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The distribution kinetics of salicylic acid in the single-pass isolated
perfused rat liver has been investigated under varying conditions of
perfusate flow (15 to 30 ml min ) and of salicylate perfusate con-
centration (0, 100, 200 mg 1~ ') using statistical moment analysis and
the two-compartment axial dispersion modei. Salicylic acid was not
metabolised during the experiment. The perfusate did not contain
binding protein. As flow rate was increased, the maximum fraction
output per second (f(t),,.,) increased and the mean transit time
(MTTy) decreased, while t,,, became shorter for both tritiated wa-
ter and '“C-salicylic acid. Increasing the salicylate perfusate con-
centration profoundly affected the frequency outflow profile of *C-
salicylic acid, but not that of tritiated water. The one-compartment
axial dispersion model adequately described the frequency outflow
profile for tritiated water, whereas the two-compartment form,
which incorporates a cellular permeability barrier, provided a better
description of the YC-salicylic acid outflow data. The estimated
two-compartment axial dispersion model parameters for '“C-
salicylic acid, Dy, the dispersion number (0.08 + 0.03), k,,, the
influx rate constant (0.56 = 0.04 sec™') and k,,, the efflux rate
constant (0.095 = 0.01 sec™ ") were independent of perfusate flow
rate. The in situ permeability-surface area product for '*C-salicylic
acid (4.6 = 0.7 ml min—'g~?! liver) was in good agreement with
literature estimates obtained from in vitro hepatocyte experiments,
suggesting that the permeability barrier is at the hepatocyte mem-
brane. Whereas Dy and k,, were uninfluenced by, k,, displayed a
positive correlation with, salicylate perfusate concentration. This
correlation was most likely due to decreased intracellular salicylate
binding.

KEY WORDS: salicylic acid; dispersion model; hepatic disposition;
tissue binding.

INTRODUCTION

Investigations into the mechanism by which drugs dis-
tribute into and throughout the liver provide important in-
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sights into the pharmacokinetics of a drug. The rate and
extent of distribution and elimination of a solute in the liver
is influenced by a number of factors; hepatic perfusate flow
rate, intrinsic clearance, the extent to which a solute is
bound in the perfusate, the tissue-perfusate partition coeffi-
cient and the membrane permeability of a solute (1).

Previous studies with lipophilic compounds that bind
extensively to plasma proteins, show that variation in the
extent of protein binding in the perfusate profoundly affects
the distribution and elimination of solutes in the liver (2-5).
The rate and extent of distribution of highly bound solutes
into hepatic tissue is decreased as the extent of binding in the
perfusate is increased. These data are consistent with the
concept that the observed effects are due to a lowering of the
diffusion gradient for distribution and elimination.

The isolated perfused rat liver (IPRL) preparation is an
ideal experimental system that has been widely used to in-
vestigate the kinetics of hepatic distribution and elimination
for many solutes. Impulse-response experiments, which em-
ploy the IPRL preparation in single-pass mode, provide an
insight into the processes that act on an injected solute dur-
ing passage through the liver. A number of models have been
proposed to predict and describe kinetic events in the liver
(1,6). Of these models, the axial dispersion model best de-
scribes outflow data obtained from impulse-response (6,7)
and steady-state (8) experiments using the IPRL. The origi-
nal one-compartment form (7) of the axial dispersion model
assumes spontaneous radial distribution of solutes between
perfusate and cells. In practice the two-compartment form
(9), which accommodates non-instantaneous distribution, is
needed to successfully describe the distribution kinetics of
several solutes during impulse-response experiments, partic-
ularly in the presence of the binding protein (3-5).

The disposition kinetics of salicylic acid has been ex-
tensively studied in animals (10-12) and humans (13). Sali-
cylic acid displays low permeability across the hepatocyte
membrane in vitro (14) and binds within the liver (11). As
such it provides an opportunity to examine the factors af-
fecting the hepatic distribution kinetics of relatively poorly
permeable compounds. The aims of the present study are to
analyse and attempt to model successfully the influence of
variations in perfusion flow rate and hepatic tissue binding
on the distribution kinetics of salicylic acid in the IPRL using
statistical moment analysis and the two-compartment axial
dispersion model.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats weighing between
350 g and 400 g, fed on a normal laboratory diet and with free
access to water, were used in the liver perfusion experi-
ments.

Materials. All reagents were of analytical grade. Triti-
ated water (5 Ci ml™!) and “C-labelled salicylic acid (53.8
mCi mmol ~}) were obtained from Amersham (UK) and were
used without further purification. Sodium salicylate was pur-
chased from BDH (UK).

Liver Perfusion Experiments. The single-pass isolated
perfused in situ liver preparation was the same as that de-
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scribed previously (3-5). All experiments were conducted at
37°C. Under intraperitoneal anaesthesia, with 50 mg/kg so-
dium pentobarbital (Sagital), the bile duct was cannulated
with PE-10 tubing. After rapid cannulation and ligation of the
portal vein with a 2.0 mm L[.D. cannula, the liver was per-
fused with Krebs-Ringer bicarbonate buffer (pH 7.4), con-
taining 300 mg/dl glucose and saturated with humidified and
warmed O,:CO, (95%:5%), at a variety of flow rates (de-
scribed below). The superior vena cava was cannulated
through the right atrium with 2.0 mm I[.D. cannula without
interruption to the portal perfusion. The inferior vena cava
was ligated above the renal vein.

Study I: Effect of perfusate flow rate on the distribution
kinetics of "C-salicylic acid. After a stabilization period of
15 min at a perfusate flow rate of 15 ml min~"', 50 pul of
tritiated water (0.5 wCi), as a marker for total water volume,
and 25 pg of "C-salicylic acid (0.25 wCi) were injected si-
multaneously as a bolus into the portal vein. The total per-
fused effluent from the hepatic vein was collected at 1.5 sec
intervals for 85.5 seconds using an automated turntable. The
flow rate was increased to 20 ml min~' and the preparation
was allowed to stabilise for a 10 min period after which time
a second bolus injection was administered as described
above. Similarly, a third, fourth and fifth injection was per-
formed, after a 10 min stabilisation at 25, 30 and 15 ml
min~!, respectively. If a reproducible frequency outflow
profile was obtained after the first and fifth bolus injections
(both at 15 ml min~") the liver perfusion preparation was
Jjudged to be viable during the study period and the experi-
mental results adopted. Liver viability was also routinely
assessed by monitoring bile flow, perfusate recovery and by
macroscopic appearance. Liver weight was determined at
the end of the experiment.

Study II: The effect of varying concentrations of salic-
vlate in the perfusate on the distribution kinetics of '*C-
salicylic acid. In the first phase (Phase A) of this experi-
ment, two bolus injections of tritiated water and *C-salicylic
acid were performed with the same rat liver at a flow rate of
20 and 25 ml min "', respectively, as described for Study I.
In the second phase (Phase B) of this experiment the original
perfusate was replaced with fresh perfusion media contain-
ing 100 mg 1~ ! of salicylic acid. The preparation was allowed
to equilibrate with the new perfusate for 15 min, to ensure
that steady-state conditions were achieved, at a flow rate of
20 ml min~'. A bolus injection of both solutes was per-
formed and samples collected as described above. The flow
rate was then increased to 25 ml min ! after a further 15 min
another injection was administered. The third phase (Phase
C) of this study, the experiment was repeated with a perfus-
ate containing 200 mg 17! salicylic acid using the same liver.

Sample Analysis. The concentrations of tritiated water
and '*C-labelled salicylic acid in samples of perfusion efflu-
ent were measured by radiochemical analysis. Samples (0.3
ml) were counted after addition of 5 ml of scintillant (LKB
Optiphase, Hisasfe II) using a dual quench curve for *H and
14C determined with a LKB Rackbeta Liquid Scintillation
Counter. Samples 1 to 20 were counted individually (300 ul),
sample 21 to 40 were counted as aliquots (150 ) of consec-
utive pairs and samples 41 to 56 as aliquots (75 ul) of four
consecutive pairs. Perfusate concentrations of unlabelled
salicylic acid obtained from preliminary steady-state perfu-
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sion experiments (Study II) were analysed using the HPLC
method of Cham er al (15).

DATA ANALYSIS

The frequency output (f(t)), fractional output per sec-
ond, of the injected material at the midpoint time of the
collection interval was calculated using the following equa-
tion,

_ cn.0

(0] D

(1
where C(t) is the concentration of radioactivity for each sol-
ute, Q is the perfusate flow rate and D is the injected dose.
The maximum f(t) value, f(t),,,, and the time at which it
occurred, t,, .., were observed values.

Statistical Moment Analysis. The area under the out-
flow concentration-time profile (AUC) and the mean transit
time (MTT) of the solute in the whole experimental system
(hepatic and non-hepatic regions) were calculated using the
following equations,

AUC = f T o dt )
0
j°° t.C@t) dt
0

MTT = AUC 3)

These equations assume that a solute is not eliminated and Q
is constant throughout. Area was estimated using the linear
trapezoidal rule with a log-linear extrapolation to obtain the
AUC from the last observation to «. The AUC for 'C-
salicylic acid was expressed as a ratio of the AUC of the
non-eliminated tritiated water to gain an estimate of recov-
ery. The mean transit time of solute in the non-hepatic re-
gions of the experimental system (MTT ;) was calculated in
preliminary experiments where the inflow and outflow can-
nuli were directly connected. MTTy,, the mean transit time
of solute within the liver, was obtained by subtracting
MTTyy from the observed MTT for the entire experimental
system. The volume of distribution of the solute in the liver
(Vy) was obtained using Equation 4.

Vg = Q- MTT, 4)
Application of the axial dispersion model to charac-
terise solute outflow profile. The approach used to charac-
terise the frequency outflow versus time data of a solute has
been described in previous publications (3—5). Assuming lin-
ear and time invariant conditions, the frequency output
(f(t) . ;) of a solute injected into the single-pass isolated per-
fused rat liver preparation is the convolution of a series of
successive weighting functions, each describing a region
within the experimental system. This can be represented by
the following equation,

fO 0 = x(O) * w(O) gy * W) np )]

where the * symbol denotes the convolution operation, x(t)
is a weighting function that describes the input form of the
dose and, w(t); and w(t)y,; are the weighting functions that
describe the spread of a solute on passage through the he-
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patic and non-hepatic regions (catheters, tubing, collection
device) of the experimental system, respectively.

In the Laplace domain the relationship depicted in
Equation 5 simplifies to a multiplication procedure,

As)op = x(s) - wis)y - WSy ©

where s is the Laplace operator. It is possible to investigate
the transfer function of the non-hepatic regions (W(s)ng) US-
ing an experimental system which does not include the liver,
that is, where the inflow and outflow cannuli are connected
directly. The Laplace of the frequency outflow from this
experimental system (f(s) _; ) is given as,

As)_p = x(s) - w(S)ng )

If the dose is delivered in the form of a rapid bolus (unit
impulse) x(s) is equal to one, and equations 6 and 7 simplify
further.

The transfer function for distribution of solutes in the
liver can be described using the axial dispersion model (6,7).
In the present analysis mixed (type I) boundary conditions
were assumed (7,9). For a non-eliminated solute whose ra-
dial distribution into hepatic tissue is instantaneous the
transfer function for the liver during a single pass can be
adequately described using the one-compartment axial dis-
persion model (7), so that,

4DNVHS

1— 41+
Q

®)

w(s)y = exp 2 Dn
where Dy is the hepatic dispersion number, a measure of
axial spreading of a solute in the liver.

In the case where a permeability barrier exists within
the liver, such that radial distribution of a non-eliminated
solute into hepatic tissue is not instantaneous, the hepatic
transfer function is described by the two-compartment axial
dispersion model (3-35,9),

4Dy Vg kiz ka2
—_— + _— + § — —
I \/1 Q ’Vklz $ s + km]

2Dy

w(s)y = exp
)]

where Vg is the volume of the central compartment (which
physiologically represents the combined volumes of the vas-
cular and Disse spaces in the liver) and the transfer rate
constants, k,, and k,,; represent the influx and efflux first-
order rate constants across the hepatic cellular membrane,
respectively. The influx and efflux rate constants can be fur-
ther defined as,

PS fu

kip = Vs (10)
PS fu,

ky = V. an

where PS is the permeability-surface area product (with
units of volume per time) of the hepatocyte membrane to the
solute, fu and fu_ are the unbound fractions of the solute in
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the perfusate and cell, respectively, and V_ is the aqueous
volume of the cellular space.

The transfer function of the frequency outflow curve
obtained from the experimental system without the liver
present can be described using a rearranged version of Equa-
tion 8,

1 - \/ 1 +4.Dynu . MTTny . s
2. DN,NH

w(s)Ng = exp 12)

where Dy \y is the dispersion number of the solute in the
non-hepatic perfusion system (3-5) and MTTyy has been
defined previously.

Fitting Procedure. Frequency outflow versus time data
were modelled with the time domain solutions of the appro-
priate transfer functions using a numerical inversion program
(MULTI-FILT version 3.4) (9). The damping Gauss Newton
minimisation algorithm was employed and the data were
equally weighted in the non-linear least squares analysis.

The axial dispersion model parameters for the non-
hepatic region of the experimental system have been deter-
mined in previous experiments in our laboratory (3-5).
Dy nu Was reported to be 0.04 and the value for MTTy at
each flow rate was calculated using the relationship, MT Ty
= Vnu/Q, where Vg, the volume of the non-hepatic region
of the experimental system, was calculated to be 1.125 mi.
These values were assumed to apply equally to tritiated wa-
ter and '*C-salicylic acid.

Frequency outflow data for tritiated water and '*C-
salicylic acid was modelled using a one-compartment (Equa-
tion 8) and a two-compartment axial dispersion model
(Equation 9), respectively. Vp was assigned a priori as 15%
of liver weight (previously validated; 3-5) and remained
fixed in the modelling procedure. Data for both solutes ob-
tained in Study I were analysed individually.

In Study II *C-salicylic acid frequency outflow data,
obtained from the same liver at different concentrations of
salicylate in the perfusate (Phases A, B and C), were anal-
ysed simultaneously. The full model used to describe events
in the liver has 7 parameters (Dy, ki3 4. k21,45 K12, k2185
ki, c and k;; o). In the second reduced model (Reduced
model I) the same value of the influx first-order rate constant
(k,,) was assumed to apply to all treatment phases (i.e., k5 4
= k5.8 = ki2,¢). The model reduction is based on the as-
sumption that k,, is independent of concentration of salicy-
late in the perfusate. Reduced model I has 5 parameters (Dy,
K12, Ky a5 Kpp g and ks, ). In a further reduction (Reduced
model II) the value of D was also fixed to that obtained for
the simultaneous analysis of tritiated water and '*C-salicylic
acid frequency outflow data. Reduced model II has only 4
parameters (k,, K, a, Ks; p and ky, ). Full and reduced
models were compared using the F-ratio test based on resid-
ual weighted sum of squares (16). The calculated F values
were compared to the critical value at the 5% level of sig-
nificance.

RESULTS

Figure 1 shows frequency outflow versus time plots of
tritiated water and '*C-salicylic acid from a representative
liver at different flow rates. In general, after bolus injection
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of "C-salicylic acid into the hepatic portal vein the fre-
quency outflow curve displays a characteristic sharp peak
that elutes from the experimental system over approximately
15 seconds, followed by a slower eluting flat tail (Figure 1B).
In Table I are listed the mean f(t),,,, and t,,, values (n = 4)
obtained under different perfusate flow rates. An increase in
perfusate flow rate resulted in notable changes in the shape
of the frequency outflow profile for both solutes. The f(t),,,,
for tritiated water displayed a two-fold increase and for 'C-
salicylic acid a three-fold increase as flow rate was in-
creased, from 15 to 30 ml min . For both solutes the t
became shorter with increasing perfusate flow rate.
Figure 2 shows the effect of increasing the concentra-
tion of salicylate in the perfusate on the frequency outflow
profiles of tritiated water and '*C-salicylic acid in the same
liver perfused at 20 ml min~'. The shape of the profile of
tritiated water was unaffected by the presence of salicylate in
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Figure 1: Typical frequency outflow versus time profiles of (A) tri-
tiated water (observed data only, the inset diagram shows a typical fit
of the one-compartment dispersion model to tritiated water data at
30 ml min~?') and (B) “C-salicylic acid (observed and fitted data
using the two-compartment dispersion model) in the isolated per-
fused rat liver at different perfusate flow rates.
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the perfusate. This is confirmed by the mean f(t),,,,, and t .,
data (n = 2) obtained at two flow rates (20 and 25 ml min )
presented in Table II. In contrast, the increasing concentra-
tion of salicylate in the perfusate had a profound effect in the
shape of the frequency outflow profile of '“C-salicylic acid.
At both flow rates the value of f(t),,,, for "*C-salicylic acid
displayed a concentration-dependent increase while t, . re-
mained largely unchanged (Table II).

STATISTICAL MOMENT ANALYSIS

Tables I and II present the results of statistical moment
analysis of the outflow data for tritiated water and '*C-
salicylic acid in Study I and II, respectively. The dose-
normalised AUC,_.. of “C-salicylic acid is presented as a
ratio of the AUC,_.. of the co-injected non-eliminated refer-
ence, tritiated water. The normalised AUC,_, ratio was es-
sentially one, indicating total recovery of the injected dose of
"C-salicylic acid. The agreement of the normalised AUC,,_..
ratios across each of the study phases indicates that perfus-
ate flow rate and salicylate concentration did not alter '*C-
salicylic acid recovery.

The mean transit time for both solutes, corrected for
transit time in the non-hepatic regions of the experimental
system, displayed a statistically significant (p < 0.001) and
characteristic decline with an increase in perfusate flow rate
in the absence of salicylate in the perfusate. The volume of
distribution for both solutes showed a slight increase with
increasing perfusate flow rate from 15 to 30 ml min !, cor-
responding to 1.18 to 2.34 ml min~' g~ liver, that reached
statistical significance for '*C-salicylic acid (1.22 to 1.59 ml
g~ '; p = 0.006) but not for tritiated water (0.51 to 0.66 ml
g~ ! liver; p = 0.08) (Table I). The apparent volume of dis-
tribution of '“C-salicylic acid was more than twice that ob-
served for tritiated water.

The MTT,; of tritiated water in the rat liver was not
influenced by the presence of salicylate in the perfusate (Ta-
ble II). In contrast, the presence of salicylate in the perfusate
resulted in a concentration dependent decrease in both
MTTy; and Vy; of "“C-salicylic acid at both of the study flow
rates.

APPLICATION OF THE AXIAL DISPERSION MODEL

Study I: Effect of flow rate on **C-salicylic acid
distribution kinetics in the rat liver

Figure 1B shows the fit of the two-compartment disper-
sion model equation to the frequency outflow profile of '“C-
salicylic acid at perfusate flow rates of 15, 20, 25 and 30 ml
min~ .

The dispersion model parameter estimates for tritiated
water and “C-salicylic acid at different flow rates are pre-
sented in Table III. The Dy for tritiated water (typical fit
displayed in Figure 1A inset), 0.19 = 0.04 (Table III), was not
influenced by the increase in perfusate flow rate (p = 0.31)
while V|, displayed a tendency to increase slightly with in-
creasing flow rate which just reached statistical significance
(p = 0.04). The two-compartment dispersion model param-
eters (Dy, k;, and k,,) for "*C-salicylic acid were estimated
with a high degree of precision (coefficient of variation of
less than 10%). Analysis of variance indicates that all param-
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Table I. Mean (=SD) observational and statistical moments analysis parameters for tritiated water and "C-salicylic acid in the isolated
perfused rat liver (mean weight 13.2 = 0.9 g, n = 4) at four different perfusate flow rates.

Parameter TRITIATED WATER MC-SALICYLIC ACID
Flow rate
(ml min— 1) 15 20 25 30 15 20 25 30
(1) s 51 69 77 91 16 26 33 45
(x10%) +6 +5 + 12 + 17 +4 +6 + 10 + 11
Cmnax 18.0 14.3 13.1 11.2 8.3 7.1 6.8 5.8
(sec) +29 + 1.2 * 1.4 * 1.5 * 0.1 + 0.8 +1.2 +09
AUC,_., 0.93 0.97 0.95 1.00
ratio + 0.07 +0.12 + 0.04 +0.10
MTT,® 26.9 21.3 20.0 17.5 64.2 53.1 47.3 41.7
(sec) * 1.6 + 0.8 +0.3 * 1.9 +29 += 3.7 + 6.1 *59
Vu 0.51 0.54 0.63 0.66 1.22 1.35 1.50 1.59
(mig™h + 0.04 + 0.03 +0.03 + 0.06 +0.02 + 0.09 +0.19 + 0.25

2 f(t): outflow fraction per second
i ratio Of AUCsalicylate/AUClrilialed water
¢ corrected for MTTyy

eters appeared to be independent of perfusate flow rate (p =
0.31,p = 0.58, p = 0.082 for Dy, k;, and k,,, respectively).
The mean (=SD) values of Dy, k,, and k,; were 0.08 + 0.03,
0.56 + 0.04 sec ~! and 0.095 = 0.01 sec™ ', respectively. An
estimate of the apparent tissue-perfusate partition coefficient
(Kp') was obtained from the ratio of the efflux and influx rate
constants (k,,/k,;) (17). This was essentially constant across
the range of perfusate flow rates at 6.1 = 0.7.

Study II: Effect of perfusate salicylate concentration on
the distribution kinetics of '*C-salicylic acid in the rat liver

Table IV lists the one- and two-compartment dispersion
model parameter estimates for tritiated water and 'C-
salicylic acid, respectively, at different salicylate concentra-
tions in the perfusate. The one-compartment dispersion
model parameters for tritiated water (D = 0.17 = 0.03 and
0.15 £ 0.04; Vi = 59 = 0.3 and 5.3 = 0.5 ml, at 20 and 25
ml min !, respectively) were not influenced by the presence
of salicylate in the perfusate (Table 1V).

A comparison of full and reduced models indicated that
the frequency outflow profile of '*C-salicylic acid was well
described by Reduced model I (p < 10~%) in which the first-
order influx rate constant (k,,) is independent of salicylate
concentration in the perfusate (i.e., kj; o = Kz p = kKj2.0)-
The further constraint of fixing Dy for "*C-salicylic acid to
be the same as that observed for tritiated water (Reduced
model II) could not adequately describe the observed out-
flow profiles.

Figure 2B shows the two-compartment dispersion
model fits for *C-salicylic acid under the three study con-
ditions at 20 ml min~'. This model was capable of ade-
quately describing the change in the shape of the frequency
outflow profile when the concentration of salicylate in the
perfusate was increased. However, the model tended to un-
derestimate the terminal portion of the outflow curve for
14C-salicylic acid at the highest perfusate concentration of
unlabelled drug (200 mg1~"). This was observed in all Phase
C (200 mg 17! salicylate in perfusate) data sets at both flow
rates and appeared to be independent of the weighting
scheme employed.

For “C-salicylic acid, the values of Dy (0.08 and 0.09)
and k;, (0.45 and 0.45 sec™") (Table IV), assumed to be
independent of salicylate perfusate concentration, were in
good agreement with the dispersion model parameters found
in Study I (shown in Table IIT). An increase in the concen-
tration of salicylate in the perfusate had a profound effect on
the value of the first-order efflux rate constant, k,,. This
parameter displayed a concentration dependence at both
flow rates studied. Thus, the estimated value of the Kp' was
dramatically reduced (6.3 to 3.3 and 5.7 to 1.9, at 20 and 25
ml min ', respectively) as the concentration of salicylate in
the perfusate was increased.

Estimation of the throughput component of the
M Cesalicylic acid outflow profile

In addition to Dy, the shape of the frequency outflow
profile for *C-salicylic acid is influenced by two processes;
hepatocyte permeability and intra-hepatocyte binding. The
rapidly eluting peak of the '*C-salicylic acid profile repre-
sents the throughput component, the fraction of the total
outflow that does not leave the vascular space. That is, ma-
terial that has not had time to move out of the vascular space
on its passage through the liver, primarily due to poor cel-
lular permeability. Conversely, the more slowly eluting frac-
tion of the output, corresponding to the ‘returning compo-
nent’ (18), represents '“C-salicylic acid that has entered cells
and returned to the vascular compartment impeded by intra-
cellular binding and limited permeability. Using the disper-
sion number (Dy) and first-order influx rate constant (k)
parameters presented in Tables III and IV it is possible to
estimate the throughput components for “C-salicylic acid.
The throughput component is calculated as the percentage
difference in AUC of the outflow profile obtained by per-
forming simulations firstly using typical values for k,, (Table
IV) and then by setting the efflux rate constant (k,,) to zero
(i.e., no return of “*C-salicylic acid from the cellular space)
(18). The throughput component for '*C-salicylic acid in the
absence of salicylate in the perfusate increased with increas-
ing flow rate (3.7%, 7.9%, 12.2% and 11.5% at 15, 20, 25 and
30 ml min~!, respectively). These simulations illustrate the
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Figure 2: Typical frequency outflow versus time profiles of (A) tri-
tiated water (observed data only) and (B) **C-salicylic acid (observed
and fitted data using the two-compartment dispersion model) in the
isolated perfused rat liver at different concentrations of salicylate in
the perfusate at 20 ml min ~*.

relative effect of alteration of perfusate flow rate on the out-
flow profile for *C-salicylic acid.

DISCUSSION

The single-pass in situ isolated perfused rat liver has
been well documented as an ideal preparation for the inves-
tigation of the rate and extent of hepatic tissue uptake and
distribution of solutes (3—6). The interest of the present
study was to examine the distribution Kinetics of salicylic
acid in the IPRL preparation because this compound is
known to undergo significant binding in hepatic tissue. The
presence of high concentrations of unlabelled salicylate and
the absence of albumin, salicylic acid’s binding protein, in
the perfusate has made it possible to examine, for the first
time, the effect of an alteration in the hepatic tissue binding
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Table II. Mean observational and statistical moment analysis pa-

rameters for tritiated water and '*C-salicylic acid in the isolated

perfused rat liver (mean weight 12.2 g, n = 2) at three different
perfusate concentrations of salicylate at two flow rates.

Parameter TRITIATED WATER 4C-SALICYLIC ACID
Perfusate flow rate 20 ml min ~*

Salicylate 0 100 200 0 100 200
conc
(mg 17"

f(t) pax 60 57 58 27 41 60
(x10%

- 143 143 150 68 7.5 7.5
(sec)

AUC,_. 0.99 1.02 1.04
ratio®

MTTy¢ 23.3 23.0 24.9 52.5 44.0 36.0
(sec)

Vu 0.64 0.63 0.69 1.45 1.20 0.99
(mlg™")

Perfusate flow rate 25 ml min !

£(0),00 86 86 82 40 75 99
(x10%

tmax 11.3 11.3 11.3 5.3 6.0 6.8
(sec)

AUC, ., 0.97 1.02 0.99
ratio®

MTT¢ 18.6 17.5 18.6 39.8 28.5 26.4
(sec)

Vu 0.64 0.60 0.64 1.37 0.98 0.90
(mlg™")

2 f(t): outflow fraction per second
° ratio of AUCsalicylate/AUCtritiated water
¢ corrected for MT Ty

of a solute on its hepatic distribution using statistical mo-
ment analysis and the axial dispersion model.

In the present investigation only total *C radioactivity
was measured and assumed to be equivalent to *C-salicylic
acid given that '*C-salicylic acid is not eliminated when ad-
ministered as a bolus into the single-pass IPRL. This as-
sumption is based on results from preliminary HPLC analy-
sis of unlabelled salicylic acid perfusate concentrations from
Study II. These indicate that steady-state output was
achieved within 15 min and recovery of unchanged salicylic
acid was between 94% and 99%. This is in agreement with
the very low hepatic extraction ratio (0.05) of salicylic acid in
the rat (10,12).

In this study tritiated water was used as a reference to
standardise the fractional outflow data for '*C-salicylic acid
under different experimental conditions (altered perfusate
flow and salicylate concentrations). The inability of 100 and
200 mg 17! salicylate in the perfusate to influence the fre-
quency outflow profile, moment analysis statistics or disper-
sion model parameters of tritiated water following bolus in-
jection suggests that this treatment does not disrupt the na-
ture or viability of the isolated perfused rat liver preparation.

Ichikawa et al (14) have previously investigated the out-
flow profile of *C-salicylic acid following bolus input into
the isolated perfusate rat liver, operated in the single-pass
mode. C-Salicylic acid displayed a multi-phasic outflow
profile that was suggestive of non-instantaneous equilibra-
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Table III. Mean (SD) parameter estimates for tritiated water and '*C-salicylic acid frequency outflow
data (n = 4) obtained at different flow rates fitted to a one-compartment (Equation 8) and two-
compartment axial dispersion model (Equation 9), respectively.

Tritiated water

MC-salicylic acid

Q* Dy Vu Dy kyz kz, Kp®
(ml) (sec™h) (sec™ 1)

15 0.21 (0.04) 5.7 (0.6) 0.07 (0.05) 0.53 (0.04) 0.092 (0.01) 5.8(1.1)

20 0.20 (0.04) 6.0 (0.3) 0.12 (0.05) 0.58 (0.09) 0.098 (0.02) 5.9(1.9)

25 0.17 (0.04) 6.8 (0.9) 0.11 (0.07) 0.57 (0.08) 0.103 (0.04) 5.5(1.9)

30 0.17 (0.04) 7.3(1.2) 0.04 (0.01) 0.62 (0.12) 0.088 (0.02) 7.1 (2.8)

X (o)° 0.19 (0.04) 6.4 (0.7) 0.08 (0.04) 0.56 (0.04) 0.095 (0.01) 6.1 (1.9)

2 perfusate flow rate (ml min™!)

b apparent tissue-perfusate partition coefficient calculated as k,/k,,

¢ group mean (X) and standard deviation (o)

tion with the hepatic tissue. However, this was difficult to
establish unambiguously due to the short duration of outflow
collection time (only 20 sec) employed by these workers.
Unlike the two-compartment model, in our experiments the
one-compartment form of the axial dispersion model failed to
adequately describe the temporal profile of '*C-salicylate
fractional outflow data obtained following a bolus injection
(data not shown). This finding, supported by the observa-
tions from Ichikawa et al (14), suggests that the radial dis-
tribution of “C-salicylic acid in the liver, unlike tritiated
water, is not instantaneous, but is limited by the permeability
barrier at the level of the hepatic cell.

It has recently been demonstrated that the axial disper-
sion model is capable of accurately describing the kinetic
behaviour of the highly cleared drugs diazepam (4) and di-
clofenac (3,5,8) in the IPRL under varied conditions of pro-
tein binding in the perfusate and alterations in perfusate flow
rate during both impulse-response and steady-state experi-
ments. The present work extends these findings by conclud-
ing that the two-compartment axial dispersion model can
also account for the distribution kinetics of non-eliminated
compounds under various alterations in the hepatic tissue
binding.

The present finding, that parameters of the two-

compartment dispersion model for *C-salicylic acid are in-
dependent of perfusate flow rate, is in contrast to data pre-
sented by Yano et al (17) for cefixime, using the same model.
These workers found that both the Dy and Vy; of cefixime in
the isolated perfused rat liver tended to increase with in-
creased flow rate while the Kp’ was reduced. This is in con-
trast to the observed lack of dependence of Dy on perfusate
flow rate for compounds that display one-compartment char-
acteristics (18). Furthermore, Dy was determined by the he-
patic microvasculature, with the values of Dy the same for
all compounds and equal to that of erythrocytes (6,7). One
explanation for the apparent sensitivity of Dy of cefixime to
changes in perfusate flow rate is a failure by the investigators
to adequately correct for dispersion in the non-hepatic re-
gion of the experimental system. The importance of this cor-
rection when conducting kinetic studies in the liver has been
emphasised (18,20).

Chou et al (21) recently demonstrated that the disper-
sion number (0.28 to 0.39) for a series of homologous barbi-
turates is independent of lipophilicity, lending further sup-
port to the proposal that dispersion in the liver is a charac-
teristic of the organ’s anatomical properties, such as the
vascular architecture. The value of Dy determined for '*C-
salicylic acid in the present study using the two-

Table IV. Mean parameter estimates for tritiated water and *C-salicylic acid (n = 2) obtained from an
individual fit using a one-compartment and simultaneous fit® of three data sets using a two-
compartment axial dispersion model, respectively, at two flow rates.

Salicylate
perfusate 20 ml min !
concentration TRITIATED WATER
(mg 1Y)
Dy Vi
(ml)
0 0.18 5.7
100 0.18 5.9
200 0.15 6.2
4C-SALICYLIC ACID
Dy ki, Kz,
(sec™  (sec7)
0 0.08 0.45 0.071
100 0.096
200 0.134

Flow rate
25 ml min~!
Dy Vu
(ml)

0.15 5.3

0.15 5.2

0.15 5.4
Kp™® Dn ks ky, Kp™®

(sec™®  (sec™Y)

6.3 0.09 0.45 0.080 5.7
4.7 0.134 3.4
3.3 0.235 1.9

* Using Reduced model I where k;, 4 = k;55 = kjp e

£ calculated as k,,/ky,
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compartment dispersion model was consistently lower than
has been observed for other solutes in recent work (3-7,21).
The reason for this discrepancy has been sought. Simula-
tions using dispersion model parameter estimates obtained in
this study indicate that a failure to accurately characterise
the throughput portion, especially the up-curve and f(t),,,,
can lead to an underestimate of the true value of Dy. In
practice, this problem arises when the collection interval of
liver effluent is relatively large compared to the time taken
for the throughput component to eluent. Simulating experi-
mental collection conditions by discretizing simulated data
(using a Dy a value in the range of 0.15 to 0.2, observed for
tritiated water in these experiments and by others in the
literature (2-5,21)) over 1.5 sec intervals it was possible to
produce an outflow curve that was virtually identical to a
profile simulated using a Dy, of 0.08. Hence, the consistently
lower value of Dy observed in the present study appears to
have arisen due to the very rapid flux of ¥C-salicylic acid
from the IPRL and limitations in the outflow fraction collec-
tion procedure.

An interesting observation in the present study is that
the two-compartment dispersion model consistently under-
estimated the terminal portion of the '*C-salicylic acid fre-
quency outflow curve in the presence of 200 mg 1~ ! salicy-
late in the perfusate (Figure 2B). This observation was not a
consequence of the choice of weighting scheme and oc-
curred consistently for data obtained under these conditions.
The reason for this finding is unclear.

Hepatocyte membrane permeability of salicylic acid based on
k,, estimates

It is clear from the shape of frequency outflow profile
and the suitability of a two-compartment dispersion model to
describe the “C-salicylic acid data that a permeability bar-
rier exists to retard the radial movement of this solute into
hepatic tissue. It is possible to obtain an estimate of the
permeability-area product (PS) for this compound from the
first-order influx rate constant (k,,) using a rearrangement of
Equation 10, assuming that the vascular volume of the liver
Vg is 15% of liver weight (3-5) and given that fu (fraction
unbound in the perfusate) is 1. The mean permeability-
surface area product estimate for '*C-salicylic acid was 4.6 =
0.7 ml min~! g~ ! liver. Permeability estimates were inde-
pendent of flow rate and of the concentration of salicylate in
the perfusate. Interestingly, the value obtained from these in
situ experiments is in close agreement with the literature
estimate of the permeability-area product of salicylic acid
determined in isolated hepatocyte uptake experiments con-
ducted in vitro (6.4 ml min~' g~ ! liver (14)). These findings
confirm that salicylate has a major permeability limitation in
the liver and suggest that most likely it is at the hepatocyte
membrane.

Fraction of salicylic acid bound in hepatic tissue

A volume of distribution of *C-salicylic acid approxi-
mately twice that of the total aqueous space of the liver
implies that this compound has a significant affinity for he-
patic tissue. Furthermore, the ability to reduce V; by addi-
tion of salicylate to the perfusate would suggest that '*C-
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salicylic acid undergoes considerable binding in the tissue.
The liver-perfusate partition coefficient (Kp') of approxi-
mately 6 with a tracer dose in the perfusate confirms this
observation. The value of Kp’ obtained in the present ex-
periments is in good agreement with in vivo unbound liver-
plasma partition coefficients (Kp,), equivalent to Kp’, pre-
sented in the literature. The estimate of Kp, for liver, calcu-
lated based on data supplied by Hirate et al (12), was 6.4
following a dose of 10 mg kg ™! salicylic acid. This parameter
was reduced to 1.7 when a higher salicylate dose was admin-
istered (173 mg kg ') (12). A similar value for liver (Kp, =
2) was calculated from data presented by Yoshikawa et al
(11), obtained in studies on the tissue distribution of salicy-
late in normal and pregnant rats. Yoshikawa et al (11) have
suggested that both albumin and other proteins in the hepatic
cytosol have a role in binding salicylic acid within the liver.

The absence of protein in the perfusate (fu = 1) pro-
vides an opportunity to investigate the extent of binding of
14C-salicylic acid within the hepatic tissue. An estimate of
the intracellular fraction unbound (fu,) can be obtained from
the two-compartment dispersion model parameter estimates
by rearranging and combining Equations 10 and 11, to give,

_ka Ve

Juc =
"k Vg

(13)

where V_ (defined as the aqueous cellular volume) is calcu-
lated as the difference between V4 of tritiated water (from
the one-compartment dispersion model estimates in the
same liver, Table IV) and V. This calculation assumes that
salicylic acid distributes into the total water space within the
liver and the influx and efflux permeability-surface area
products are equal (PS;, = PS_,,). The presence of salicylate
in the perfusate results in a concentration-dependent de-
crease in the hepatic tissue binding of '*C-salicylic acid (The
values of fu. were 0.37, 0.59 and 0.93 at 0, 100 and 200 mg
171, respectively).

CONCLUSIONS

The two-compartment dispersion model is capable of
describing the impulse-response profile of salicylic acid in
the isolated perfused rat liver under varying conditions of
perfusate flow rate and hepatic tissue binding. The uptake of
salicylic acid into the liver is governed by a major perme-
ability barrier, most likely the hepatocyte membrane. Fur-
thermore, an in situ estimate of PS can be obtained using the
two-compartment dispersion model. These data are in good
agreement with previous data for salicylic acid obtained in
vitro. By performing impulse-response experiments with
high concentrations of salicylate in the perfusate, the extent
of uptake of salicylic acid in the rat liver has been shown to
be saturable.
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NOTE ADDED IN PROOF

Since this article was accepted, an article came out of J.

Pharmaceutical Sciences (83:607-608, 1994) which supports
our claim that salicylic acid is not metabolized during the
first pass across the rat liver.
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