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Abstract--trans-Stilbene oxide has been found earlier to be a new type of inducer of drug-metabolizing 
systems. Here we demonstrate that treatment of rats with this xenobiotic results in an increase in the 
activity of the cytosolic glucose &phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, 
the first and third enzymes in the pentose phosphate pathway, to 350% and 170% of the control values, 
respectively. At the same time microsomal glucose 6-phosphate dehydr0genase activity was unaffected 
by administration of trans-stilbene oxide or benzil. The time course and dose-response of the increases 
in glucose 6-phosphate and 6-phosphogluconate dehydrogenase activities have been characterized. The 
activities of ribulose 5-phosphate 3-epimerase and ribose 5-phosphate ketol isomerase, enzymes further 
along in the pentose phosphate pathway, were not significantly affected by trans-stilbene oxide or benzil. 
An investigation of the effect of treating rats with different metabolites of stilbene and with other 
structurally related compounds on hepatic cytosolic glucose &phosphate dehydrogenase activity revealed 
the structural features which are important for increasing this activity. Finally, it was found that 
administration of trans-stilbene oxide did not affect the activities of glucokinase and phosphoglucose 
isomerase, the two glycolytic enzymes which can produce glucose 6-phosphate, the link between 
glycolysis and the pentose phosphate shunt. 

It has been established in our laboratory [1] and in 
others [2, 3] that trans-stilbene oxide induces drug- 
metabolizing enzymes in rat liver with a pattern 
unlike that seen after administration of phenobar- 
bital or 3-methylcholanthrene. Treatment with 
trans-stilbene oxide increase the specific activity of 
microsomal epoxide hydrolase by 620%, the specific 
content of cytochrome P-450 by 120%, and the spe- 
cific activities of cytosolic glutathione S-transferases 
by 200-300% [1]. Recently, we have also character- 
ized the induction of drug-metabolizing enzymes and 
related systems by other metabolites and structural 
analogues of stilbene [4]. Our results suggest that 
so-called phase II enzymes (epoxide hydrolase and 
glutathione S-transferase(s) are induced to a much 
greater extent by such compounds than are the 
activities of the phase I cytochrome P-450 system. 

It is also of interest to determine the effects of 
inducers of drug-metabolizing systems on enzyme 
pathways which are only indirectly involved in the 
metabolism of xenobiotics. The pentose phosphate 
shunt provides the cofactor NADPH required by the 
cytochrome P-450 system. We have measured the 
activities of glucose 6-phosphate dehydrogenase, the 
first enzyme in the shunt, together with 6-phos- 
phogluconate dehydrogenase, the third enzyme, 
both of which provide NADPH,  after administration 
of trans-stilbene oxide and other stilbene derivatives. 
The effect of these treatments on the subsequent 
enzymes 5-phosphate 3-epimerase and ribose 5- 
phosphate ketol isomerase has also been 
investigated. 

In addition, since glucose 6-phosphate is the first 
substrate in both the pentose phosphate shunt and 
in the metabolic sequence which leads to the syn- 
thesis of UDP-glucuronic acid, it was of interest to 
determine whether the production of glucose 6-phos- 
phate is affected by inducers of drug-metabolizing 
enzymes. Consequently, the effect of induction by 
trans-stilbene oxide and other stilbene derivatives on 
the three glycolytic enzymes which can give rise to 
glucose 6-phosphate, i.e. glucokinase (hexokinase 
IV), hexokinase and phosphoglucose isomerase, has 
also been studied here. 

MATERIALS AND METHODS 

Chemicals. Dibenzyl, 4,4'-dihydroxydiphenyl and 
4,4'-dihydroxystilbene (ICN Pharmaceuticals Inc., 
Life Sciences Group, Plainview, NY); cis- and 
trans-stilbene oxide, desoxybenzoin, dibenzoylme- 
thane, chalcone, 2,2'-pyridil, metyrapone, phenan- 
threne and diacetyl (EGA-Chemie,  Steinheim/ 
Albruch, West Germany); styrene oxide, benzoin 
and benzil (Fluka AG,  Buchs S. G., Switzerland): 
NADP +, ATP, ribose 5-phosphate ketol isomerase, 
glucose 6-phosphate dehydrogenase, fructose 6- 
phosphate, glucose 6-phosphate, ribose 5-phos- 
phate, 6-phosphogluconate, o-glucose and phlorid- 
zin (Sigma Chemical Co., St. Louis, MO); biphenyl, 
diphenylmethane, meso-l,2-diphenylethane-l,2-diol 
and 2,3-epoxybutane (Merk-Schuchardt, Munich, 
West Germany); benzoic acid (Merck, Darmstadt,  
West Germany) and 3,3'-pyridil (Chem. Service, 
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West Chester, PA) were all purchased from com- 
mercial sources, cis-Stilbene oxide and threo-l,2- 
diphenylethane-l,2-diol were synthesized by the 
Synthesis Service, Chemical Center, Lund, Sweden. 
Chalcone epoxide was synthesized according to the 
method of Yang and Finnegan [5], recrystallized, 
and its structure confirmed by NMR and by its melt- 
ing point. All other chemicals were of reagent grade 
and obtained from common commercial sources. 

Animals. Male Sprague-Dawley rats weighing 
180o200 g were starved overnight in order to reduce 
liver glycogen before decapitation. Since intraperi- 
toneal injection of certain of the substances reduced 
the animal's appetite, treated animals were pair-fed 
with controls. Liver microsomes were prepared 
according to Ernster et al. [6] and the supernatant 
fraction taken as the cytosol. 

Induction. For trans-stilbene oxide and benzil 
2 mmoles/kg body wt was administered once daily 
for 5 days. In one experiment all derivates were 
administered at a dose of 1 mmole/kg body wt. 
Routinely, the substance was dissolved in 1 ml sun- 
flower oil and injected i.p. into the rats. However, 
benzoin, erythro-l,2-diphenylethane-l,2-diol, and 
threo-l,2-diphenylethane-l,2-diol gave suspensions 
when mixed with sunflower oil. The inductions 
obtained with these suspensions were no different 
than those seen after injection of these three sub- 
stances dissolved in 20% dimethylsulfoxide-30% 
polyethyleneglycol-A300050% sunflower oil. In no 
case did the vehicle alone have any effect on the 
enzymes measured. 

With most of the substances tested at these doses 
no toxic effects were seen. However, animals receiv- 
ing trans-stilbene, benzoin, 4,4'-dihydroxystilbene 
and 4,4'-dihydroxydiphenyl showed a loss of appetite 
and in the case of trans-stilbene a listlessness as well. 

Enzyme assays. Glucose 6-phosphate dehydro- 
genase was assayed in the cytosol according to Taketa 
and Watanabe [7] and in microsomes after treatment 
with 1% Triton X-100 according to Takahashi et al. 
[8]. 6-Phosphogluconate dehydrogenase was assayed 
according to Glock et al. [9]. Ribulose 5-phosphate 
3-emiperase and ribose-5-phosphate ketol isomerase 
were assayed by monitoring the formation of keto- 
pentose phosphate at 290 nm at 37 ° [10]. Glucoki- 
nase, hexokinase and phosphoglucose isomerase 
were measured using coupled reactions in which the 
reduction of NADP + was followed spectrophoto- 
metrically [11, 12]. 

Protein. Protein was measured using a modifica- 
tion of the Lowry procedure [13] with bovine serum 
albumin as standard. 

Statistics. In all tables the mean -+ standard devia- 
tion is given. Statistical differences between means 
of control and treated animals were determined using 
Student's t-test. 

RESULTS 

Induction of  glucose 6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase 

Figure 1 illustrates the time course of induction 
of glucose 6-phosphate dehydrogenase and 6-phos- 
phogluconate dehydrogenase by trans-stilbene 
oxide. It can be seen that glucose 6-phosphate 
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Fig. 1. Time course of the changes in glucose 6-phosphate 
dehydrogenase (©) and 6-phosphogluconate dehydrogen- 
ase (O) activities caused by treatment with trans-stilbene 
oxide (400 mg/kg). For details of the induction procedure 
and enzyme assays, see Materials and Methods. Specific 
activity = nmole NADPH produced/min/mg cytostolic pro- 
tein. The means -+ S.D. of 6 to 16 different animals are 

shown. 

dehydrogenase rapidly increases to its maximal level 
of 3.7 times that of control after 3 days of treatment, 
while 6-phosphogluconate dehydrogenase activity 
also increases within the first 3 days to 70% above 
the control value. The time course of induction of 
the drug metabolizing enzyme glutathione S-trans- 
ferase(s) by trans-stilbene oxide is similar to these 
time courses [1]. 

Figure 2 illustrates the return of glucose 6-phos- 
phate dehydrogenase and 6-phosphogluconate 
dehydrogenase activities to control values after ces- 
sation of treatment with trans-stilbene oxide. Neither 
activity began to decrease until 2 days after the final 
injection, which was also the case after induction of 
cytosolic glutathione S-transferase(s), microsomal 
epoxide hydrolase and cytochrome P-450. This lag 
may be a depot effect, i.e. the large amount of 
sunflower oil used as a carrier for trans-stilbene oxide 
(1 ml per animal) during the course of several days. 
Both glucose 6-phosphate dehydrogenase and 6- 
phosphogluconate dehydrogenase returned essen- 
tially to control levels within 6 days after the final 
injection of trans-stilbene oxide. 

Figure 3 illustrates the induction of glucose 6- 
phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase by different doses of trans-stilbene 
oxide. It appears that even higher levels of both 
activities might be obtained by administering more 
than 400 mg/kg. However, higher doses were not 
attempted for fear of toxic affects. This type of 
continually increasing dose-response curve was also 
seen for microsomal epoxide hydrolase and gluta- 
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Fig. 2. Time course of return of glucose 6-phosphate 
dehydrogenase (O) and 6-phosphogluconate dehydrogen- 
use (O) activities to control levels after cessation of treat- 

ment with trans-stilbene oxide. See legend to Fig. 1. 

thione S-transferase, but not for cytochrome P-450, 
which is induced maximally by 100 mg trans-stilbene 
oxide/kg x body wt [1]. 

It has been suggested that hexose 6-phosphate 
dehydrogenase or type III glucose 6-phosphate 
dehydrogenase in microsomes from rat liver might 
be involved in drug metabolism [8]. In Table 1 it can 
be seen that this microsomal activity is not affected 
to any great extent either by trans-stilbene oxide or 
benzil. 

Induction of glucose 6-phosphate dehydrogenase by 
other metabolites and analogues of stilbene 

In Table 2 are shown glucose 6-phosphate dehy- 
drogenase activities after rats have been treated with 
various metabolites and structural analogues of stil- 
bene. In this experiment the animals were treated 
with 1 mmole of substance/kg body wt in order to 
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Fig. 3. Response of glucose 6-phosphate dehydrogenase 
(O) and 6-phosphogluconate dehydrogenase (O) activities 
to different doses of trans-stilbene oxide. See legend to 
Fig. 1. 400 mg trans-Stilbene oxide (tool. wt = 196) corre- 
sponds to 2 mmoles. The animals were injected once daily 

for 5 days. 

avoid the toxic effects seen for certain derivates at 
twice that dose. The first half of this table presents 
stilbene metabolites and it can be seen that benzoin 
and benzil both enhance glucose 6-phosphate dehy- 
drogenase to the same level as trans-stilbene oxide, 
while both diols and c/s-stilbene oxide increase this 
activity half as much. 

Among the other stilbene derivatives, only diben- 
zoylmethane enhances glucose 6-phosphate dehy- 
drogenase activity to the same level as does transo 
stilbene oxide. Half as much increase occurs with 
desoxybenzoin, 2,2'-pyridil and metyrapone. The 
pattern seen in this table for glucose 6-phosphate 
dehydrogenase is not unlike that seen for the phase 
II enzymes, microsomal epoxide hydrolase and 
cytosolic glutathione S-transferase, although these 
two enzymes are induced to a greater extent [1]. 

Table 1. Comparison of microsomal and cytoplasmic glucose 6-phosphate dehydrogenase 
activities* 

Inducer 
Glucose 6-phosphate trans-Stilbene 

dehydrogenase None oxide Benzil 

Microsomalt 11.4 -+ 0.3 10.9 -+ 0.3 (96) 13.5 + 0.5 (118) 
Cytoplasmic 21.6 -+ 1.7 64.4 - 4.4 (298) 38.0 +- 5.1 (176) 

* Two mmoles/kg body wt of each compound was injected i.p. into rats once daily for 
5 days. Values given are the specific activity (nmoles NADPH formed/min per mg of 
cytoplasmic or microsomal protein) and are the means -+ S.D. for 3 different animals. 
Values in parentheses are % of control. 

t The microsomal enzyme has been designated as hexose 6-phosphate dehydrogenase 
type III glucose 6-phosphate dehydrogenase. 
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Table 2. The effect of administering stilbene; compounds related to stilbene and its metabolites on glucose 6-phosphate 
dehydrogenase activity* 

G6PDHt % of G6PDH~ % of 
Metabolite control Derivative control 

trans-Stilbene 
trans-Stilbene oxide 
erythro- l,2-Diphenylethane- l ,2-diol 
c/s-Stilbene 
c/s-Stilbene oxide 
threo- 1,2-Diphenylethane-1,2-diol 
Benzoin 
Benzil 
Benzoic acid 

119 -+ 20 (6) 
188 -+ 35 (12)[[ 
161 -+ I7 (5)[[ 
122 -+ 17 (6) 
t58 + 18 (6)ql 
153 -+ 16 (6)ll 
218 -+ 31 (6)11 
214 -+ 42 (6)11 

79 -+ 10 (3) 

* One mmole/kg body wt of each compound was injected 
i.p. into rats once daily for 5 days. Values given are the 
means-+ S.D. of the number of animals shown in 
parentheses. 

? Glucose 6-phosphate dehydrogenase. The control 
activity was 21.6 -+ 1.7 (34) nmoles NADP- reduced/min 
per mg cytoplasmic protein. 

:~ P < 0.05; § P < 0.01; [] P < 0.001. 

Dibenzyl 94 -+ 15 (6) 
4,4'-Dihydroxystilbene 125 + 25 (3) 
Desoxybenzoin 154 -+ 24 (3)§ 
2,2'-Pyridil 152-+ 6 (3)§ 
3,Y-Pyridil 110 +- 9 (3) 
Metyrapone 144 _+ 26 (3)§ 
Styrene oxide 86 + 7 (3) 
Epoxy butane 105-+ 8 (4) 
Diacethyl 109 -+ 12 (4) 
Biphenyl 79 -+ 11 (3) 
4,4'-Dihydroxydiphenyl 114 _+ 14 (3) 
Diphenylmethane 99 -+ 10 (3) 
Chalcone 105 -+ 17 (3) 
Chalcone epoxide 136 +- 12 (3):[: 
Dibenzoylmethane 226 -+ 35 (3)H 
Phloridzin 115 +- 16 (3) 
Phenanthrene 139 +- 20 (3)$ 

In o rde r  to cont ro l  w h e t h e r  the  substances  in jec ted  
might  be p resen t  in the  s upe r na t an t  and  directly 
act ivate  glucose 6 -phospha te  dehydrogenase ,  the 
der ivat ives  were added  to cont ro l  cytosol at  concen-  
t ra t ions  of 0 .1-2 m M ,  which is calculated to be the 
concen t r a t ion  range  which would  be r eached  in the 
cytoplasm of  hepa tocy tes  in vivo if no me tabo l i sm 
occurred.  In genera l ,  no direct  effect of any of these 
c o m p o u n d s  on  glucose 6 -phospha te  dehydrogenase  
activity could be seen.  

Effect on other enzymes of  carbohydrate metabolism 

The  effect  of induct ion  with trans-stilbene oxide 
and  benzi l  on  o the r  enzymes  of the  pen tose  phos-  
pha t e  shunt  and  of o the r  pa thways  of ca rbohydra t e  

me tabo l i sm are shown in Table  3. As  can be seen,  
glucose 6 -phospha te  dehyd rogenase  and 6-phos- 
phog lucona te  dehydrogenase ,  the  first and  thi rd  
enzymes  of the  shunt  and  those  enzymes  which pro- 
duce N A D P H  are induced  to a much  grea te r  extent  
than  the  o the r  enzymes.  Ribulose  5 -phospha te  3- 
ep imerase  and  r ibose  5 -phospha te  ketol  i somerase  
are largely unaf fec ted ;  a slight decrease  to 80% of 
the  cont ro l  value  could be  seen for the la ter  enzyme.  
Hexok inase  (not  shown)  and  phosphoglucose  iso- 
merase ,  glycolytic enzymes  which can produce  glu- 
cose 6 -phospha te ,  are also largely unaf fec ted  by 
induct ion  with trans-stilbene oxide or benzil .  Glu-  
cokinase  (hexokinase  IV)  activity may be somewha t  
increased  w h e n  trans-stilbene oxide is admin i s te red  
to the animal .  

Table 3. The effect of administering trans-stilbene oxide or benzil on enzymes in the pentose phosphate 
pathway or glucolysis* 

Inducer 
trans-Stilbene 

Enzyme? Reactions None oxide Benzil 

Glucose 6-phosphate§ 
dehydrogenase G-6-P ---, 6-PG1 

6-Phosphogluconate§ 
dehydrogenase 6-PG ~ Ru-5-P 

Ribulose-5-phosphate§ 
3-epimerase Ru-5-P --, Xu-5-P 

Ribose-5-phosphate§ 
ketol isomerase R-5-P --~ Ru-5-P 

Glucokinase G ~ G-6-P 
Phosphoglucose 

isomerase F-6-P ~ G-6-P 

21.6 -+ 1.7 64.4 + 4.4 (298) 38.0 -+ 5.1 (176) 

48.1 -+ 2.1 81.3 -+ 6.1 (169) 68.8 _+ 5.6 (143) 

272 -+ 11 278 -+ 21 (102) 246 + 38 (90) 

52.6 +- 3.7 44.4 -+ 2.6 (84) 40.2 _+ 1.8 (76) 
9.9 + 1.11 12.2 _+ 0.7 (123) 10.8 -+ 0.4 (109) 

1018 + 22 890 -+ 74 (87) 832 -+ 74 (82) 

* Two mmoles/kg body wt of each compound was injected i.p. into rats once daily for 5 days. Values 
given are the specific activity (nmoles product formed/min per mg of cytoplasmic protein) and are the 
mean +- S.D. for three different animals. Values in parentheses are % of control. 

? For enzyme assays see Materials and Methods. 
Abbreviations: G-6-P, glucose 6-phosphate; 6-PGI, 6-phosphogluconolactone; 6-PG, 6-phospho- 

gluconate; Ru-5-P, ribulose 5-phosphate; Xu-5-P, xylulose 5-phosphate; R-5-P, ribose 5-phosphate; G, 
glucose; F-6-P, fructose 6-phosphate. 

§ Enzymes in pentose phosphate shunt. 
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DISCUSSION 

trans-St i lbene oxide as an inducer for drug-metab- 
olizing systems has now been investigated by a num- 
ber of different laboratories. This xenobiotic has 
been shown to induce microsomal epoxide hydro- 
lase, cytosolic glutathione S-transferase(s), cyto- 
chrome P-450 [1-3], UDP-glucose dehydrogenase 
[14], UDP-glucuronyl transferase [15], DT-diaphor- 
ase [16] and also the first and the third enzymes of 
the pentose phosphate shunt. This increase in activity 
is probably important in providing cytosolic 
NADPH,  the cofactor required by the cytochrome 
P-450 system. 

The present study also shows that glucose 6-phos- 
phate dehydrogenase is induced to a higher extent 
than the third enzyme 6-phosphogluconate dehydro- 
genase. Subsequent enzymes in the shunt, i.e. ribose 
5-phosphate ketol isomerase and ribulose 5-phos- 
phate epimerase, are largely unaffected. This sug- 
gests that it is the first enzyme in the shunt which 
is the primary regulatory point. 

It is, of course, possible that the increase in glucose 
6-phosphate dehydrogenase and 6-phosphoglucon- 
ate dehydrogenase activities observed here do not 
reflect a true inducer (i.e. increased amounts of 
enzyme protein), but rather some other mechanism 
of activation. However,  in those cases which have 
been carefully investigated--viz. ,  cytochrome P-450, 
epoxide hydrolase [2,4], glutathione S-transferases 
A,  B and C [17] and DT-diaphorase [16J--the 
increases in enzyme activity caused by administering 
trans-sti lbene oxide were found to reflect increases 
in the amount of enzyme protein. It seems therefore 
likely that the process described here is also one of 
induction. 
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