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Abstract—Rabbit brain cortex slices were incubated with “C-norepinephrine and the
amounts of *C-phenolic acids and '*C-phenolic glycols formed were measured.
Pretreatment of rabbits with 2-chloroacetophenone, 300 mg/kg, results in an inhibition
of the formation of phenolic acids (especially dihydroxymandelic acid) and a corres-
ponding stimulation of the formation of phenolic glycols. Similar results were observed
when the 2-chloroacetophenone was incubated in vitro with brain tissue slices. The
concentrations of 2-chloroacetophenone required to inhibit an isolated enzyme pre-
paration of aldehyde dehydrogenase and to inhibit the production of dihydroxymandelic
acid in brain tissue slices are similar, which suggests that the effect of 2-chloroaceto-
phenone on norepinephrine metabolism is due to inhibition of aldehyde dehydrogenase.
The decrease in aldehyde dehydrogenase activity leads to an increase in substrate
available for reduction to phenolic glycols and probably accounts for the observed
stimulation of phenolic glycol formation. The effect of 2-chloroacetophenone on
norepinephrine metabolism or on isolated aldehyde dehydrogenase could be pre-
vented with glutathione. In addition, the effect on aldehyde dehydrogenase could be
reversed with sulfhydryl reagents. This suggests that the interaction of 2-chloro-
acetophenone with sulfhydryl groups may be important in the inhibition of aldehyde
dehydrogenase.

DEAMINATION of norepinephrine by monoamine oxidase (EC 1.4.3.4) results in the
formation of 3,4-dihydroxyphenylglycolaldehyde!-? which, in the presence of alde-
hyde dehydrogenase (EC 1.2.1.3), can be rapidly oxidized to 3,4-dihydroxymandelic
acid (DOMA).3* The aldehyde can also be reduced in intact tissue to 3,4-dihydroxy-
phenylglycol (DOPEG).5-7

The relative importance of these two pathways appears to vary with species, tissue
and the substrate. In rabbit brain cortex slices, reduction is the major route of meta-
bolism of 3,4-dihydroxyphenylglycolaldehyde, although oxidation is also quantita-
tively important.” The two products, DOMA and DOPEG, are further metabolized by
catechol-o-methyl transferase to vanilmandelic acid (VMA) and 3-methoxy-4-
hydroxyphenylglycol (MOPEG) respectively.-8 Thus, total deamination of nore-
pinephrine can be measured by isolating the amounts of DOMA, DOPEG, VMA, and
MOPEG which are formed.

* Supported by grants from the National Institutes of Health (NB 07642, NB 04551 and MH 15908).
t A preliminary abstract of this work appears in Proc. west. Pharmac. Soc. 12, 106 (1969).
1 Career Development Awardee GM 10475,
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Aldehyde dehydrogenase is inhibited by a number of substances which react with
sulfhydryl groups.® The present study was designed to investigate the inhibition of
aldehyde dehydrogenase by 2-chloroacetophenone, a potent lacrimator and a common
constituent of tear gas preparations, 2-Chloroacetophenone is a potent inhibitor of a
variety of sulfhydryl enzymes.!® The inhibition of aldehyde dehyrogenase was used as
a tool to investigate dynamic relationships between oxidation and reduction of 3,4-
dihydroxyphenylglycolaldehyde in the metabolism of norepinephrine in brain tissue.

METHODS AND MATERIALS
Measurement of norepinephrine catabolism in brain cortex slices

Adult male rabbits weighing between 2-0 and 2-5 kg were killed by injection of air
into a lateral ear vein. The brains were rapidly removed and eight slices of cortex
(approximately 150 mg) were incubated in 5-0 ml of Krebs—Henseleit solution for
10 min at 37° in a 95 per cent O,-5 per cent CO, atmosphere. Subsequently [**C]-
norepinephrine was added and the flasks were incubated an additional 30 min. In
some samples, 2-chloroacetophenone was added prior to the 10-min incubation period.
2-Chloroacetophenone was added in an ethanol solution to assure solubility. The final
concentration of ethanol, 0-1 per cent, was used in control samples as well as in all
samples to which different concentrations of 2-chloroacetophenone were added. In
animals which were pretreated with 2-chloroacetophenone, the substance was dissolved
in 3-0 ml of 100 per cent ethanol and injected i.p. at a dose of 300 mg/kg (approxi-
mately 1-33 g/kg of ethanol). Control animals received only ethanol. Acid control
incubation samples were prepared by the addition of 2 ml of 2 N HCI to the flask
before the incubation period. All incubations were terminated by the addition of 2 ml
of 2 N HCI.

Upon termination of the incubation, 300 ug of each of the following four catabolites
were added as carrier substances: DOMA, DOPEG, VMA, and MOPEG. The
acidified samples were centrifuged and the supernatants were extracted with ethyl
acetate. The ethyl acetate was distilled off in a rotary evaporator and the residue was
dissolved in ethyl acetate and applied to silica gel paper for chromatography. After the
development of the chromatograms, each substance was eluted with 0-2 N acetic acid
and a portion of the eluate was assayed for the metabolites by the phenol reaction.!!
These values were used for the determination of the recoveries. Mean recoveries -~
S.E.M., based upon 98-114 values were as follows: DOMA 28-6 4 0-6 per cent;
DOPEG, 12-2 4+ 0-3 per cent; VMA, 350 4 0-7 per cent; and MOPEG, 23-1 -
0-5 per cent. Most of the eluate was reduced to dryness; liquid scintillation counting
fluid was added and the radioactivity was determined in a Mark I (Nuclear-Chicago)
liquid scintillation counter. A complete description of these techniques has been
previously presented.”

Isolation of aldehyde dehydrogenase

Rabbit brain mitochondria were prepared and sonicated to release aldehyde
dehydrogenase as previously described* for rat brain, except that no mercaptoethanol
was added.
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Determination of aldehyde dehydrogenase activity

Activity of aldehyde dehydrogenase was determined by following the rate of forma-
tion of NADH fluorometrically. The incubation mixture consisted of 0-015 M pyro-
phosphate buffer, pH 96, 5 x 10~* M propionaldehyde, 10~ M NAD, 2-chloro-
acetophenone in 1 per cent ethanol with or without 5 X 10-*M glutathione or
5 x 10-* M dithiothreitol, and enzyme. The rate of increase in NADH was linear
with protein concentration and with time for several minutes. For the assay, the rate
was determined during the first minute of the reaction.

The four deaminated metabolites of norepinephrine—bL-3,4-dihydroxymandelic
acid, 3,4-dihydroxyphenylglycol, DL-4-hydroxy-3-methoxymandelic acid (vanillyl-
mandelic acid) and bis-(4-hydroxy-3-methoxyphenylglycol) piperazine salt—were
obtained from Regis Chemical Company. Propionaldehyde was obtained from
Distillation Products and was redistilled before use. bL-Norepinephrine (carbinol-14C;
31-5 to 457 mc/m-mole) was obtained from Amersham-Searle and New England
Nugclear Corp.

RESULTS

Effects of 2-chloroacetophenone in vitro on norepinephrine catabolism in rabbit brain
cortex slices

The metabolism of norepinephrine by rabbit brain cortex slices is not markedly
altered by the addition of 0-1 per cent ethanol, which served as the solvent for 2-
chloroacetophenone (Table 1). The slight increase in DOMA and DOPEG formation

TasLe 1. EFFECT OF 2-CHLOROACETOPHENONE [N VITRO ON NOREPINEPHRINE CATABOLISM IN RABBIT

BRAIN®
DOMA DOPEG VMA MOPEG
Normal 122-1 + 126 1198 & 142 176 + 17 3241 4 34
Ethanol (0-1 %) control 150-7 -+ 10-3 1346 4 143 197 4+ 0-8 330 1 36
2-Chloroacetophenone (10~ M)  152:6 4- 139 1683 4234 209 + 08 342 £ 20
2-Chloroacetophenone 1016 + 77+ 1581 & 175 201 4+ 16 33-4 4 4.7
(3 x10-°M)
2-Chloroacetophenone (105 M)  71-0 - 9-4% 1625 4L 345 147+ 12F 320124
2-Chloroacetophenone 68-4 + 8-1% 1580 4 12§ 149 + 12+ 290 &+ 26
3 % 10-3 M)
2-Chloroacetophenone (10-* M) 350 4 7-2F  152:1 £ 54§ 13:0 £ 2:3] 241 + 54
2-Chioroacetophenone 175 4 2-8%  122-1 4 24-1 82 4 1-0% 199 4 51
(3 x 10-* M)
2-Chloroacetophenone (10-32 M) 56 4 211 247 + 11-4% 23 4 07¢ 28 + 0:6}
Acid control 30 £ 07¢ 34409 05 +01% 0-9 -+ 0-3¢

* Rabbit brain cortex slices were incubated for 30 min with 10~ M (18 X 10~7 t0 23 X 10-7 ¢)
[*4C}-norepinephrine. Acid control corresponds to samplesin which 2 ml of 2 N HCl were added to the
incubation fluid before the incubation. Values are presented as means - standard error of the mean of
3-11 experiments, in moles X 10712 (formed from 5000 X< 10~ **moles of [**C}-norepinephrine) and
represent catabolite in the medium plus that in the tissue. All values are corrected for recovery.

t Significantly different from ethanol control, P < 0-01,

1 Significantly different from ethanol control, P < 0-001.

§ Significantly different from normal, P « 0-05.

|l Significantly different from ethanol control, P < 0-05.
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is not statistically significant. The addition of 2-chloroacetophenone leads to a dose-
related decrease in the amounts of DOMA formed with 50 per cent inhibition at
16 x 10~* M. The formation of VMA is also inhibited, but appears to be less sensi-
tive with 50 per cent inhibition at 2 X 10~* M. The deaminated phenolic glycol,
DOPEG, tends to increase, but this is not significantly different from the ethanol
control. 2-Chloroacetophenone, 10~* M, does increase the amount of DOPEG
formed when compared to normal, but not when compared to the ethanol control.
MOPEG is not significantly altered by 2-chloroacetophenone in concentrations of
107%t0 3 X 107+ M.

Antagonism of the effect of 2-chloroacetophenone on norepinephrine catabolism by
glutathione

Glutathione, 3 x 10~* M, does not markedly alter norepinephrine catabolism in
rabbit brain cortex slices {(Table 2). When 2-chloroacetophenone is mixed with
glutathione prior to the incubation, the effect of 2-chloroacetophenone on DOMA
and VMA formation is completely antagonized.

TABLE 2. ANTAGONISM OF THE EFFECT OF 2-CHLOROACETOPHENONE ON NOREPINEPHRINE CATABOLISM BY

GLUTATHIONE™®
DOMA DOPEG VMA MOPEG

Ethanol (0-1 %) control 1507 + 10-3 1346 + 143 197 £ 0-8 33-0 + 36
2-Chloroacetophenone 684 1+ 81t 158D 4 12-5 149 4+ 12} 290 + 26

(3 X 10-5 M)
Glutathione (3 x 10-4 M) 162-8 - 22-5 1224 4 81 169 + 1-7 350 + 33
2-Chloroacetophenone

@ x10°5M) + 1769 £ 26:7 1534 4+ 106  20-5 + 22 337 4- 371

glutathione (3 x 10-* M)
Acid control 30 + 0-7% 34 4 097 5 4+ 09% 09 & 0-37

* Rabbit brain cortex slices were incubated for 30 min with 10~ M (1-8 x 10-7to 2-3 % 10-7%)
[**Cl}-norepinephrine. Acid control corresponds to samples in which 2 ml of 2 N HCI were added to
the incubation fluid before the incubation. Values are presented as means in moles x 10712 (formed
from 5000 x 10-!% moles of [**Cl-norepinephrine) -+ standard error of the mean of 7-11 experi-
ments. All values represent the catabolite in the medium plus that in the tissue. All values are corrected
for recovery.

+ Significantly different from ethanol control, P < 0-001,

1 Significantly different from ethanol control, P < 0-01.

There are no significant changes in the amounts of phenolic glycols formed during
incubation with either 2-chloroacetophenone or glutathione or with the mixture of
the two substances.

Effect of 2-chloroacetophenone pretreatment on norepinephrine catabolism

Pretreatment of rabbits with 2-chloroacetophenone, 300 mg/kg, results in a marked
decrease in DOMA formation and an increase in DOPEG and MOPEG formation
in brain slices (Table 3). There is no change in the amounts of VMA formed. The total
increase in phenolic glycols (DOPEG and MOPEG) is 62-4 uumoles, which closely
corresponds to the reduction in the total amounts of phenolic acids formed (61-8
pumoles). Pretreatment with the ethanol solvent for 2-chloroacetophenone does not
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TABLE 3, EFFECT OF 2-CHLOROACETOPHENONE PRETREATMENT ON NOREPINEPHRINE CATABOLISM BY
RABBIT CORTEX SLICES*

DOMA DOPEG VMA MOPEG
Normal 122-1 +- 126 1198 4+ 142 176 £+ 1-7 32-1 4 3-4%
Ethanol control 131:0 + 99 111-4 + 50 17-0 + 09 240 + 141
(3-0 ml i.p.)
2-Chloroacetophenone
(300 mg/kg i.p.) in 692 + 711 1657 + 67§ 170 + 10 321 + 21§
3-0 ml ethanol
Glutathione (3 x 104 M) 162-8 + 225 1224 £ 8-1 169 + 1-7 350 + 3-3§
in vitro
2-Chloroacetophenone
(300 mg/kg i.p.)
glutathione (3 X 10-* M) 865 4- 120§ 1283 & 97 13-8 £ 13 287 4+ 23
in vitro
Acid control 30 4 07% 34 +09% 0-5 &+ 011 09 + 031

* Rabbit brain cortex slices were incubated for 30 min with 10~ M (1-8 X 10~7t0 23 X 10-7¢)
[**C)-norepinephrine. Acid control corresponds to samples in which 2 ml of 2 N HCI was added to the
incubation fluid before the incubation. 2-Chloroacetophenone was injected 30 min prior to killing
the animal. Values are presented as means in moles x 10~!2 (formed from 5000 x 10-!2 moles of
[**Cl-norepinephrine) -+ standard error of the mean of 7-11 experiments. All values represent the
catabolite in the medium plus that in the tissue. All values are corrected for recovery.

¥ Significantly different from ethanol control, P < 0-05.

I Significantly different from ethanol control, P < 0-001.

§ Significantly different from ethanol control, P < 0-01.

alter the amounts of DOMA, DOPEG, and VMA formed from norepinephrine, but
does result in a decrease in MOPEG formation.

Glutathione added in vitro does not markedly antagonize the inhibition of DOMA
formation by 2-chloroacetophenone. The effect of 2-chloroacetophenone on DOPEG
formation does appear to be reduced by glutathione. There also appears to be a
decrease in VMA formation with the combination of 2-chloroacetophenone and
glutathione.

Effect of 2-chloroacetophenone pretreatment on the kinetics of the metabolism of nore
pinephrine in brain cortex slices

Figures 1 and 2 illustrate the effect of 2-chloroacetophenone pretreatment on nore-
pinephrine metabolism in brain slices. Since we found no evidence that monoamine
oxidase is affected by this treatment, it is assumed that the rate of formation of 3,4-
dihydroxyphenylglycolaldehyde in both the control and treated animals is the same.
Figure I shows that the rate of formation of the acid product (DOMA) is inhibited in
a classically noncompetitive manner by 2-chloroacetophenone pretreatment.

The influence of 2-chloroacetophenone pretreatment on the rate of formation of the
glycol (DOPEG) is seen to be one of stimulation in Fig. 2. The apparent “competi-
tive” nature of this effect indicates that there is no effect of the inhibitor directly on
the total catalytic activity of the enzyme responsible for this reduction, but rather that
the effect is one of availability of substrate (see Discussion).
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F1G. 1. Lineweaver-Burk plot of the inhibition of DOMA formation from norepinephrine by 2-
chloroacetophenone in rabbit brain cortex tissue slices.
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F1G. 2. Lineweaver-Burk plot of the stimulation of DOPEG formation from norepinephrine by 2-
chloroacetophenone in rabbit brain cortex tissue slices.
It is important to emphasize that the substrate concentration which is plotted is the
norepinephrine concentration in each figure.

Inhibition of rabbit brain mitochondrial aldehyde dehydrogenase by 2-chloroacetophenone
in vitro

In a series of four separate experiments, it was found that 2-chloroacetophenone
inhibited aldehyde dehydrogenase by 50 per centat a concentration of 0-92 X 107°M -+
0-36 M (S.E.M.), Similar inhibition was observed using benzaldehyde as a substrate.
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TABLE 4. EFFECT OF SULFHYDRYL COMPOUNDS ON INHIBITION OF RABBIT BRAIN MITOCHONDRIAL
ALDEHYDE DEHYDROGENASE BY 2-CHLOROACETOPHENONE

Conditions* % Inhibition % Protection
or reversalt

2-Chloroacetophenone (5 X 10-5 M) 90-3 —
-+enzyme

2-Chloroacetophenone (5 x 10-5 M) 194 785
+dithiothreitol (5 x 10-* M)
-+enzyme

2-Chloroacetophenone (5 x 10~% M) 154 829
+GSHE (5 X 10-* M)
“+enzyme

2-Chloroacetophenone (5 x 10-5 M) 576 362
+enzyme
+dithiothreitol (5 x 10-* M)

2-Chloroacetophenone (5 x 10-5 M) 560 380
-+enzyme

+GSH (5 x 10~ M)

* The assay was conducted as described in the text. The fluorometer cell contained buffer and NAD
before the inhibitor, enzyme or sulfhydryl reagent additions were made. These additions were made
in the order listed. The reaction was initiated by the final addition of the substrate, propionaldehyde.
The values are based upon two determinations each, of two enzyme preparations.

%% Inhibition control — % Inhibition with protecting agent
% Inhibition control )

T Protection or reversal =
1 Glutathione.

Table 4 demonstrates the ability of sulfhydryl compounds to prevent inhibition of
the enzyme by 2-chloroacetophenone and to partially reverse the inhibition, once
established. Dithiothreitol and glutathione are equipotent in preventing and reversing
inhibition of the enzyme by 2-chloroacetophenone under the conditions of this study.

Reaction between NAD and 2-chloroacetophenone

During the course of these experiments, it was observed that NAD and relatively
high concentrations of 2-chloroacetophenone (10~3 to 10~* M) reacted to form a
fluorescent product with activation at 350 nm and emission at 495 nm (uncorrected).
These wavelengths are similar to those for NADH (340 and 457 nm). The nature of
the reaction is currently under investigation. The reaction di dnot interfere with the
enzyme assay at the relatively low concentrations of inhibitor and saturating
amounts of NAD employed for inhibition studies.

DISCUSSION

The relative importance of the oxidation or reduction of 3,4-dihydroxyphenyl-
glycolaldehyde depends primarily upon the relative K, values, the ¥, of each enzyme
with the aldehyde as substrate, and the relative accessibility of the aldehyde for each
of the enzymes. The concentrations of oxidized and reduced pyridine nucleotides are
important when their concentrations fall below saturating values for the two enzymes.

Erwin and Deitrich* have demonstrated that aldehyde dehydrogenase isolated from
brain tissue is present in both the supernatant and mitochondrial fractions. The X,
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for 3,4-dihydroxyphenylglycolaldehyde with this enzyme was 3 x 107° M. Much less
is known about aromatic aldehyde reductases. Culp and McMahon'? isolated an
aromatic aldehyde reductase from the supernatant fraction of kidney cortex, but did
not determine whether 3,4-dihydroxyphenylglycolaldehyde is a substrate for the
enzyme. More recently, Tabakoff and Erwin'?® have isolated a similar enzyme from
the supernatant fraction of brain homogenates; this enzyme has a relatively low K,
for phenylglycolaldehydes.

The data from the present study suggest that the two enzymes which metabolize
3,4-dihydroxyphenyiglycolaldehyde have access to the substrate. When aldehyde
dehydrogenase in brain slices is inhibited by 2-chloroacetophenone, the amounts of
newly formed DOMA are decreased and there is a corresponding increase in the
amounts of phenolic glycols formed. The most likely explanation for the increase in
the amounts of phenolic glycols formed is that there is more substrate available to be
reduced by an aldehyde reductase when the oxidation of the aldehyde is inhibited. This
is supported by the kinetic data, which show that, as the norepinephrine concentration
is Iincreased toward infinity, the V,,,, of the enzyme from the 2-chloroacetophenone
animals is not different from that obtained from control animals.

It is a theoretical possibility that 3,4-dihydroxyphenylglycolaldehyde reacts with
norepinephrine to form a tetrahydropapaveroline derivative,'* This does not seem
likely since: (1) under our conditions, all of the norepinephrine added can be accounted
for as either normetanephrine, phenolic acids or phenolic glycols;” and (2) the decrease
in phenolic acids after 2-chloroacetophenone pretreatment is accompanied by a
corresponding increase in phenolic glycols, This is different from the situation with
dopamine, where inhibition of aldehyde dehydrogenase results in an accumulation of
the aldehyde!* which cannot be easily reduced to the alcohol,” presumably because of
the relatively high K,, and small V,,,, of phenylacetaldehyde with aldehyde reductase.?

It is also conceivable that the ethanol used as solvent for 2-chloroacetophenone
when the rabbits were pretreated with the inhibitor is converted to acetaldehyde and
thus leads to competitive substrate inhibition of aldehyde dehydrogenase.!® This does
not seem likely, since 2-chloroacetophenone ir vitro, in brain slices and with isolated
mitochondrial aldehyde dehydrogenase, produces an effect similar to that observed
when the animal is pretreated with the inhibitor.

It is likely that the mechanism of the inhibition of aldehyde dehydrogenase by 2-
chloroacetophenone is by attack on the sulfhydryl groups of the enzyme. The effect of
the inhibitor can be virtually abolished both in vive and in vitro by prior reaction with a
sulfhydryl-containing compound. In addition, some reversal of the effect can be
obtained in vitro by addition of GSH or dithiothreitol to the inhibited enzyme. These
results are consistent with previous studies of aldehyde dehydrogenase using sulfhydryl
reagents®® as well as with studies on the actions of 2-chloroacetophenone on other
suifhydryl enzymes.'®

Acknowledgements—The technical assistance of Elisabeth Mattsson is gratefully acknowledged.
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