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Abstract—Formaldehyde formation is usually determined as a measure of the metabolism of drug
substrates in vitro. We have studied the fate of formaldehyde added to incubates of rat liver microsomes
or 9000 g supernatant fraction as well as the effectiveness of semicarbazide in protecting formaldehyde
from metabolic degradation. Formaldehyde is known to be oxidized by a cytosolic NAD- and GSH-
dependent (form)aldehyde dehydrogenase. We found that, in addition, some other NAD-independent
reactions take place in the cytosol. We observed, moreover, that formaldehyde is also metabolized by
the 9000 g supernatant fraction fortified with cofactors for hepatic monooxygenase in the absence of
NAD. This finding could be attributed to a hitherto unknown, cytosolic NADP-dependent, GSH-
requiring dehydrogenase. The microsomal fraction metabolized formaldehyde only to a small extent.
Therefore, in order to use formaldehyde formation as a parameter of drug metabolism, semicarbazide
is necessary to protect formaldehyde from further metabolism in the 9000 g supernatant fraction and
microsomes. By determining amounts of both formaldehyde and p-chlor-aniline during p-clor-
N-methylaniline demethylation, it was shown that semicarbazide (4 mM) only partially protected for-
maldehyde from further metabolism in the 9000 g supernatant, although semicarbazone formation from
the added formaldehyde and semicarbazide progressed more rapidly than formaldehyde metabolism.
As higher semicarbazide concentrations inhibit microsomal demethylations, it is concluded that deter-
mination of formaldehyde is not a suitable method for determining drug demethylation by the 9000 g
liver supernatant. In microsomal incubates, only a low semicarbazide concentration (1.0 mM) was
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necessary to protect formaldehyde from further metabolism.

During demethylation reactions catalysed by hepatic
microsomal cytochrome P-450, formaldehyde is
formed. The amounts of this product are usually
taken as a measure of the velocity of the reaction.
In vivo, formaldehyde is further metabolized to
formic acid and ultimately to carbon dioxide.
Exhaled carbon dioxide, in fact, is used as an esti-
mate of the capacity for hepatic demethylation in
vivo [1-3]. However, in vitro oxidation of formal-
dehyde may also occur [4-8]. Since the earliest pub-
lications in the field, therefore, 1-10 mM semicar-
bazide has been used by most workers [9-17] to
protect formaldehyde by forming a semicarbazone.
Recently, however, Matsubara et al. [18] reported
a strong inhibitory effect of semicarbazide on amino-
pyrine demethylation by rat liver microsomes,
whereas, at the same time, it seemed that semicar-
bazide addition was not necessary because formal-
dehyde apparently remained stable in microsomal
incubates. The authors concluded that semicarbazide
should be omitted from such incubates. Dewaide
and Henderson [19] observed that high concentra-
tions of semicarbazide interfered with the reaction
of formaldehyde with Nash reagent, a finding which
might explain the apparent inhibitory effect of semi-
carbazide on demethylation reactions.

* Present address: Department of Pharmacology, Fac-
uity of Pharmacy, State University Utrecht, Catharijnesin-
gel 60, 3511 GH Utrecht, The Netherlands.

The present study was undertaken in order to
determine whether or not formaldehyde is metab-
olized during incubations with liver microsomes or
with the 9000 g supernatant fraction under conditions
used to determine demethylation reactions and to
decide which cofactors are necessary. In addition,
the protection of formaldehyde by semicarbazide
from further metabolic conversion was investigated
in both the microsomal suspensions and the 9000 g
liver supernatant fraction. Different substrates for
demethylation were investigated, including p-chlor-
N-methylaniline, the demethylation of which was
determined by two methods. In this way, the effect
of semicarbazide could be investigated on hepatic
microsomal demethylation reactions as well as on
formaldehyde recovery.

MATERIALS AND METHODS

Male Wistar (WU) rats, weighing about 200 g,
were obtained from the central Animal Breeding
Institute TNO, Zeist, The Netherlands. All animals
were kept under similar conditions in Makrolon
cages, with a bedding of wood shavings, and received
standard food pellets (Hope Farms) and water ad
lib.

Chemicals. Ethylmorphine, aminopyrine and
cocaine (Pharm.Ned.) were obtained from Brocacef;
analytical grade N-methylaniline and p-chlor-aniline
(PCA) from Fluka; p-chlor-N-methylaniline
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Fig, 1. Effect of semicarbazide {4.17 mM) on the metabolism of formaldehyde (0.167 mM} in incubation
mixtures containing rat liver microsomes, 76,000 g supernatant fraction or 9000 g supernatant fraction.
Values represent means * S EM. (N = 6).

(PCNMA) from CalBiochem. Monomethylamino-
pyrine was a gift from Hoechst. NADP (grade I),
NAD (grade I}, NADH (grade I), glucose-6-phos-
phate (disodium salt) and glucose-6-phosphate
dehydrogenase {grade 1) were purchased from Boeh-
ringer. Diethylmaleate was obtained from Fluka. All
other chemicals used were of at least reagent grade
purity.

Enzyme determinations. Ethylmorphine, amino-
pyrine, cocaine, N-methylaniline and monomethyl-
aminopyrine demethylations were assayed by
measuring the formation of formaldehyde. p-Chior-
N-methylaniline demethylation was determined by
measuring the formation of both formaldehyde and
p-chlor-aniline.

The 9000 g supernatant fraction and the micro-
somes, prepared as described by van den Berg er al.
[20]), were incubated at 37°, with shaking, air being
freely admitted. The incubation mixture contained
NADP (1.5 umole), glucose-6-phosphate
(12.5 umoles), glucose-6-phosphate dehydrogenase
(11U} (for microsomal incubates}, MgCl
(12.5 umoles), substrate, semicarbazide as indicated
in the tables and figures, and 9000 g supernatant or
microsomes, derived from 1/6 g liver, in a total vol-
ume of 3 ml, The incubation mixtures used for for-
maldehyde metabolism are given in the figures. The
reaction was initiated by the addition of the enzyme
and stopped after 10 min by mixing 1 ml of the 5000 g
supernatant incubates or 3ml of the microsomal
incubates with 0.5mt ZnSO, (40%) and 1.0ml
Ba(OH), (saturated). After centrifugation, formal-
dehyde was determined using the Nash reagent [21},
as described by van den Berg ef al. [20]. Demethyl-
ation of p-chlor-N-methylaniline was also deter-
mined by the formation of p-chlor-aniline, as
described by Kupfer and Bruggeman [22].

The rate of formation of a semicarbazone from
formaldehyde and semicarbazide was determined by

recording the absorbance at 232 nm using an Aminco
DW 2A recording spectrophotometer in the spht
beam mode. The reaction rate constant k was cal-
culated using the equation AA = A4, (1 —e™).

RESULTS

Effect of semicarbazide on the determination of
formaldehyde with Nash reagent. It has been reported
by Dewaide and Henderson [19] that concentrations
of semicarbazide exceeding 10 mM interfere with the
reaction of formaldehyde with Nash reagent. Semi-
carbazide has been used in concentrations of 1-
10mM in measurements of hepatic microsomal
demethylations. However, using the highest of these
semicarbazide concentrations (10 mM), we failed to
demonstrate interference with formaldehyde deter-
minations carried out with Nash reagent, at formal-
dehyde concentrations ranging from 0.03 to
0.167 mM. This is in agreement with the results of
Dewaide and Henderson [19] wha also found no
important inhibitory effect with up to 8§mM
semicarbazide.

Metabolism of formaldehyde by different liver cell
fractions. Figure 1 shows the percentage disappear-
ance of added formaldehyde in different liver cell
fractions, using the same incubation conditions as
those used for demethylation reactions. In micro-
somal incubations there was very little disappearance
(% 6 per cent) of formaldehyde in the absence of
semicarbazide and none in the presence of 4.17 mM
of this compound. In the 9000 g and the 76,000¢
supernatant incubation mixtures without semicar-
bazide, 70 and 80 per cent, respectively, of the for-
maldehyde disappeared. In the presence of 4.17 mM
semicarbazide, metabolism of formaldehyde was
reduced to about 4 per cent.

We investigated the cofactors necessary for for-
maldehyde metabolism in the 9000 g liver superna-
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Fig. 2. Effect of GSH depletion by diethylmaleate on the metabolism of formaldehyde (0.167 mM) in

different incubation mixtures containing the 9000 g supernatant fraction. Cofactor concentrations were

0.5mM NAD, 0.5 mM NADH, 0.5 mM NADP and 4.17 mM G-6-P. Values represent means = S.E, M.
(N=3).

tant fraction (Fig. 2). All incubation mixtures con-
tained Mg?*. In the absence of NAD or NADP some
formaldehyde metabolism still took place (Fig. 2),
presumably performed by peroxisomal catalase
[8, 23] which does not require these cofactors. It was
found that NADP significantly increased formalde-
hyde metabolism. The presence of G-6-P did not
alter this effect of NADP, indicating that no reduc-
tive metabolism takes place. NAD had a strong
stimulatory effect on the disappearance rate of for-
maldehyde which must have been due to a specific
NAD formaldehyde dehydrogenase [4,6,7,23].
NADH exerted a similar effect. This could have
been due to formation of NAD which is formed from
NADH by the enzyme NADH oxidase [24,25].
NAD formaldehyde dehydrogenase is known to be
GSH dependent [5, 7, 26]. To investigate whether
GSH is also a necessary cofactor for the NADP-
dependent dehydrogenase, the effect of GSH deple-
tion was studied. GSH was depleted to 5~10 per cent
of control livers, which contained 4.2 +0.2
umoles/g, by diethylmaleate, administered i.p. 1 hr
prior to liver removal, at a dose of 0.7 ml/kg. This
treatment had no effect on formaldehyde metabolism
in the 9000 g control incubates (Fig. 2). The metab-
olism of formaldehyde was significantly lowered,
however, in incubates containing NAD or NADH,
as cofactors. In the presence of NADP, GSH deple-
tion completely inhibited the NADP-induced stimu-
lation of formaldehyde metabolism. GSH addition
completely restored the enzyme activity (unpub-
lished results).

Effect of semicarbazide on demethylation of dif-
ferent substrates. Using aminopyrine and ethylmor-
phine at low concentrations, relative to the apparent
K, of the demethylation reaction, we studied the
effect of semicarbazide, in concentrations from 1 to
10 mM, on the rate of demethylation in both hepatic
microsomes and the 9000 g supernatant fraction (Fig.

3). Using hepatic microsomes and aminopyrine as
substrate, a favourable effect on the amount of for-
maldehyde determined was observed at low semi-
carbazide concentrations, whereas higher concen-
trations did not significantly inhibit aminopyrine
demethylation (Fig. 3). A similar effect of low sem-
icarbazide concentrations was observed using ethyl-
morphine as a substrate (Fig. 3). High semicarbazide
concentrations, however, inhibited ethylmorphine
demethylation.

Using the 9000 g liver supernatant fraction, com-
pletely different results were obtained, in compari-
son to those obtained with microsomes. In the
absence of semicarbazide, considerably less formal-
dehyde could be detected during ethylmorphine
demethylation (Fig. 3). By increasing semicarbazide
concentrations formaldehyde recovery was clearly
improved, but the amounts of formaldehyde meas-
ured at low semicarbazide concentrations were sig-
nificantly lower than the amounts measured when
using microsomes (Fig. 3). An optimum was found
at4.17 mM semicarbazide; higher concentrations did
not improve formaldehyde recovery and inhibited
ethylmorphine demethylation. This was also found
for aminopyrine demethylation, but, using this sub-
strate, there was no difference between the amount
of formaldehyde formed by microsomes and the
9000 g supernatant fraction at low concentrations of
semicarbazide. At high semicarbazide concentra-
tions we even observed a somewhat faster demethyl-
ation using the 9000 g supernatant fraction (Fig. 3).
The effect of semicarbazide on the demethylation
reaction was also investigated for other substrates.
We found no influence of semicarbazide, in concen-
trations of 1.0 and 4.17 mM, on the production of
formaldehyde during microsomal demethylation of
N-methylaniline or cocaine at either low or high
substrate concentrations (Table 1). A significant pro-
tecting effect on formaldehyde recovery was only
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Fig. 3. Effect of different concentrations of semicarbazide on the recovery of formaldehyde produced
as a result of demethylation of ethylmorphine (0.13 mM) and aminopyrine (0.13 mM) by rat liver 9000 g
supernatant fraction or microsomes. Values represent means = S.E.M. (N = 10).

observed with the high (1.3 mM) concentration of
monomethylaminopyrine, as also was observed using
ethylmorphine as substrate.

Effect of semicarbazide on p-chior-N-methylaniline
demethylation determined using both products of
microsomal and 9000 g incubations. In order to clar-
ify whether the formaldehyde formed is completely
protected by semicarbazide, we determined both
PCA and formaldehyde formed in the same incu-
bations during PCNMA demethylation in 9000 g
supernatant fraction and microsomal incubates.
Semicarbazide did not significantly lower PCA pro-
duction in microsomal incubates (Table 2). Using
the 9000 g supernatant fraction similar observations
were made. The demethylation reaction itself there-
fore was not inhibited by semicarbazide at concen-
trations up to 4.17 mM.

In microsomal incubates formaldehyde formation
equalled PCA production in the presence of semi-
carbazide, using 0.13 mM PCMNA.. At a higher sub-
strate concentration, formaldehyde formation was

slightly but significantly lower than PCA production,
even when semicarbazide was present. However,
using hepatic 9000 g supernatant fraction as the
enzyme source, the amount of formaldehyde deter-
mined was much lower than the PCA concentration.
Even 4.17mM semicarbazide could only partially
abolish this difference. It seems, therefore, that pro-
tection of formaldehyde by semicarbazide is incom-
plete, especially when the rate of formaldehyde for-
mation is high due to high substrate concentrations.

Rate of formaldehyde-semicarbazone formation.
Formaldehyde has no absorption spectrum in the
ultraviolet region above 200 nm, while semicarbazide
has an absorption peak at 204 nm. When combined,
however, a large semicarbazone peak appears at
232 nm, whereas the smaller 204 nm semicarbazide
peak disappears. The formation of semicarbazone
was followed at 232 nm for different formaldehyde
concentrations and with both 1.0 and 4.17 mM
semicarbazide in 0.1 M phosphate buffer, pH 7.4
(Fig. 4). The reaction rate constant for complex

Table 1. The effect of semicarbazide on the N-demethylation of various substrates in liver
microsomal incubates (nmoles formaldehyde/min/g liver)*

Substrate Semicarbazide (mM)
concentration
(mM) 0 1.0 4.17

N-Methylaniline 0.13 7917 11.2+2.6 11.2*x1.8

1.3 34643 397432 35.8%5.0
Cocaine 0.13 31.7+x46 31.3+38 233x27

1.3 103,062 105.8 + 6.1 94.8 = 6.1
Monomethylaminopyrine 0.13 50947 50.0x2.3 48523

1.3 115.8 =38 150.7 = 7.7% 1556 £ 4.7¢

* Results are means = S.E.M. for six determinations.
+ P < 0.01 for difference from 0 mM semicarbazide.
7 P < 0.001 for difference from 0 mM semicarbazide.
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Table 2. The effect of semicarbazide on the N-demethylation of PCNMA and formaldehyde recovery from hepatic
microsomes and the 9000 g supernatant fraction (nmoles/min/g liver)*

Semicarbazide (mM)

PCNMA Product
Cell fraction concentrations (mM) measured 0 1.0 4.17
0.13 HCHO 39.6 5.2 50.7 4.4 492+ 4.4
0.13 PCA 400=54 49.9 +2.0 46.4 = 3.0
Microsomes n.s n.s n.s
1.3 HCHO 87.6 =10.9 109.8 + 5.8 99.6 = 6.3
1.3 PCA 136.7 £ 4.0 1353 4.7 124953
P <0.01 P <0.01 P <0.01
0.13 HCHO 17.1 £ 4.1 25.3+34 24734
0.13 PCA 52.3+8.8 52.0x7.7 50.3+9.4
P <0.01 P <0.01 P <0.05
Supernatant fraction
(9000 g) 1.3 HCHO 543238 80.3 = 4.9% 109.6 + 6.4%
1.3 PCA 199.2 £ 17.7 180.0 = 12.0 173.4 = 13.9
P < 0.001 P < 0.001 P < 0.001

* Results are means + S.E.M. for six determinations.
+ P < 0.01 for difference from 0 mM semicarbazide.
1 P < 0.001 for difference from 0 mM semicarbazide.

formation using 4.17 mM semicarbazide was 0.86 *
0.02 per min. At 1 mM, the reaction rate constant
was 0.21 = 0.01 per min. In both cases the reaction
rates were independent of the initial concentrations
of formaldehyde.

DISCUSSION

Hepatic microsomal demethylations are usually
determined by measuring formaldehyde formation.
This method may lead to artificially low results,
because formaidehyde may be further metabolized
in the incubate. Formaldehyde metabolism in rat
liver has been studied by several investigators. It was
found that formaldehyde is mainly dehydrogenated
by a NAD- and GSH-dependent formaldehyde
dehydrogenase [4-8,25]. The importance of GSH
in formaldehyde metabolism was also demonstrated
by Jones et al. [27] using isolated hepatocytes. The
subcellular localization of this enzyme was investi-

Absorbance 232 nm

gated by Koivula et al. [4] who found two NAD-
dependent formaldehyde dehydrogenases in the
cytoplasmic fraction and almost no dehydrogenase
activity towards formaldehyde in the microsomal
fraction. In addition, some dehydrogenation of for-
maldehyde by nonspecific aldehyde dehydrogenases
may take place, these enzymes also requiring NAD
as a cofactor [4,5,25]. As yet, no formaldehyde
dehydrogenase activity has been found in rat liver
which requires NADP as a cofactor [4,7,25]. In
microsomal or 9000 g supernatant-containing incu-
bates NAD is not usually added, but NADP is,
because this is a cofactor for microsomal mono-
oxygenase. Therefore, we were interested to know
(i) whether or not formaldehyde metabolism takes
place under these circumstances, (ii) the subcellular
localization of the enzyme system responsible for
formaldehyde metabolism and (iii) the cofactors
required for the reaction.

The present data show that, in addition to the

3 uM

2 3 4 5 6 7 8

T T

9 10 N

minutes minutes

Fig. 4. Rate of semicarbazone formation from formaldehyde (3-167 uM) and semicarbazide 1 mM (left)
and 4.17 (right) at 37°.
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known NAD-dependency of formaldehyde dehydro-
genase, there is also NADP dependency. NAD and
NADP added together had no additional effect
(unpublished results). The enzymes are localized in
the cytosol and have either a complete (NADP) or
partial (NAD) requirement for GSH. Formaldehyde
dehydrogenase, which is both NADP-and GSH-
dependent, has as yet not been described in rats. In
human liver, on the other hand, Uotilla and Koi-
vusalu [28] detected an NADP- and GSH-dependent
formaldehyde  dehydrogenase. = Formaldehyde
metabolism, therefore, is likely to occur in incubates
containing the 9000 g liver supernatant fraction, but
some metabolism also occurs in microsomal incu-
bates, as shown in the present work.

Semicarbazide is usually added to protect for-
maldehyde by forming a semicarbazone. This may
lead to inhibition of drug demethylation reactions,
as recently shown by Matsubara [18]. The present
work shows that addition of semicarbazide has some-
times a small inhibitory effect on hepatic microsomal
demethylation reactions. This effect, however, is
much smaller than reported by Matsubara. The
apparent inhibitory effect of semicarbazide is not
due to interference with the Nash reaction, as was
also shown in the present work. The effect of semi-
carbazide increased with increasing concentration
and was also dependent on the concentration and
the nature of the substrate. The protection of added
formaldehyde by semicarbazide seemed to be com-
plete when 1 mM semicarbazide was present in the
microsomal incubates. Addition of 4 mM semicar-
bazide to the 9000 g supernatant-containing incu-
bates led to maximal recovery of the formaldehyde
produced by demethylation of ethylmorphine and
aminopyrine.  Higher  concentrations clearly
inhibited these demethylation reactions. Even 4 mM
semicarbazide inhibits some demethylation reac-
tions, especially at low substrate concentrations.
Through studying PCNMA demethylation, by
measuring both the formation of formaldehyde and
PCA, it was demonstrated that 4.17 mM semicar-
bazide did not completely protect formaldehyde.
This could have been due to a relatively slow for-
mation of the semicarbazone, since the rate constant
for the complex formation using 4.17 mM semicar-
bazide with added formaldehyde was found to be
0.86 per min. The amount of added formaldehyde
metabolized by the 9000 g liver supernatant fraction
in the absence of semicarbazide is 70 per cent, from
which a reaction rate constant of 0.12 per min can
be calculated. This proves that the complex forma-
tion takes place much faster than the metabolism of
formaldehyde. Nevertheless, the amount of formal-
dehyde recovered is lower than the amount of PCA
determined when 4.17 mM semicarbazide is present
in the 9000 g supernatant-containing reaction mix-
tures used for PCNMA demethylations. These
apparently contradictory results may be due to the
fact that formaldehyde is formed during demethyl-
ation reactions within the microsomal membrane
and is not added to the reaction mixture as in our
experiments. If the formaldehyde dehydrogenase is
somehow concentrated near the microsomal mem-
brane, it might oxidize the formaldehyde before it
comes into contact with the semicarbazide. An anal-
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ogous explanation was provided by Denk er al. [29]
for their finding that formaldehyde generated during
microsomal aminopyrine demethylation is metab-
olized more efficiently by mitochondria than added
formaldehyde. This was attributed to juxtaposition
of mitochondria and endoplasmic reticulum frag-
ments. Absorption of formaldehyde dehydrogenase
onto the microsomal membrane might also explain
the residual enzyme activity observed when micro-
somes are used. The recovery of formaldehyde is
somewhat lower than found by Kupfer and Brugge-
man [22] and Fuller et al. [30] for 1.5 mM PCNMA.
At lower substrate concentrations the recovery is
even lower, which may lead to error in the deter-
mination of kinetic constants for hepatic oxidative
demethylation reactions.

It appears from the foregoing that 4.17 mM semi-
carbazide is not sufficient to protect formaldehyde
from further metabolism if it is formed by oxidative
demethylation using 9000 g supernatant fraction as
the enzyme source. Because higher semicarbazide
concentrations, and even 4.17 mM, might inhibit the
demethylation reactions, it should be regarded as
impossible to determine accurately hepatic N-
demethylation by estimation of formaldehyde for-
mation using 9000 g supernatant fraction as the
enzyme source. When microsomes are used, addition
of 1 mM semicarbazide is required to protect for-
maldehyde for further metabolism.

Acknowledgement—The authors would like to thank Dr.
M. J. Parnham for carrying out the linguistic corrections
of this manuscript.

REFERENCES

1. G. W. Hepner and E. S. Vessel. Clin. Pharmac. Ther.
20, 654 (1976).

2. J. Noordhoek, J. Dees, E. M. Savenije-Chapel and J.
H. P. Wilson, Eur. J. clin. Pharmac. 13, 223 (1978).

3. D. J. Stewart and T. Inaba, Biochem. Pharmac. 28,
461 (1978).

4. T. Koivula and M. Koivusalo, Biochim. biophys. Acta
397, 9 (1975).

5. H. Nakayasu, K. Mihara and R. Sato, Biochem. bio-
phys. Res. Commun. 83, 697 (1978).

6. S. S. Walkenstein and S. Weinhouse, J. biol. Chem.
200, 515 (1953).

7.J. 1. Goodman and T. R. Tephly. Biochim. biophys.
Acta 252, 489 (1971).

8. C. Waydhas, K. Weigl and H. Sies. Eur. J. Biochem.
89, 143 (1978).

9. L. F. Soyka, Biochem. Pharmac. 18, 1029 (1969).

10. T. E. Gram, J. T. Wilson and J. R. Fouts. J. Pharmac.
exp. Ther. 159, 172 (1968).

11. M. S. Gold and D. M. Ziegler. Xenobiotica 3. 197
(1973).

12. E. Ackermann, Biochem. Pharmac. 19. 1955 (1970).

13. A. E. Takemori and G. J. Mannering, J. Pharmac.
exp. Ther. 123, 171 (1958).

14. R. E. McMahon, Biochem. Pharmac. 12, 1225 (1963).

15. J. Axelrod, J. Pharmac. exp. Ther. 117, 322 (1956).

16. J. Cochin and J. Axelrod, J. Pharmac. exp. Ther. 125,
105 (1959).

17. P. W. Moldeus, Y. N. Cha, D. L. Cinti and J. B.
Schenkman, J. biol. Chem. 248, 8574 (1973).

18. T. Matsubara, A. Touchi and Y. Tochino. Jap. J.
Pharmac. 27, 127 (1977).

19. J. H. Dewaide and P. Th. Henderson, Biochem. Phar-
mac. 17, 1901 (1968).



Metabolism of formaldehyde during in vitro drug demethylation

20. A. P. van den Berg, J. Noordhoek, E. M. Savenije-
Chapel and E. Koopman-Kool, Biochem. Pharmac.
27, 627 (1978).

21. T. Nash, Biochem. J. 55, 416 (1953).

22. D. Kupfer and L. L. Bruggeman, Analyt. Biochem. 17,
502 (1966).

23, H. Sies, in Alcohol and Aldehyde Metabolizing Systems
(Ed. R. G. Thurman, T. Yoketashi, J. R. Williamson
and B. Chance) pp. 183-197. Academic Press, New
York (1974).

24. S. O. C. Tottmar, H. Petterson and K. H. Kiessling,
Biochem. J. 135, 577 (1973).

B.P. 29/4—1»

2029

25. D. L. Cinti, S. R. Keyes, M. A. Lemelin, H. Denk
and J. B. Schenkman, J. biol. Chem. 251, 1571 (1976).

26. P. Strittmatter and E. G. Ball, J. biol. Chem. 213, 445
(1955).

27. D. P. Jones, H. Thor, B. Anderson and S. Orrenius,
J. biol. Chem. 253, 6031 (1978).

28. L. Uotila and M. Koivusalo, J. biol. Chem. 249, 7653
(1974).

29. H. Denk, P. W. Moldeus, R. A. Schulz, J. B. Schenk-
man, S. R. Keyes and D. L. Cinti, J. Cell Biol. 69, 589
(1976).

30. G. C. Fuller, A. M. Olshan and H. Lal, Life Sci. 8,
383 (1969).



