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Hepatic Modeling of Metabolite Kinetics in Sequential
and Parallel Pathways: Salicylamide and Gentisamide
Metabolism in Perfused Rat Liver
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Previous data on salicylamide (SAM) metabolism in the perfused rat liver had indicated that
SAM was metabolized by three parallel (competing) pathways: sulfation, glucuronidation, and
hydroxylation, whereas sequential metabolism of the hydroxylated metabolite, gentisamide
(GAM), was solely via 5-glucuronidation to form GAM-5G. However, under comparable condi-
tions, preformed GAM formed mainly two monosulfate conjugates at the 2- and 5-positions
(GAM-2S and GAM-5S); 5-glucuronidation was a minor pathway. In the present study, the
techniques of normal (N) and retrograde (R) rat liver perfusion with SAM and mathematic
modeling on SAM and GAM metabolism were used to explore the role of enzymic distributions
in determining the dissimilar fates of GAM, as a generated metabolite of SAM or as preformed
GAM. Changes in the steady-state extraction ratio of SAM (E) and metabolite formation ratios
between N and R perfusions were used as indices of the uneven distribution of enzyme activities.
Two SAM concentrations (134 and 295 pM) were used for single-pass perfusion: the lower
SAM concentration exceeded the apparent K, for SAM sulfation but was less than those
for SAM glucuronidation and hydroxylation; the higher concentration exceeded the apparent
K.,’s for SAM sulfation and glucuronidation but was less than the K, for hydroxylation.
Simulation of SAM metabolism data was carried out with various enzyme distribution patterns
and extended to include GAM metabolism. At both input concentrations, E was high (0.94 at
134 uM and 0.7 at 295 uM) and unchanged during N and R, with SAM-sulfate (SAM-S) as
the major metabolite and GAM-5G as the only detectable metabolite of GAM. Saturation of
SAM sulfation occurred at the higher input SAM concentration as shown by a decrease in E and
a proportionally less increase in sulfation rates and proportionally more than expected increases
in SAM hydroxylation and glucuronidation rates. At both SAM concentrations, the steady-state
ratio of metabolite formation rates for SAM-S/SAM-G decreased when flow direction changed
from N to R. An insignificant decrease in SAM-S/SAM-OH was observed at the low input SAM
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concentration, due to the small amount of SAM-OH formed and hence large variation in the ratio
among the preparations, whereas at the high input SAM concentration, the decrease in SAM-
S/SAM-OH with a change in flow direction from N to R was evident. The metabolite formation
ratio, SAM-G/SAM-OH, however, was unchanged at both input concentrations and flow direc-
tions. The observed data suggest an anterior SAM sulfation system in relation to the glucuronidation
and hydroxylation systems, which are distributed similarly. When the observations were compared
to predictions from the enzyme-distributed models, the best prediction on SAM metabolism was
given by a model which described sulfation activities anteriorly, glucuronidation activities evenly,
and hydroxylation activities posteriorly (perivenous). When the model was used to predict data
Jor SAM and GAM metabolism in once-through perfused rat livers at different input SAM
concentrations, in the absence or presence of the sulfation inhibitor, 2,6-dichloro-4-nitrophenol
(DCNP), the predictions were in close agreement with previously observed SAM data but failed
to predict the exclusive formation of GAM-5G; rather, GAM-2S and GAM-5S were predicted as
major sequential metabolites of SAM. The poor correlation for GAM metabolic data may be
explained on the basis of subcellular enzyme localizations: the cytochromes P-450 and UDP-
glucuronyltransferases, being membrane-bound enzymes, are more coupled for GAM formation
and glucuronidation, when GAM was generated intracellularly. The present study suggests that
subcompartmentalization of enzymes may need to be considered in hepatic modeling for betier
prediction of metabolic events.

KEY WORDS: Hepatic modeling; parallel and sequential metabolism; metabolite kinetics;
normal and retrograde liver perfusion; hepatic enzymatic distribution; salicylamide; gen-
tisamide; sulfation; glucuronidation; hydroxylation.

INTRODUCTION

The manner in which competing metabolic pathways exert their
influence on one another in the liver has been studied both theoretically
(1,2) and experimentally (3-8). In a well-mixed system such as hepatocytes
or liver homogenates, substrate removal tends toward the high-affinity,
low-capacity pathways, and by virtue of depletion of substrate, these high-
affinity, low-capacity pathways preclude formation of metabolites from
low-affinity, high-capacity pathways. The low-affinity pathways become
important metabolic pathways only upon substrate loading and saturation
of the high-affinity pathways (9,10). In the intact liver, however, enzymes
for high- and low-affinity pathways are regionalized within the liver acinus.
Drug elimination therefore must be examined with respect to zonation of
enzymes, their apparent kinetic constants, and the microcirculation. Uptake
and metabolism of drugs occur along the direction of fiow of substrate and
processing of a drug at any point along the sinusoidal flow path is influenced
by elimination processes preceding or at that point. Hence, competing
pathways exert their influence by modulating the intrahepatic substrate
concentration. When a high-affinity pathway is concentrated within
upstream hepatocytes, it will efficiently prevent substrate recruitment for
hepatocyte activities further downstream. This effect is greatest at low
substrate concentrations entering the liver, where the change in intrahepatic
concentrations is the greatest,
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In sequential pathways where a drug is metabolized solely to a primary
and then a secondary metabolite, the presence of the primary metabolite
is dependent on the extent of drug uptake and biotransformation. Preformed
(primary) metabolite (one which is entering the liver as an already formed
entity), however, is itself subject to uptake and biotransformation or
excretion. Albeit the same enzyme system(s) and uptake process(es) are
responsible for the elimination of both preformed and generated meta-
bolites, differences are expected because of their different points of entry
in the liver. For example, in the case where the enzymic system for formation
and metabolism of the primary metabolite are distributed evenly, as in a
well-mixed system for isolated hepatocytes (11) or in an intact liver (12),
metabolism of the generated metabolite generally “lags” behind that of
preformed metabolite. This kinetic phenomenon is due to the nature of
drug and metabolite processing, that a delay exists for the generated meta-
bolite in comparison to the preformed metabolite (13). Differences in the
enrichments and distribution of enzymes for formation and metabolism of
the primary metabolite will result in further differences (14), as exemplified
in phenacetin O-deethylation to acetaminophen followed by acetaminophen
sulfation. The perihepatic venous enrichment of O-deethylation activity
and the periportal preponderance of sulfation activity render reduced sulfa-
tion of acetaminophen, when generated from phenacetin, in comparison to
that of preformed acetaminophen during a single passage of both preformed
acetaminophen and phenacetin through the liver (15,16). Zonal distribution
of enzymes can therefore significantly influence the disappearance of the
parent compound as well as the formation of metabolite(s) in both parallel
and sequential pathways.

Recently, parallel and sequential metabolic pathways have been
examined simultaneously for salicylamide (SAM) (17). This substrate is
removed by three competing pathways in the perfused rat liver. it is pre-
dominantly sulfated by a high-affinity, high-capacity pathway to SAM-S
(SAM sulfate conjugate). Upon high substrate loading and saturation of
sulfation pathway, SAM is glucuronidated by a lower-affinity but high-
capacity pathway to SAM-G (SAM glucuronide conjugate). A third and
minor pathway is the hydroxylation of SAM (low-affinity, low-capacity
pathway) at the 5-position to form gentisamide (GAM), which is further
metabolized solely to form GAM-5-glucuronide (GAM-5G) (18). However,
under comparable GAM concentrations, preformed GAM is primarily sul-
fated at 2- and S5-positions to form gentisamide 2-sulfate (GAM-2S) and
gentisamide 5-sulfate (GAM-5S) and is glucuronidated to form GAM-5G
only upon GAM loading into the liver and saturation of the higher-affinity
sulfation pathways (5). The astounding difference in GAM metabolism
between SAM and GAM administration may be explained by difference in
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enzyme distributions for conjugate formation. It is possible that perhaps
hydroxylation activity of SAM is enriched downstream and is more coupled
with GAM glucuronidation activities (6).

The present study examined the zonal distributions of enzyme activities
in the metabolism of salicylamide (SAM) to explain the exclusive formation
of GAM-5G after SAM administration. The technique of normal and retro-
grade liver perfusions was used to assess the extent of SAM metabolite
formation upon a change in SAM input concentration or direction of flow.
The observed data and previous data on SAM metabolism (17) in the
absence or presence of a sulfation inhibitor, 2,6-dichloro-4-nitrophenol
(DCNP), were compared with predictions from enzyme-distribution models.
The enzyme kinetic parameters K,, and V,,, previously determined for
SAM sulfation, glucuronidation, and hydroxylation (19) and for GAM
sulfation and glucuronidation (6) were used in the predictions.

MATERIALS AND METHODS

Materials. Male Sprague-Dawley rats were purchased from Charles
River (St. Constant, Canada). SAM was obtained from Sigma (St. Louis,
MO). “C-SAM (sp act, 6.82 mCi/mmol) was synthesized according to
Mandel et al. (20). The purity of '*C-SAM used for perfusion studies was
greater than 99%, as found by TLC and HPLC. All other solvents for
chromatography were of glass-distilled HPLC grade (Burdick and Jackson,
Muskegon, MI), and other chemicals were of analytical grade.

Liver Perfusion. The surgical procedure and the perfusion apparatus
were identical to those previously described (17). Male Sprague-Dawley
rats (320-416 g) were used as liver donors. The liver weights at the end of
the experiments were determined to be 8.2-12.6 g. The perfusion medium
consisted of 20% washed human red blood cells (Red Cross, Toronto), 1%
bovine serum albumin (Sigma Chemical Co., St. Louis, MO), and
300 mg/ 100 ml of glucose in Krebs-Henseleit bicarbonate solution buffered
to pH 7.4, Perfusate was delivered at a constant flow rate (10 ml/min/liver)
once through the rat liver preparation by either normal (N) or retrograde
(R) flow direction. Preliminary experiments indicated that steady state for
SAM elimination was achieved within 20 min in both N and R perfusions.
Each liver perfusion study consisted of three experimental periods: the first
and second periods were of 40-min duration, whereas the third period was
of 60-min duration. Perfusion was started with either normograde or retro-
grade flow in the first period, then switched to the opposite direction in the
second period, and finally switched again during the third period such that
the first and last periods had the same flow direction. Since R perfusion
for long periods of time reduces liver function, most studies were conducted
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with the design, NRN. Control experiments perfused in RNR order were
also performed. The viability of each preparation was checked by con-
tinuously monitoring SGOT level during entire perfusion periods. Because
slight deterioration of the liver was observed in the last period, the average
metabolic data in the first and the last periods were used to compare with
that in the second period.

Two sets of experiments were performed to investigate the effects of
input concentration and flow direction on the metabolism of SAM. In the
first group of four experiments lower concentrations of SAM (101-177 uM,
7% 10* dpm/ml) were used, while higher concentrations (241-381 uM, 7.5 x
10* dpm/ml) were employed in the second series of six experiments. The
choice of the concentrations is based on simulation results from a previous
theoretical study: the relative ratio between input substrate concentration
and K,, of enzyme will influence the sensitivity of model differentiation
(1). The average concentration (134 uM) of the first set of experiments
exceeded the apparent K,, for SAM sulfation but was less than those for
SAM glucuronidation and hydroxylation. The mean value (295 uM) of the
second group of experiments was greater than the apparent K,,’s for SAM
sulfation and glucuronidation but less than the K, for hydroxylation.

Two samples were taken from the reservoir to determine the steady-state
input concentrations. Outflow samples were collected during the last 20 min
of each perfusion period; five samples were taken at 4-min intervals. Bile
samples were collected in toto at 0-20, 20-25, 25-30, 30-35, and 35-40 min
during the first two periods and at 0-40, 40-45, 45-50, 50-55, and 55-60
min in the last period.

Assay. SAM and its metabolites in perfusate and bile were analyzed
by previously reported HPLC methods (21). An extraction procedure was
used to determine SAM and GAM concentrations in perfusate (blood).
Conjugates of SAM and GAM in plasma and bile were separated by a
reverse-phase C,3 column with 0.085 M KH,PO, (pH 3.4) as the mobile
phase which was delivered by a flow-gradient program. The peaks corre-
sponding to SAM and SAM metabolites eluted from the HPLC column
were collected, and radioactivity was counted by liquid scintillation by
assuming a constant specific activity for SAM and the metabolites. Only
the metabolite fractions with counts that were three times the background
were treated as real peaks (21).

Data Analysis. Steady-state hepatic extraction ratio (E) of SAM was
calculated by

- (C]n - COut)

E
Cl n

(1)
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where C,, and Co,, represent steady-state input and output concentration,
respectively. Metabolite formation rates at steady state were determined as
the sum of biliary excretion rate of the metabolite and the rate of appearance
of metabolite in the perfusate:

AA {mi}
At

where v™ and Co,{mi} are the steady-state formation rate and the outflow
concentration for the primary metabolite mi, respectively. Q is the perfusion
flow rate (10 ml/min/liver). AA {mi}/A¢ represents the biliary excretion
rate for mi, at steady state. It should be pointed out that Eq. (2) is valid
only if the ratio of blood/plasma for the conjugate is equal to one.
Apparently, the assumption is valid because the blood/plasma ratio for
SAM-S was around 0.93, whereas those for GAM conjugates were around
unity (unpublished data). Formation rates for unconjugated and conjugated
GAM were summed to obtain the steady-state hydroxylation rate of SAM
(SAM-OH). The ratios of the steady-state metabolite formation rates
between various pathways, i.e., SAM-S/SAM-G, SAM-S/SAM-OH, and
SAM-G/SAM-OH, were calculated for both N and R perfusions.

Modeling and Computer Simulation. Computer simulation on the distri-
bution of enzyme activities for SAM metabolism was carried out on a Sun
computer system (Sun IPC, Sun Microsystems Inc.), with a program written
in FORTRAN 77. Simulations were performed to examine the effects of
enzyme distribution patterns, direction of flow, and input substrate con-
centration on the elimination of SAM to form various metabolites. Modeling
approaches were the same as those reported previously (5,6). The following
assumptions were made: (a) the flow path in liver is tubular, surrounded
by single sheets of hepatocytes of varying or constant enzymatic activities,
(b) the system was perfusion-limited, that is, transport of SAM and GAM
across membranes is rapid and not rate-limiting, (¢) unbound SAM and
GAM in sinusoidal blood rapidly equilibrate with those in tissue—the two
unbound concentrations are equal at steady-state, (d) only the unbound
species in tissue is eliminated, (e) the K,, for each metabolic pathway is
constant along the flow path of length L, whereas the enzymatic activity
(Vimaxx) may vary at any point x along the flow path, depending on the
enzyme distribution pattern, and (f) the same transport and metabolic
processes are involved in the uptake and elimination of preformed and
generated GAM. The overall length-averaged enzymatic activities (V,,.,) is
expressed as

v™ = QCoudmi}+ (2)

L
Vinax = J Vinax.x dx/ L (3)

0
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The simulation was approached in two parts. In the first part, three
parallel competing pathways for SAM metabolism were considered (parallel
model), that is, the ratios of SAM sulifation, glucuronidation, and hydroxyla-
tion (sum of formation rates of GAM and GAM-5G). The equations for
SAM elimination and metabolites formation are described in Appendix A.
Previous experiments had revealed nonlinear binding of SAM to albumin
and that saturation of binding to one class of the binding sites (association
constant, K; = 1.33 x 10° M '; the number of binding sites, N, = 2.1) occur-
red within the concentration range studied, that is, the unbound fraction
of SAM would change during a single passage through the rat liver (19).
This aspect has been taken into consideration in our simulations. Since the
blood/plasma ratio of SAM is unity (19), the unbound sinusoidal plasma
concentration, Cp,, which also equalled the unbound blood sinusoidal
concentration, may be estimated in terms of the constants and the total
plasma concentration, C, (19):

c - —(1+ N, K,[P]— K,Cp) +{(1+ N, K,[ P]— K,Cp)*+4K,Cp}""*
Py 2K,

4)

The enzymatic parameters used in the simulations were taken from our
previous investigations on SAM metabolism in the once-through liver:
values of 14.8, 151, and 281 uM for K3AMS KSAM-G and K5AM-OH and
155, 200, and 88.7 nmol/min/g for V3AMS V3AMG and VIAM-CH respec-
tively (19), were used. Five different enzyme distribution patterns were
utilized (Fig. 1, models A to E) to describe V,,.x . for SAM sulfation and
glucuronidation, as those described by Morris et al. (6). For SAM hydroxyla-
tion, however, an additional enzyme distribution pattern was also used (Fig.
1, model F). For the description of the three pathways, the first, second,
and third letters denote that distribution pattern for SAM sulfation,
glucuronidation, and hydroxylation, respectively.

Simulations were performed based on different combinations of enzyme
distribution pattern for each competing pathway, resulting in 5X5x6 or
150 possible combinations. Two input concentrations (140 and 300 uM)
and different flow directions (normal and retrograde perfusions) were
examined. The simulated results, expressed as steady-state E and formation
rate ratios of SAM-S/SAM-G, SAM-S/SAM-OH, and SAM-G/SAM-OH,
were compared with observed values at both concentrations and different
flow directions. The least weighted sum of square of residuals between
simulated and observed values was used as a criterion for selection of the
best model.

In the second part of the simulation, extended enzyme models, which
included the sequential metabolism of GAM to GAM conjugates (parallel-
sequential models), were used. Here, the mass balance differential rate
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Fig. 1. Schematic representation of enzymic distribution patterns (A
to F) for SAM metabolism in the liver. Total enzymatic activity
(Vinax) 1s assumed to be constant for each enzyme in all six patterns,
while V.., . is varied along the sinusoidal flow path from input 0
to output L. Terminologies pp and pv represent the periportal (near
the inlet) and perivenous (near the outlet) regions, respectively.
Distribution Pattern A denotes an evenly distributed system; Pattern
B denotes a linear gradient, starting from high levels at the inlet,
dwindling to zero at the outlet of the liver, and Pattern D is the
reverse of Pattern B; Pattern C shows a high enzyme level at the
inlet, with a linear decrease toward the outlet to % of the original
enzymic activity, and Pattern E is the reverse of Pattern C; Pattern
F denotes an enzyme distribution pattern in which the enzyme is
absent in the first half of the liver and increases linearly toward the
outlet of the liver. The first, second, and third letters of the model
denote the distribution patterns of SAM sulfation, glucuronidation,
and hydroxylation activities, respectively. The fourth, fifth, and six
letters of the extended-models denote GAM 2- and S-suifation
activities and glucuronidation activities, respectively.

equations for SAM elimination and SAM-S and SAM.-G formation [Appen-
dix A, Egs. (1A)-(A3)] were again based on removal of unbound SAM
[Eq. (4)]. Since binding of GAM was concentration independent (5), the
unbound concentration of GAM may be expressed in terms of the unbound
fraction in blood, fz{mi}=10.516, multiplied by the total concentration of
GAM in blood. Additional equations to describe the rate of appearance of
GAM and formation of GAM-2S, GAM-5S, and GAM-5G are shown in
Appendix B. The values of K, and V,,, for formation of GAM-2S, GAM-5S,
and GAM-5G were based on published results by Morris et al. (5). These
enzymatic constants were as follows: GAM-2S—K,, =22 uM, V_ ., =
287 nmol/min/liver; GAM-58—K,, =26 uM, V,..=978 nmol/min/liver;
and GAM-5G—K,, =71 uM, V., = 1062 nmol/min/liver. Since two iden-
tical, anterior enzymic distribution for 2- and 5-sulfoconjugation and a
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posterior localization for 5-glucuronidation well described GAM metabol-
ism (5), simulation for the expanded parallel-sequential model was perfor-
med by extending the 10 best enzyme distribution patterns in the parallel
model to include the two best enzymatic distributions for GAM metabolism
(Models AAE and CCA for 2- and 5-sulfation and 5-glucuronidation of
GAM). The fourth, fifth, and sixth letters would then describe the enzyme
distribution patterns for GAM 2- and 5-sulfations and 5-glucuronidation,
respectively. Weighted sums of squares of residuals (WSSR) were calculated
based on the difference between observed and simulated values for E,
SAM-S/SAM-G, SAM-S/SAM-OH, and SAM-G/SAM-OH at both low
and high input SAM concentrations with normal or retrograde perfusions.
Since no GAM sulfate conjugate was detected in the liver perfusion with
SAM, it was not suitable to calculate the WSSR for GAM sulfation reactions,
as in this case {(observed — predicted)’/ predicted?} equals one. The absolute
differences (ADIF) between observed and simulated values for formation
rates of GAM-2S, GAM-5S, and GAM-5G were calculated instead.

The 10 best parallel models (with smallest WSSR) were selected and
used in the parallel-sequential models. To test the validity of the enzyme
distribution patterns, the models were used to simulate data on SAM
metabolism, in the absence or presence of the sulfation inhibitor DCNP
(2,6-dichloro-4-nitrophenol), which were then compared to previously
observed data (17).

Statistical Analysis. Because viability of the liver had varied during the
experiment, observations during the first and last periods were averaged
and compared to those in the second period using a paired ¢ test. A P value
of 0.05 was viewed as significant. The observed parameters E, steady-state
sulfation, glucuronidation, and hydroxylation rates of SAM, and ratios of
metabolite formation rates (SAM-S/SAM-G, SAM-S/SAM-OH, and SAM-
G/SAM-OH) during the first and last periods were averaged and compared
to those in the second period.

RESULTS

Normal and Retrograde Perfusion of SAM. At low input concentrations
(101-177 uM), SAM was highly metabolized by the rat liver in both N and
R flow directions, with E values greater than 0.94 and unchanged between
N and R perfusions (Table I). SAM sulfation was the major metabolic
pathway during N, which was significantly decreased during R. The minor
pathways, glucuronidation and hydroxylation (4 and 15 that of sulfation
rate, respectively, during N), were slightly but not significantly increased
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(based on paired ¢ test) when flow direction changed from N to R (3 and
i that of sulfation rate, respectively). GAM-5G was the only sequential
metabolite formed upon N and R perfusions of SAM. The apparent extrac-
tion ratios of GAM in the formation of GAM-5G, found by dividing the
formation rate of GAM-5G by the total appearance rate of GAM and its
metabolite (or the hydroxylation rate of SAM), were 0.903+0.086 and
0.923 +0.085, respectively, and were not different between N and R per-
fusions. These values are comparable to those obtained from preformed
gentisamide, where the extraction ratios were about 0.9 (5, 6). Around 9%
of the dose (input SAM concentration X flow x perfusion time) was excreted
into the bile at steady state; the radioactivities excreted into the bile as
SAM-S, SAM-G, and GAM-5G were 18, 78, and 4.7% during N perfusion
and 8.3, 87, and 4.4% during R perfusion, respectively.

Deterioration of liver function in the last period was observed in the
present studies. The only way to overcome the instability problem was by
averaging data during the first and last period for comparison to those of
the second period. A decrease in the ratio of metabolic rates, SAM-S/SAM-
G, was detected upon changing the flow direction from N to R (Table I
and Fig. 2). A small but insignificant decrease in the metabolic ratio,
SAM-S/SAM-OH, was found in R perfusion in relation to N perfusion,
and large variations were observed, perhaps due to the low and variable
hydroxylation rates among individual preparations. No systemic trend,
however, was observed for SAM-G/SAM-OH ratio for N and R.

At high input concentrations (241-381 M), SAM metabolism was
apparently saturated as E decreased from 0.95 to about 0.7 during both N
and R (Table II). Significant differences were now observed for SAM
sulfation, glucuronidation, and hydroxylation rates between N and R: higher
sulfation rates were found during N compared to R, whereas smaller
glucuronidation and hydroxylation rates of SAM were observed during N
compared to R. SAM glucuronidation rates were 53 and 74% of SAM
sulfation rates during N and R, respectively, whereas SAM hydroxylation
rates were 18 and 22% of SAM sulfation rates during N and R, respectively.
GAM-5G was the only detected metabolite of GAM, with the apparent
extraction ratio of GAM unchanged during both directional flows (0.668
during N and 0.710 during R). These values were slightly lower than those
observed in comparable perfusion studies with preformed gentisamide
(E=0.8) (5,6). Less than 14% of the dose was excreted into the bile as
SAM or GAM conjugates with 5% as SAM-S, 88% as SAM-G, and 7% as
GAM-5G in N, and similar results were observed in R. The statistical
comparison of data between N and R indicated that the metabolite ratios
of SAM-S/SAM-G and SAM-S/SAM-OH were significantly lower in R
than in N, suggesting an anterior sulfation system (Fig. 3). However,
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Fig. 2. A comparison of steady-state ratios of
metabolite formation rates (SAM-S/SAM-G and
SAM-S/SAM-OH) between normal and retro-
grade perfusions at 130 uM. The observations
were made at steady state during each perfusion
period.

SAM-G/SAM-OH were unchanged during N and R, suggesting close or
parallel distribution patterns for SAM glucuronidation and hydroxylation
activities.

Comparison of SAM Metabolism at 134 and 295 pM. The metabolic data
on SAM metabolism at low (134 uM) and high (295 uM) SAM input
concentrations into the rat livers were compared. Saturation of SAM meta-
bolism was evident at the higher input SAM concentration, as the extraction
ratio decreased from 0.94 to 0.7. Despite the 2.2-fold higher SAM input
concentration, SAM sulfation rate failed to show the proportionate increase;
sulfation rates were only 1.22- and 1.26-fold those at low input SAM
concentration during N and R, respectively; SAM glucuronidation rates
increased comparably by 2.6- and 2.8-fold, and SAM hydroxylation rates
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Fig. 3. A comparison of steady-state ratios of
metabolite formation rates (SAM-S/SAM-G and
SAM-S/SAM-OH) between normal and retro-
grade perfusions at 300 uM. The observations
were made at steady state during each perfusion
period.

by 2.8-fold during N and R, respectively, those at the low input SAM
concentration. The findings suggest that saturation of SAM sulfation had
occurred at the higher input SAM concentration. The apparent extraction
ratio of GAM was also decreased from 0.903+0.86 to 0.668 £0.141 during
N and from 0.923+0.85 to 0.71 +0.016 during R, suggesting that glucuroni-
dation of GAM was apparenily saturated.

The metabolic ratios of SAM-S/SAM-G, SAM-S/SAM-OH, and SAM-
G/SAM-OH decreased from 4.08 to 1.96, 15.7 to 6.69, and 4.18 to 3.63,
respectively, during N and from 3.1 to 1.41, 10.5 to 4.76, and 3.88 to 3.56,
respectively, during R. Differences in metabolic ratios during N and R were
smaller at the higher SAM input concentration (cf. Tables I and I1). This
observation is expected, as the intrahepatic SAM concentration gradient
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was less steep during the higher input concentration, with full substrate
recruitment for all metabolic activities (2).

Hepatic Modeling. One hundred and fifty combinations of enzyme
distribution patterns (in parallel models} were used to described the three
competing pathways in SAM metabolism. The simulated data and the
weighted sums of squares of residuals for the 10 best combinations (with
smallest WSSR) are listed in Table III. The following simulated results
were obtained at both SAM concentrations: E was higher in R than that in
N; metabolic ratios of SAM-S/SAM-G and SAM-S/SAM-OH decreased
in R, and the changes in SAM-G/SAM-OH ratio, however, were variable
and dependent on both the model and the flow direction. Comparatively,
E decreased from low to high SAM C,,, and the magnitudes of change of
the metabolic ratios (SAM-S/SAM-G, SAM-S/SAM-OH, and SAM-
G/SAM-OH) from N to R were smaller at the high versus the low input
SAM concentration {Table IIT). Because the WSSRs were very close for
these models, selection of the best model could not be achieved based
purely on WSSR. When the properties of the models were compared by
examination of the median distances (the point of x which divides the total
enzyme activity along the hepatic sinusoids into halves) for each distribution
pattern, a general pattern was apparent: the median distances for sulfation <
glucuronidation < hydroxylation activities for the nine best models that are
all consistent with data (Table IV).

However, selection of the most appropriate model (Model CAE, BCA
or AED) cannot be made due to the small statistical difference existing
among model predictions. The smallest WSSR was found for Model CAE,
with a decreasing pattern for SAM sulfation activities (high at inlet to
one-third of inlet enzyme activity at the outlet), an even distribution for
glucuronidation activities, and a posteriorly distributed SAM hydroxylation
activities (increasing linearly over the length of the liver from the inlet to
the outlet) (Table I11). Enzymic distributions for sulfation and glucuronida-
tion activities in this model are identical to those toward harmol (12) and
gentisamide (5) and are similar to those found by other investigators for
sulfation of 2-acetylaminofluorene (22,23), glucuronidation (8,24,25), and
the cytochromes P-450 system (27-31).

Table V summarizes the WSSR and ADIF results for the extended,
parallel-sequential models. Upon inclusion of Models CCA and AAE for
GAM metabolism (6), the extended models of CCA consistently performed
better than those of AAE, since smaller values of ADIF (on GAM conjuga-
tion) were observed. Based on WSSR (on SAM parameters), the combina-
tion model (Model CAECCA) gave the smallest value and was ranked as
the best model. However, Model AEDCCA was found to be better in terms
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Table IV. Calculated Medians of Enzymic Distributions for Salicylamide
Metabolic Pathways®

Relative enzyme location
(median distance frora inlet of liver)

Models Sulfation Glucuronidation Hydroxylation
CAE 0.382 0.5 0.618
BCA 0.293 0.382 0.5
AED 0.5 0.618 0.707
BCC 0.293 0.382 0.382
CAA 0.382 0.5 0.5
AEE 0.5 0.618 0.618
EDD 0.618 0.707 0.707
BCE 0.293 0.382 0.618
CAD 0.382 0.5 0.707
BCB 0.293 0.382 0.293

“Models have been ranked in decreasing order of consistency with data.

of the smallest ADIF (based on GAM conjugates). At present, no suitable
statistical analysis could be performed to differentiate these models.
Upon simulation of data with use of Models CAECCA and AEDCCA
and SAM input concentrations similar to those used in this study, GAM-2S
and GAM-5S were predicted to be metabolites after SAM perfusion despite
the fact that no GAM sulfate conjugates were observed experimentally
(Table VI). The validity of the models was further tested to predict SAM
metabolite formations in previous studies of the once-through liver per-
fusion, in which SAM input concentrations were varied stepwise, with or

Table V. Summary of WSSR and ADIF from
Parallel-Sequential Models

Model WSSR* ADIF?
AEDCCA 0.498 64.4
AEDAAE 0.498 65.6
AEECCA 0.514 65.7
AEEAAE 0.514 66.7
BCACCA 0.496 67.9
BCAAAE 0.496 68.0
CAACCA 0.508 67.3
CAAAAE 0.508 67.7
CAECCA 0.487 66.4
CAEAAE 0.487 67.1

“Weighted sum of squares of residuals from both
low and high concentration studies (1/predicted?
was used for weighting).

® Absolute difference among observed and simulated
values for GAM conjugates.
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Fig. 4. Predicted versus observed formation rates of SAM
metabolites. K,,’s of 15, 180, and 280 uM and V., ’s of 1546,
1400, and 887 nmol/min for SAM sulfation, glucuronidation,
and hydroxylation, respectively (from Ref. 17), were used in
Model CAECCA to predict (solid line) SAM metabolite
formation rates with SAM input concentrations varied from
30 to 350 uM in once-through perfused rat livers (data from
Ref. 17). The symbols are observations for rates of formation
of SAM-S (A), SAM-G({ x ), and (total) hydroxylated meta-
bolites (@), SAM-OH.

without the addition of DCNP (17). The results obtained from the simulation
study (Model CAECCA) were compared with observed data (Figs. 4 and
5); simulated data with Modet AEDCCA matched the observations equally
well (data not shown).

DISCUSSION

Normal and retrograde rat liver perfusions and simulations of enzyme
distribution models have been utilized in the present investigation to
examine and possibly explain the drastically dissimilar metabolic fates
between preformed and generated GAM. By changing the perfusion flow
direction, recruitment of drug metabolizing enzyme activities occurs in a
reverse fashion and any inherent heterogeneity in enzymic activity will be
readily revealed by an increased or decreased formation of metabolites.
The lower input (134 uM) concentration exceeds the apparent K,
(K,,/unbound fraction of SAM) for SAM sulfation but not for glucuronida-
tion and hydroxylation. The higher input (295 uM) concentration exceeds
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Fig. 5. Predicted versus observed formation rates of SAM meta-
bolites. K,,’s of 4.7, 150, and 280 uM and V_,’s of 226, 2000,
and 887 nmol/min for SAM sulfation, glucuronidation, and
hydroxylation, respectively (from Ref. 17), were used in Model
CAECCA to predict (solid line) SAM metabolite formation
rates with SAM input concentration varied from 33 to 800 uM
in the presence of 40 uM DCNP, a sulfation inhibitor. The
symbols are observations for rates of formation of SAM-S (A),
SAM-G (X) and (total) hydroxylated metabolites (@), SAM-
OH.

the apparent K,,’s for SAM sulfation and glucuronidation but not for SAM
hydroxylation. As shown theoretically (2) and experimentally for harmol
(12) and GAM (5), both input conditions would render metabolite formation
ratios discriminatory and point toward the relative enzyme distribution
patterns in SAM metabolism, as shown for GAM metabolism (6). The lower
concentration, however, should provide a larger difference in metabolite
ratio between N and R perfusion (data in Table III).

Results from liver perfusion experiments indicated that at the lower
input SAM concentration, small and variable amounts of SAM hydroxylated
metabolites were formed, causing large variations in the metabolic formation
ratio, SAM-S/SAM-OH. The variability reduced the sensitivity of this
metabolite formation ratio as an indicator to detect the zonal heterogeneities
of enzymes involved. Instead, at the higher input concentration (295 M),
significant changes in the ratios of SAM-S/SAM-G and SAM-S/SAM-OH
between N and R perfusion were observed.

As expected of an anterior sulfation system in relation to the glucuroni-
dation system, the ratio of metabolic rates, SAM-S/SAM-G, decreased
during R compared to N (p <0.05) for both SAM concentrations studied.
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The statistically significant decrease in the ratio of SAM-S/SAM-OH was
observed only at the higher input SAM concentration. These observations
are also attributed to a strong SAM sulfation but poor hydroxylation
activities. Differences in SAM-G/SAM-OH during N and R were small at
both SAM C,,’s and are perhaps due to the close proximities of the enzyme
systems. The lack of change in SAM hydroxylation rate during both N and
R at the high (i, is not unexpected because it is a poor metabolic pathway.
Based on these findings, the relative enzyme distribution patterns may be
assigned: an anterior enzymic distribution for sulfation and posterior localiz-
ations for SAM glucuronidation and hydroxylation.

Computer simulations (SAM parallel model) further supported these
distribution patterns, with Model CAE giving the smallest WSSR, while
other models, whose median distances for sulfation, glucuronidation, and
hydroxylation activities are of the same rank order as in Model CAE, also
predicted the data, albeit with increased WSSR. These relative enzymic
distributions of the models were in general agreement with those found by
others on sulfation and glucuronidation (3-5, 8, 22-25). Our pattern on
SAM hydroxylation activity is also similar to those found for cytochrome
P-450-mediated reaction, phenacetin O-deethylation (14-16),
benzo(a)pyrene hydroxylation (26), 7-ethoxycoumarin O-deethylation (27),
and lidocaine hydroxylation (28), and by immunohistochemical and staining
on the localization and distribution of phenobarbital- and 3-methyl-
cholantrene inducible cytochromes P-450 (29-31).

In the expanded modeling on parallel-sequential pathways, the sequen-
tial metabolism of SAM (conjugation of the primary metabolite, GAM)
was also considered. Two models (CAECCA and AEDCCA) were selected,
with SAM hydroxylation activities localized perivenularly and GAM
glucuronidation activities being evenly distributed and regionalized in a
manner which should favor GAM glucuronidation over GAM sulfation
(more anteriorly distributed). For CAECCA, sulfation activities for SAM
and GAM are identically distributed (more periportal) as are SAM and
GAM glucuronidation (evenly distributed) activities. Despite these models
being selected as the best models based on the criteria of WSSR and ADIF,
the simulated data failed to predict the exclusive glucuronidation of GAM.
Rather, they predicted GAM sulfations (forming GAM-2S and GAM-58)
as the major metabolic pathways of GAM inasmuch as the low K,,’s and
the overlap of enzymes for SAM hydroxylation and GAM sulfation. Failure
of the models adequately to predict GAM conjugation is perhaps due to
the modeling approaches. Although a distributed-in-space phenomenon is
described for drug and metabolite processing, the tissue (hepatocyte) is
viewed as a single well-mixed compartment, without further consideration
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of subcompartmentalization of cellular structures. That is, enzymes dis-
tributed in both cytosol and endoplasmic reticulum are considered to be
equally accessible to substrates or metabolites intracellularly. It is likely
that subcompartmentalization of structures needs to be considered in model-
ing for a better prediction of metabolic events. Hydroxylation and glucuroni-
dation, reactions mediated by membrane-bound enzymes, may be more
coupled compared to those for hydroxylation and sulfation (32,33). In view
of these subcellular locations of enzyme systems, GAM, once formed, will
immediately undergo glucuronidation to form GAM-5G before being
released to the cytosol for sulfation to occur. Therefore, the likelihood of
sulfoconjugation of GAM is relatively lower than those predicted from the
present modeling. This work brings attention to further refinement on the
modeling of enzymic distributions in the processing of drugs and metabolites
in the liver.

APPENDIX A

Differential Equations to Describe SAM Disappearance and
SAM Metabolite Formation from Competing Pathways (Parallel Model).

Based on mass balance, the following equations were derived to
describe the elimination of SAM and formation of SAM metabolites in the
once-through liver perfusion system at steady-state.

Rate of disappearance of SAM:

SAM-S SAM-G SAM-OH
Q dCx 1 { Vmax, X Cu,x Vmax, X Cu,x Vmax, X Cu,x

dc  LIKS™MS+c,, KS™MS+C,, KSMOTLg } (A1)

Rate of formation of SAM-S:

QdcM™s 1 { Vians Cux (A2)
dx  LIKM™S+c,,
Rate of formation of SAM-G:
Qdci*™° 1 { Vo Cux (A3
d«  LIK3™S+c,, )
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Rate of hydroxylation (formation of GAM):

SAM-OH
{ Vmax,x Cu,x }

QdciAM—OH 1
= K SAM-OH | Cox

dx L

(A4)

where C, and C,, are the total and unbound concentrations of SAM in
sinusoidal blood at point x, respectively. C, . also equals the tissue unbound
concentration at point x. The superscripts on the concentration terms denote
the species considered.

APPENDIX B

Differential Equations to Describe GAM and GAM Conjugate Formation
After SAM Perfusion into the Rat Liver (Parallel-Sequential Model)

For GAM:
Qdcs™ 1 { VIANOUC,,  veauascoam
dx  LLIKMOU+C 0 KoM/ fo{mi}+ COMM
VGAM-SSCGAM
max, X X
KA/ folmi}+ COA
viseest 1w
K55 fymiy+ €T
For GAM-2S:
QdCSAM-ZS—l{ Vg:xlt/{;2SCSAM } (Bz)
dx  LLIKGM™S/ fu{mi}+CI™M
For GAM-5S:
QdCSAM-SS—_l_{ Vgan]\,d;SSCSAM } (B3)
dx LK™/ f{mi}+ CO™M
For GAM-5G:
QdC?AM-SG 1 Vgan]td);SGC,\G-AM
dx  LIKS™MS/fimiy+ S (B4

where C, and C,, are the total and unbound sinusoidal concentrations of
SAM; and CSAM (CSAM2S COAMSS and C$AM7Y denote the total
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sinusoidal concentrations of GAM, GAM-2S, GAM-5S, and GAM-5G at
point x, respectively; fap{mi} denotes the unbound fraction in blood for
GAM.
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