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The enzyme DT diaphorase (E.C.1.6.99.2) is a flavoprotein 

catalyzing the oxidation of NADH and NADPH by various redox dyes 

and quinones (1). The high sensitivity of the enzyme to dicouma- 

rol and related anticoagulant drugs has drawn attention to its 

possible involvement in the vitamin K-dependent biosynthesis of 

prothrombin and other blood-coagulation factors (1,2). More spe- 

cifically, the possibility has been considered (3,4) that the en- 

zyme may participate in the metabolism of vitamin K in liver micro- 

some s , with phylloquinone-2,3-epoxide as a possible intermediate 

(5-7). 

In the course of investigating this possibility, the some- 

what unexpected finding was made that treatment of rats with 3- 

-methylcholanthrene (MC)x, an inducer of the microsomal aryl hyd- 

rocarbon hydroxylase (AHH) system (8), causes a several-fold in- 

crease in liver DT diaphorase activity. The increase occurs both 

in the microsomes, which contain a small fraction of the enzyme, 

and in the cytosol where the bulk of DT diaphorase is found. Some 

preliminary results relating to these findings are presented below, 

and discussed in terms of a possible functional relationship bet- 

ween DT diaphorase and the AHH system. 

Materials and Methods. 

Male Sprague-Dawley rats of about 100 q body-weight were 
used. The animals were kept on standard laboratory diet. Injec- 
tions with 2 mg MC (dissolved in 0.5 ml corn-oil) and 8 mg sodium 
phenobarbital (in 1 ml physiological saline) were made intraperi- 
toneally, at intervals as indicated in the table and figure le- 
gends. Controls were injected with the appropriate solvents. 

Liver microsomes were prepared as described by Ernster et - 
al. (9) and washed once with 0.15 M Tris chloride, pH 8. The 
washed pellet was suspended in 0.25 M sucrose before assay. The 
supernatant fraction obtained after sedimentation of the microsomes 

x) Abbreviations: AHH, aryl hydrocarbon hydroxylase; BP, benzo(a)- - 
pyrene; MC, 3-methylcholanthrene. 
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was used f'or the assay of cytosolic enzyme activity. Protein was 
estimated according to Lowry et al. (10). 

DT diaphorase activity was determined at 30°C with NADPH as 
hydrogen donor and menadione as hydrogen acceptor (2). The mena- 
diol formed was continuously reoxidized by cytochrome c, and the 
reaction was followed by measuring the formation of reduced cyto- 
chrome c spectrophotometrically at 550 nm. The reaction mixture 
consisted of 50 mM Tris chloride, pH 7.5, 0.5 mM NADPH, 10 PM mena- 
dione, 77 UM cytochrome c, 0.5 mM KCN, and 10 mg/ml Tween-20. In 
some cases, DT diaphorase activity was determined with 2,6-dichlo- 
rophenolindophenol as the hydrogen acceptor (2). 

The DT diaphorase activity of microsomes, which also contain 
NADPH-cytcchrome c reductase, was assayed in three ways: (a) the 
decrease in the rate of NADPH oxidation (with menadione + cytochrome 
c as acceptor) obtained after the addition of 10 uM dicoumarol (cf. 
ref. 2); (b) after solubilization of NADPH-cytochrome c reductase 
by treatment of the microsomes with trypsin (11,12), which does not 
release or inactivate DT diaphorase; (c) by selectively inhibiting 
NADPH-cytochrome c reductase with NADP+ (13,14). 
gave closely comparable results. 

The three assays 

Microsomal NADH- and NADPH-cytochrome c reductase activities 
were determined at 30°C as described by Dallner (15). 

The microsomal contents of cytochromes P-450 (or P-448) and 
&5 were estimated according to Dallner (15). 

Aryl hydrocarbon hydroxylase activity was measured at 37OC 
with benzo(a)pyrene (BP) as substrate according to Nebert and 
Gelboin (16). 

Results. 

Treatment of rats with two injections of MC (5 and 3 days 

before sacrifice) resulted in a 4-5-fold increase in liver DT dia- 

phorase activity, expressed on the protein basis, of both the cyto- 

solic and microsomal fractions (Table I). The increase in DT dia- 

phorase activity was also observed with 2,6-dichlorophenolindophenol 

(rather than menadione + cytochrome c) as hydrogen acceptor (not 

shown). As expected (8), this treatment caused a substantial in- 

crease of the AHH activity (measured here with BP as substrate; 

cf. legend of Table I). The content of cytochrome P-448 of the 

liver microsomes was likewise increased, whereas the NADPH-cyto- 

chrome c reductase activity showed a slight decrease (Table II). 

Treatment of rats with 3 daily injections of phenobarbital also gave 

rise to an increase in the liver cytosolic and microsomal DT dia- 

phorase activities, but this was only 1.5-2-fold over the controls 

and was accompanied by an increase in both cytochrome P-450 content 

and NADPH-cytochrome c reductase activity (cf. Table II); similar 

results were obtained when the phenobarbital treatment was extended 

to 6 days. 
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Table I 

Liver DT diaphorase activities of rats treated with MC. 

MC was injected 5 and 3 days before sacrifice. The average AHH 
activities of the control and MC-treated microsomes, respectively, 
were 0.15 and 1.11 nanomoles hydroxy-BP formed/min/mg protein. 

DT diaphorase activity (nanomoles NADPH oxidized/min/mg protein) 

Cytosol Microsomes 

Control MC-treated 

1980 12590 
2070 10810 
2610 8030 
1850 10340 
1810 10880 

M = 2060 M = 10530 

Control MC-treated 

24.8 103.8 
23.2 109.4 
29.5 108.1 
25.4 118.8 
23.6 102.3 

M = 25.3 M = 108.5 

Table II 

Liver DT diaphorase and NADPH-cytochrome c reductase activities and - 
cytochrome P-450 (or P-448) contents in rats treated with MC or 

phenobarbital (PB). 

MC treatment was as in Table I. PB was injected daily during 3 
days. Each value represents the average of the individual values 
obtained with a group of three animals. 

Control 

MC 

PB 

DT diaphorase a) NADPH- Cyt.P-450 

Cytosol Microsomes cyt.c red a) (or P-448)b) - 

2090 26.2 196 0.75 

9750 109.7 143 1.78 

3050 57.4 335 2.24 

a) nanomoles/min/mq protein b) nanomoles/mq protein 

Fig. 1 shows the time course of the increase in microsomal 

and cytosolic DT diaphorase activities following a single injection 

of MC. The microsomal DT diaphorase activity showed a relatively 

early increase after which it tended to reach an asymptote after 12 

hrs. In contrast, the cytosolic DT diaphorase activity displayed 
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Fig. 1. Time course of changes in enzyme levels following a 
single injection of MC. 

Each value represents the average of the individual 
values obtained with a group of 3 rats. Control activi- 
ties (nanomoles/min/mq protein) or, in the cases of cy- 
tochromes 125 and P-450 (or P-448), amounts (nanomoles/mq 
protein) were: DT diaphorase, cytosol: 1670; DT diaphor- 
ase, microsomes: 37.5; NADH-cytochrome c reductase: 569; 
NADPH-cytochrome c reductase: 167; BP hydroxylation: 
0.12; cytochrome P-450 (or P-448): 0.45; cytochrome b5: 
0.57. 

a progressive increase which showed no tendency of levellinq off 

even after 24 hrs. Subject to more detailed investigation, these ki- 

netics would be compatible with a precursor-product relationship between 

the microsomal and cytosolic fractions of DT diaphorase. The con- 

tent of cytochrome P-450 (P-448) and the overall AHH activity also 

increased progressively, whereas the NADH- and NADPH cytochrome c 

reductase activities and the content of cytochrome b5 revealed, as 

expected, no increase. 

7,8-Benzoflavone, a known inhibitor of the microsomal AHH sys- 

tem(l7), was found to inhibit DT diaphorase, both in the cytosolic 

and microsomal fractions (Fig. 2). Furthermore, whereas the inhibi- 

tion of the AHH activity has been shown to occur only in induced 

animals (18), DT diaphorase was inhibited both in the control and 

the MC-treated rats. In all cases, the inhibition was competitive 
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Fig. 2. Inhibition of DT diaphorase by 7,8-benzoflavone. 
(A) Control rats, cytosol; (B)x-treated rats, cytosol; 
(C) MC-treated rats, microsomes. 

MC was injected 1 and 2 days before sacrifice. Microsom- 
al DT diaphorase was assayed by procedure (c) in Materi- 
als and Methods. -- l/v is expressed in arbitrary units. 

with respect to NADPH. The Ki value was 3.5 x 10 -5 M in the case 

of the control cytosol and the MC-treated cytosol and microsomes 

(Fig. 2); preliminary estimates indicate that the same Ki value holds 

for the low DT diaphorase activity of the control microsomes. The 

inhibition by 7,8-benzoflavone of DT diaphorase is comparable in 

potency to that reported for the liver-microsomal AHH system of MC- 

-treated rats (cf. ref. 18). 

The effects of known inhibitors of DT diaphorase on the AHH 

system were also tested. Dicoumarol, a very potent competitive 

inhibitor of DT diaphorase with respect to NAD(P)H (Ki of the or- 

der of 10 -8 M; cf. ref. 2), gave a variable, relatively weak in- 

hibition (30-60 % at 10 FM dicoumarol) of BP hydroxylation in 

liver microsomes from control rats, and virtually no inhibition in 

those from MC-treated rats. These data thus showed no direct 

correlation between the effects of dicoumarol on the microsomal 

AHH system and DT diaphorase. An explanation of the effect of 

dicoumarol on BP hydroxylation in control microsomes may be that 
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dicoumarol, which is a substrate of the microsomal hydroxylating 

system 1:19), competes with the cytochrome P-450-linked hydroxyla- 

tion of BP in control rats, but not with the cytochrome P-448- 

-linked hydroxylation of BP in MC-induced rats. Preliminary re- 

sults based on measurements of the effects of dicoumarol and BP 

on the MADPH-cytochrome P-450 (or P-448) reductase activities of 

microsomes from control and MC-treated rats are in line with this 

explanation. An inhibition of microsomal cytochrome P-450-linked 

activiti.es by dicoumarol has recently been reported by Christen- 

sen and Wissing (20,21). Two other classes of anticoagulants in- 

hibiting DT diaphorase, 2-phenyl-1,3-indandione (4) and 2,3,5,6- 

tetrachloro-4-pyridinol (22), were likewise ineffective as inhi- 

bitors of microsomal BP hydroxylation. 

Discussion. 

The results reported here reveal an increase in liver DT 

diaphorase activity following treatment of rats with compounds 

which act as inducers of the microsomal hydroxylating enzyme 

systems. The increase in the activity of this flavoprotein is 

moderate after treatment with phenobarbital, a known inducer of 

NADPH-cytochrome c reductase (23), and even escaped attention in 

earlier studies (24). In the case of MC as the inducer, however, 

DT diaphorase shows a marked increase in activity, in contrast to 

NADPH-cytochrome c reductase, which undergoes even a slight de- - 
crease. This pattern of response suggests a functional relation- 

ship between DT diaphorase and the AHH system, the latter being 

known to increase moderately after phenobarbital treatment and 

markedly after the administration of MC (25). 

Thle existence of such a relationship is further supported by 

the finding that 7,8-benzoflavone, an inhibitor of the AHH system 

(17,18) r is an equally potent inhibitor of DT diaphorase. The same 

compound did not inhibit NADPH-cytochrome c reductase. The fact 

that the inhibition of DT diaphorase is not restricted to MC-in- 

duced animals, as is the inhibition of BP hydroxylation (18), may 

be explained by assuming that DT diaphorase is involved in the 

MC-induced, cytochrome P-448-linked hydroxylation of BP, but not 

in the basal BP hydroxylating activity of the control microsomes, 

proceeding via cytochrome P-450; or, in other words, that DT dia- 

phorase might act as the cytochrome P-448 reductase component of 
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the AHH system, in a way analogous to the generally assumed role 

of NADPH-cytochrome c reductase in cytochrome P-450-linked hydroxy- 

lations. Alternatively, DT diaphorase may be involved in the in- 

duction of the AHH system caused by MC, perhaps by providing a 

component necessary for its biosynthesis. 

Against a direct role of DT diaphorase as cytochrome P-448 

reductase speaks the virtual lack of inhibition of BP hydroxylation 

in microsomes from MC-induced rats by dicoumarol and other known 

inhibitors of DT diaphorase as described above. Furthermore, if 

DT diaphorase were involved in this reaction, NADH should effici- 

ently replace NADPH as the hydrogen donor for BP hydroxylation in 

microsomes from MC-treated rats. In testing this possibility it 

was found that the reaction rate with NADH was only some 10 % of 

that with NADPH, in accordance with earlier reports (8). It should 

be pointed out, however, that most of the information regarding 

the properties of DT diaphorase originates from studies with the 

soluble enzyme and does not necessarily apply to its membrane- 

-bound counterpart. Certain phospholipids have recently been 

found to act as potent modifiers of the enzyme (261, which thus 

may possess greatly altered properties when associated with micro- 

somes. 

From experiments with isolated cytochromes P-450 and P-448 

Lu et al . (27) have recently concluded that a common "reductase" 

catalyzes the reduction of the two species of cytochromes. How- 

ever, this reductase was only 5-fold enriched from microsomes, 

and thus may well contain both NADPH-cytochrome c reductase and - 
DT diaphorase. Relevant to this possibility are preliminary ex- 

periments in this laboratory indicating that BP hydroxylation is 

insensitive to concentrations of NADP + that strongly inhibit the 

hydroxylation of aminopyrine. NADP+ is a potent inhibitor of 

NADPH-cytochrome c reductase (13,14), the enzyme involved in cyto- 

chrome P-450 reduction, but not of DT diaphorase. Further inves- 

tigations of a possible role of DT diaphorase in the reconstructed 

system of Lu et al. -- (27) are in progress. 

In conclusion, the present results suggest a functional re- 

lationship between DT diaphorase and the AHH system. Elucidation 

of the nature of this relationship may shed light not only on the 

underlying reaction mechanisms but also on the sofar unknown phy- 

siological functions of these enzymes, and their possible role in 

the metabolism of vitamin K. 

398 



Vol. 56, No. 2, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

This work has been supported by a grant from the Swedish Medical 

Research Council. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

References. 

Ernster, L., Danielson, L., and Ljunggren, M. (1962 
Biophys. Acta 58, 171-188. 

Ernster, L. (1967) Meth. Enzymol. lo, 309-317. 

Ernster, L., Lind, C., and Rase, B. (1972) European 
them. 25, 198-206. 

) Biochim. 

J. Bio- 

Hall, J.M., Lind, C., Golvano, M.P., Rase, B., and Ernster, L. 
(1972) in Structure and Function of Oxidation Reduction En- 
;;r;~f?~(A. xkeson and A. Ehrenberg, eds.) Pergamon Press, 

r PP- 433-443. 

Mats'chiner, J.T., Bell, R.G., Amelotti, J., and Knauer, T.E. 
(1970) Biochim. Biophys. Acta 201, 309-315. 

Willingham, A.K., and Matschiner, J.T. (1972) Fed. Proc. 
Abstr. No. 1305. 

Zimmerman, A., and Matschiner, J.T. (1972) Fed. Proc. Abstr. 
No. 2811. 

Conney, A.H., Miller, E.C., and Miller, J.A. (1957) J. Biol. 
Chem. 228, 753-766. 

Ernster, L., Siekevitz, P., and Palade, G.E. (1962) J. Cell 
Biol. 15, 541-562. 

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. 
(195.L) J. Biol. Chem. 193, 265-275. 

Ito, A., and Sato, R. (1969) J. Cell Biol. 40, 179-189. - 
Orrenius, S., Berg, A., and Ernster, L. (1969) European J. 
Biochem. 11, 193-200. -- 
Newfeld, E.F., Kaplan, N-O., and Colowick, S.P. (1955) Biochim. -- 
Biophys. Acta 17, 525-535. 

Orrenius, S. (1965) J. Cell Biol. 3, 713-723. 

Dallner, G. (1963) Acta Pathol. Microbial. Stand. Suppl. 166. 

Nebert, D.W., and Gelboin, H.V. (1968) J. Biol. Chem. 243, 
6242-6249. 

Diamond, L., and Gelboin, H.V. (1969) Science E, 1023-1025. 

Wiebel, F.J., Leutz, J.C., Diamond, L., and Gelboin, H.V. (1971) 
Arch. Biochem. Biophys. 144, 78-86. 

Christensen, F. (1972) Biochem. Pharmacol. 2, 2303-2311. 

Christensen, F., and Wissing, F. (1972) Biochem. Pharmacol. 21, 
975-984. 

Wissing, F., and Christensen, F. (1973) Biochem. Pharmacol. 22, 
581-589. 

Unpublished results. 

399 



Vol. 56, No. 2, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

23. Orrenius, S., Ericsson, J.L.E., and Ernster, L. (1965) J. Cell 
Biol. 25, 627-639. 

24. Zeidenberg, P., Orrenius, S., and Ernster. L. (1967) J. Cell 
Biol. 32, 528-531. 

25. Alvares, A.P., Schilling, G.R., and Kuntzman, R. (1968) Biochem. 
Biophys. Res. Commun. 30, 588-594. 

26. Hollander, P., and Ernster, L. (1972) Fed. European Biochem. Sot., 
8th Meeting, Amsterdam, Abstr. No. 377. 

27. Lu, A.Y.H., Kuntzman,R., West, S., Jacobson, M., and Conney, A.H. 
(1972) J. Biol. Chem. 247, 1727-1734. 

400 


