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Abstract—Kinetic parameters (K, and V,,,,,) of ethoxybenzamide deethylation inisolated rat hepatocytes
and liver microsomes were compared. Adjustment of cofactors in microsomal deethylation. such as
NADPH and Mg", 1o give optimum conditions. and appropriate correction of the apparent kinetic
parameters for nonspecific binding and microsomal yield resulted in good agreement among the kinetic
parameters of isolated hepatocytes [V, = 0.0863 mole'miift~(g liver) ™' and K, = 0.459 mM] and
microsomes [V, = 0.124 ymoles-min™ " - (g liver) 7' and K, = 8.378 mM].

A long-term goal in the study of drug metabolism
is the quantitative prediction of in vive drug
metabolism from enzymatic parameters (V,,,. the
maximum velocity of reaction, and K,,,, the Michaelis
constant) obtained in vitro. Recently, based on com-
parisons of drug metabolism in perfused liver prep-
arations with metabolism in subcellular liver frac-
tions and in isolated hepatocytes, Billings er al. [1]
suggested that drug metabolism in isolated hepato-
cytes correlates better with in vivo drug metabolism
than does metabolism in 9000 g supernatant fractions
or microsomes. Drug metabolism studies with iso-
lated hepatocytes from small animals are easily per-
formed, but the preparation of isolated hepatocytes
from large animals or humans presents some diffi-
culties. In large animals and humans, in vitro drug
metabolism can only be investigated by using sub-
cellular liver fractions as enzyme sources. In the
present study, the authors used ethoxybenzamide
(EB), which is deethylated primarily in the liver by
the microsomal monooxygenase system to form
salicylamide (SAM]) [2], as a model drug to inves-
tigate whether liver microsomes can be used as a
source of enzymes whose kinetic parameters corre-
late well with those obtained with isolated hepato-
cytes. This required close examination of the experi-
mental conditions for the liver microsomes in relation
to those used for isolated hepatocytes, as well as of
other factors which affect the estimation of kinetic
parameters, such as nonspecific substrate binding
and microsomal losses incurred during differential
centrifugation.

* This work was supported by a grant-in-aid for scientific
research provided by the Ministry of Education of Japan.

§ Author to whom all correspondence should be
directed.

MATERIALS AND METHODS

Materials. Chemicals were obtained from the fol-
lowing sources: EB from the Takeda Chemical Co.
{Tokyo, Japan); SAM from the Tokyo Kasei Chem-
ical Co. (Tokyo, Japan); collagenase type I and
carbonyl cyanide phenylhvdrazone (CCP) from the
Sigma Chemical Co. (St. Louis. MO, US. A}
B-glucuronidase/arylsulfatase  (EC  3.2.1.31/EC
3.1.6.1) and NADPH from the Boehringer Co.
(Mannheim, F.R.G.); and sodium succinate, trypan
blue, and general reagents from the Wako Pure
Chemical Co. (Osaka, Japan).

Animals. All animals used in these experiments
were male Wistar rats (230-270 g) obtained from the
Shihashi Co. (Tokyo. Japan), and fed ad lib.

Preparation and incubation of isolated hepatocytes.
Isolated hepatocytes were prepared essentially by
the method of Baur er al. [3], except that prolonged
pre-perfusion (35 ml/min, 15min) with Ca**-free
perfusion buffer was performed to ensure complete
removal of the intercellular adhesion factor, Ca®".
This was followed by collagenase perfusion (4 mM
Ca*, 0.05% collagenase) instead of hyaluronidase
and collagenase perfusion (0.5 mM Ca**, 0.05% col-
lagenase and 0.1% hyaluronidase), according to
Seglen [4].

The compositions of the main buffers were as
follows: (a) perfusion buffer: 121 mM NaCl, 6 mM
KCl, 0.6 mM MgSO,. 12mM NaHCO;, 0.74 mM
KH,PO;, and 5 mM glucose at pH 7.1-7.2; (b) wash
and incubation buffer: 131 mM NaCl. 5.2 mM KCl,
0.9 mM MgSO,, 0.12 mM CaCl;, 3 mM phosphate
buffer, and 10 mM Tris-HCl, at pH 7.4.

After preincubation for 5 min, the reaction was
started by adding an equal volume of EB solution
to the cell suspension (the final volume of the reac-
tion mixture was 2 ml): no cofactor was added unless
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otherwise stated. The incubations were performed
at 37° for a specitied period (usually 3 min) with
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shaking (90 oscillations/min) in 10 m! round-bottom

vials under air. ln some cases, the vials were flushed
with 95% ()1 CO.. After incubation, the reac-
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chloroacetlc acid/ml of incubation mixture.
Cell viability. We obtained an a\erdge of 2.6
0.4 % 1% cells from one liver, and more than 95 per
cent of these cells excluded trypan blue (0.3 per
cent) The cnd()genous cellular respiration was meas-
ured with a Clark oxygen electrode (Yellow Springs
Instrument Co.. Yellow Springs, OH. U.S.A.). The
respiratory control ratio and the respiratory stimu-
lation ratio were measured as the ratios of respiration
with and without 2 uM CCP and with and without
1 mM sodium succinate. respectively. The value of
endogenous cellular respiration was about 14
nmoles-min~'- 10 cells™', and the respiratory con-
trol and stimulation ratios were 1.6 and 1.1, respec-
tively, in agreement with the report of Baur et al.
{3]. All experiments with isolated hepatocytes were
performed within 2 hr after cell preparation.
Damaged isolated hepatocvtes and sonicated cell
homogenates. In some experiments, damaged iso-
lated hepatocytes and cell homogenates were used
as enzyme sources. Homogenates from isolated
hepatocytes were prepared by treatment of the sus-
pended cells in an ultrasonic disintegrator (Branson
185 cell disrupter) for 3 min. and damaged isolated
hepatocytes, defined as those stained 100 per cent
by trypan blue (0.3%). were prepared by high-speed
mixing in an automatic mixer for more than 5 min.
Preparation and incubation of liver microsomes.
Isolation of microsomes was performed as described
previously [2]. Incubations with microsomes were
carried out as follows: the incubation mixture con-
tained various concentrations of EB. ().5 ml of micro-
somal suspension, 0.6 mM NADPH, and 6 mM
MgCl; in a final volume of 1.7ml of 0.05M Tris—
HCI buffer (pH 7.4). All incubati
out at 37° for a specified period (usually 5 min) with
shaking (90 oscillations/min) under air.
ER is deethylatec
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homogenates, thc total SAM (free SAM + SAM
glucuronide + SAM sulfate) was determined after
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hydrolysis with f-glucuronid
the other hand. frece SAM in the incubation mixture
was determined without enzyme | hydrolysis, and con-
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free SAM from the total SAM. SAM formed in all
experimental systems was cextracted with 1.2-dich-
loroethane and assayed fluorometrically as reporied
elsewhere [2]. Complete enzyme hydrolysis of SAM
conjugates was confirmed by the following pro-
cedures. To obtain an adequate amount of SAM
conjugates, a higher cell concentration (2 x 10/
cells/ml) was used in this experiment. After incu-
bation for 1 hr at 37°, the reaction was stopped by
adding 15% trichloroacetic acid, a I-ml aliquot was
pipetted off, and the pH was adjusted to 5.5, The
sampies were then incubated after adding 20 wi of
f-glucuronidase/arylsulfatase (activity of fS-glucu-
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ronidase: approximately 5.2 units/ml at 38" with
phenolphthalein monoglucuronide as a substrate:
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conjugates; no ddd]tl()ndl l dl()l\\l\ of the conju-
gates was detected on further incubation. Control
experiments showed that no nonenzymatic decethy-
lation of EB to SAM occurred under these experi-
mental conditions.

Determination of cvtochrome P-450 and protein.
Cytochrome P-450 was measured according to
Omura and Sato 5] with a Hitachi 356 dual wave-
fength doubie-beam spectrophotometer. Protein
contents of the isolated microsomes were determined
by the method of Lowry et «l. [6]. with bovine
albumin as a standard. The content of cytochrome
P-450 per mg of microsomal protein wis 0.66 = (1.052
nmole (mean = S.D.).

Nonspecific binding to microsomes and isolured
hepatocytes. Nonspecific binding to microsomes was
reported elsewhere; no saturation of binding was
observed, and the unbound fraction was virtually
constant at about 0.65 [2]. The nonspecific binding
to isolated hepatocytes was determined using the
hepatocyte reaction mixture described carlier. After
adding EB solution to the hepatocvte suspension,
the mixture was centrifuged at room temperature
and the supernatant fraction was pipetted off
immediately. All procedures were completed within
1 min, so that the decrcase of EB by metabolism in
the hepatocytes could be neglected, and the con-
centration of EB in the supernatant fraction was
determined. The levels of EB concentration. i.c.
0.25,0.5, 1.5 and 3.0 mM. cover the actual concen-
trations studied. No saturation of binding to the
isolated hepatocytes was observed. and the unbound
fraction was virtually constant at about (1.9,
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Conditions for the assay of EB deethylution in

isolated | hpnntn/ yies, To test whether the oxvg

s ¢
plate whether Ve
air is sufﬁc1ent to support cytochrome P- 450-linked
drug monooxyéenzmon the time courses of EB d
thylation in 95% 0. 5%CO, and in air were

pared (Fig. 1). No “difference was found between
them at either high (3 mM) or low ((}.25 mM) LB
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almost linearly with time for [S min in all cases. as
shown in Fig. 1. Flgurc 2 shows the effect of cell
LUllLClIleLlU“ on L_,D uﬁcuxvmuun' l}lL lLl(lllUll 1.’\‘
linear up to about 2.0 x 10° cells/ml of incubate.
The effect of exogenous NADPH on EB deethy-
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ldllUll was lI]VCSngdlLU with isolated IIll(lLl l]L"Pdl()—
cytes, damaged hepatocytes, and sonicated cell hom-
ogenates (Fig. 3). Exogenous NADPH had little
effect on intact hepatocytes but increased enzyme
activity in both damaged hepatocytes and cell hom-
ogenates. The concentration of exogenous NADPH
required for maximal EB decthylation activity was
about 0.4 mM in damaged hepatocytes. About
1.0 mM NADPH was required for maximal enzyme
activity in ceii homogenates: the activity in cell hom-
ogenates was lower than in the other two systems.
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Fig. 1. Time course of EB deethylatlon and subsequent conjugation of SAM in isolated hepatocytes.

Incubations were performed at 37° using 2 x 10° cells/ml. The concentration of EB was .25 mM (A,

B) or 3mM (C, D). Mixtures in B and D were incubated in 95% O, and 5% CO, whereas A and C

were incubated in air. Key: total metabolites (B); conjugates of SAM (O); and free SAM (@). Each
point is the mean = 8.D. of four experiments.

Possible explanations for this will be discussed later.

Inview of these results, the following experimental
conditions were adequate for the kinetic studies with
isolated hepatocytes: (a) cell concentration, 1.5-
2.0 X 10° cells/ml of incubate; (b) incubation time,
S min; (¢) in air; and (d) no cofactor added.

Conditions for the assay of EB deethylation in
microsomes. Isolated microsomes catalyzed EB de-
ethylation linearly for up to 10 min, and the rate was
also linear with respect to microsomal protein con-
centration up to about 3 mg/ml of incubate (Fig. 4).

The effect of exogenous NADPH on EB deethy-
lation was saturated to give constant velocities of
deethylation above 0.5mM NADPH at 0.3 and
3.5 mM EB, respectively.
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Fig. 2. Deethylation velocities of EB in isolated hepatocyte
suspension at various cell concentrations. The velocities
are expressed as nmoles of total SAM formed/min. The
reactions were performed at 37° for Smin in a 2-ml cell
suspension. Key: 0.25mM (O), and 3mM (@) EB. Each
point is the mean = §.D. of four experiments.

The effect of exogenous Mg”* on EB deethylation
is shown in Fig. 5. EB deethylation increased to a
maximum at 6mM Mg®" or less, followed by a
decrease of enzyme activity at higher concentrations
of exogenous Mg**. The kinetic studies on EB de-
ethylation were carried out in the presence and
absence of Mg”" (Fig. 6). Itis clear that Mg™' affected
K, but not V..

In view of these results, the following experimental
conditions were adequate for the kinetic studies with
microsomes: (a} microsomal protein concentration,
2.5-3.0mg/ml of incubate; (b) incubation time,
5min; and (c) cofactors, NADPH (0.6 mM) and
Mg, (6 mM).
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Fig. 3. Effect of exogenous NADPH on EB deethvlation
velocity in isolated hepatocytes (O), damaged hepatocytes
(@), and sonicated cell homogenates {©). The velocities
are expressed as nmoles of total SAM formed-10°
cells™'-min~!, The reactions were performcd at 37° for
Smin in a 2- ml cell suspensxon containing 2 mM EB and
2 % 10° cells’ml. Each pomt is the mean = S.D. of four

experiments.
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Fig. 4. Panel A: Deethylation of EB in hepatic microsomes at various microsomal protein concentrations.
The enzyme activity is expressed as nmoles SAM formed/min. The reaction was performed at 37° for
Smin in 1.7 ml of the reaction mixture that contained 6 mM MgCl; and 0.6 mM NADPH. Panel B:
Time course of EB deethylation in hepatic microsomes. The time course is expressed as nmoles SAM
formed/mg microsomal protein. The reaction was performed at 37° in 1.7 ml of the reaction mixture
that contained 6 mM MgCl,;, 0.6 mM NADPH, and 3 mg microsomal protein/ml. For A and B, the
concentration of EB was 3.53 mM (@) and 0.294 mM (O). Each point is the mean = S.D. of four
experiments.
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Fig. 5. Effect of exogenous Mg?* on EB deethylation in

hepatic microsomes. Incubations were performed at 37° for

5 min, and the mixtures contained 0.6 mM NADPH and

3 mg microsomal protein/ml. The concentration of EB was

3.53 mM (@) or 0.294 mM (O). Each point is the mean =
S.D. of four experiments.

* The values of K, and V,,,, in microsomes were taken
from Table 4 of a preceding paper [2], where the V,,,, value
is for 1.7 ml of the microsomal suspension that was obtained
from 167 mg liver. As 32.5 mg microsomal protein was
obtained from 1 gliver, 1.7 m! of the microsomal suspension
contained 5.4 mg microsomal protein. Since the microsomal
concentration of 3.2 mg/ml (= 5.4 mg/1.7 ml) almost passes
the criterion for the assay condition of EB deethylation in
microsomes (see text), the preceding values were taken for
the comparison with the values in hepatocytes.

Kinetic parameters of EB deethylation with micro-
somes and isolated hepatocytes. Various concentra-
tions of EB were incubated with microsomes and
isolated hepatocytes, and the amount of SAM
formed was determined. K,,and V,,,, in the Michae-
lis-Menten equation were determined by an iter-
ative nonlinear least squares method using a com-
puter [2]. The apparent K, values obtained from
microsomes* and isolated hepatocytes were cor-
rected for nonspecific binding to microsomes and
isolated hepatocytes by factors of 0.65 [2] and 0.9,
respectively. The V,,,, values were obtained in units
of nmoles of SAM formed per min per 167 mg wet
liver* and per 10° cells for microsomes and hepa-
tocytes, respectively. In order to compare the V.,
values of the two systems, both values were con-
verted to umoles of SAM formed per min per g liver,
and are listed in Table 1.
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Fig. 6. Lineweaver-Burk plot of EB deethylation in the

presence of 6 mM MgCl, (@) and in the absence of MgCl,

(O). This shows the results of one experiment typical of
three.
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Table 1. Kinetic parameters of ethoxybenzamide deethylation in rat microsomes and
isolated hepatocytes™

Vﬂ]L‘lX K"l
[umoles-min™" - g liver ™| (mM) N
Microsomest 0.124 = 0.003 0.378 = 0.017 6
Hepatocytest: 0.0863 = 0.0163 0.459 = 0.045 4

* Data are expressed as means = S.D. and N denotes the number of experiments.

+ Values are taken from Table 4 of a preceding paper {2]. The K, value is corrected
for nonspecific binding of EB to microsomes and is the same as the reported value.
Vnax is corrected for per gramm liver as follows. The microsomal protein obtained
was 32.5mg from 1 g of liver at that time, and the content of P-450 was 0.66 nmole
P-450/mg microsomal protein as reported in the present Materials and Mcthods
section. The content of cytochrome P-450 was estimated as 33.8 nmoles/g liver from
the reported values {7-11]. Then the yield of the microsomes from liver was calculated
as 0.66 x 32.5/33.8 = 0.635. Since the previous V ,, value [2] was for the microsomal
suspension that was obtained from 167 mg liver. the Vo, value for 1g of liver was
calculated as 0.0131 x 0,167 ' x 0.635 ' = 0.124 [umoles-min '+ (g liver)™'].

1 Ve value obtained for 10° cells is corrected per g liver. using the average content
of hepatocytes (1.25 X 10® cells/g liver) [12, 12]. The K, value is corrected for non-
specific binding of EB to the hepatocytes by multiplying by a factor of 0.9 (reported
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in the text).

DISCUSSION

Figure 1 indicates that the oxygen supply from the
air or that available in the cells was sufficient for
cytochrome P-450-linked drug monooxygenation. It
is interesting that the ratios of conjugates to total
SAM were high at low EB concentration (Fig. 1 A
and B), but low at high EB concentration [Fig. 1
(C and D)]. This is not unreasonable, since the
saturation of SAM conjugation in vivo has been
reported by Levy and Matsuzawa [14].

It is noteworthy that the concentration of endogen-
ous NADPH in rat liver has been reported to be
0.3-0.5mM [15-17] and that the concentration of
exogenous NADPH required for the maximal EB
deethylation activity in damaged hepatocytes and
microsomes is the same. Lehninger [18] showed that
pyridine nucleotides cannot permeate into mito-
chondria, and Orrenius er al. [19] used pyridine
nucleotide exclusion as a criterion to determine the
viability of isolated hepatocytes. The small effect of
exogenous NADPH on EB deethylation by isolated
intact hepatocytes confirms that the isolated hepa-
tocytes prepared in our laboratory possess intact
plasma membranes. By comparing the maximal EB
deethylation activity in damaged hepatocytes with
that in intact hepatocytes, it is clear that NADPH
generation from endogenous substrates is sufficient
to support optimal deethylation in the intact hepa-
tocytes. This is in agreement with the results of
Moldéus et al. [20]. The enzyme activity in cell hom-
ogenates was significantly lower than in intact and
damaged hepatocytes at every concentration of
NADPH (Fig. 3). This may be the result of the
homogenation procedure destroying the enzyme par-
tially, or unmasking or activating inhibitors (in
mitochondria or nuclei [21]) or pyrophosphatase
(which destroys NADPH [22. 23]).

Peters and Fouts [24] studied the effect of Mg™'
on hepatic microsomal drug metabolism, classifying
the substrates into three groups: (1) no effect on, or

a decrease in, enzyme activity with increased con-
centration of Mg**; (2) increased enzyme activity
with increasing Mg?* concentration; and (3) peak
enzyme activity at 6 mM Mg** or less. The Mg**
concentration at the peak rate of EB metabolism is
very close to that for aniline and benzphetamine
metabolism [24], which belong to the third group.
But Mg** did not change V.., and decreased K,,.
for EB (Fig. 6). These results contrast with those
observed with aniline (increase in V. but no
change in K,,) and benzphetamine (increase in both
Vaax and K,,) [25]. The reason for these differences
is not clear. The endogenous Mg** concentration in
rat liver has been reported to be 8 mM [26]. It is
interesting that the optimal Mg”* concentration for
maximal EB deethylation activity with microsomes
(about 6 mM), is in the range of the physiological
Mg?** concentration.

Adjustment of the cofactors NADPH and Mg’
in microsomal deethylation to give optimum con-
ditions, which are close to physiological conditions,
and appropriate correction of the apparent kinetic
parameters for nonspecific binding and microsomal
yield resulted in rather good agreement between the
kinetic parameters of microsomes and isolated
hepatocytes. A lower V. value, however, was
observed in the isolated hepatocytes. For this reason,
the estimate of the cell content in a gram of liver
may be recalculated. Moldéus er al. [20] reported
that the cellular concentration of microsomal protein
is 0.33 mg/10° cells. Using this value and the value
of S5lmg of microsomal protein/g liver
(32.5mg/0.635 = 51.2; see legend for Table ). the
number of cells per gram liver was calculated to be
1.55 x 10% cells. Then, the V,,, value in hepatocytes
per g liver can be recalculated as 0.107 Jumoles-
T‘nin/l -g liver)~']. which is closer to the V,,, value
in microsomes.

Since Moldéus et al. [20] demonstrated that iso-
lated hepatocytes are very useful for drug metab-
olism studies, some attempts have been made to
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compare drug metabolism in subcellular liver frac-
tions with that in hepatocytes. The apparent Michae-
lis constants for alprenolol in hepatic microsomes
and in 9000 g supernatant fractions are 25 and 17 uM
respectively [27], which are in reasonable accordance
with that found in isolated hepatocytes—10 uM [28].
The apparent Michaelis constant for ethylmorphine,
however, is significantly higher in microsomes
(250 M) than in isolated hepatocytes (50 uM) [29].
Furthermore. the apparent Michaelis constant for
antipyrine in microsomes, 22.0 mM [30], is different
from that in isolated hepatocytes, 1.4 mM [31]. The
discrepancy between the kinetic parameters in
microsomes and those in hepatocytes may be due,
in part, to the experimental conditions, which were
not optimal, and to other factors that affect the
estimation of kinetic parameters.

Recently, in addition to drug metabolism linked
to cytochrome P-450, an excellent correlation
between drug glucuronidation in native microsomes
and in isolated hepatocytes was reported by Anders-
son ef al. [32].

The results of the present study on deethylation,
as well as the investigation of Moldéus et al. described
above, indicate that drug metabolism in microsomes
may correlate well quantitatively with that in isolated
hepatocytes, at least for some drugs, if optimal
experimental conditions can be established. and if
other factors which affect the estimation of kinetic
parameters are considered.
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