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Abstract—The in-vitro inhibition of several metabolic pathways has been studied in 3-methylcholanthrene-
treated rats. The specificity of the 7-ethoxyresorufin O-de-ethylase reaction has been determined in the
presence and absence of ciprofloxacin, enoxacin, norfloxacin, ofloxacin, nalidixic acid, oxolinic acid and
pipemidic acid. For the caffeine N3-demethylation reaction, enoxacin and pipemidic acid were used.
Enoxacin (IC50=105 uMm, K;=65 uM) and pipemidic acid (IC50=115 uM, K;=160 uM) significantly
inhibited 7-ethoxyresorufin O-de-ethylase reaction and caffeine N3-demethylation (IC50=60 um for
enoxacin and IC50 = 185 uM for pipemidic acid) by a competitive mechanism. Other quinolones had lower
or no (ofloxacin) inhibitory capacity. The order of inhibitory activity observed is in agreement with results
obtained previously from in-vivo studies in man. No activity was detected towards ethylmorphine N-

demethylation.

Some antibiotics of the quinolone family can alter the
clearance of methylxanthines like caffeine (Staib et al 1987;
Carbo et al 1989) at the metabolic level. Caffeine has been
used in previous metabolic drug interaction studies (Des-
mond et al 1980; Segura et al 1986, 1989), and we have used it
here as a model compound to study the quinolones-
methylxanthines interactions because of its widespread daily
consumption, which may have toxicological relevance. The
primary pathway of its metabolism in rat and man is N-
demethylation (Wietholtz et al 1981; Grant et al 1983), which
takes place almost exclusively in the liver by the hepatic
microsomal oxidative system (cytochrome P450), mediated
by isozymes related to the biotransformation of polycyclic
aromatic hydrocarbons (Kotake et al 1982; Campbell et al
1987; Grant et al 1987). The present study investigates the in-
vitro inhibitory potency of several quinolones (Fig. 1) on the
primary metabolic pathway of caffeine in the rat (N°-
demethylation to paraxanthine). The enzymatic reaction of
T-ethoxyresorufin O-de-ethylase (EROD) (Khanna et al
1972; Campbell et al 1987) has been used previously to study
the mechanism involved. The specificity of quinolones as
inhibitors of microsomal hepatic activity has also been
studied with model substrates.

Material and Methods

Chemicals

[8-*H]Caffeine (spec. act. 22.2 Ci mmol~!, 98% purity) was
obtained from Amersham, UK. 3-Methylcholanthrene (3-
MC), NADH, NADP, isocitric dehydrogenase, 7-ethoxy-
resorufin (7-ER), benzo[alpyrene (BP), aniline, 4-amino-
phenol, cytochrome c, caffeine, theophylline, theobromine,
paraxanthine and 1,3,7-trimethyluric acid (137-TMU) were
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from Sigma Chemical Co. (St. Louis, MO, USA). Isocitric
acid and MgSO,-7H;O were from Merck (Barcelona, Spain)
and resorufin from Aldrich Chemie (Steinheim, Germany).
Bio-Rad Protein Assay was from Bio-Rad Laboratories
(Miinchen, Germany). Sodium phenobarbitone was from
Laboratorios Miquel (Barcelona, Spain) and the quinolones
(nalidixic acid, oxolinic acid, pipemidic acid, enoxacin,
ciprofloxacin, norfloxacin and ofloxacin, were provided by
Dr C. Roy (IMIM, Barcelona, Spain).

Animals

Male Wistar rats, 225-250 g, (Panlab S.L., Barcelona,
Spain), were housed in plastic cages and allowed free access
to food and water. Four groups of rats (n=6) received either
sodium phenobarbitone 80 mg kg~! in 0:9% NaCl (saline)
(i.p.), or 3-MC, 25 mg kg~! in corn oil (i.p.), once daily for
three days. Control animals for each group received saline or
corn oil alone, respectively.

Preparation of microsomes

After the last injection the animals were starved for 10 h and
then decapitated. Livers were perfused in-situ with ice-cold
50 mM Tris-HCl buffer, pH 7-4 (containing 0-154 M KCl and
3 mMm EDTA), rapidily excised, blotted dry, weighed and
minced. All liver fractions from the same treatment group
were pooled and homogenized with the same buffer
(1:4 w/v). Microsomal fractions were separated by differen-
tial ultracentrifugation (Lake 1987) and stored at —80°C
until use.

Assays for microsomal characterization

The following three measurements were taken; microsomal
protein (Bradford 1976) using a commercial kit (Bio Rad
Protein Assay), total cytochrome P450 content (Omura &
Sato 1964a,b), and NADPH cytochrome c reductase (Lake
1987). Four determinations of mixed function oxidase
enzyme activities were carried out; benzo[a]pyrene hydroxy-
lase (AHH) using the method of Nebert & Gelboin (1968);
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and aniline hydroxylase, ethylmorphine N-demethylase and
7-ethoxyresorufin O-de-ethylase (EROD) according to Lake
(1987), except for the NADPH generating system which
consisted of NADP (0-5 mm), (+)-isocitric acid (5 mm),
isocitric dehydrogenase (1 unit) and MgSO,-7H,0 (5 mm) in
a 2 mL final incubation volume.

In-vitro caffeine assay
In-vitro metabolism of caffeine was measured by a modifica-
tion of the method of Bonati et al (1980) and results were
calculated on the basis of the major metabolite, paraxan-
thine. Two uCi (90 nmol) [8-3H]caffeine plus unlabelled
caffeine (0 to 1000 pum) (100 uL), microsomal fraction
induced with 3-MC (1 mg mL ') and 0-3 M phosphate buffer,
pH 7-4, in a final volume of 1 mL, were incubated at 37°C for
30 min with the NADPH-generating system using NADP (1
mum). Reactions were stopped by cooling on ice and adding
1 g (NH,):S0,. Ten uL of authentic standards of [-MX,
theophylline, theobromine, paraxanthine, 137-TMU and
caffeine were added to visualize absorbance peaks during
chromatography. The aqueous reaction mixture was
extracted with 10 mL of ethy! acetate-chloroform-isopro-
panol (45:45:10 v/v/v), organic extracts evaporated under
nitrogen at 40°C, and the residue redissolved in 50 uL of
mobile phase for chromatographic analysis. Reconstituted
samples (20 ul.) were injected onto a reversed-phase Cs
column (Ultrasphere ODS 5 um; 0-46 x 25 ¢cm, Beckman).
The mobile phase composition was 84% (v/v) (0-05%) acetic
acid, 14% (v/v) methanol and 2% (v/v) acetonitrile. Elution
and separation of caffeine and metabolites was monitored
together with added standards by recording UV absorption
at 280 nm. The flow rate was 1-2 mL min~!. Retention times
for 1-MX, theobromine, paraxanthine, theophylline and
caffeine were 4-81, 5-6, 8:88, 9-83 and 18-29 min, respectively.
137-TMU (retention time 11-87 min) was not detected.
Column effluent was collected and counted on a liquid

scintillation counter (LK B-Wallac Model 1214). Chromato.
graphy was performed using a Beckman liquid chromato-
graphic modular system, consisting of a 112 solvent delivery
module, a 340 organiser and a 165 variable wavelength
detector, with an integrator LCI-100, (Perkin-Elmer).

Kinetics assays

The kinetics of EROD was evaluated using different concen-
trations of the substrate 7-ER [55 to 800 nm] and microsomal
fraction induced with 3-MC (10 pg). K and Vg, were
calculated using Augustinsson-Hofstee plots (Segel 1976).
The kinetics of caffeine N-demethylase was also evaluated
using different concentrations of the unlabelled substrate
caffeine (0-1000 pm) and the microsomal fraction induced
with 3-MC (1 mg) and the K, and V.. values were
calculated as above.

Inhibition studies

Ethylmorphine N-demethylase. Inhibition of ethylmorphine
N-demethylase activity, using the microsomal fraction
induced by sodium phenobarbitone, was determined by
calculation of the IC50 for the reaction using enoxacin (0 to
500 uM) as inhibitor. The inhibitor, dissolved in methanol,
was added (100 uL) at the start of the reaction and ICS0
values were obtained by plotting reciprocal of % activity of
reaction versus concentration of inhibitor for the substrate
concentration of 50 mm.

Ethoxyresorufin O-de-ethylase. Inhibition of enzymatic acti-
vity of EROD, using the microsomal fraction induced by 3-
MC, was carried out in two phases:

Calculation of the IC50. Different concentrations of the
quinolones as inhibitors were: nalidixic acid (0 to 500 um),
oxolinic acid (0 to 250 um), pipemidic acid (0 to 500 um),
enoxacin (0 to 250 um), ciprofloxacin (0 to 500 uM), ofioxacin
(0 to 1000 um) and rorfloxacin (0 to 1000 uM). The inhibitors
(dissolved in methanol) were added (100 pL) at the start of
the reaction, and the substrate concentration was maintained
at 5 mmol. The IC50 values were obtained by plotting
reciprocal of % activity of reaction versus concentration of
inhibitor.

Calculation of the K. The K, values of the quinolones were
calculated using three different concentrations of substrate
([S]) according to Dixon plots (these concentrations were K.,
Ku/2 and 2K, of the EROD reaction values).

Activity of EROD was measured in the presence of the
following quinolones (100 uL, methanolic solutions): enoxa-
cin [0 to 400 pm], pipemidic acid [0 to 200 um] and norfloxacin
{0 to 200 pm]. The inhibition type was estimated by the
replotting of Dixon plots (slope versus 1/[S]) (Segel 1976).

Caffeine N-demethyiase. The inhibition study of the enzyma-
tic activity of caffeine N-demethylase, using microsomal
fraction induced by 3-MC, was carried out by calculation of
the ICS50 for the reaction using enoxacin (0 to 150 um) and
pipemidic acid (0 to 300 um) as inhibitors. The inhibitors
(dissolved in methanol) were added (100 uL) at the start of
the reaction. The unlabelled substrate concentration was
4 pm and the IC50 values were again obtained by plotting the
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Table 1. Rat hepatic microsomal characterization.

Group*
Control
Phenobarbitone

Control
3-MC

Protein

M
17:80
23-40
15-50
2380

Cytochrome

PASO
(#))
0-85 (449-8)
2-40 (450-0)
0-95 (449-3)
1-40 (448-2)

NADPH-cytochrome
¢ reductase

&)
217-80
250-40

117-70
120-00

Ethyl-morphine Aniline
N-demethylase hydroxylase @~ AHH  EROD
] (5) (6) Q)]
1200-20 36-80 1-40 0-15
2443-30 119-90 2:20 0-05
588-00 22-10 1-60 0-05
582-60 71-50 5-80 5-30

19

* Mean data (n=6).

Data are expressed in the following units: (1) mg (g liver)~'; (2) nmol (mg prot.)~! (1); (3) nmol cytochrome c (reduced form)

min~! (mg prot.)~'; (4) nmol formaldyhide h

(mg prot.)~!; (5) nmol p-aminophenol h~! (mg prot.)~!, (6) nmol 3-OH

benzo[a]pyrene min~! (mg prot.)~! (7) nmol resorufin min~{ (mg prot.)~ !,

reciprocal of % activity of reaction versus inhibitor concen-
trations.

In each assay, control activity was measured in the
presence of pure diluent for the appropriate inhibitor. All
assays were performed in duplicate.

Results

Table 1 shows the hepatic microsomal characterization for
the different assays. A high specificity for the EROD reaction
was observed from the hepatic microsomal fraction induced
by 3-MC. The kinetics of EROD and caffeine N-demethylase
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F1G. 3. Inhibition study. (a) IC50 of the EROD reaction; values:
enoxacin (ENX) 105 uM; pipemidic acid (PPA) 115 uM; ciprofloxacin
(CPF) 160 uM; oxolinic acid (OXO) 280 uMm; nalidixic acid (NAL) 490
uM; norfloxacin (NFL) 1000 um and ofloxacin (OFL) 1400 um. (b)
IC50 of the caffeine N-demethylase (CFND) fraction; values: ENX
60 uM; PPA 185 uM. (c) K; of the EROD reaction; values: ENX 70
uM; PPA 165 um; NFL 730 uM. Microsomes of 3-MC induced
fraction were used in all cases.

are illustrated in Fig. 2 where EROD shows a linear activity
while caffeine N-demethylase had biphasic behaviour with
two sets of values for K, and Vy,,. The IC50 assays for
EROD show a gradation in the potency of quinolone
inhibition (Fig. 3a). Enoxacin and pipemidic acid had a
marked inhibitory effect, ciprofloxacin had a significant
effect, oxolinic acid and nalidixic acid showed a lower
inhibitory capacity, norfloxacin has only a slight effect and
ofloxacin had the lowest. The K; assay for EROD showed a
similar gradation of inhibition to the IC50 assay (Fig. 3¢). Of
the three quinolones tested, enoxacin and pipemidic acid had
a strong effect whilst norfloxacin had only a weak effect. The
type of inhibition appears to be competitive in the three cases
(Fig. 4). Inhibitory effects of enoxacin and pipemidic acid
were also seen in the IC50 caffeine N-demethylase reaction.
Enoxacin had an inhibitory capacity three times greater than
pipemidic acid in the N3-demethylation pathway (Fig. 3b).
No effect was observed for enoxacin inhibition (0 to 500 um)
for ethylmorphine N-demethylase.

Discussion

The results show the selectivity in the inhibitory capacity of
several quinolone antibiotics with regards to the enzymatic
activity of cytochrome P450 in the rat. While quinolones are
ineffective inhibitors of the cytochrome P450 reaction of
ethylmorphine N-demethylase (isozyme P450 I11A) (Gonza-
lez 1989), they are powerful inhibitors of the cytochrome
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F1G. 4. Inhibition study of the EROD reaction using microsomes of
3-MC induced reaction. (a) calculation of the K; by the Dixon
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P450 isozyme induced by polycyclic aromatic hydrocarbons
(PAH) (P450 1A).

The EROD reaction was described previously as highly
selective for the isozyme induced by PAH of cytochrome
P450 that also appears to be the metabolic pathway used by
xanthines both in rat and man (Burke & Mayer 1974;
Phillipson et al 1984; Campbell et al 1987). In view of these
data, our observation that enoxacin and pipemidic acid are
approximately equipotent inhibitors for both O-de-ethyla-
tion of 7-ER and N3-demethylation of caffeine in rat hepatic
microsomes induced by PAH, suggests that both the sub-
strates 7-ER and caffeine share a common metabolic path-
way, which appears to be inhibited by some quinolone
antibiotics. Additionally, the EROD reaction seems to be a
useful tool to study the metabolic pathways of caffeine.

The results obtained for the IC50 and the K; show a strong
inhibitory effect for enoxacin and pipemidic acid; the other
quinolones are less potent as inhibitors, and ofloxacin shows
no inhibitory effect.

The relative potencies of enoxacin and pipemidic acid
obtained in the in-vitro study of caffeine inhibition are in
agreement with those deduced from in-vivo studies in man
(Staib et al 1987; Harder et al 1988; Barnett et al 1989; Carbo
et al 1989). This correlation reveals the likely importance of
N-demethylation (first metabolic step) in man even though
the metabolic pathways for the xanthines have not been
totally characterized.

Studies reported by Wijnands et al (1987) suggested that
the 4-oxo-metabolite of enoxacin may be responsible for the
potency of this quinolone in the inhibition of dimethylxan-
thine metabolism. Muider et al (1988) disagreed with this,
noting that the enoxacin molecule probably acts by directly
inhibiting the enzymatic metabolic pathway. Recent studies

(Harder et al 1988; Sanz et al 1988) postulate that the specifi
structural requirements present in enoxacin and pipemidig
acid, could explain their greater potency as inhibitors wheyp
compared with other quinolones. The suggestion that the
unaltered quinolone molecules may be directly responsible
for inhibition agrees with the in-vitro results obtained in ouy
study.

The mechanism of inhibition between the quinolones and
7-ER appears competitive and, on the basis of the high
selectivity of EROD reaction for the metabolic pathway used
by caffeine, the same mechanism may be likely for caffeine.
related substances.

The high inhibitory activity towards the oxidative metab-
olism of cytochrome P450 IA shown by enoxacin and
pipemidic acid, suggests their potential use in both in-vivo
and in-vitro experimental studies, as tools to study the
activation mechanisms in man of xenobiotics to compounds
related with chemical toxicity and carcinogenesis, processes
in which the cytochrome P450 IA is involved (Ioannides &
Parke 1987; Van Wauve & Janssen 1989).

Acknowledgements
We thank M. Congost, J. Sancho, and C. Roy for their
collaboration in this study.

Extramural financial support was provided by the Fondo
de Investigaciones Sanitarias de la Seguridad Social
(F1Sss89/455) and the Comision Interministerial de Ciencia
y Tecnologia (FPI to F.V.). Intramural financial support was
provided by the Institut Municipal d'Investigacié Médica.

References

Barnett, G., Segura, J., De La Torre, R., Carbo, M. (1990).
Pharmacokinetic determination of relative potency of quinolone
inhibition of caffeine disposition. Clin. Pharmacol. 39: 63-69

Bonati, M., Latini, R., Marzi, E., Cantoni, R., Belvedere, G. (1980)
[2-"C]Caffeine metabolism in control and 3-methylcholanthrene
induced rat liver microsomes by high pressure liquid chromato-
graphy. Toxicol. Lett. 7: 1-7

Bradford, M. M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72: 248-254

Burke, M. D., Mayer, R. T. (1974) Ethoxyresorufin: direct fluori-
metric assay of a microsomal O-deealkylation which is preferen-
tially inducible by 3-methylcholanthrene. Drug Metabol. Disp. 6:
583-589

Campbeil, M. E., Grant, D. M,, Inaba, T., Kalow, W. (1987)
Biotransformation of caffeine, paraxanthine, theophylline and
theobromine by polycyclic aromatic hydrocarbon-inducible cyto-
chrome(s) P450 in human liver microsomes. Ibid. 15; 237-249

Carbo, M., Segura, J., De la Torre, R., Badenas, J. M., Cami, J.
(1989) Effect of quinolones on caffeine disposition. Clin. Pharma-
col. Ther. 45: 234-240

Desmond, P. V., Patwardhan, R, Parker, R., Shenker, S., Speeg, K.
V. (1980) Effect of cimetidine and other antihistaminics on the
elimination of aminopyrine, phenacetin and caffeine. Life Sci. 26:
1261-1268

Gonzalez, F. J. (1989) The molecular biology of cytochrome P450s.
Pharmacol. Rev. 40: 243-288

Grant, D. M., Tang, B. K., Kalow, W. (1983) Variability in caffeine
metabolism. Clin. Pharmacol. Ther. 33: 591-602

Grant, D. M., Campbell, M. E., Tang, B. K., Kalow, W. (1987)
Biotransformation of caffeine by microsomes from human liver.
Biochem. Pharmacol. 8: 1251-1260

Harder, S., Staib, A. H., Beer, C., Papenburg, A., Stille, W., Shah,
P.M. (1988) 4-Quinolones inhibit biotransformation of caffeine.
Eur. J. Clin. Pharmacol. 35; 651-656



IN-VITRO INHIBITION OF METABOLISM BY QUINOLONES 21

ides, C., Parke, D. V. (1987) The cytochromes P-448. A unique

Ioanﬂ{ly of enzymes involved in chemical toxicity and carcinogene-
fam Biochem. Pharmacol. 36: 4197-4207
st 4, K. L., Rao, G. S., Cornish, H. H. (1972) Metabolism of

ld;:11'92ir1e—31~1 in the rat. Toxicol. Appl. Pharmacol. 23: 720-730
1ake, A. N., Schoeller D. A., Lambert, G. N., Baker A. L.,

K%chaﬁ'er, D. C,, Josephs, H. (1982) The caffeine CO, breath test:
dose response and route of N-demethylation in smokers and non-

okers. Clin. Pharmacol. Ther. 32: 261-269

ke, B. G- (1987) Preparation and characterisation of microsomal
fractions for studies on xenobiotic metabolism. In: Snell, K.,
Muilock, B. (eds) Biochemical Toxicology: A Practical Approach.
1r] Press Ltd, UK, pp 183-215
ulder, G. J., Nagelkerke, J. F., Tijdens, R. B., Wijnands, W.J. A,
van der Mark, J. (1988) Inhibition of the oxidative metabolism of
theophylline in isolated rat hepatocytes by the quinolone anti-
piotic enoxacin and its metabolite oxoenoxacin, but not by
ofloxacin. Biochem. Pharmacol. 13: 3565-68

Nebert, D. W., Gelboin, H. W. (1968) Substrate-inducible microso-
mal arylhydroxylase in mammalian cell culture. J. Biol. Chem.
243: 6242-6249

oOmura, T., Sato, R. (1964a) The carbon monoxide binding pigment
of liver microsomes. I.—Evidence for its hemoprotein nature.
Ibid. 239: 2370-2378

Omura, T, Sato, R. (1964b) The carbon monoxide binding pigment
of liver microsomes. IT.—Solubilization, purification and proper-
ties. Ibid. 239: 2379-2385

Phillipson, E., Godden, P. M. M., Lum, P. Y., Ioannides, C., Parke,

D. V. (1984) Determination of cytochrome P448 activity in
biological tissues. Biochem. J. 221: 81-88

Sanz, F., Manaut, F., José, J., Segura, J., Carbo, M., De la Torre, R.
(1988) Automatic determination of M.E.P. patterns of molecules
and its application to caffeine metabolism inhibitors. J. Mol.
Struct. (TEOCHEM) 170: 171180

Segel, I. H. (1976) John Wiley & Sons (eds) Biochemical Calcula-
tions, 2nd edn, New York, pp 246-266

Segura, I., Garcia, I., Tarris, E. (1986) Some pharmacokinetic
characteristics of furafylline, a new 1,3,8-trisubstituted xanthine.
J. Pharm. Pharmacol. 38: 615-618

Segura, J., Roberts, D. J., Tarrts, E. (1989) The influence of
structure on the accumulation of caffeine induced by methylxan-
thine derivatives. Ibid. 41: 129-131

Staib, A. H., Stille, W., Dietlein, G., Shah, P. M., Harder, S., Mieke,
S., Beer, C. (1987) Interaction between quinolones and caffeine.
Drugs 34: 170-174

Van Wauve, J. P, Janssen, P. A. J. (1989) Is there a case of P-450
inhibitors in cancer treatment. J. Med. Chem. 32: 2231-2239

Wietholtz, H., Voegelin, M., Arnaud, M. J., Bircher, J., Preisig, R.
(1981) Assessment of the cytochrome P448 dependent liver
enzyme system by a caffeine breath test. Eur. J. Clin. Pharmacol.
21: 53-59

Wijnands, W. J. A., Vree, T. B., Bears, A. M., Van Herwaarden,
C.L.A. (1987) Steady-state kinetics of the quinolones derivatives
ofloxacin, enoxacin, ciprofloxacin and pefloxacin during main-
tenance treatment with theophylline. Drugs 34: 156-169



