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Abstract-Phenobarbital (PB) and certain structurally-related compounds induce a variety of hepatic 
drug-metabolizing enzymes in many strains of rats. Thus, following administration of PB (300,500 ppm), 
barbital (BB, 1500 ppm) or 5-ethyl&phenylhydantoin (EPH, 500 ppm), CYP2Bl-mediated ben- 
zyloxyresorufin 0-dealkylase activity and epoxide hydrolase activity were profoundly induced in female 
DA and F344/NCr rats. In contrast, outbred female lean and obese Zucker rats showed markedly 
reduced CYP2Bl responses (< 15% and < 5% of those observed in the female DA or F344/NCr rat) 
to PB (doses G 300 ppm), BB (1500 ppm) or EPH (500 ppm). In parallel studies, profound increases in 
RNA levels coding for CYP2B1, glutathione S-transferases Ya/Yc (W subclass), or epoxide hydrolase 
were detected in the female F344/NCr rat following treatment with PB (300 ppm), BB (1500 ppm) or 
EPH (500 ppm). In contrast, lean Zucker rats showed a strong response only to the highest dose of PB 
(500 ipm); implying that the diminished response in the Zuck& rats may occur at somcpretranslational 
level. Similar studies with lower doses of PB, EPH or BB in male lean Zucker rats showed a decreased 
response, relative to that in male F344/NCr rats. However, this insensitivity was not as profound as that 
observed in the female Zucker rats. In fact, the response to PB-type inducers in male or female Zucker 
rats is probably most clearly explained as a shift of the dose-response curve sharply to the right 
(decreased responsiveness, compared to F344/NCr or DA rats of the same sex). This decreased 
responsiveness of female lean Zucker rats to induction of CYP2B1, relative to that of F344/NCr rats, 
was also observed with the structurally-diverse PB-type inducers clonazepam, clotrimazole and 2- 
hexanone. In contrast, the female Zucker rat (obese or lean) displayed a pronounced response to 
induction of CYPlA-mediated ethoxyresorufin 0-deethylase activity by pnaphthoflavone, a prototype 
inducer of CYPlAl and CYPlA2. The Zucker rat would thus appear to represent a potentially 
exploitable genetic model for examining the mechanism of enzyme induction by the myriad xenobiotin 
which induce a PB-type response. 

Studies on the nature of the he atic pleiotropic 
response to phenobarbital (PB() and PB-type P 
compounds should yield information both on 
potential drug/drug interactions mediated by altered 
“induced” metabolism, as well as other, less well 
understood manifestations of this process, including 
hepatocytomegaly, liver hypertrophy and liver 
tumor promotion/carcinogenesis [l-4]. The hepatic 
pleiotropic response induced by PB-type compounds 
has been characterized in the past with measurement 
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of aminopyrine or ethylmorphine demethylase, 
benzo[a]pyrene or styrene oxide hydrase, quan- 
titation of total P450 and of cytochrome P450 
reductase, and certain phase II activities for which 
the observed increases have typically been relatively 
small following drug treatment. More recently, 
the use of specific immunologic reagents [5,6], 
recombinant DNA probes [7,8], and isozyme- 
specific P450 substrates [9-111 allow one to more 
readily examine this pleiotropic response caused by 
PB and related compounds. Using these techniques, 
investigators have examined induction in various 
tissues [12-141 and developmental stages [15,16] 
and by a wide variety of compounds [17]. 

One of the most productive methods for examining 
specific biological characteristics is to obtain mutant 
organisms lacking or showing alterations in particular 
characteristics. This methodology has been employed 
previously in the study of the induction of 
drug-metabolizing enzymes in mice by 3- 
methylcholanthrene/2,3,7,8 - tetrachlorodibenzo -p - 
dioxin (TCDD)-type inducers [18,19]. The use of 
different inbred mouse strains has helped in the 
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recognition of a specific receptor which binds to the 
various inducing agents [20,21] and is involved in 
specific transc~ptional control by these compounds 
[2]. In addition, the use of these mice has enabled 
investigators to determine the specific role played 
by receptor mediated induction in mediating the 
carcinogenicity [2,22-251 and toxicity 126,271 of a 
vast number of chemicals. This topic has recently 
been reviewed by Nebert [28]. 

In an attempt to develop an analogous genetic 
model for PB-type induction in rats, we have now 
examined induction in three strains or outbred lines 
of rats. These included the F344/NCr strain, which 
we considered a normally responsive rat; DA rats, 
which have been reported to exhibit decreased levels 
of debrisoquine metabolism 1291; and Zucker rats. 
The latter rats were examined on the basis of 
previous reports that male obese Zucker rats display 
limited CYP2Bl-type induction following treatment 
with PI3 [30-321. In the present studies, in which a 
variety of catalytic or quantitative RNA endpoints 
were examined, we observed that both female obese 
and lean Zucker rats show a diminished response to 
PB and related compounds, such as barbital (BB) 
or S-ethyl-5phenylhydantoin (EPH), with the 
weakest response seen in the obese Zucker rats. 
These results demonstrate a potentially exploitable 
genetic difference in PB-type induction which may 
prove useful in examining the pharmacologic and 
toxicologic effects of a wide variety of xenobiotics. 

MATERIALSANDMETHODS 

~re~~~e~~ of animals. Male and female F344/NCr 
rats (Animal Production Area, FCRDC) between 7 
and 9 weeks of age, obese and lean Zucker rats 
(Charles River, Kingston, MA) between 10 and 12 
weeks of age, or femafe DA rats (Trudeau Institute, 
Saragnac Lake, NY) between 11 and 14 weeks of 
age were used. The various rat strains were 
administered control diet (Purina Lab Chow No. 
5010) or diet containing PB (56-500 ppm), BB 
(1500 ppm), EPH (500ppm) or clonazepam 
(500ppm) ad lib. for 2 weeks. Alternatively, rats 
were injected i. 

? 
. with 50 mg ~naphtho~avone @- 

NF) in corn oil kg body wt at 0 and 24 hr and were 
killed 24 hr after the final injection. For treatment 
with 2-hexanone (1500 mg/kg body wt) rats received 
i.p. injections in corn oil at 0 and 48 hr and were 
killed 48 hr after the final injection. Clotrimazole 
(CLT, 75 mg/kg body wt) in corn oil was administered 
i.g. at 0, 24 and 48 hr, and the rats were killed 48 hr 
after the final injection. Control rats received i.p. 
injections of corn oil alone. Individual rats were 
killed by CO2 asphyxiation, after which their livers 
were removed and weighed. Separate portions of 
the livers were then taken for isolation of RNA and 
for measurement of catalytic activities. The portions 
of the livers to be used for enzyme studies were 
homogenized in 0.15 M KC1/0.2 M sucrose (4 mL/g 
wet liver wt, 4’). Post-mitochondrial (S-9) and 
microsomal subfractions were obtained and were 
characterized for protein content using fluorescamine 
I331. 

Chemicals, biochemical assays and RNA quan- 
fifaiion. The sources for the various chemicals 
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Fig. 1. Relative induction of CYP;?Bl-mediated ben- 
zyioxyresorufin O-dealkylase activity (solid bars) and 
eooxide hvdrolase activity (hatched bars) in female rata of __ -- 
&ious s&aim/lines. Treaiments consisted of two weeks 
dietary administration of: (A) 500 ppm S-ethyt-S-pbenyi- 
hydantoin; (B) 1500 ppm barbital; (C) 300 ppm pheno- 
barbital. Values shown are expressed as the ratio of the 
mean induced activity to the mean control activity for three 
rats/treatment. Control BZR 0-dealkylase activities for 
the F344/NCr, DA, lean Zucker and obese Zucker rats 
were 4.7 * 1.3, 5.1 * 0.5, 3.9 2 0.4 and 4.9 t0.4pmol 
resorufin formed/min/mg S-9 protein at 28”, respectively. 
Control epoxide hydrolase activities for the F344/NCr, 
DA, lean Zucker and obese Zucker rats were 315 +: 43, 
387 rt 43,270 2 17 and 237 f 31 pmol benzo[a]pyrene-4,5- 
dihydrodiol formed/min/mg S-9 protein at 28” respectively. 

employed, and the methodologies for measuring 
alkoxyresorufin 0-dealkylase, epoxide hydrolase 
and testosterone hydroxylase activities, and for 
isolating and quantifying total cellular RNAs coding 
for CYP2B1, glutathione S-transferases Ya/Yc, 
microsomai epoxide hydrolase, or pactin were 

described in the preceding paper [34]. 

RESULTS 

Induction of CYP2BI and epoxide hydrolase. In 
Fig. 1, the responses to PB, its hydantoin analogue 
EPH, and BB elicited in female F344/NCr, DA, 
lean Zucker, and obese Zucker rats are displayed. 
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Table 1. Induction of BZR 0-dealkylase and epoxide hydrolase activities in female F344/NCr 
and female lean Zucker rats by various xenobiotics 

Strain/line Treatment* 
BZR 0-dealkylase 

activityt 
Epoxide hydrolase 

activity$ 

F344/NCr Control 4.3 r 0.5 357 + 36 
Clonazepam 93 f 16 353 + 49 
2-Hexanone 158 f 15 503 f 29 
Ethylphenylhydantoin 485 ? 37 886 f 45 
Phenobarbital 625 + 42 1013 2 83 
Clotrimazole 943 2 137 1014 2 47 

Lean Zucker Control 3.5 + 0.5 305 f 27 
Clonazepam 8.8 f 0.6 353 ” 49 
2-Hexanone 8.9 2 0.7 337 f 41 
Ethylphenylhydantoin 83 2 12 405263 
Phenobarbital 247 + 31 736 f 41 
Clotrimazole 148 + 21 627 -c 53 

l Phenobarbital and 5-ethyl-5-phenylhydantoin were administered in the diet (500 ppm) for 
2 weeks. Clotrimazole, 2-hexanone, and clonazepam were administered as described in 
Materials and Methods. Values shown are the means f SD for N = 3 rats/treatment. 

t BZR 0-dealkylase activity is given in units of pmol resorufin formed/mg S-9 protein/min 
at -28”. 

$ Epoxide hydrolase activity is given in units of pmol benzo(a]pyrene4,5-dihydrodiol 
formed/mg S-9 protein/min at -28”. 

The 0-dealkylation of benzyloxyresorufin (BZR) 
(mediated by CYP2Bl [9]) was highly induced by 
PB (300 ppm), EPH (500 ppm) or BB (15OOppm) 
in female DA or F344/NCr rats. In contrast, in 
female lean and obese Zucker rats these xenobiotics 
caused relatively weak responses. The induction of 
epoxide hydrolase [35], although much lower in 
magnitude, paralleled the induction of BZR O- 
dealkylase activity in the various strains of rats (Fig. 
1, Table 1). In addition to examining induction 
by compounds that are structurally related to 
phenobarbital, we also measured the induction 
of these drug-metabolizing enzymes by three 
xenobiotics that are structurally different from the 
barbiturates and their analogues. CLT, a potent 
inhibitor of CYP2B1[36], was an extremely effective 
inducer of BZR 0-dealkylase activity in female 
F344/NCr rats (Table l), whereas clonazepam 
(another CYP2Bl inhibitor [37]) and 2-hexanone 
yielded only lO-20% of maximal activity. In contrast, 
in female lean Zucker rats, CLT was less effective 
as an inducer, while clonazepam and 2-hexanone 
caused extremely weak responses. The induction 
responses to the various xenobiotics were relatively 
homogeneous in the Zucker rats. Thus, standard 
deviations for 0-dealkylase values in lean or obese 
Zucker rats generally were limited to c 20% of the 
mean values, despite the fact that coat color and 
pattern varied greatly within the individual rats 
comprising the treatment groups (data not shown), 
confirming the outbred nature of this line of rats. 

Znduction of testosterone hydroxylation. Enzymatic 
testosterone hydroxylation assays for the induction 
of various cytochrome P450 families (CYP3A, 6#I- 
hydroxylase; CYPZA, 7cu-hydroxylase; CYP2B1, 
16/3-hydroxylase [ll, 381) by PB and EPH yielded 
results which were in agreement with the ben- 
zyloxyresorufin 0-dealkylase and epoxide hydrolase 

activities. Thus, these compounds were effective 
inducers in female F344/NCr rats, but were much 
less effective in female lean Zucker rats (Table 2). 
CLT was an effective inducer of both CYP2Bl- 
mediated testosterone 16/3-hydroxylase activities 
and CYP3A-mediated testosterone 6phydroxylase 
activity in F344/NCr rats (Table 2). This xenobiotic 
retained in large part its effectiveness as an inducer 
of testosterone d/3-hydroxylase in the female lean 
Zucker rats, but was a much weaker inducer of 
testosterone 16i3-hydroxylase activity in these rats, 
in parallel with the weaker induction of BZR O- 
dealkylase activity displayed by CLT in the Zucker 
rats (Table 1). 

Induction of CYF2B1, glutathione S-transferase, 
and epoxide hydrolase RNAs. The results in Fig. 2 
(left anel) demonstrate that for both the female 
F344 NCr and lean Zucker rats total cellular P 
CYP2Bl RNA was greatly increased in parallel to 
increases seen in BZR 0-dealkylase activity. The 
levels of RNA coding for glutathione S-transferases 
Ya/Yc or epoxide hydrolase were increased to much 
more limited extents (Fig. 2, center and right panels); 
however, the relative inductions achieved with both 
of these genes suggest that induction of these drug- 
metabolizing enzymes by PB-type inducers occurs 
at the pretranslational level. The induction of 
CYP281, glutathione S-transferase Ya/Yc, and 
epoxide hydrolase RNA was markedly reduced in 
the Zucker rat compared to the F344/NCr rat. 

Znduction of drug-metabolizing enzymes in male 
rats. The induction of BZR 0-dealkylase and epoxide 
hydrolase activities by PB, EPH and BB in male 
lean Zucker and F344/NCr rats is shown in Table 
3. In general, the differences observed between male 
rats of the two strains/lines were less dramatic than 
the differences described above for females. The 
degrees of induction of BZR 0-dealkylase activity 
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Table 2. Metabolism of testosterone by microsomes from female F344/NCr and female lean 
Zucker rats treated with various xenobiotics 

Rate of production of selected hydroxylated 
testosterone productst 

Strain/line Treatment* 68- 7lY- 16/3- Androstenedione 

F344/NCr Control 
EPH 
PB 
CLT 

Lean Zucker Control 
EPH 
PB 
CLT 

148 551 NDS 740 
747 1350 1097 2080 
687 1683 839 2336 

2320 623 1137 2528 

130 631 ND 447 
162 863 221 652 
330 1246 530 1118 

1097 513 141 662 

* Phenobarbital (PB) and 5-ethyl-5-phenylhydantoin (EPH) were administered in diet at 
500ppm for a period of 2 weeks. Clotrimazole (CLT) was administered i.g. in corn oil 
(75 mg/kg body weight) on days 1,2 and 3, and the rats were killed 48 hr after the last dose. 

t Rates are given in terms of pmol hydroxylated product formed/min/mg microsomal 
protein at 30”. The samples utilized were microsomes pooled from the individual samples 
assayed for other biochemical parameters (Table 1). 

$ ND, value is below the limit of detection (25 pmol) under the assay conditions employed. 

elicited by EPH, BB, and doses of PB < 500 ppm 
in the male lean Zucker rat were diminished more 
than 60%, compared to the F344/NCr rat. Induction 
of epoxide hydrolase activity in the male lean Zucker 
rats was quantitatively similar to that observed in 
the male F344/NCr rats (Table 3). 

Dose-response relationships. When the responses 
of the various rat strains/lines to increasing doses of 
PB were examined (Fig. 3), two striking points were 
observed. First, the lean Zucker rats were less 
responsive to low doses of PB than were the F344/ 
NCr or DA rats of the corresponding sex. Second, 
maximal levels of BZR U-dealkylase induced by PB 
(500 ppm) were greater in males than in females in 
both the F344/NCr and Zucker rats. 

Induction of P45OIA. In contrast to the reduced 
ability of the female lean or obese Zucker rats to 
respond to PB-type inducers, the induction of 
ethoxyresorufin 0-dealkylase activity (mediated by 
CYPlA [9]) by the 3-methylcholanthrene/TCDD- 
type inducer /3-naphthoflavone (50 mg/kg body wt), 
in female Zucker rats was similar in magnitude to 
that observed in DA rats of the same sex (Fig. 4). 

DISCUSSION 

Certain investigators have observed that male 
obese Zucker rats apparently display limited 
induction of cytochrome P450 following treatment 
with PB [30-321. Two of the three studies which 
showed virtually no induction of cytochrome P450 
employed relatively non-specific markers of induction 
(aminopyrine N-demethylase or measurement of 
total cytochrome P450) [30,31]. Studies performed 
by Koch et al. [32], employing specific immunological 
reagents, as well as the more recent work by 
Bandyopadhyay and coworkers [41] using specific 
oligonucleotides, have confirmed that a distinctive 
pattern of induction (characterized by lower 

induction of CYP2Bl) exists in the case of the obese 
Zucker rat. When we examined induction in female 
obese Zucker rats employing highly specific 
substrates for CYP2B1, we observed limited 
induction (< 3-fold) in obese rats following exposure 
to 300 ppm PB, in contrast to lean Zucker animals, 
in which almost lo-fold induction was observed (Fig. 
1). However, this dichotomy is difficult to interpret 
when employing dietary administration of inducing 
agent because the obese Zucker rats weigh almost 
twice as much as the lean animals, but consume 
similar amounts of food, thus receiving a smaller 
dose calculated on a per kilogram body weight basis 
(data not shown). Additionally, the high levels of 
fat in the obese animals make it difficult to determine 
comparability of the dose actually present in the 
hepatic parenchyma when employing relatively 
lipophilic compounds such as PB. Therefore, we felt 
that the obese Zucker rats had significant limitations 
as a primary model to study enzyme induction by 
dietary exposure to PB-type xenobiotics. 

Our results concerning induction by non-obese 
rats (lean Zucker, F344/NCr or DA) can be 
summarized as follows: (a) in female DA or F344/ 
NCr rats, we observed relatively profound induction 
of CYP2Bl by high doses of PB (300 or 500ppm), 
BB or EPH as measured enzymatically (BZR O- 
dealkylase activity); (b) in female lean Zucker rats, 
we observed substantial induction of BZR O- 
dealkylase activity following treatment with a high 
dose of PB (500ppm) but observed much more 
limited induction with a lower dose (300ppm) or 
with EPH or BB; (c) enzymatically-determined 
epoxide hydrolase activity and determination of total 
cellular RNA coding for CYP2B1, glutathione S- 
transferases Ya/Yc, or epoxide hydrolase in the 
female Zucker rats yielded qualitatively similar 
results; and (d) a diminished induction of CYP2Bl 
in male lean Zucker rats was also observed, relative 
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Table 3. Induction of BZR 0-dealkylase and epoxide hydrolase activities in male F344/NCr 
and male lean Zucker rats 

Strain/line Treatment* 
Dose 
(ppm) 

BZR 0-dealkylase 
activityt 

Epoxide hydrolase 
activity* 

F344/NCr Control 21.9 2 1.7 487+-51 
EPH 500 1043 * 71 1290 2 87 
BB 1500 933 + 60 1227 * 114 
PB 56 462 f 120 866 2 73 
PB 167 840 ? 166 1076 t 68 
PB 500 1025 + 62 1329 + 103 

Lean Zucker Control 19.8 + 4.7 366 t 57 
EPH 500 365 2 47 910 f 73 
BB 1500 281 I 52 810 + 101 
PB 300 383 2 77 822 ? 93 
PB 500 1302 -c 193 1465 ” 147 

* Rats were fed the indicated doses of .5-ethyl-5-phenylhydantoin (EPH), barbital (BB) or 
phenobarbital (PB) in the diet for a period of 2 weeks. Values shown are the means ? SD for 
N = 3 rats/treatment. 

t BZR 0-dealkylase activity is given in units of pmol resorufin formed/mg S-9 protein/min 
at -28”. 

$ Epoxide hydrolase activity is given in units of pmol benzo[a]pyrene-4,5_dihydrodiol formed/ 
mg S-9 protein/min at -28”. 

600 Female . DA 

/ 

0 100 200 300 400 500 

1400 

Male 0 Lean Zucksr 
1200 / 

‘,, 

400 

I 

/‘/ye F544’NCr 

,O: / A. 1. 

0 100 200 300 400 500 

Phenobarbital dose (ppm in diet) 

Fig. 3. Dose-response curves for induction of hepatic BZR 
0-dealkylase activity in the various strains/lines of rats. 
Top panel: induction in female F344/NCr, DA or lean 
Zucker rats administered dietary phenobarbital for 2 
weeks. Bottom panel: induction in male F344/NCr or lean 
Zucker rats administered dietary phenobarbital for 2 weeks. 

Each point represents the mean activity for three rats. 

to that observed in male F344/NCr rats. However, 
the differences observed between the males of the 
two strains were less profound than those seen with 
the females. This may reflect the fact that female 

600 - 

4Do- 

200 - 

0 - - 

e % 

& 

e 4 

a 

DA Zucker Zucker 
lean obese 

Fig. 4. Induction of CYPlA-mediated ethoxyresorufin 
(ETR) 0-dealkylase in female DA or Zucker rats by /3- 
naphthoflavone (P-NF, 50mg/kg body wt). Each bar 
represents the mean (*SD) activity for three rats. ETR 
0-dealkylase activity is given in units of pmol resorufin 

formed/min/mg S-9 protein measured at 28”. 

rats of both strains appear to show reduced absolute 
O-dealkylase activities at doses of PB s 500 ppm, 
compared to the corresponding males (Fig. 3). 

The reduced responses of the lean Zucker rats 
appear to be mediated at the pretranslational level, 
based upon the decreased induction of RNA coding 
for CYP2B1, glutathione S-transferases Ya/Yc, and 
epoxide hydrolase (Fig. 2). It has been shown 
previously that the de nouo synthesis of CYP2Bl 
caused by inducing agents is a reflection of increases 
in the rate of gene transcription, rather than 
alterations in stability of the mRNA [42]. 

When the PB induction data are presented 



Phenobarbital-type response in the Zucker rat 1085 

graphically (Fig. 3), the results imply a dose-response 
curve in lean Zucker rats that has shifted to the right 
to produce a less responsive animal. Although our 
primary efforts in this particular paper have involved 
the study of induction by a series of compounds 
related to PB, we have also examined a group of 
structurally-diverse compounds, all of which are 
inducers of CYP2Bl activity in the rat (Table 1, see 
also the accompanying paper). The most striking 
inducer in female F344/NCr rats was CLT, causing 
a response even greater than that caused by PB. In 
contrast, 2-hexanone and clonazepam, although 
obviously inducers of CYP2B1, were markedly 
weaker than PB at the doses employed. Each 
of these xenobiotics yielded markedly weaker 
inductions in lean Zucker rats than in F344/NCr 
rats. 

These results would appear to be compatible 
with the presence of some common biochemical 
determinant (e.g. receptor mediation) but are no 
proof of such an entity. 

Since more than one form of P450 is induced by 
PB and related compounds, we examined induction 
of CYP3A (testosterone 6/3-hydroxylase), CYP2A 
(testosterone 7o-hydroxylase) and CYP2Bl (testo- 
sterone 16@hydroxylase) as well as BZR O- 
dealkylase activity. In Zucker rats, we observed 
diminished induction of each of these activities by 
PB and EPH (Table 2) as well as by the structurally 
unrelated compounds 2-hexanone and clonazepam 
(data not shown). CLT has been shown to be a 
potent inducer of both CYP2Bl and CYP3A [43,44], 
a result we have now confirmed in female F344/NCr 
rats. Recent work performed with hepatocytes 
exposed in uitro to CLT indicates that the EDGE for 
induction of CYP2B is lower than that for induction 
of CYP3A [45]. Thus, our observation in the lean 
Zucker rats of a relatively normal response with 
respect to induction of CYP3A (approximately 50% 
of that observed in F344/NCr rats) at a dose of CLT 
which resulted in a markedly lower CYP2Bl 
induction relative to that observed in F344/NCr rats 
is even more striking. These results with CLT, 
considered together with those obtained with @- 
naphthoflavone (50 mg/kg body wt, Fig. 4), suggest 
a specificity of the defect in the Zucker rat since this 
strain shows a strong induction of CYP3A by 
CLT or of CYPlA by @aphthoflavone or 3- 
methylcholanthrene [30]. We are presently screening 
male rats of a variety of inbred strains for evidence 
of such a diminished responsiveness to PB-type 
induction. Although we have observed slight 
differences between the various strains, such 
differences are minor compared to the diminished 
responses exhibited by lean and obese Zucker rats 
(Jones et al,, manuscript in preparation). 

The specific mechanism dete~ining the altered 
response of the Zucker rat is difficult to assess since 
the mechanism of induction by PB-type inducers 
itself is still not defined. Nonetheless, as shown with 
CYP2A and CYP3A, epoxide hydrolase and the 
glutathione S-transferases, this decreased sensitivity 
is not limited to the ~ochrome(s) P450. Although 
we have not directly determined the relevant 
parameters (plasma half-life, steady-state plasma 
concentration) for each of these inducers, phar- 
macokinetic differences among the rat strains/lines 
do not appear to be a likely explanation for the 
observed differences in relative induction. For 
instance, BB does not bind to or appear to be a 
substrate of the P450 monooxygenases [47] and is 
predominantly excreted unchanged. Therefore, the 
more limited P450 induction we observed in the 
Zucker rats would not be expected to alter steady- 
state BB levels. In fact, we have observed minimal 
differences in steady-state serum BB levels in female 
lean Zucker or F344/NCr rats exposed to 1500 ppm 
BB in the diet (data not shown). In the case of PB, 
which is metabolized by cytochrome P450, higher 
blood concentrations are observed in obese or lean 
Zucker rats, relative to other rat strains exposed to 
the same dose levels [31,48]. If degree of P450 
induction were dependent solely upon the magnitude 
of the steady-state blood con~ntration of PB, one 
would expect higher induction in the Zucker rats, 
rather than the lower inductions observed, since it 
is the parent compound, PB, which is active as the 
P450 inducer and not its hydroxylated product. Thus, 
p-hydroxyphenobarbital, the major metabolite of 
PB, is totally ineffective as an inducer of CYP2Bl 
11491; Lubet RA, data not shown). Finally, and 
perhaps most importantly, CLT, which has been 
shown previously to be an effective inducer of both 
CYP2Bl and CYP3Al in uiuo [36] and in vitro [45], 
was a strong inducer of CYP3A but a much weaker 
inducer of CYP2Bl in the Zucker rats. This relatively 
strong induction of CYP3A relative to CYP2Bl is 
even more impressive in light of the fact that the 
EDGE for induction of CYP2Bl by clotrimazole in 
hepatocyte cultures has been found to be lower than 
the EDGE for induction of CYP3A [45]. Since the 
pharmacokinetics must by definition be the same, 
this implies a markedly reduced response specifically 
to CYP2Bl-type induction. 

A variety of recent studies, including those In the case of the Zucker rats, a diminished 
presented here, would appear to be compatible with response to the entire range of responses associated 
the idea of a coordinate hepatic response to PB-type with PB treatment appears to exist. Previously, 
inducers. These studies include: (1) the present investigators have observed a variety of strains of 
work, which demonstrated a diminished response to rats which display a diminished CYP2B2 response, 
structurally-diverse PB-type inducers in Zucker rats; while retaining reiatively normal CYP2Bl responses 
(2) the qualitatively-simile pleiotropic response [SO]. It appears that certain strains of rats fail to 
caused by structurally-diverse PB-type inducers in express the gene product for CYP2B2, either 
male F344/NCr rats [34]; and (3) the ability of constitutively or following PB administration. It is 
relatively high doses of heme arginate to inhibit not clear whether this reflects a markedly altered 
simultaneously all the various elements of this structural gene in these rats or rather a “turning off” 
pleiotropic response in male rats treated with PB or of this particular gene. In contrast, all strains of rats 
2-allyl-2-isopropylacetamide, while not affecting the appear to express a functional CYP2Bl gene, 
induction of CYPlA by 3-methylcholanthrene [46]. although there are polymorphisms in the peptide 
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structure of the gene product. A second PB-inducible 
gene, aldehyde dehydrogenase, also shows a striking 
strain dependency. Thus, a specific gene can be 
induced in certain strains of rats but not in others 
[51]. In contrast to the results with CYP2B2, the 
lack of aldehyde dehydrogenase induction by PB 
which is observed in some rat strains (including the 
F344/NCr) does not result from lack of a functional 
gene, since the gene is apparently expressed 
constitutively in all rat strains examined to date. 

We initially examined induction of CYP2Bl as 
part of an extensive study to investigate the tumor- 
promoting effects of various sedative/anticonvulsant 
drugs [52-551. In these studies, we have observed 
that there is a strong association between tumor- 
promoting activity and the ability of various 
compounds (including oxybarbiturates, hydantoins 
and alkylacetylureas) to induce CYP2Bl-mediated 
catalytic activities. Whether this correlation truly 
reflects a direct involvement of CYP2Bl in the tumor 
promotion process or rather reflects CYP2Bl as a 
marker for an overall, coordinately induced, 
pleiotropic response which includes induction of 
P450, epoxide hydrolase, glutathione S-transferase, 
UDP-glucuronyltransferases, liver hypertrophy and 
hepatocytomegaly is presently under investigation. 

In conclusion, the Zucker rat model would appear 
to be useful for studying the mechanisms of induction 
of drug-metabolizing enzymes, the phenomenon of 
drug-drug interactions and the role of induction in 
tumor-promotion in both the thyroid and liver, by 
a wide variety of xenobiotics. 
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