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Abstract—The metabolism of lidocaine was studied using rat liver microsomes or a reconstituted
lidocaine monooxygenase system with one of eight forms of cytochrome P-450 purified from liver
microsomes from untreated- (P450 UT-2 and UT-5), phenobarbital- (P450 PB-1, PB-2, PB-4, and PB-
5) or 3-methylcholanthrene- (P450 MC-1 and MC-5) treated rats. A reverse phase high-performance
liquid chromatography system capable of simultaneously assaying four major lidocaine metabolites,
namely, monoethylglycinexylidide (MEGX), 3-hydroxylidocaine (3-OH LID), methylhydroxylidocaine
(Me-OH LID) and glycinexylidide (GX), was employed to determine the rate of formation of each
metabolite. Untreated microsomes generated MEGX, Me-OH LID, and 3-OH LID, but the formation
of GX was not detected. In male rat liver microsomes, MEGX was the major metabolite of lidocaine
when a concentration of 1 mM was employed. The formation of MEGX and Me-OH LID was increased
significantly (P < 0.01) by microsomes from phenobarbital-treated rats, and the formation of 3-OH
LID was increased with 3-methylcholanthrene. The study with the reconstituted system with purified
cytochrome P-450 isozymes revealed that all eight forms of cytochrome P-450 used have an ability to
N-deethylate lidocaine to form MEGX. Among these isozymes, cytochrome P450 PB-4 and P450 UT-
2 showed a higher turnover number for the formation of MEGX. Me-OH LID was formed exclusively
by P450 PB-5, and 3-OH LID exclusively by P450 MC-1. Selectivity of cytochrome P450 PB-5 for
aromatic methyl hydroxylation of lidocaine was confirmed by an inhibition study; formation of Me-OH
LID by microsomes of rats treated with phenobarbital was inhibited completely by antibody against
P450 PB-5. It was concluded that different cytochrome P-450 isozymes metabolize lidocaine with a
different rate and different position selectivities. Since a specific substrate of cytochrome P450 PB-5 (P-
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450e) is not known, lidocaine may be a useful substrate for the identification of P450 PB-5.

Lidocaine is the local anesthetic and antiarrhythmic
drug most widely used in the clinic; its metabolites
also have an antiarrhythmic effect {1} and central
nervous system toxicity [2, 3]. The metabolic fate of
lidocaine has been studied extensively in exper-
imental animals [4-8] and humans [9-11]. In rat
liver microsomes, lidocaine is N-deethylated to give
monoethylglycinexylidide (MEGX) and glycinex-
ylidide (GX), and the aromatic ring and methyl of
lidocaine are hygdroxylated to form 3-hydroxy-
lidocaine (3-OH LID) and methylhydroxylidocaine
(Me-OH LID) respectively [6-8, 12] (Fig. 1). These
reactions are catalyzed with microsomal cytochrome
P-450. The formation of MEGX and Me-OH LID is
induced by treatment with phenobarbital (PB) [7].
Lidocaine metabolism alters position selectively with
age and sex [8], suggesting that multiple forms of
cytochrome P-450 are involved in lidocaine metab-
olism. However, there are no data on lidocaine
metabolism by multiple forms of purified cytochrome
P-450 in the reconstituted systems. We have purified
many liver microsomal cytochrome P-450 isozymes
from untreated rats or rats treated with PB or 3-
methylcholanthrene (MC) [13, 14]. This paper was
designed to identify the specific form of cytochrome
P-450 in the metabolic pathways of lidocaine in a

1 Author to whom correspondence should be addressed.

reconstituted system with purified cytochrome P-450
by the simultaneous measurement by HPLC of four
lidocaine metabolites.

MATERIALS AND METHODS

Materials. Lidocaine, MEGX, and GX were sup-
plied by the Fujisawa Pharmaceuticals Co., Ltd
(Osaka, Japan). 3-OH LID and Me-OH LID were
synthcsized as described previously [7, 15]. Dilau-
roylphosphatidylicholine (DLPC) was obtained from
the Sigma Chemical Co. (St Louis, MO). NADPH
was obtained from the Oriental Yeast Co. (Tokyo,
Japan). Emulgen 911 was the gift of the Kao Corp.
(Tokyo, Japan). Other reagents and organic solvents
were obtained from Wako Pure Chemical Industries
(Tokyo, Japan). A C,g-column (TSKgel ODS-120T)
was obtained from the TOSOH Corp. (Tokyo,
Japan).

Microsomes, purified cytochrome P-450, and P-
450 antibody. Male Sprague-Dawley rats weighing
200-250 g were obtained from Nippon Clea (Tokyo,
Japan). PB (80 mg/kg, dissolved in saline) or MC
(40 mg/kg, dissolved in corn oil) was given intra-
peritoneally daily for 4 or 2 days respectively. Hep-
atic microsomes were prepared as reported
elsewhere [13]. The specific content of cytochrome
P-450 (nmol/mg) in the microsomes from untreated
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Fig. 1. Metabolic pathways of lidocaine.

male rats and rats treated with PB or MC was 0.74,
1.44, and 1.45 respectively. Cytochrome P-450s were
purified from hepatic microsomes by ion-exchange
HPLC followed by 7-15% polyethylene glycol
fractionation and octylamino-Sepharose chroma-
tography as described previously [13,14]. Cyto-
chrome P450 UT-2* and UT-5 were purified from
untreated male rats, P450 PB-1, 2, 4, and 5, and
P450 MC-1 and 5 were purified from rats treated
with PB or MC as reported before [13].

Antibody against purified cytochrome P-450s
(P450 UT-2 and P450 PB-5) was raised in a female
Japanese white rabbit obtained from Biotech (Saga,
Japan), and the IgG fraction was prepared by
ammonium sulfate precipitation as described pre-
viously [26]. NADPH-cytochrome P-450 reductase
and cytochrome bs were purified as previously
reported {13]. The specific activity of the purified
reductase was 38 units/mg protein. The specific con-
tent of purified cytochrome b5 was 28 nmol/mg pro-
tein.

Formation and measurement of lidocaine metab-
olites. Lidocaine was metabolized in a microsomal
incubation mixture (total volume, 0.5 ml) containing
microsomes (200 ug protein), 0.5 pmol lidocaine,
and 0.1 M potassium phosphate buffer (pH 7.4). The
reaction was started by the addition of 20 ul of 10 mM
NADPH, dissolved in aqueous solution, to the mix-
ture. The reaction was carried out in air at 37° for
15 min. The substrate concentration (1 mM) was cho-
sen according to previous studies [8, 15].

The rates of aromatic 3-hydroxylation, methyl
hydroxylation, and N-deethylation in the recon-
stituted system were measured by the following
method. Purified cytochrome P-450 (30 pmol), cyto-

* The corresponding forms of cytochrome P-450 purified
by other researchers include the following: P450 UT-2 =
P-450h [16], P-450 male [17], UT-A [18], RLM; [19] and
P450 1IC2 [20]: P450 UT-5 = P-450g [16] and RLM, [19];
P450 PB-2 = PB-C [18], P-450 PB-1 {21} and P450 IICé
[20]; P450 PB-4 = P-450b [22], PB-B [18], P-450 PB-4 {23}
and P450 IIB1 [20]; P450 PB-5 = P-450¢ [24]. PB-D [18],
P-450 PB-5 {23] and P450 11B2 [20]; P450 MC-1 = P-450d
[25], BNF/ISF-G [18] and P450 1A2 [20]; P450 MC-5 =P-
450c [22], BNF-B [18] and P450 1A1 [20]. The purification
of a cytochrome P-450 corresponding to cytochrome P450
PB-1 has not been reported by others.

chrome P-450 reductase (0.3 units), DLPC (5 ug),
and lidocaine (0.5 umol), with or without cyto-
chrome b (30 pmol), were incubated in 0.5 ml of
0.1 M potassium phosphate buffer, pH 7.4. The reac-
tion was started by the addition of NADPH
(0.2 pmol) and was carried out in air at 37° for 10 min.

The reaction was stopped by the addition of 50 ul
of 1N NaOH, and the mixture was immediately
placed in ice, mixed with 1.5 ml of ethyl acetate and
centrifuged at 3000 rpm for 5 min. One milliliter of
the supernatant fraction was transferred to a dif-
ferent tube, and ethyl acetate was evaporated to
dryness under reduced pressure at 40°. The residue
was dissolved in 200 ul of the mobile phase of HPLC,
and 140 ul of the sample was injected onto an HPLC
apparatus equipped with a Cyg-column. HPLC was
carried out with a mobile phase (acetonitrile: 0.1 M
potassium phosphate buffer, pH 3.0, 1:9) at a flow
rate of 1.7ml/min at 60°, and metabolites were
detected at a wavelength of 214 nm. The amount of
metabolites was calculated from the peak area with
a data-processor. Catalytic activities of all enzyme
preparations were assayed under conditions in which
the metabolism was proportional to the cytochrome
P-450 concentrations and time of incubation. The
amounts of NADPH—cytochrome P-450 reductase
and DLPC were optimum for the purified hemo-
proteins, and the NADPH concentration was a satu-
rating one,

RESULTS

Separation of metabolites by HPLC. Lidocaine and
four authentic metabolites were resolved clearly by
HPLC equipped with a Cg-column (Fig. 2A) under
conditions essentially the same as those described
previously {7, 15], except that Ref. 7 did not show
GX as a separately resolved metabolite and Ref. 15,
Me-OH LID. Peaks 1-5 corresponded to 3-OHLID,
Me-OH LID, GX, MEGX, and lidocaine, respect-
ively, and the retention times were 6.6, 7.6, 10.7,
14.2, and 22.9 min. The HPLC profile of lidocaine
metabolites generated by microsomes from rats
treated with PB is shown in Fig. 2B. Peaks of Me-
OH LID, MEGX, and lidocaine were observed.
These peaks were identified by comparison of the
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Fig. 2. Elution profiles of lidocaine and its metabolites by HPLC equipped with a C,g-column
(4.6 X 250 mm). The chromatography was carried out at a flow rate of 1.7 ml/min at 60°. The mobile
phase was potassium phosphate buffer: acetonitrile (90:10) adjusted to pH 3.0. (A) Chromatogram of
authentic samples. Peaks 1-5 were 3-OH LID, Me-OH LID, GX, MEGX, and lidocaine respectively.
(B) Chromatogram of lidocaine metabolites generated by microsomes from rats treated with pheno-
barbital. The reaction mixture, containing 200 ug of microsomes from phenobarbital-treated male rats,
0.2 umol NADPH, and 0.5 ymol lidocaine, was incubated for 15 min at 37°in 0.1 M potassium phosphate
buffer, pH 7.4. Lidocaine metabolites were extracted and analyzed by HPLC. (C) Chromatogram of
blank assay. The incubation conditions were the same as in (B) except for the omission of NADPH.

Table 1. Lidocaine metabolic activity of rat liver microsomes

Lidocaine metabolites (nmol/min/mg)

Microsomes MEGX GX 3-OH LID Me-OH LID
Untreated 4.84 +1.31 — 0.64 = 0.19 0.24 £0.09
Phenobarbital 11.38 + 1.54* — 0.50 = 0.13 2.13 + 0.24*
3-Methylcholanthrene 4.45+1.63 — 1.04 = 0.21* 0.26 = 0.10

The reaction mixture contained 200 ug of microsomal protein and 0.2 ymol of NADPH in a
final volume of 0.5 ml. It was incubated for 15 min at 37° in 0.1 M potassium phosphate buffer,
pH 7.4. Lidocaine metabolites were extracted with ethyl acetate and analyzed by HPLC. The
values (N = 6-10) are expressed as nanomoles of product per minute per milligram of
microsomal protein. Catalytic activities less than 0.2 nmol of product/min/mg protein are

expressed as “—

. Abbreviations: MEGX, monoethylglycinexylidide; GX, glycinexylidide; 3-

OH LID, 3-hydroxylidocaine; and Me-OH-LID, methylhydroxylidocaine.

*P <0.01.

retention time during HPLC with that of the auth-
entic samples. When lidocaine was incubated with
microsomes from rats treated with PB in the absence
of NADPH, peaks corresponding to lidocaine
metabolites were not observed. This result suggests
that the two peaks shown in Fig. 2B corresponding
to Me-OH LID and MEGX appeared because of the
reaction of NADPH-dependent cytochrome P-450
monooxygenase. The identification of peaks was
checked also by the amount of increase in the peak
area when lidocaine was incubated with different
amounts of microsomes. The peak areas for metab-
olites as calculated with the data-processor increased
in proportion to the increase in the microsomes.

Metabolism of lidocaine by rat liver microsomes.
The turnover rates of four metabolites formed by
microsomes of untreated rats or rats treated with
PB or MC are shown in Table 1. Microsomes of
untreated rats produced MEGX, 3-OH LID, and
Me-OH LID, but not GX. The production of MEGX
was higher than that for 3-OH LID and Me-OH
LID. PB treatment induced the formation of MEGX
and Me-OH LID, while MC treatment induced the
formation of 3-OH LID.

Metabolism of lidocaine by purified cytochrome P-
450. The results above suggest that different forms
of cytochrome P-450 have different metabolite pat-

terns. To elucidate the specific metabolites formed
by the specific cytochrome isozymes, the formation
of MEGX, GX, 3-OH LID, and Me-OH LID by
eight different purified cytochrome P-450s in a recon-
stituted system was studied (Table 2). The addition
of cytochrome bs did not change the formation
activity of any of these metabolites. MEGX was a
major metabolite of lidocaine catalyzed by cyto-
chrome P-450 in liver microsomes from rats at the
substrate concentration used. Every purified cyto-
chrome P-450 formed MEGX, and P450 UT-2, P450
PB-4, and P450 MC-1 were efficient in forming it. In
the study of lidocaine metabolism in microsomes,
PB induced the formation of MEGX. The result
found in the reconstitution studies, that the PB-
inducible form of P450 PB-4 formed MEGX with a
high turnover number, was consistent with the results
obtained in the microsomal study. P450 UT-2, which
was the major form of untreated microsomes,
appeared to play a major role in the formation of
MEGX in untreated microsomes. GX formation
from lidocaine was not observed in this study, except
for those small amounts produced by UT-2. 3-OH
LID was efficiently formed by MC-inducible P450
MC-1 but not by the other forms of P-450. This was
consistent with the results obtained with microsomes.
Me-OH LID was formed by P450 PB-5, but not by
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Table 2. Lidocaine metabolic activity of purified cyto-
chrome P-450s

Lidocaine metabolites
(nmol/min/nmol cytochrome P-450)

Purified

P-450 MEGX GX  3-OH LID Me-OH LID
UT-2 28.8 1.4 — —
UT-5 0.8 — — —
PB-1 0.6 —_ —_

PB-2 6.6 — — —
PB-4 45.8 — — —
PB-5 6.8 — — 2.0
MC-1 14.9 — 3.4 —
MC-5 7.9 — — —

For licodaine metabolism, the reaction mixture was the
same as in the footnote of Table 1, except for a recon-
stituted system containing 30 pmol of purified cytochrome
P-450, 0.3 units of NADPH-cytochrome P-450 reductase,
and 5pug of dilauroylphosphatidylcholine being used in
place of the microsomes. The values are expressed as
nanomoles of product formed per minute per nanomole of
cytochrome P-450. Metabolites were assayed by com-
parison of peak areas monitored at 214 nm to those of
authentic samples. Catalytic activities less than 0.2 nmol of
product/min/nmol of cytochrome P-450 are expressed as

“«_»

the other forms of P-450. PB-inducible P450 PB-5
formed Me-OH LID in microsomes from rats treated
with PB.

Inhibition studies using antibodies. Lidocaine was
metabolized to MEGX, GX, 3-OH LID and Me-
OH LID by different forms of cytochrome P-450.
We also confirmed this result with inhibition studies
that used antibody against purified cytochrome P-
450 isozymes. The effects of antibody prepared
against P450 PB-5 and P450 UT-2 on the formation of

.
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MEGX, 3-OH LID and Me-OH LID in microsomes
from untreated or PB-treated rats are shown in Fig.
3. Antibody against P450 PB-5 completely inhibited
the formation of Me-OH LID by microsomes of rats
treated with PB at a concentration of 10 mg/nmol
cytochrome P-450 but had no effect on the formation
of 3-OH LID (Fig. 3A). This result also suggested
that P450 PB-5 was the specific form for the for-
mation of Me-OH LID, as shown in the study of a
reconstituted system. On the other hand, antibody
against P450 PB-5 inhibited the formation of Me-
OH LID by about 50% when 20 mg/nmol P-450 of
antibody was added to microsomes of untreated rats
(Fig. 3B). This finding suggested that there are forms
of cytochrome P-450 that produce Me-OH LID in
the microsomes of untreated rats other than P450
PB-5. Antibody against P450 PB-5 inhibited the for-
mation of MEGX by about 50% at a concentration
of 4mg/nmol P-450 and the inhibition was not
greater at higher concentrations (10 or 20 mg/nmol
P-450, Fig. 3A). Antibody against P450 PB-5 was
cross-reactive with P450 PB-4; the homology of P450
PB-5 and P450 PB-4 is high [27]. Therefore, antibody
against P450 PB-5 inhibited the formation of MEGX
by P450 PB-4. Antibody against P450 UT-2 inhibited
the formation of MEGX by 3040%, but did not
inhibit the formation of Me-OH LID or 3-OH LID
(Fig. 3C). That the formation of MEGX was not
inhibited completely by the antibody against P450
UT-2 suggested that this reaction was also catalyzed
by other forms of P-450 in liver microsomes.

DISCUSSION

Microsomes contain multiple forms of cytochrome
P-450 and produce multiple metabolites by reaction
with lidocaine. Therefore, we used HPLC to resolve
and assay several metabolites simultaneously. The
reconstitution study showed the MEGX was formed
mainly by P450 PB-4 and P450 UT-2, and 3-OH LID
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Fig. 3. Effect of antibody against P450 PB-5 or P450 UT-2 on the formation of MEGX, 3-OH LID and
Me-OH LID in the microsomes. The designated amount of IgG was preincubated with the microsomes
containing 50 pmol of cytochrome P-450 for 10 min at room temperature. (A) Effect of anti-P450 PB-
5 IgG in microsomes from rats treated with phenobarbital. (B) Effect of anti-P450 PB-5 IgG in
microsomes of untreated rats. (C) Effect of anti-P450 UT-2 IgG in microsomes of untreated rats.
Residual activity was expressed as a percentage of the value measured with rabbit IgG instead of anti-
P450 PB-5 or UT-2 IgG. Turnover rates of MEGX, 3-OH LID and Me-OH LID were 5.15, 0.36 and
1.51 nmol/min/nmol cytochrome P-450, respectively, by microsomes from phenobarbital-treated rats,
and 5.72, 1.06 and 0.29 nmol/min/nmol cytochrome P-450, respectively, by microsomes from untreated
rats. Key: (@) MEGX; (A) Me-OH LID; and (@) 3-OH LID.
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and Me-OH LID were formed selectively by P450
MC-1 and P450 PB-5 respectively.

The formation of Me-OH LID was induced
strongly by PB treatment. We purified four different
forms of cytochrome P-450 from rats treated with
PB [13]. Among the four P-450s, as mentioned
above, P450 PB-5 selectively formed Me-OH LID in
the reconstituted study. Antibody against P450 PB-
5 completely inhibited the formation of Me-OH LID
in microsomes from rats treated with PB, suggesting
that P450 PB-5 was a specific P-450 for the formation
of Me-OH LID in such microsomes. Microsomes
from untreated rats also formed Me-OH LID. A
small amount of P450 PB-5 is contained in micro-
somes from untreated rats [28], but antibody against
P450 PB-5 inhibited the formation of Me-OH LID
about 50%. This finding suggests that there are forms
of cytochrome P-450 which produce Me-OH LID
other than P450 PB-5 in the microsomes from
untreated rats. P450 MC-1 formed two metabolites,
MEGX and 3-OH LID, simultaneously. Such pos-
ition-specific reaction was also detected in the
hydroxylation of testosterone at the 2a- and 16a-
positions by P450 UT-2 [14]. In the reconstitution
study, 3-OH LID was formed only by P450 MC-1,
and the other forms of cytochrome P-450 did not
catalyze formation of 3-OH LID. P450 UT-2 and
P450 UT-5, which are the major male-specific forms
of cytochrome P-450 in untreated male rats, did not
form 3-OH LID. Microsomes from female rats also
formed 3-OH LID (data not shown). Therefore,
forms other than P450 UT-2 and P450 UT-5 may
take part in the formation of 3-OH LID in micro-
somes from untreated male rats. Selective substrates
for individual cytochrome P-450 isozymes are
extremely useful for the identification of isozymes
{18]. P450 UT-2 is the specific form of cytochrome
P-450 for the hydroxylation of testosterone at the
2a~ and 16a-positions and P450 PB-4 is specific for
168-hydroxylation {29, 30], but the specific reactions
for P450 PB-5 have not been characterized. Aromatic
3-hydroxylation (3-OH LID) and methyl hydroxy-
lation (Me-OH LID) of lidocaine are the relevant
reactions for P450 MC-1 and P450 PB-5, respect-
ively, to characterize these cytochrome P-450 iso-
Zymes.

Finally, the formation of lidocaine metabolites was
induced by PB or MC treatment. MEGX has central
nervous systems toxicity [2,3], and the phar-
macological actions of Me-OH LID and 3-OH LID
are unknown. MEGX and 3-OH LID have been
isolated from the reaction mixture of lidocaine and
human liver microsomes [11]. Therefore, care must
be taken in the clinical use of lidocaine when other
drugs that induce PB-types of cytochrome P-450 are
also given.
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