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Abstract-Glucose-6-phosphate dehydrogenase and &phosphogluconate dehydro- 
genase from beef adrenal were inhibited by a variety of substituted phenothiazines. 
With similar enzymes isolated from rat brain tissue only glucose-6-phosphate dehydro- 
genase was affected. Kinetic studies with the brain enzyme gave no evidence of com- 
petitive inhibition. Results with imipramine, including kinetic studies, were in most 
instances similar to those obtained with the phenothiazines. 

RECENT studies have indicated that phenothiazine derivatives are inhibitors of 
CXPD* from eryth0cytes.l It has been further demonstrated that thioproperazine 
w-ill inhibit both G-6PD and S-PGD from bovine adrenal cortex and that the inhibition 
observed is noncompetitive with the first enzyme and competitive with the latter. With 

either enzyme. however, preincubation of the phenothiazine was required for the 
inhibitiona 

As an extension of this work, a comparison was made of the inhibitory effects of 
various phenothiazine derivatives on G-6PD and 6-PGD from beef adrenal cortex and 
rat brain. In addition, some tentative information was obtained on structure-activity 
relations with these phenothiazine derivatives. 

MATERIALS AND METHODS 

The enzymes from beef adrenal cortex and rat brain were prepared as previously 
described.3 Briefly, a 20”, homogenate of the tissue in distiifed water was centrifuged 
at 4” for 30 min at 20.000 *\ g. The supernatant solution was dialyzed in the cold 
overnight and then equal volumes of the supernatant solution and saturated am- 

monium sulfate solution were mixed. The precipitate obtained was collected by 
centrifugation and contained most of the G-6PD of the original homogenate. Repeti- 
tion of the ammonium sulfate precipitation resulted in a preparation essentially free of 
6-PGD activity. The supernatant solution remaining after the first ammonium sulfate 
precipitation contained the (I-PGD activity and was used as such. 

G-6PD assays were based on the method of Kornberg and Horecker,’ 6-PGD 
assays on the method of Horecker and Smyrni0tis.j One unit of activity was defined 
as the amount of enzyme causing the reduction of 0.01 pmole of TPN/min at 25’. 

Although a large number of phenothiazine derivatives is avaifable, the particular 
ones used in this study were chosen on the basis of their soiubility in glycylglycine 

* Abbreviations: G&PD, glucose-&phosphate dehydrogenase; 6-PGD, 6-phosphogluconate 
dehydrogenase; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; TPN, triphospho- 
pyridine nucleotide; G-6-P, glucose-6-phosphate; 6.PG, 6-phosphogluconate. 
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buffer, pH 7.4. Each compound \vas screened for its solubility at pH 7.4 and at the 
concentration used in the reaction cuvct. With such criteria the number of saGsfactor> 
compounds was not extensive (Fig. 1). Since there is some question about the stability 
of phenothiazincs they Mcrc prepared fresh daily. 

The inhibitory effects of thi: compounds studied arc presented in Table I. When tit2 
phenothiazine was preincubatcd for 30 Knin in the presence of cithcr cnzymc from the 
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TABLE 1. INHIBITORY EFFECTS OF CUMPOUNUS UN DEHYI>KOCENASES* 

Compounds 
Beef adrenal cortex 

G-6PD h-PGD G-6PD 
Rat brain 

6-rc;n 
a b il b 3 b a b 

_l___.-.-.- ~ _--.. -.-. -- __.._, . _ -. _._ ..__.. _.. __ _-.______. ._ -.._- ._. 
Thioproperazine 62.3 : 54.2 33.3 462 0 0 
Promazine 45.5 39.8 

:: 
44-5 0 

: 

Acetophenazine 44.5 9.2 40.0 54.8 33.4 : 
Methoxypromazine 43.3 0 51.7 0 35.5 0 

:: 

Trimeprazine 33 1 0 35.6 0 40.0 0 : 
Promethazine 26.5 

25.5 : 
30.7 

:: 
27.1 0 

: 
0 

Imipraminc 0 20,Y 0 0 0 
- 

* Values are T,g inhibition of enzyme activity expressed in terms of the rate of the reaction in the 
presence of phenothiazine compared with that in itsabsence: (a): preincubation of phenothiazine with 
complete system minus TPN and G-6-P for 30 min; (b): preincubation of phenothiazine with complete 
system minus G-6-P for 30 min. 

System. All cuvets contained 250 pmole glycylglycine buffer, pH 7.4; 100 pmole MgQ: 0.23 
pmole TPN; and 5 @mole G-6-P or h-PG; inhibitor, 1.5 pmole m total volume of 3.0 ml. Added to 
various experiments: adrenal G-GPD, I mg protein (4 to 6 units of activity); adrenal 6-PGD, 1 mg 
protein (5 to 8 units of activity); brain G-6PD. I mg protein (3.8 units of activity); brain 6-PGD, 1 mg 
protein (2.0 units of activity). 
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beef adrenal cortex, significant inhibition of the system occurred. For example. with 
G-6PD the inhibition varied from 26.5”; with promazine to 62.3’:; with thiopropera- 

zine. On the other hand. incubation of the phenothiazines and TPN with the enzyme 
prior to the addition of the substrate completely abolished the inhibitory effects, 
acetophenazine being the only exception. 

G-6PD from rat brain behaved like the beef adrenal enzyme. in that inhibition from 
27.1 to 54.8 per cent was noted. Moreover. the preincubation of the phenothiazines and 
TPN abolished the inhibitory effect, with the exception of acetophenazine. Rat brain 
6-PGD, however. was entirely unaffected by the concentrations used in this study. 

Since it had been previously noted that thiopropcrazinc \+‘a~ a noncompetitive 
inhibitor of G-6PD and a competiti\,e inhibitor of 6-PGD, further studies with this 
phenothiazine were carried out on the rat brain G-6PD to determine the nature of the 
inhibition. Activity was measured in the presence of a constant amount of inhibitor 
(5 : lo-* hl). first with an excess of TPN and limiting concentration of G-6-P and 
second, \\ith excess of G-6-P and limiting concentrations of TPN (Fig. 2). No evidence 
of competitive inhibition w.as noted. 

100 
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/ 
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FIG. 2. Relation between l;V and I/S [(l/O absorbancy at 340 mp/min) and (J/(G-6-P) IO1 or 
I/TPN x 104)] in the presence and absence of a constant amount of thioproperazine. On the left the 
concentration of TPN was varied, on the right the concentration of G-6-P was varied. The system 
included: enzyme, I mg protein (specific activity 3.8 units/mg protein); 2.50 pmole glycylglycine 
buffer, pH 7.4; 100rmole MgCI?; and either 0.23 pmole TPN or 5 rmole G-6-P in a total volume 
of 3.0 ml. Activity in the presence of thioproperazine was measured after preincubation of the drug 

for 30 min with the complete system minus either TPN or G-6-P. 
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Studies Mith itniprarninr 

Since in many instances the biochemical effects of imipramine and phenothiazines 
on mitochondria and tissue metabolism are similar, the effects of imipramine were 
evaluated. Examination of the data in Table 1 suggests that imipramine inhibits the 
Ci-6PD as do the phenothiazines. Moreover. Lineweaver-Burk plots” (Fig. 3) indicate 
that this compound is not a competitive inhibitor of rat brain G-6PD. No effect wab 
observed on 6-PGD from either beef adrenal cortex or rat brain. 

60. 
IMIPRAMINE 

FK;. 3. Relation between l/V and I S in the presence and absence of imipraminc. Conditions ;,s 

indicated in Fig. 2. 

Structure-ac’tirii~~ relations 

Comparison of the results obtained in this study indicates that each of the pheno- 
thiazines inhibited the enzymes from beef adrenal and the G-6PD from rat brain. 
None was effective on 6-PGD from rat brain. Wherever inhibition was noted. 
promethazine was the least effective. Imipramine. on the other hand, exerted no effect 
on 6-PGD from adrenal and in those systems where inhibition did occur. it was less 
effective than any of the phenothiazines. 

It appears that the sulfur in the ring is not necessary for an inhibitory effect on 
G-6PD, since imipramine is active. The presence of sulfur, however. contributes to 
inhibition (compare, for example, promazine and imipramine). It is also of interest 
that the isomers, promethazine and promazine, differ significantly in their inhibitory 
effect. The data are not sufficient to explain the role of R,, although it tentatively 
appears that in most instances substitutions here favor inhibition. 
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DISCUSSION 

The data presented above are consistent with the concept that phenothiazines are 
inhibitors of both G-6PD and 6-PGD from beef adrenal cortex and of G-6PD from 
rat brain tissue. Although the degree of inhibition varies to some extent with the 
phenothiazine under study, kinetic studies with thioproperazine indicate that the 
inhibition is similar with G-6PD from bovine adrenal and rat brain. 

On the other hand, the basic nature of the inhibition of 6-PGD is different. With the 
adrenal enzyme, competitive inhibition was noted with thioproperazine; however, no 
inhibition of the rat brain enzyme could be obtained with a wide variety of pheno- 
thiazines. No immediate explanation is apparent from the data, although it is known 
that the two shunt enzymes act differently. depending upon the experimental condi- 
tions.‘, * It has also been observed9 that pregnenolone and dehydroisoandrosterone 
inhibit G-6PD from several sources but not from spinach or yeast and not 6-PGD 

from several tissues (adrenal, liver, adipose). Alternative suggestions for the lack of 
effect on 6-PGD might be sought in the presence of natural inhibitors of phenothia- 
zines in the enzyme preparation or conceivably TPN could be tightly bound to the 
apoenzyme, thus preventing phenothiazine-enzyme interaction. In any event, it has 
been possible to demonstrate a differential effect by phenothiazines on these two 
closely related enzymes of the hexose monophosphate pathways. 

Imipramine, although not a phenothiazine, resembles the phenothiazines to some 
extent. It inhibits respiratory activity of rat brain, the uptake and incorporation of 

glycine- 1 JrCro and oxidative phosphorylation in rat liver and brain mitochondria. 

These effects can also be demonstrated with chlorpromazine.“* l2 The present data 
are also consistent with the idea that imipramine and the phenothiazines have much 
in common biochemically. lmipramine inhibition of G-6PD from bovine adrenal and 

rat brain was comparable to promethazine inhibition. Furthermore, the kinetic studies 
using this compound suggest a similar inhibition of rat brain G-6PD. An inconsistency 
was demonstrated, however, in that imipramine exerted no inhibitory effect on 6-PGD 

from bovine adrenal. 
In general. the results of this investigation are similar to those previously obtained 

in the study of D-amino acid oxidase 13. I’ and the interaction of FAD, chlorpromazine. 
and apoenzyme and also in the study of the interaction of FMN, chlorpromazine, and 
the old yellow enzyme. l5 In these investigations. as well as in the present one, inter- 
action of a phenothiazine with coenzyme for the apoenzyme was demonstrated. 

Any attempt to generalize on structure-inhibitory relations reported here has severe 
limitations. The difference in inhibitory effect between many of the phenothiazines is 
small. Moreover, the degree of purity of the enzyme preparation is such that non- 
enzymic protein could decrease the inhibition by binding the compound under study. 
However, attempts at finding relationships between enzymic effects and structure 
should be made since they may lead to a better understanding of drug action. 

It is exceedingly difficult to establish the primary pharmacological action of the 
phenothiazines since they affect a wide variety of biochemical processes.l”-lU Further, 
most studies have been carried out on h-vitro systems and cannot be taken as evidence 
of a similar in429 response. UJ It is worthy of note, however, that the enzymes studied 
here are components of a key system for the generation of TPNH. 

The importance of this coenzyme in biosynthetic mechanisms is well known:21 
however. the low concentration of TPNz2. 23 in brain suggests that the activity of the 
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hexose monophosphate shunt is minimal 24 in this tissue. If, on the other hand, TPN 
is added to brain mince in physiological concentrations, activity of the shunt is 
appreciably increased.25 The significance, therefore, of present investigations must 
await further evaluation of the shunt in brain. 
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