be estimated to have a Vd representing 75-3% and 80-6% of
that of water at 1-90 and 3-66 mL min~! (g liver)~!, respec-
tively, for anterograde perfusions.

Mean transit times in anterograde and retrograde perfusions
Table 2 shows the MTT for phenol and its metabolites in the
tissues relative to water in both anterograde and retrograde
perfusions. The MTT ratio for phenol in tissues was greatest
in retrograde perfusions, 0-12 and 0-56, compared to 0-02
and 0 at flow rates of 15 and 30mLmin~! (g liver)!
respectively. Conversely, the MTT of generated metabolites
in tissues was greatest during anterograde perfusions,
increasing around 37% and 21% at flow rates of 15 and
30mL min~! (g liver)™" respectively.

Table 1. Recovery and mean transit times (MTT) for solutes in the antero- and retrograde perfused liver in rat.

Evans blue Water Phenol Sucrose Generated metabolites
Group I Recovery (%) 84-5+2-3(21) 8391231 2:8+06 (13) 88:3+22(4) 70-5 + 4-0 (16)
MTT (s) 87+03(21) 230+ 12 (21) 92406 (14) 83+03(4) 17-4 +1-2 (16)
Group 11 Recovery (%) 736 £8:6 (7) 84-5+ 46 (7) 1-8 04 (4) 79-31+9-5(3) 82:4+2:0(4)
MTT (s) 20:1 £ 1-4(7) 41020 (7) 22-8+3-7 (4) 20-8 +2-6 (3) 249+ 16 (4)
Group ITIT  Recovery (%) 94-6 £+ 2-7 (6) 928 +5-4(7) 54+124) 777+ 00 (1) 735+ 11-8(4)
MTT (s) 82+18(4) 153+3-4(7) 50+£03(4) 78+0-0(1) 123+ 3-8(4)
Group IV Recovery (%) 877112 (4) 77-9 £ 27-4 (4) 22+ 04(4) — 934+39(4)
MTT (s) 184+ 1-4 (4) 345+10(4) 273+ 56 (4) e 242+134)

Groups I-1V are antero- and retrograde flow at 1-9 + 0-03 mL min—!(g liver)! (I and II) and 3:66 + 0-23 mL min~"! (g liver)~! (III and IV)
respectively. Recovery and MTT are expressed as mean + s.e. (n).
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Table 2. MTT ratio for phenol and its metabolites in the tissues
relative to water (equation 2) during both anterograde gA) and
retrograde (R) perfusions at flow rates of 15 and 30 mL min~'liver~'.

Conditions MTT ratio

Group Direction Flowrate Phenol Generated metabolite

(mL min-1)
I A 15 0-02 0-60
II R 15 0-12 0-23
I A 30 0-00 0-58
v R 30 0-56 0-37

Phenol and phenyl sulphate protein binding

The percentage of phenol bound to perfusate protein was
13-6 @ 1-4 (n = 4). A higher binding was found for phenyl
sulphate, the percentage bound being 59-1 + 0-5 (n = 3).

Discussion

Only a small number of studies have explored the hepatic
disposition of highly extracted solutes or their generated
metabolites using the impulse-response or MID technique.
Most of the previous studies have been concerned with the
kinetics of metabolized solutes such as diclofenac (Evans et
al 1991) and diazepam (De Garcia et al 1992), or solutes
removed by active transport into the hepatocytes, e.g.
taurocholate (Roberts et al 1990a). Phenol was chosen for

0.8 - B
0.7 -
0.6
0.5
0.4
0.3
0.2 -
0.1 -
0.0

0 10 20 30 40

Time (s)

Outflow (fraction mL™")

Fic. 2. Typical anterograde outflow concentration—time profiles for
Evans blue (@), sucrose (A), and water (m) and the preformed
metabolites of phenol, phenyl glucuronide (¥) (A), and phenyl
sulphate (w) (B) in the rat isolated perfused liver at a flow of
1-90 + 0-03 mL min~!(g liver)~!.

the present study due to its high reported extraction by the
liver (Cassidy & Houston 1984) and that, due to their low
molecular weights, its major metabolites (phenyl sulphate
and phenyl glucuronide) are not appreciably eliminated in
the bile. Thus, administration of phenol enabled monitor-
ing of the appearance of phenol and its metabolites in the
perfusate after impulse injections into the liver. Further, a
comparison of anterograde and retrograde perfusion
enabled the effects of reported zonations of sulphotrans-
ferase activity in the liver (Pang et al 1983) to be explored.

Behaviour of sulphate conjugates in the liver

The anionic nature of sulphate conjugates (pKa< 1) makes
them highly ionized at physiological pH, decreasing their
ability to passively pass back across cell membranes once
these metabolites are transported out of cells. Goresky et al
(1992) used the MID technique to show that acetaminophen
sulphate had a low liver cell permeability and a small
interstitial binding space for its non-albumin binding frac-
tion. Isolated hepatocyte uptake studies have suggested the
existence of a saturable carrier-mediated cell entry system
for acetaminophen sulphate (Stremmel et ai 1993). Carrier-
mediated transport systems have also been suggested to exist
for other sulphate conjugates where permeability barrier
limitations are present for hepatocyte entry, such as harmol
sulphate (De Vries et al 1985).

Hepatic availabilities

The low availability of phenol observed for both antero- and
retrograde perfusions in this work is consistent with the in-
vivo findings of Cassidy & Houston (1984). The majority of
the administered phenol was recovered in the form of phenyl
sulphate in the perfusate, consistent with the relative dose-
dependence in the formation of phenyl sulphate and phenyl
glucuronide from phenol reported by Murdoch et al (1992).
Two phenol sulphotransferases have been characterized in
rat liver (Sekura & Jakoby 1979), both consisting of 2
subunits and reputedly similar in their substrate specificity
and kinetics, but differing slightly in their amino acid
composition. Using phenol as a substrate, the sulphotrans-
ferases have reported K, values of 1-8 and 2-6 mm respec-
tively, and V,, values of 100 and 110 nmolmg~' min~!
respectively (Sekura & Jakoby 1979). The enzyme kinetic
parameters show that at the tracer concentrations of phenol
used in the present IR studies, any effects due to saturation
of enzyme kinetics are avoided.

The recovery in the perfusate of unextracted phenol and
metabolites generated from phenol (79%) was only slightly
lower than that found for the non-extracted references,
Evans blue (84%), sucrose (84%) and water (85%). A
lower recovery of phenol had been anticipated given that
up to 2-4% of the injected phenol was recovered in the bile.
Thus, phenol administration enables the disposition of its
major metabolite, phenyl sulphate, to be studied using
impulse injections by collecting perfusate effluent fractions
for phenol and phenyl sulphate analysis.

MTT of phenol and metabolites
The MTT for phenol is low and comparable to those of
Evans blue and sucrose (Table 1), and consistent with the
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MTT of a highly extracted solute (Roberts & Rowland
1986a). They also showed that the MTT for a solute
decreases with the increase in efficiency number for elimina-
tion and is associated with a low availability.

In the simplest interpretation of volume of distribution
data for generated phenyl sulphate, it is recognized that
effectively all the phenol is metabolized such that the
generated metabolite has an availability close to unity but
a larger Vd due to the ready penetration of phenol into
hepatocytes. Table 2 shows that the metabolites generated
from phenol have longer MTTs than the parent compound,
or preformed sulphate and glucuronide metabolites, but less
than that of water. Of note was the observation that, after
allowing for changes in vascular space, phenol had a much
longer MTT during retrograde perfusions than in anterograde
perfusions (Table 2). In contrast, the MTT for the generated
metabolites in the tissue space was shorter in retrograde
perfusion studies relative to anterograde perfusions.

Retrograde liver perfusions

In the present study an increase in MTT during retrograde
compared to anterograde perfusions was observed for all the
markers used in this study. This finding is explained by the
fact that by reversing flow in the liver causes an increase in
back pressure through the vascular system increasing its size
and volume. This theory is supported by other work where it
has been postulated that the increase in vascular back
pressure is caused by the decreased compliability of sinusoid
inlet sphincters, which become outlet sphincters during
retrograde perfusion, resulting in distension of the vascular
tree and Disse spaces (St.-Pierre et al 1989; Roberts et al
1990b).

Retrograde perfusions are frequently used to probe
enzyme zonation. Of relevance to this study is the observa-
tion that sulphation activity is generally thought to be
higher in the periportal region of the acinus than in the
centrilobular region, although confiicting evidence can be
found in the literature between some in-vivo and isolated
hepatocyte studies. For example, the sulphation of acetami-
nophen has been suggested to be periportal (Pang & Terrell
1981; Araya et al 1986), whereas the isolated hepatocyte
studies of Anundi et al (1993) suggest that sulphation of
acetaminophen occurs in the perivenous region. Homma
et al (1992) have suggested that the sulphation of phenol in
female rat livers occurs more in the perivenous rather than
the periportal region. Further evidence examining the
sulphation of other substrates, such as harmol (Pang et al
1983), gentisamide (Morris et al 1988) and salicylamide (Xu
& Pan 1989) suggest metabolism occurs in the periportal
region. The majority of the evidence relating to the glucur-
onidation of substrates suggest metabolism throughout the
sinusoids (El Mouelhi & Kauffman 1986, Morris et al 1988;
Xu & Pang 1989), with a few studies suggesting metabolism
in the perivenous region alone (Conway et al 1987). The
zonation of harmol sulphotransferase using the overall
metabolite profile changes with the alteration from antero-
grade to retrograde perfusions has been demonstrated (Pang
et al 1983; Thurman et al 1986). Enzyme zonation would
only be expected to affect metabolite MTTs and avail-
abilities in the presence of a permeability barrier to those
metabolites. If the metabolites were excreted into the

perfusate and no further distribution occurred, the sinusoid
is simply considered to consist of two zones with differing
enzyme activity and distribution, with overall availability
being the product of the individual availabilities in these two
regions, irrespective of direction of flow (Roberts & Row-
land 1986b; Roberts et al 1988). Similarly, the overall MTT
is defined by the sum of transit times in each of the regions,
again irrespective of direction of flow and the extent of
distribution in the metabolizing region.

Enzyme zonation of phenol metabolism

Combining the data from anterograde and retrograde per-
fusions, we can conclude that the sulphation of phenol
occurs mainly in the periportal region. The MTT for an
extracted solute decreases with an increase in extraction
(Roberts et al 1990a). Selective sulphation of phenol in this
periportal region during anterograde perfusions leads to
metabolism of inflowing phenol before any significant
tissue distribution can take place (Fig. 3), resulting in a
lower MTT and apparent volume of distribution than would
be observed for a uniform enzyme distribution. Conversely,
in retrograde perfusions, phenol entering a sulphation defi-
cient perivenous region would distribute into tissues before
reaching the metabolizing enzymes in the periportal region
(Fig. 3). A longer MTT and larger distribution volume is
observed for phenol in retrograde perfusions and the gen-
erated metabolites have a much shorter MTT and smaller
volume distribution. Hence, the differences in MTT for
phenol and its generated metabolites during anterograde
and retrograde perfusions are consistent with sulphation of
phenol occurring mainly in the periportal region.

PHENYL
SULPHATE

ANTEROGRADE PERFUSION
—_—

PERIPORTA PERIVENOUS
Rl °
BON [ ]
R [
¢ .. Metaboiite ® ® Shenel ®
PHENYL Etlux @ influx PHENOL
SULPHATE = ® [—.— 2
{hJFLU@@R%%UAT](ﬂ —
RETROGRADE PERFUSION
-

Fic. 3. Diagrammatic representation of the suggested enzyme
zonation in the liver sinusoid showing the differences in distribution
of phenol amd metabolites between vascular and extravascular
spaces in the periportal and perivenous regions during anterograde
and retrograde perfusions.
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Distribution of preformed metabolites

The MID curves for preformed metabolite injections
showed that phenol glucuronide has an identical profile to
that of the vascular marker Evans blue, suggesting that most
of this solute is mainly restricted to the vascular space
during passage through the liver. Pheny! sulphate, however,
had a profile slightly delayed to the vascular marker (Fig. 2),
indicating the presence of limited hepatocyte permeability.

Inhibition of hepatocyte efflux mechanisms with bromosul-
phophthalein

The existence of a unidirectional transport efflux mechanism
for intracellularly generated metabolites from the cytoplasm
to the perfusate is supported by the finding that preformed
metabolites do not undergo significant distribution into
hepatocytes. The efflux of metabolic conjugates has been
observed in other tissues including enalaprilat in the kidney
(Schwab et al 1990) and 1-napthyl-3-D-glucuronide in the
brain (Leininger et al 1991). An organic anion transport
mechanism for harmol sulphate from hepatocytes back into
the blood has been suggested (De Vries et al 1985). Carrier
mediated transport systems have been implicated for the
excretion of some bile acids and sulphate esters (Eng &
Javitt 1983; Stremmel et al 1993). Studies in mutant rats
have also pointed to the presence of an anionic transport
system in the canalicular membrane for the excretion of
sulphate conjugates of bile acids (Kuipers et al 1988,
Takikawa et al 1991). However, it has been suggested that
drug sulphate conjugates do not share this carrier (Pang et al
1994), which would account for their non-appearance in the
bile samples analysed. In an attempt to inhibit the metabo-
lite efflux mechanism of the hepatocyte, bromosulphophtha-
lein, an ionized diagnostic trimethylmethane dye that is
rapidly extracted by hepatocytes and excreted into the bile
as a glutathione conjugate (Combes 1960), was added to the
perfusate. The lack of effect of bromosulphophthalein on
outflow concentration—time profiles for all solutes tested
suggests that the efflux mechanism used by the bromosul-
phophthalein conjugated metabolites is not shared by the
metabolites of phenol. Significant biliary excretion of bro-
mosulphophthalein was observed, although not quantified,
by the overall purple colouration of the bile samples col-
lected. Hirom et al (1972) suggested that a molecular weight
threshold of 325 + 50 existed for the efflux of organic anions
from hepatocytes into the bile for rats. The molecular
weights of phenol and its sulphate conjugate are 94 and
174, respectively, which does not favour their biliary excre-
tion. Bromosulphophthalein has a molecular weight of 792
and seems to be preferentially excreted into the bile by a
system not shared with smaller sulphate conjugates. There-
fore, even though bromosulphophthalein has been widely
used as an organic anion in membrane transport elucida-
tion, its use in the determination of the possible efflux
mechanism of the metabolite phenyl sulphate from hepato-
cytes would seem limited.

Conclusion. Phenol is rapidly metabolized after administra-
tion in trace bolus doses to the isolated perfused liver
yielding low availabilities. The major metabolite formed,
phenyl sulphate, is restricted in its entry into hepatocytes as
a preformed metabolite is but rapidly transported back into

perfusate from hepatocytes after generation from phenol.
The results for retrograde perfusions are consistent with the
observed alterations in physiology associated with a change
in direction of perfusions. The relative tissue distributions of
phenol and its generated metabolite during anterograde and
retrograde perfusions suggest that the sulphation of phenol
occurs predominantly in the periportal region of the liver
sinusoids.
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