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Abstract-Kineticparametcrs (K,,,and V,,,) of ethoxyhcnzamidc dccthvlation in isolated rat hepatocytes 
and liver microsomes were compared. Adjustment of cofactors in microsomal decthylation, such as 
NADPH and Mg’+. to give optimum conditions, and appropriate correction of the apparent kinetic 
parameters for nonspeci~c binding and microsomal yield resulted in good agreement among the kinetic 
parameters of isolated hepatocytes [Vnlax = 0.0863 ~mole.min .(g liver)-’ and K,, = 0.459 mM] and 
microsomes [V,,,, = 0.124 fcmoles min.. (g liver) and K,,, = 0.378 mM], 

A long-term goal in the study of drug metabolism 
is the quantitative prediction of in viva drug 
metabolism from enzymatic parameters (If,;,,. the 
maximum velocity of reaction, and K,,,, the Michaelis 
constant) obtained in v&o. 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 et rd. [ I] 
suggested that drug metabolism in isolated hepato- 
cytes correlates better with in r&o drug metabolism 
than does metabolism in 9OOOg 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 virro 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. 
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research provided by the Ministry of Education of Japan. 
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MATERIALS AllD 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 phenylhydr~one (CCP) from the 
Sigma Chemical Co. (St. Louis, MO. U.S.A.): 
~-glucuronidase/arylsulfatase (EC 3.2. I .3liEC 
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 kd~tion of isolated heputocytes. 
Isolated hepatocytes were prepared essentially by 
the method of Baur et nl. [3], except that prolonged 
pre-perfusion (35 mlimin. 15 min) 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,. 12 mM NaHCO,. 0.74 mM 
KH2P04. and 5 mM glucose at pH 7.1-7.2; (b) wash 
and incubation buffer: 131 mM NaCI. 5.2 mM KCI, 
0.9 mM MgSO,, 0.12 miM CaCI,. 3 mM phosphate 
buffer, and 10 mM Tris-HCI. at pH 7.4. 

After preincubati~~n for 5 nun, the reaction was 
started by adding an equal volume of EB solution 
to the cell suspension (the tinal volume of the reac- 
tion mixture was 2 ml): no cofactor was added unless 
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otherwise stated. The incubations wcrc performed 
at 37” for a specitied period (usually 5 min) with 
shaking (90 oscillations!min) in 10 ml round-bottom 
vials under air. In some cases. the vials were flushed 
with 95%’ O-5? CO,. After incubation. the reac- 
tion was terminated bv adding 0.5 ml of lj? tri- 
chloroacetic acid/ml of’incubation mixture. 

Cell ~~iahiliq. We obtained an average of 2.6 + 
0.4 X IO’ cells from one liver, and more than Y5 per 

cent of these cells excluded trypan blue (0.3 per 
cent). The cndogenous cellular respiration was tncas- 
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 rntios of respiration 
with and without 2 /IM CCP and with and without 
1 mM sodium succinate. respectively. The value of 
endogenous cellular respiration was about 13 
nmoles . min-’ IO” cclls~ ‘% and the respiratory con- 
trol and stimulation ratios were 1.6 and I. 1. respec- 
tively, in agreement with the report of Baur ef rrl. 
[3]. All experiments with isolated hepatocytes were 
performed within 3 hr after cell preparation. 

Damt+~l isolrrtrd hepcctoc~~tec at~d .sorticxwd cell 
homogenaks. In some experiments. damaged iso- 
lated hepatocytes and cell homogenates were used 
as enzyme sources. I Iomogenates from isolated 
hepatocytes were prepared by trcatmcnt of the sus- 
pended cells in an ultrasonic disintegtator (Branson 
185 cell disrupter) for 3 tnin. and damaged isolated 
hepatocytes. defined as those stained 100 per cent 
by trypan blue (0.39 ). were prepared by high-speed 
mixing in an automatic mixer for more than 5 min. 

Prepuratiotl rmd inc~ihr~tiot~ of li,w nzic~rosottles. 
Isolation of microsomes \vas performed as described 
previously 121. Incubations with tnicrosomes were 
carried out as follows: the incubation tnixturc con- 
tained various concentration5 of EB. 0.5 ml of micro- 
somal suspension, 0.6tnM NADPII, and 6mM 
MgCl, in a final volume of 1.7 ml of 0.05 M Tris- 
HCI buffer (pH 7.4). All incubations were carried 
out at 37” for a specified period (usually 5 min) with 
shaking (90 oscillations/min) under air. 

Enzyme uctil,ity trrsay. EB is deethylatrd itI \,i\,o 
to SAM. and SAM undergoes subsequent metabolic 
conversion to glucuronide and sulfate. In incubations 
with hepatocyte\. damaged hepntocytex or cell 
homogenates. the total SAM (free SAM - SAM 
glucuronide + SAM sulfate) was determined after 
hydrolysis with /j-glucuronidase!aryIsulfatasc. On 
the other hand, free SAM in the incubation mixture 

was determined without enzyme hydrolysis, and coti- 
jugates of SAM were estimated by subtracting the 
free SAM from the total SAM. SAM fortned in all 
experimental systems was extracted with I .2-dich- 
loroethane and assayed fluorometrically as reported 
elsewhere 121. Complete enzyme hydrolysis of SAM 
conjugates was contirmed by the following pro- 
cedures. To obtain an adequate atnount of SAM 
conjugates, a higher cell concentration (3 x IO 
cells/ml) was uccd in this experiment. After incu- 
bation for 1 hr at 37”. the reaction was stopped by 
adding 15% trichloroacetic acid. a l-ml ahquot was 
pipetted off, and the pH was adjusted to 5.5. The 
samples were then incubated after adding 20 /cl of 
~glucuronidasel;trylsitlf~itase (activity of /i-glucu- 

ronidase: approximately 5.2 units:ml ;rt 3~ \\i~h 

phenolphthalein monoglucuronidc as ;I substrate: 
activity of arvsulfatasc: 2.6 units’ml at 3X’ \\ith 
phenolphthalein disulfate as ;I substrate) ;tt 24.ht 
intervals. Incubation for -18 hr (10 ~tl of t’n~vmc in 

total) was required for complete hvdrolvsis ot SA%l 
conjugates; no additional hydt-oly\is of the conjtt- 

gates was detected on further incubation (‘clntrol 

experiments showed that no nonenc!‘mattc tlecth\~ 
lation of EB to SAM occurred under thc\c c.~pct’t- 

mental conditions. 

Determinatiotl of cytochromc P-350 rctlrl pro~citl. 
Cytochrome P-450 was measured according 11) 
Omura and Sato [S] with a Ilitachi 3% dual w;t\c 
length double-beam spectrophototiiett~r. Pt~oteiti 
contents of the isolated microsomes were dct~rmtncd 
by the method of Lowry c’t trl. [h]. with bovine 
albumin as a standard. The content of cytocht-omc 
P-450 per mg of microsotnal protein M as O.(,(, -t O.OiZ 
nmole (mean 2 S.D.). 

Notxpec$c binding lo ttzicrosott~c.\ utlrl isol~rretl 
hepatcqtes. Nonspecific binding, to microsomes was 
reported elsewhere: no snturatton of binding was 
observed. and the unbound fraction was \,irtuall!, 
constant at about 0.65 [2]. The nonspecific binding 

to isolated hepatocytcs was detert~~it~ed using the 

hepatocyte reaction mixture dcscribcd earltcr. .Aftct 
adding EB solution to the hcpatoc\ (1% ~uspcn~ic~n. 

the mixture was centrifuged at t-&m temperature 
and the supernatant fraction was pipetted oft 

immediately. All procedures wet-c cot~~l~letecl within 
1 min. so that the decrease of EB h> metabolism in 

the hepatocytes could be neglected, and the cotl- 
centration of EB in the supernatant fraction \\;I\ 
determined. The levels of EB concentration. 1.~‘. 
0.25. 0.5, 1 .S and 3.0 mM. cover the actual concc~l- 

trations studied. No saturation of binding to the 

isolated hepatocytes was &set-ved. and the unbound 

fraction was virtually constant at ,tbout 0.0. 

Conditions for the us.\a_v of FIB tlcc~tll~~lutiorr itr 
isolated heppatocytes. To test whether the oxygen in 

air is sufficient to support cytochromc P--I%)-linked 
drug monooxygenation. the time courses of I-B dec- 
thylation in 95% OJ-ScJ (‘0: and in air \tere con- 
pared (Fig. 1). No difference \\a\ found between 

them at either high (3 mM) or low (0.25 mM) LB 
concentration. The EB deethylation procecdcd 

almost linearly with time for 15 min in alI casts. ;I\ 
shown in Fig. 1. Figure 2 shows the effect of cell 

concentration on EB deethylation: the relation I\ 
linear up to about 2.0 x IO” ccllsiml ot tncubate. 

The effect of exogenous NADPH on EB deethc- 

lation was investigated with isolated intact hepatc)- 
cytes, damaged hepatocytes, and sonicated cell hon- 
ogenates (Fig. 3). Exopcnous NADPII had tittlc 
effect on intact hepatocytes but increased en/vmc 
activity in both damaged hepatocvtes and cell horn- 
ogenates. The concentration of e$cn011s NAIlPI 1 
required for maximal EB decthvlation activit! \\;I\ 
about 0.4 mM in damaged hepatocvte\. About 
1.0 mM NADPH was required for max;mal enzyme 
activity in cell homogenates; the activitb in cell hon- 
ogenates was lower than in the other t\to \vstem\. 
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Fig. 1. Time course of EB deethylation and subsequent conjugation of SAM in isolated hepatocytes. 
Incubations were performed at 37” using 2 X 10’ cells/ml. The concentration of EB was 0.25 mM (A, 
B) or 3 mM (C, D). Mixtures in B and D were incubated in 95% 02 and 5% CO2 whereas A and C 
were incubated in air. Key: total metabolites (a); conjugates of SAM (0); and free SAM (0). Each 

point is the mean 2 S.I?. of four experiments. 

Possible explanations for this will be discussed later. 
In view of these results, the following experimental 

conditions were adequate for the kinetic studies with 
isolated hepatocytes: (a) cell concentration, 1.5 
2.0 x 10h cells/ml of incubate; (b) incubation time, 
5 min; (c) 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 mgiml of incubate (Fig. 4). 

The effect of exogenous NADPH on EB deethy- 
lation was saturated to give constant velocities of 
deethylation above 0.5 mM NADPH at 0.3 and 
3.5 mM EB, respectively. 

The effect of exogenous Mg’+ on EB deethylation 
is shown in Fig. 5. EB deethylation increased to a 
maximum at 6mM Mg’+ or less, foilowed by a 
decrease of enzyme activity at higher concentrations 
of exogenous MgL+. The kinetic studies on EB de- 
ethylation were carried out in the presence and 
absence of Mg” (Fig. 6). It is 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, 
2.53.0mg/ml of incubate; (b) incubation time, 
5 min; and (c) cofactors, NADPH (0.6 mM) and 
Mg’+, (6 mM). 

6.0 

t / 

001 
NADPH 

106 cells/ml 

Fig. 2. Deethylation velocities of EB in isolated hepatocyte 
suspension at various cell concentrations. The velocities 
are expressed as nmoles of total SAM formedimin. The 
reactions were performed at 37” for 5 min in a 2-ml cell 
suspension. Key: 0.25 mM (0), and 3 mM (0) EB. Each 

Fig. 3. Effect of exogenous NADPH on EB decthylation 
velocity in isolated hepatocytes (0). damaged hcpatocytes 
(a), and sonicated ceil homogenates (0). The velocities 
are expressed as nmoles of total SAM formed. 10’ 
cells-’ .min-‘. The reactions were performed at 37” for 
Smin in a 2-ml cell suspension containing 2 mM EB and 
2 x 10’ cetls!ml. Each point is the mean i- S.D. of four 

experiments. point is the mean f 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 formedimin. The reaction was performed at 37” for 
5min in 1.7ml of the reaction mixture that contained 6mM MgCI: and 0.6mM 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 MgC12, 0.6 mM NADPH, and 3 mg microsomal protein/ml. For A and B, the 
concentration of EB was 3.53mM (0) and 0.294mM (0). Each point is the mean ? S.D. of four 

experiments. 

3.0. 

01 
0 5.0 10.0 rnM 

Mg” 

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 (0) or 0.294 mM (0). Each point is the mean + 

S.D. of four experiments. 

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- 
r-ected 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 nmoles of SAM formed per min per g liver, 
and are listed in Table 1. 

* 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 g liver, 1.7 ml of the microsomal suspension 
contained5.4 mg microsomal protein. Since the microsomal 
concentration of 3.2 mgiml (= 5.4 mgil.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. 

0 2.0 4.0 6.0 8.0 

mM_’ 

Fig. 6. Lineweaver-Burk plot of EB deethylation in the 
presence of 6 mM MgCl, (0) and in the absence of MgC12 
(0). 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* 

Microsomest 
Hepatocytesf 

V,,,, 

[@moles. min-’ g liver-‘] 

0.124 ‘-t 0.003 
0.0863 ? 0.0163 

K,,, 

(mM) N 

0.37X f 0.017 6 
0.459 + 0.045 ‘I 

* Data are expressed as means r+_ S.D. and N denotes the number of experiments. 
t Values are taken from Table 4 of a preceding paper (21. The K,,value is corrected 

for nonspecific binding of EB to microsomes and is the same as the reported value. 
V,,, is corrected for per gramm liver as follows. The microsomal protein ohtaincd 
was 32.5 mg from 1 g of liver at that time, and the content of P-450 was 0.66 nmole 
P-450img microsomal protein as reported in the present Materials and Methods 
section. The content of cytochrome P-450 was estimated as 33.X nmolesig liver from 
the reported values (7-1 I]. Then the yield of the microsomes from liver was calculated 
as 0.66 X 32.5133.X = 0.635. Since the previous V,,,value (21 was for the microsomal 
suspension that was obtained from 167 mp liver. the I/,,, value for 1 g of liver was 
calculated as 0.0131 x 0.167 ’ x 0.635 ’ = 0.124 [/~moles.min~‘.(g liver)~ ‘1. 

$ V,,, value obtained for lo” cells is corrected per g liver. using the average content 
of hepatocytes (1.25 x 10’ cells/g liver) [ 1 2, 121. The K,,, value is corrected for non- 
specific binding of EB to the hepatocytes by multiplying by a factor of 0.9 (reported 
in the text) 

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 r~ivo 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 
0.3-0.5 mM [15-171 and that the concentration of 
exogenous NADPH required for the maximal EB 
deethylation activity in damaged hepatocytes and 
microsomes is the same. Lehninger [IX] 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 
Mold&s 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 inhlbltors (in 
mitochondria or nuclei (211) or pyrophosphatasc 
(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 
V,,, and K,) 1251. The reason for these differences 
is not clear. The endogenous Mg’+ concentration in 
rat liver has been reported to be 8 mM 126). 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 
Mg2’ 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. Mold&us et ul. [ZO] reported 
that the cellular concentration of microsomal protein 
is 0.33 mg/lO’ ceils. Using this value and the value 
of Slmg of microsomal protein/g liver 
(32.5 mgi0.635 = 51.2; see legend for Table I). 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 I!lmoles. 
min-‘.g liver)-‘], which is closer to the V,,,, value 
in microsomes. 

Since Mold&s 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 x supernatant fractions are 2.5 and 17 ,uM 
respectively 1271, which are in reasonable accordance 
with that found in isolated hepatocytes-10 PM 1281. 
The apparent Michaelis constant for ethylmorphine. 
however, is significantly higher in microsomes 
(250 ,uM) 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 1311. 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 et ul. 1321. 
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