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Abstract-The induction of cytochrome P450 by enoxacin, ciprofloxacin, and ofloxacin was investigated in 
female Wistar rats. Animals were treated orally with daily doses ranging from 10 to 400 mg enoxacin per kg 
body wt. 40D mg ciprofloxacin, or 400 mg ofloxacin per kg body wt for up to 7 days. Activities of me- 
thoxyresorufin 0-demethylase (MROD) and ethoxyresorufin 0-deethylase (EROD) were determined fluorimet- 
rically in hepatic microsomes. MROD activity was increased 2.6-fold after treatment with 100 mg enoxacin per 
kg body wt for 7 days. Lower doses of enoxacin did not induce MROD activity significantly. Antipeptide 
antibodies directed specifically against different rat cytochrome P450 enzymes demonstrated that CYPlA2, but 
not CYPl Al, was induced in rats treated with enoxacin. After ciprofloxacin or ofloxacin treatment, no induction 
of MROD or EROD activity was observed. Neither ciprofloxacin nor ofloxacin caused any change in CYPI Al 
or CYPlA2 apoprotein levels. Further investigations with antipeptide antibodies showed that there was no 
induction of (CYPZBl, CYP2B2, CYP2E1, CYP3A1, CYP3A2, CYP4A1, or CYP4A2 following treatment with 
enoxacin, ciprofloxacin, or ofloxacin. It is concluded that enoxacin, but not ciprofloxacin or ofloxacin, is an 
inducer of CYPlA2 in rat liver. 
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Fluoroquinolones are important in antimicrobial drug therapy 
due to their broad antibacterial spectrum and favourable phar- 
macokinetics [I]. Experience from the therapeutic use of these 
antimicrobial agents shows that some (e.g. enoxacin and cipro- 
floxacin) interfere with the metabolism of concomitantly ad- 
ministered drugs such as theophylline. Under such conditions, 
adverse effects are due to increased theophylline levels [2-51. 
Studies with human liver microsomes [6, 71, rat liver mi- 
crosomes [8], and with cell lines expressing specific cy- 
tochrome P450 enzymes have shown that enoxacin specifically 
inhibits CYPlA2 activity [9]. 

Many inhibitors of monooxygenases have a biphasic effect 
on enzyme activity. After an initial period of lowered activity 
follows a phase of increase in activity commensurate with en- 
zyme induction [ 10, 1 L]. However, it has been reported previ- 
ously that hepatic microsomal ethoxycoumarin 0-deethylase, 
benzphetamine N-demN:thylase, and aniline hydroxylase activi- 
ties were not elevated following treatment of rats with enoxacin, 
norfloxacin, or ofloxacin [ 121. Thus, it was concluded that flu- 
oroquinolones are not inducers of cytochromes P450. However, 
none of the enzyme activities measured arc catalyzed predom- 
inantly by CYPlA2, the enzyme which is inhibited. Therefore, 
the possible inductive capacity of fluoroquinolones was reas- 
sessed using enzyme mactions relatively specific for CYPlA 
enzymes, in particular, MROD$ and EROD [13-151. In addi- 
tion, the effect of fluorcquinolones on the levels of several 
cytochrome P450 enzymes, including CYPlAl and CYPlA2, 
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$ Abbreviations: CFA, clofibric acid; EROD, ethoxyresoru- 
fin 0-deethylase; INH, isoniazid; MROD, methoxyresorutin 
0-demethylase; PB, phenobarbital; PCN, pregnenolone-16a- 
carbonitrile; TCDD, 2,.3,7,8-tetrachlorodibenzo-p-dioxin. 

were determined using antipeptide antibodies directed specifi- 
cally against each enzyme. 

Materials and methods 

Chemicals. Ethoxyresorufin was synthesized from resorufin 
as described previously [16]. Methoxyresorufin was obtained 
from Molecular probes (Eugene, OR). Resorufin was purchased 
from Aldrich-Chemie (Steinheim, Germany). The suppliers of 
electrophoresis and immunoblotting reagents are stated else- 
where [17, 181. 

Treatment ofruts. Female Wistar rats (Bor: Wisw/spf, 
TNO) weighing 200-220 g were purchased from Winkelmann 
(Borchen, Germany). The fluoroquinolones were suspended in 
a 2% starch solution (w/v) and administered by gavage. Five 
animals per group received daily doses of 10, 30, 100, 200, or 
400 mg enoxacin/kg body wt. 400 mg ciprofloxacin/kg body 
wt. or 400 mg ofloxacin/kg body wt for 7 days, or 200 mg 
enoxacin/kg body wt daily for 1, 3, 5, or 7 days. Control ani- 
mals were treated with a 2% starch solution only. After rcceiv- 
ing the final dose, the animals were starved overnight and killed 
the next day. Rats treated with 100 ng TCDD/kg body wt were 
used as a positive control for the induction of CYPlAl and 
CYPlA2 [19]. In the immunoblotting experiments microsomes 
from rats treated with phenobarbital (Pg), pregnenolone-16a- 
carbonitrile (PCN). isoniazid (INH), or clotibric acid (CFA) 
were used as.refeknce. The t&atme& protocols have been de: 
scribed elsewhere [20]. The preparation of microsomal fraction 
has been described previously [19]. Measurement of EROD and 
MROD activities was performed directly after the microsomal 
fraction had been prepared. 

Analyticalprocedures. Enzymatic measurements were per- 
formed fluorimetrically as described elsewhere [19]. The sub- 
strate concentrations used were 0.5 pM for ethoxyresorufin and 
1 pM for methoxyresorutin. The protein content was measured 
by a Biuret-based method, using an automatic bichromatic an- 
alyzer (ABA 100, Abbott Diag. Products, Wiesbaden, Ger- 
many). 
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Immunoblotting was performed essentially as described pre- 
viously [17], with modifications described elsewhere [18], us- 
ing polyclonal antipeptide antibodies directed against rat 
CYPlAl [17], CYPlA2 [21], CYP2El [22], CYPZBl/2, 
CYP3A1, CYP3A2, or CYP4Al12. Antibodies directed against 
CYPZBl12, CYP3A1, CYP3A2, and CYP4Al12 were produced 
by immunising rabbits with the peptides Ile-Asp-Thr-Tyr-Leu- 
Leu-Arg-Met-Glu-Lys-Glu-Lys, Ile-Ile-Thr-Gly-Ser, Val-Ile- 
Asn-Gly-Ala, and Leu-Lys-Lys-Leu-His, respectively, by 
methods described previously [22, 231). Quantification of 
CYPlA2 was performed as described elsewhere [lS] using ap- 
propriate dilutions of microsomal fractions. 

Results are presented as the mean f SEM. Statistical signif- 
icance was evaluated by Student’s r-test using the Minitab soft- 
ware (Pennsylvania State College, University Park, PA, 1987). 

Results and Discussion 

Hepatic microsomal MROD and EROD activities. After 7 
days’ treatment of groups of rata with a range of doses of 
enoxacin, hepatic microsomal MROD and EROD activities 
were determined. A slight but significant increase in EROD 
activity (1.6-fold) was observed in rats receiving 30 mg enox- 
acin/kg body wt; however, this dose had no influence on the 
MROD activity (Fig. 1). Higher doses of enoxacin had no fur- 
ther effect on EROD activity, but caused a significant elevation 
of MROD activity (Fig. 1). MROD activity reached a maximum 
following treatment with 200 mg enoxacinlkg body wt, which 
corresponds to a 3.6-fold induction compared to the control 
group (Fig. 1). 

The dose exhibiting maximum induction of MROD activity 
was selected for a time course study. A single dose of 200 mg 
enoxacin/kg body wt induced hepatic microsomal MROD ac- 
tivity by 2.6-fold; further treatment for 3, 5, and 7 days in- 
creased the activity 3.3-, 3.5, and 3.6-fold, respectively (data 
not shown). EROD activity was induced after a single dose 
(1.9-fold), but treatment for longer periods did not further in- 
crease this activity (data not shown). 

The effects of ciprofloxacin and ofloxacin were compared to 
the effect of enoxacin following administration for 7 days at a 
dose of 400 mg/kg body wt. Whereas the group of rats treated 
with enoxacin had a 3.0-fold elevation of hepatic microsomal 
MROD activity, neither treatment with ciprofloxacin nor oflox- 
acin caused any increase in MROD activity (Table 1). EROD 

EROD q MROD q 

h4 

5 Dose [mg enoxacin/kg body wtl 

Fig. 1. The effect of the dos 
ma1 EROD (0) and MROD 8 

,&noxacin on hepatic microso- 
activrties in female Wistar rats. 

Rats were treated daily for 7 days with the doses of enoxacin 
indicated. The results shown are. means + SEM for 5 animals. 
*Significantly different from control animals at P < 0.05. 

**Significantly different from control animals at P < 0.01. 

activity in rata treated with enoxacin was significantly increased 
compared to the control group. In contrast, both ciprofloxacin 
and ofloxacin caused a slight but significant reduction in EROD 
activity (Table 1). In the group of rats treated with 100 ng 
TCDD/kg body wt. EROD activity was induced more potently 
(24fold) than MROD activity (3.7-fold). MROD activity in this 
group was similar to that measured in the enoxacin-treated 
group (Table 1). 

Immunoblotting with antipepride antibodies. Immunoblot- 
ting using a specific antibody against rat CYPlA2 confirmed 
that this enzyme was present in hepatic microsomal fractions of 
untreated rata (Fig. 2). Higher levels of CYPlA2 apoprotein 
were observed following treatment with 400 mg enoxacitig 
body wt or 100 ng TCDD/kg body wt (Table 1, Fig. 2). How- 
ever, the level in rats treated with ciprofloxacin or ofloxacin 
was similar to untreated rats (Table 1, Fig. 2). 

CYP 1 A 1 was not detected either in control rata or rats treated 
with fluoroquinolones. This enzyme was present after treatment 
with TCDD’(Fig. 2). Immunoblbtting w& also performed using 
antibodies directed aaainst rat CYP2Bl/2, CYP2E1, CYP3A1, 
CYP3A2, CYP4Alj2. Administration of fluoroquinolones 
failed to produce any change in the amount of the apoproteins 
in hepatic microsomal fraction. The reactivity of the antibodies 
to their target P450 enzymes is demonstrated using hepatic 
microsomal fractions from rata treated with appropriate induc- 
ing compounds, PB for CYP2Bl and CYP2B2, INH for 
CYP2E1, PCN for CYP3Al and CYP3A2 and CFA for 
CYP4Al and CYP4A2 (Fig. 2). The pattern of induction of 
hepatic microsomal EROD and MROD activities in enoxacin- 
treated and TCDD-treated rats is similar to the respective ex- 
pression of CYPlAl and CYPlA2 apoproteins. This indicates 
that MROD activity is suitable for the determination of 
CYPlA2 activity. In the untreated rat and in rats treated with 
polycyclic aromatic hydrocarbons, MROD activity is catalyzed 
mainly by CYPlA2 [13, 151. However, EROD activity that is 
catalysed by CYPl Al in rats treated with polycyclic aromatic 
hydrocarbons is catalysed by CYP2C6 in untreated rats [15]. In 
contrast to the effect of enoxacin, neither ciprofloxacin nor 
ofloxacin were found to be inducers of MROD activity or 
CYPlA2 apoprotein. Thus, it appears that amongst the three 
fluoroquinolones studied here, the ability of enoxacin to inhibit 
enzyme activity may be related to its ability to induce CYPlA2. 

General discussion. At the present time, the mechanism of 
induction of CYPlA2 is poorly understood [24]. Although there 
is a mechanism for CYPlA2 regulation via the Ah receptor 
[25], this does not always occur. Isosafrole is a model com- 
pound used in studies of CYPlA2 induction, and it potently 
induces CYPlA2 through a non-Ah receptor mechanism [26]. 
Interestingly, isosafrole, like enoxacin, is an inhibitor of 
CYPlA2 activity. Possible mechanisms could involve post- 
translational stabilization of specific P450 forms as well as 
mRNA. 

More recently, musk xylene has been claimed to be 
a specific inducer of CYPlA2 [27]. However, it is evident from 
their work that this compound also induces CYPlAl. In addi- 
tion, no data has been presented for the induction of P450 forms 
other than CYPlAl or CYPlA2 [27]. Thus, it is difficult to 
conclude that musk xylene is a specific inducer of CYPlA2. 

The results of the present study show the importance of using 
specific methods for the determination of enzyme induction. 
Okazaki and coworkers HZ] measured relatively nonspecific 
monooxygenase activities, none of which is catalysed predom- 
inantly by CYPlA2, and consequently were unable to detect 
any induction of cytochrome P450. In contrast, here, MROD 
activity was measured that is catalysed principally by CYPlA2 
[13, 141. In addition, monospecific antipeptide antibodies tar- 
geted to various cytochrome P450 enzymes were used to study 
the levels of a number of cytochromes P450 including 
CYPlA2. Both approaches clearly show induction of CYPlA2 
in rat liver following treatment with enoxacin, but not cipro- 
floxacin or ofloxacin. 

To assess the relevance of these results for humans, compar- 
isons have to be made on the basis of pharmacokinetic param- 
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Table 1. CYPlA2 conmnt, MROD, and EROD activities in hepatic microsomes of rats after pretreatment with different fluoro- 
quinolones 

MROD EROD 
Dose CYPlA2 

Substance [m&g body 4 N [pmol CYPlAZ/mg prot] [pm01 resorufin/mg prot/min] 

Control - 10 47f 6 68f 7 52f 5 
Ciprofloxacin 400 5 70f 9 46f 3* 27+ lt 
Ofloxacin 400 5 67f 7 59f 5 34f It 
Enoxacin 400 5 134f 13t 202+ 33* 86f 12* 
TCDD 10-4 3 187+27 251 f 124 1270f404* 

Rats were treated with daily doses of fluoroquinolones for seven days. A single subcutaneous dose of TCDD was applied seven 
days before killing. Five animals of the control group were investigated for CYPlA2 content. The results shown are means * SEM. 

* P < 0.05 compared with the control group. 
t P c 0.01 compared with the control group. 

eters. Enoxacin is used with a therapeutic dose of 400 mg per 
patient, yielding plasma peak concentration of 3 m&L [28]. In 
the rat, after dosing with 50 mg/kg body wt. peak plasma con- 
centrations were found to be 1.5 mg/L [29]. Assuming a linear 

9) (I -- * I I 
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Fig. 2. Immunoblot of rat liver microsomes using antipeptide 
antibodies against various cytochromes P450. Hepatic microso- 
mal proteins were resolved by SDS-PAGE, transfered to nitro- 
cellulose filters and developed with the following antibodies: 
(a) anti-CYPlAl, (b) anti-CYPlA2, (c) anti-CYPZB1/2, (d) 
anti-CYPZEl, (e) antiCYP3Al. (f) antiCYP3A2, and (g) anti- 
CYP4A112. In each blot, microsomal protein was used from 
individual rats treated with 80 mg PB/kg body wt by intraper- 
itoneal injection for 4 dlays (lane 1). 400 mg enoxacin/kg body 
wt by gavage for 7 days (lanes 2-6). vehicle. i.e. 2% (w/v) 
starch by gavage for 7 (days (lanes 8 and 9). 400 mg ofloxacin/ 
kg body wt by gavage for 7 days (lanes lO-12), and 400 mg 
ciprofloxacin/kg body wt by gavage for 7 days (lanes 13-15). In 
the different blots, lane 7 contained samples appropriate to each 
of the antibodies used. Thus, microsomal protein was used from 
rats treated with 100 ng TCDD/kg body wt by subcutaneous 
injection (a and b), vehicle, as described above (c), 0.1% (w/v) 
INH in the drinking water for 11 days followed by a single 
intraperitoneal injection. of 50 mg INWkg body wt (d), 100 mg 
PCN/kg body wt by intraperitoneal injection for 3 days (e and 
f). and 200 mg CFA/kg body wt by intraperitoneal injection for 
3 days (g). The amount of protein loaded varied between blots 
and was (a) 5 pg. (b) 20 pg. (c) 25 pg except lane 1, which was 
5 pg, (d), 5 pg. (e) 20 pg. (f) 25 pg except lanes 1 and 7, which 

contained 10 pg and (g) 10 pg. 

relationship between dose and peak plasma concentration, a 
dose of 100 mg/kg body wt, which is sufficient to induce 
MROD activity, should yield a plasma concentration compara- 
ble to the values determined in patients. Up until now, induction 
of CYPlA2 in humans has not been reported. However, as 
previous studies were designed to investigate potential interac- 
tions of enoxacin with other drugs, any inductive effect would 
not be found, because. of the presence of enoxacin, which also 
inhibits enzyme activity. Induction of CYPlA2 could only be 
demonstrated if enoxacin is first eliminated. In our rat study the 
time between the last dose and the investigation was 24 hours. 
This corresponds to more than eight elimination half-lives [29]. 

As the inhibitory potency of enoxacin in the rat [S] is similar 
to that in human [7], it would be interesting to investigate if 
enoxacin is an inducer of CYPlA2 not only in rat liver, but also 
in human liver. 

REFERENCES 

1. Hooper DC and Woifson JS, Fluoroquinolone antimicro- 
bial agents. N Engl J Med 324: 384-394, 1991. 

2. Davies BI, Maesen FPV and Teengs JP, Serum and sputum 
concentrations of enoxacin after single oral dosing in a 
clinical and bacteriological study. J Anrimic Chemofher 14 
(Suppl C): 83-89, 1984. 

3. Wijnands WJA, van Herwaarden CLA and Vree TB, Enox- 
acin raises plasma theophylline concentrations. Lancer 2: 
108-109, 1984. 

4. Schwartz J, Jauregi L, Lettieri J and Bachmann K, Impact 
of ciprofloxacin of theophylline clearance and steady-state 
concentrations in serum. Anrimicrob Agenrs Chemorher 32: 
75-77, 1988. 

5. Janknegt R, Drug interactions with quinolones. J Anrimic 
Chemorher 26 (Suppi D): 7-29, 1990. 

6. Sarkar M, Polk RE, Guzelian PS, Hunt C and Karnes HT. 
In vitro effect of fluorquinolones on theophyliine metabo- 
lism in human liver microsomes. Anrimicrob Agenrs 
Chemorher 34: 594599, 1990. 

7. Fuhr U, Wolff T, Harder S, Schymanski P and Staib AH, 
Quinolone inhibition of cytochrome P450-dependent caf- 
feine metabolism in human liver microsomes. Drug Me- 
robol Dispos 18: 1005-1010, 1990. 

8. Valero F, DcLaTorm R and Segura J, Selective in-virro 
inhibition of hepatic oxidative metabolism by quinolones: 
7-ethoxyresotufin and caffeine as model substrates. J 
Pharm Phormocol43: 17-21. 1991. 

9. Fuhr U, Doehmer J, Battula N, Wolfe1 C, Kudla C, Keita Y 
and Staib AH, Biotransformation of caffeine and theoph- 
ylline in mammalian cell lines genetically engineered for 
expression of single cytochrome P450 isoforms. Biochem 
Pharmacol43: 225-235, 1992. 



1520 Short communication 

10. Thomson RG, Rawlins MD, James OFW, Wood P and 
Williams FM, The acute and subchronic effects of ketoco- 
nazole on hepatic microsomal monooxygenases in the rat. 
Biochem Pharmacol37: 3975-3980, 1988. 

11. Lavrijsen KLM, van Houndt JMG, van Dyck DMJ, Meul- 
dermans WEG and Heykants JJP, Induction potential of 
fluconazole toward drug-metabolizing enzymes in rats. An- 
timicrob Agents Chemother 34: 402-408, 1990. 

12. Okazaki 0, Kurata T and Tachizawa H, Effect of new 
quinolones on drug-metabolizing enzyme system of rat he- 
patic microsomes. Chemotherapy 34: 149-154, 1988. 

13. Namkung MJ, Yang HL, Hulla JE and Juchau MR, On the 
substrate specificity of cytochrome P450IIIAl. MolPharma- 
co1 34: 628-637, 1988. 

14. Heinrich-Hirsch B, Schulz-Schalge T, Hofmann D, Wolfe1 
C, Doehmer J and Neubert D, Enzymatic characterization 
of the P450IAl and IA2 gene products from genetically 
engineered V79 hamster cells. Naunyn Schmiedeberg’s 
Arch Phurmacol344 (Suppl): R 52, 1991. 

15. Burke MD, Thompson S, Weaver RJ, Wolf CR and Mayer 
RT, Cytochrome P450 specificities of alkoxyresorufin 
0-dealkylation in human and rat liver. Biochem Pharmacol 
48: 923-936, 1994. 

16. Schulz-Schalge T, Heger W, Webb J, Kastner M and Neu- 
bert D, Ontogeny of some monooxygenase activities in the 
marmoset monkey (Cullithrixjacchus). J Med Primatol20: 
325-333, 1991. 

17. Edwards RJ, Singleton AM, Murray BP, Murray S, Boobis 
AR and Davies DS, Identification of a functionally con- 
served surface region of rat cytochromes P450IA. Biochem 
J 278: 749-757, 1991. 

18. Edwards RJ, Murray BP, Murray S, Schulz T. Neubert D, 
Gant TW, Thorgeirsson SS, Boobis AR and Davies DS, 
Contribution of CYPl Al and CYPlA2 to the activation of 
heterocyclic amines in monkeys and human. Carcinogen- 
esis 15: 829-836, 1994. 

19. Schulz-Schalge T, Koch E, Schwind KH, Hutzinger 0 and 
Neubcrt D, Inductive potency of TCDD, TBDD and three 
2,3,7,8-mixed-halogenatcd dioxins in liver microsomes of 
male rats. Enzyme kinetic considerations. Chemosphere 
23: 1925-1931, 1991. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Rich KJ, Sesardic D, Foster JR, Davies DS and Boobis AR, 
Immunohistochemical localization of cytochrome P450b/e 
in hepatic and extrahepatic tissues of the rat. Biochem 
Pharmacol38: 3305-3322, 1989. 
Edwards RJ, Murray BP, Singleton AM, Murray S, Davies 
DS and Boobis AR, Identification of the epitope of an 
anti-peptide antibody which binds to CYPlA2 in many 
species including man. Biochem Pharmacol46: 213-220, 
1993. 
Edwards RJ, Singleton AM, Murray BP, Davies DS and 
Boobis AR, Short synthetic peptides exploited for reliable 
and specific targeting of antibodies to the C-termini of 
cytochrome P450 enzymes. Biochem Pharmacol 49: 39- 
47, 1995. 
Edwards RJ, Murray BP and Boobis AR, Anti-peptide an- 
tibodies in studies of cytochromes P450IA. Methods Enzy- 
mol206: 220-233, 1991. 
Hines RN, Piechocki MP and Boucher PD. Molecular 
mechanisms controlling CYPlA gene expression. In: Reg- 
ulation and Control of Complex Biological Processes by 
Biotransformation (Eds. Ruckpaul K and Rein H), pp. 85- 
110. Akademie Verlag, Berlin, 1994. 
Ikeda T, Altieri M, Chen YT, Nakamura M, Tukey RH and 
Nebert DW, Characterization of cytochrome P,-450 (20-S) 
mRNA. Association with the P,-450 genomic gene and 
differential response to the inducers 3-methylcholanthrene 
and isosafrole. Eur J Biochem 134: 13-18, 1983. 
Cook JC and Hodgson E, Induction of cytochrome P450 in 
congenic C57BU6J mice by isosafrol: Lack of correlation 
with the Ah locus. Chem-B;ol Interact 58: 233-240, 1986. 
Iwata N. Minenishi K. Suzuki K. Ohno Y. Kawanishi T and 
Takahashi A, Musk xylene is a novel specific inducer of 
cytochrome P-4501A2. Biochem Biophys Res Comm 184: 
149-153, 1992. 
Lode H, Hoffken G, Boeckh M, Deppermann N, Bomer K 
and Koeppe P, Quinolone pharmacokinetics and metabo 
lism. J Antimic Chemother 26 (Suppl B): 41-49, 1990. 
Nakamura S, Kurobe N, Kashimoto S, Ohue T, Takase Y 
and Shimizu M, Pharmacokinetics of AT-2266 adminis- 
tered orally to mice, rats, dogs, and monkeys. Antimicrob 
Agents Chemother 24: 54-60, 1983. 


