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ABSTRACT Daidzin, a major active principle of an an-
cient Chinese herbal treatment (Radix puerariae) for alcohol
abuse, selectively suppresses ethanol intake in all rodent
models tested. It also inhibits mitochondrial aldehyde dehy-
drogenase (ALDH-2). Studies on ethanol intake suppression
and ALDH-2 inhibition by structural analogs of daidzin
established a link between these two activities and suggested
that daidzin may suppress ethanol intake by inhibiting
ALDH-2. ALDH-2 is a principal enzyme involved in serotonin
(5-HT) and dopamine (DA) metabolism. Thus, daidzin may
act by inhibiting 5-HT and DA metabolism. To evaluate this
possibility, we have studied the effect of daidzin and its
analogs on 5-HT and DA metabolism in isolated hamster and
rat liver mitochondria. Daidzin potently inhibits the forma-
tion of 5-hydroxyindole-3-acetic acid (5-HIAA) and 3,4-
dihydroxyphenylacetic acid (DOPAC) from their respective
amines in isolated mitochondria. Inhibition is concentration-
dependent and is accompanied by a concomitant accumula-
tion of 5-hydroxyindole-3-acetaldehyde and 3,4-dihydroxy-
phenylacetaldehyde. Daidzin analogs that suppress hamster
ethanol intake also inhibit 5-HIAA and DOPAC formation.
Comparing their effects on mitochondria-catalyzed 5-HIAA or
DOPAC formation and hamster ethanol intake reveals a
positive correlation—the stronger the inhibition on 5-HIAA
or DOPAC formation, the greater the ethanol intake suppres-
sion. Daidzin and its active analogs, at concentrations that
significantly inhibit 5-HIAA formation, have little or no effect
on mitochondria-catalyzed 5-HT depletion. It appears that the
antidipsotropic action of daidzin is not mediated by 5-HT (or
DA) but rather by its reactive intermediates 5-hydroxyindole-
3-acetaldehyde and, presumably, 3,4-dihydroxyphenylacetal-
dehyde as well, which accumulates in the presence of daidzin.

In a recent study, we demonstrated that daidzin, a constituent
of an ancient Chinese herbal treatment (Radix puerariae) for
alcohol abuse, selectively suppresses home-cage ethanol intake
by Syrian golden hamsters under a two-bottle, free choice
(ethanolywater) condition (1). Since then, the ethanol intake
suppressive (antidipsotropic) activity of daidzin and the R.
puerariae extract have been confirmed by us (2, 3) and other
investigators (4–6) independently in golden hamsters, Wistar
rats, Fawn hooded rats, and the genetically bred P rats under
various experimental conditions, including two-lever choice
(ethanolystarch solution), two-bottle free choice (ethanoly
water), limited access, and ethanol-deprived paradigms. These
laboratory findings are consistent with those of the herbal
treatment used in China and thereby suggest that daidzin or
one or more of its derivatives andyor metabolites might be
effective in the treatment of alcohol abuse andyor alcoholism.

The mechanism by which daidzin selectively suppresses
ethanol intake in laboratory animals is unknown at this time.

In an early study, we showed that daidzin is a selective and
potent inhibitor of mitochondrial aldehyde dehydrogenase
(ALDH-2) (7). ALDH-2 catalyzes the detoxification of acet-
aldehyde, an intermediate of ethanol metabolism (8). Some
humans inherit an inactive variant form of ALDH-2, and in
these individuals alcohol abuse is rare (9–11). Based on these
findings, we postulated that daidzin may act by mimicking the
consequences of the apparently harmless natural mutation of
the ALDH-2 gene (1). To evaluate this hypothesis, we have
synthesized a series of structural analogs of daidzin and tested
and compared their ALDH-2 inhibitory activity with their
antidipsotropic activity. Early results demonstrated a direct
correlation between the two and raised the possibility that
daidzin may, in fact, suppress ethanol intake by inhibiting
ALDH-2 (12).

By inhibiting ALDH-2, daidzin could in principle suppress
ethanol consumption by at least two routes. On the one hand,
it might act as an ethanol-sensitizing agent that discourages
ethanol consumption by inhibiting acetaldehyde metabolism
subsequent to drinking and thereby allow it to reach toxic
levels. On the other hand, it could perturb an as-yet-undefined
physiological pathway catalyzed by ALDH-2 and alter the
concentrations of some endogenous substrate(s) that regulate
ethanol drinking behavior. To determine whether or not
daidzin suppresses hamster ethanol consumption by inhibiting
acetaldehyde metabolism, we studied the effect of daidzin on
acetaldehyde clearance in hamsters challenged with ethanol.
This study showed that daidzin, at a dose that significantly
suppresses ethanol consumption, does not affect overall acet-
aldehyde metabolism (13), and we ruled out the ethanol-
sensitizing mechanism for daidzin.

It has long been postulated that ALDH-2 is involved in the
oxidation of aldehydes that derive from biologically active
monoamines such as serotonin (5-HT) and dopamine (DA) in
mammalian brain tissue via the action of monoamine oxidase
(MAO) (14, 15). Studies on DA metabolism in isolated
mitochondria and various subcellular fractions identified
ALDH-2 as the principal enzyme that catalyzes the oxidation
of DA-derived 3,4-dihydroxyphenylacetaldehyde (DOPAL) in
rat liver (16). Recent kinetic analyses have shown that both
DOPAL and 5-hydroxyindole-3-acetaldehyde (5-HIAL) are
excellent substrates for ALDH-2 (17). This further reinforces
the belief that ALDH-2 is directly involved in the metabolism
of monoamine neurotransmitters. To elucidate the mechanism
of action of daidzin, we have studied the effect of daidzin and
its structural analogs on 5-HT and DA metabolism by using
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isolated hamster liver mitochondria. Rats and golden hamsters
respond differently to puerarin (8-C-glucosyl-daidzein), an-
other isoflavone found in R. puerariae. Puerarin appears to
suppress ethanol intake in rats (4) but has little or no effect on
that in golden hamsters (1). Therefore, the effects of puerarin
and other daidzin analogs on 5-HT and DA metabolism in
isolated rat liver mitochondria also were examined for com-
parison.

MATERIALS AND METHODS

Mature male Syrian golden hamsters (100–130 g) and Wistar
rats (200–250 g) were obtained from Harlan—Sprague–
Dawley. Animals were housed (three or four per cage) in a
room maintained at 23°C on a 12y12 lightydark cycle with ad
libitum access to tap water and Purina Rodent Laboratory
Chow 5001. Animals were killed in a CO2 chamber, and livers
were removed and used immediately for the preparation of
isolated mitochondria. Daidzin, daidzein, and their synthetic
analogs were prepared as described (12, 18, 19) and were
identified by mass and NMR spectroscopy. Puerarin was
purchased from Indofine Chemical (Somerville, NJ). 5-HT,
5-hydroxytryptophol (5-HTOL), 5-HIAA, DA, and DOPAC
were products of Research Biochemicals (Natick, MA). DO-
PAL and 5-HIAL were prepared according to the procedure
of Nilsson and Tottmar (20). 3,4-dihydroxyphenylethanol
(DOPET) was prepared by reduction of DOPAL by using
sodium borohydride. All other reagents used were of the best
grade available.

5-HT and DA Metabolism in Isolated Liver Mitochondria.
Mitochondrial preparations were obtained by the method of
Johnson and Lardy (21). The integrity of these mitochondrial
preparations, evaluated by measuring their latent glutamate
dehydrogenase activity (22) before and after the metabolic
study, was over 97% and 93%, respectively. 5-HT and DA
metabolisms in the mitochondrial preparations were assayed
by monitoring the formation of 5-HIAA and DOPAC, respec-
tively, andyor the depletion of their respective amines in a
0.5-ml standard assay medium containing 10 mM TriszHCl (pH
7.4), 0.3 M mannitol, 2.5 mM MgCl2, 10 mM K2HPO4, 10 mM
KCl, and specified amounts of substrates, test compounds, and
freshly prepared mitochondrial preparations. Reactions were
initiated by the addition of mitochondria and allowed to
proceed in a 37°C shaking water bath for 30 min. Reactions
were terminated by the addition of 0.05 ml each of ice-cold 1
M HClO4 and 10 mM EDTA. The samples were kept on ice
for 1 h followed by centrifugation (12,000 rpm) in a micro-
centrifuge (Microspin 24S, Sorvall) for 15 min. 5-HT, 5-HIAA,
5-HTOL, DA, DOPAC, and DOPET in the supernatant were
analyzed directly by HPLC. 5-HIAL and DOPAL were con-
verted to their semicarbazones before analysis.

HPLC Analysis. The HPLC system used in this study
consisted of a BAS (West Lafayette, IN) Sample Sentinel
Autosampler with refrigerated (4°C) sample compartment,
PM80 solvent delivery system, and a LC-26 on-line degasser.
The detector is an LC-4C amperometric controller with a CC-5
cross-f low thin layer (0.005‘‘) electrochemical cell comprised
of glassy carbon and silverysilver chloride reference electrodes
(Bioanlytical Systems, West Lafayette, IN). For routine anal-
ysis, the potential and sensitivity were set at 650 mV and 10 or
100 nA full scale, respectively. Column temperature was
maintained with a Waters Temperature Control Module. DA,
5-HT, DOPAL–, and 5-HIAL–semicarbazone were analyzed
on a BAS phase II ODS-3, 3-mm, 3.2 3 100-mm column. The
column was developed at 30°C at 1 mlymin in a mobile phase
that contained 1.23% monochloroacetic acid (Sigma), 0.02%
sodium 1-octyl sulfate (Lancaster Synthesis), 0.025% EDTA–
Na2, and 5% acetonitrile (volyvol) (pH 3). The retention times
for DOPAL–semicarbazone, 5-HIAL–semicarbazone, DA,
and 5-HT were 4.6, 7.5, 10.4, and 17.6 min, respectively.

DOPAC, DOPET, 5-HIAA, and 5-HTOL were analyzed on a
Beckman Ultrasphere ODS-5, 5-m, 4.6 3 250-mm column. The
column was developed at 26°C at 1 mlymin in a mobile phase
containing 1.23% monochloroacetic acid, 3% methanol (voly
vol), and 1% acetonitrile (volyvol) (pH 2.1). The retention
times for DOPET, DOPAC, 5-HTOL, and 5-HIAA were 6.3,
10.5, 16, and 19.3 min, respectively. Data were collected and
analyzed with a Nelsen data collection system (Perkin–Elmer)
or a Waters 740 Data Module.

Enzyme Assays. The mitochondrial pellet obtained from 5 g
of liver was resuspended in 10 ml of 10 mM sodium phosphate
buffer (pH 7.4), kept on ice, and sonicated for 30 s at 90 W of
power with a Branson Sonifier cell disruptor. This suspension
was used for MAO, ALDH, alcohol dehydrogenase (ADH),
and aldehyde reductase (AR) activity measurements. ADH
and ALDH activities were assayed in 50 mM sodium phos-
phate buffer (pH 7.5) containing 2.4 mM NAD1, using 40 mM
ethanol and 5 mM acetaldehyde as substrate, respectively.
Activity was determined by following the increase in absor-
bance at 340 nm with a Varian Cary 1 spectrophotometer
thermostated at 25°C (23). AR activity was assayed by follow-
ing the decrease in absorbance at 340 nm in an assay mixture
containing 0.2 mM NADPH and 0.2 mM p-nitrobenzaldehyde.
One unit of activity is defined as the amount of enzyme that
catalyzes the oxidation of 1 mmol of substrate per minute.
Mitochondrial membranes, prepared as described by Nilsson
and Tottmar (20), were used as a crude preparation of MAO.
MAO activity was assayed by the same method described for
the 5-HT and DA metabolism assay except that 5 mM semi-
carbazide was included in the incubation medium as an
aldehyde trap.

RESULTS

MAO, ALDH-2, ADH, and AR Activity of Hamster and Rat
Liver Mitochondrial Preparations. Lysates of the hamster and
rat liver mitochondrial preparations used in this study con-
tained no detectable activity of ADH and AR but exhibited
activity of both MAO and the low Km ADLH-2, the two
principal enzymes thought to be involved in 5-HT and DA
metabolism in vivo (16, 17). ALDH-2 activity of the hamster
and rat liver preparations measured with 5 mM of acetaldehyde
were 17 and 5.2 mUymg of protein, respectively. MAO activ-
ities of hamster liver mitochondrial lysates measured in a
standard assay medium containing 1 mM 5-HT or DA were 3
or 13.6 mUymg protein, respectively, whereas those of the rat
mitochondrial lysates were 8.4 or 25.2 mUymg protein, deter-
mined with the two respective substrates.

5-HT Metabolism Catalyzed by Isolated Hamster and Rat
Liver Mitochondria. Hamster and rat liver mitochondrial
preparations contained no detectable amounts of endogenous
5-HT, DA, or any of their known metabolites. When supplied
with exogenous 5-HT, these preparations effectively metabo-
lized this monoamine to its major metabolic product 5-HIAA.
At a concentration of 0.4 mgyml, hamster liver mitochondrial
preparations metabolized 50% of the total 5-HT (10 mM)
added in 30 min (Fig. 1A), and of that, 86% was recovered as
the known metabolic intermediates and products of 5-HT, with
5-HIAA being most abundant (3.8 mM), followed by 5-HIAL
(0.35 mM) and 5-HTOL (0.15 mM). Approximately 14% of the
total 5-HT metabolized cannot be accounted for by known
metabolic products and presumably is lost owing to the for-
mation of adducts with mitochondrial proteins, membranes,
andyor other condensation products via the reactive aldehyde
intermediate 5-HIAL (20).

Rat liver mitochondrial preparations also metabolized ex-
ogenously supplied 5-HT. However, the rate of 5-HT depletion
and 5-HIAA formation catalyzed by the mitochondrial prep-
arations of the rat were remarkably different from those of the
hamster. Under the same assay conditions, rat liver mitochon-
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drial preparations metabolized 5-HT faster, yet the rate of
5-HIAA formation in rat mitochondria was much slower.
Approximately 65% of the total 5-HT (10 mM) added to a rat
mitochondrial preparation was metabolized in 30 min (Fig.
1B), and of that, 83% was recovered as known metabolic
products with 5-HIAA being most abundant (2.4 mM), fol-
lowed by 5-HIAL (2.2 mM) and 5-HTOL (0.2 mM). Approx-
imately 17% of the 5-HT metabolized cannot be accounted for
by the recovered metabolic products.

Effects of Daidzin on 5-HT Metabolism in Isolated Hamster
Liver Mitochondria. The effect of daidzin on 5-HT metabo-
lism in hamster liver mitochondrial preparations was studied in
an assay medium containing 10 mM 5-HT and 0.08 mgyml of
a mitochondrial preparation. Under these conditions, 13% (1.3
mM) of the exogenously supplied 5-HT was metabolized in 30
min (Fig. 2A), and 41, 9, and 1% of the 5-HT metabolized was
converted to 5-HIAA, 5-HIAL, and 5-HTOL, respectively.
Daidzin, in the concentration range studied, had no effect on
the amounts of 5-HT depleted (Fig. 2 A). However, it potently
inhibited the formation of 5-HIAA (Fig. 2B). Inhibition was
concentration-dependent, with an IC50 value of '2.7 mM.
Inhibition of 5-HIAA formation by daidzin was accompanied
by a concomitant increase in the amounts of 5-HIAL and
5-HTOL recovered in the incubation media.

Effect of Daidzin Analogs on 5-HT Metabolism in Isolated
Hamster Liver Mitochondria. The isoflavone aglycone daid-
zein and its 7-O-v-carboxyalkyl derivatives daidzein-7-O-[v-
carboxypentyl] ether (hexzein), daidzein-7-O-[v-carboxy-

hexyl] ether (hepzein), and daidzein-7-O-[v-carboxynonyl]
ether (deczein) inhibited 5-HIAA formation catalyzed by
intact hamster liver mitochondria in the order deczein .
hepzein . hexzein . daidzin . daidzein (Fig. 3). Inhibitions
were concentration-dependent, and the IC50 values estimated
from these inhibition curves are listed in Table 1. Within the
concentration range studied, puerarin, dicarboxymethyl-
daidzein, and two structurally unrelated compounds naltrex-
one and g-aminobutyric acid (GABA) had no effect on
hamster liver mitochondria-catalyzed 5-HIAA formation (Fig.
3). Except for daidzein, none of the compounds examined
affected the rate of 5-HT depletion in hamster liver mitochon-
dria at concentrations that inhibited 5-HIAA formation by
50% (results not shown). Daidzein, at concentrations $10 mM,
inhibited 5-HT depletion.

Effects of Daidzin and Its Structural Analogs on 5-HIAA
Formation in Rat Liver Mitochondria. The metabolism of
5-HT 3 5-HIAA in rat liver mitochondria also was inhibited
by daidzin, daidzein, and the 7-O-v-carboxyalkyl derivatives of
daidzein. Inhibitions were concentration-dependent, and the
IC50 values for deczein, hepzein, hexzein, daidzin, and daidzein
determined under the same assay conditions were 0.05, 0.15,
0.5, 2, and 9 mM, respectively, similar to those obtained with
hamster liver mitochondria (Table 1). However, the effects of
puerarin on the rat and hamster liver mitochondria were
markedly different. Puerarin, at concentrations up to 30 mM,
had no effect on 5-HIAA formation in hamster liver mito-
chondria. However, over the same concentration range, it

FIG. 1. 5-HT metabolism in hamster (A) and rat (B) liver mito-
chondrial preparations. 5-HT (10 mM) was incubated with freshly
prepared hamster or rat liver mitochondria preparations (0.4 mg of
mitochondrial protein per milliliter) in a 0.5-ml standard assay medium
for 30 min. Concentrations of 5-HT and its metabolic products in the
assay media then were analyzed by HPLC as described in Materials and
Methods.

FIG. 2. Effect of daidzin on 5-HT metabolism in hamster liver
mitochondrial preparations. (A) 5-HT metabolized after 30 min of
incubation in standard assay media containing 10 mM 5-HT and 0.08
mgyml hamster liver mitochondrial preparation. (B) Concentrations
of 5-HIAA (dotted bars), 5-HIAL (hatched bars), and 5-HTOL (solid
bars) in the assay media after 30 min of incubation.
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significantly inhibited 5-HIAA formation in rat liver mito-
chondria (Table 1). Fig. 4 shows the concentration effect of
puerarin on 5-HIAA formation catalyzed by isolated rat and
hamster liver mitochondria. Daidzin inhibition curves ob-
tained from the two mitochondrial preparations used in these
experiments also are shown for comparison. Dicarboxymethyl-
daidzein, naltrexone, and GABA had no effect on 5-HT
metabolism in rat liver mitochondria.

Effects of Daidzin and Its Structural Analogs on DOPAC
Formation in Hamster and Rat Liver Mitochondria. Hamster
and rat liver mitochondrial preparations also metabolized
exogenously supplied DA to its major metabolic product
DOPAC (results not shown). Isof lavones that inhibited
5-HIAA formation also inhibited DOPAC formation in ham-
ster liver mitochondrial preparations. Inhibitions were con-
centration-dependent with deczein being most potent, fol-
lowed by hepzein, hexzein, daidzin, and daidzein (Fig. 5). At
concentrations up to 30 mM, puerarin, dicarboxymethyl-
daidzein, naltrexone, and GABA had no effect on DOPAC
formation in hamster liver mitochondria.

Except for puerarin, DOPAC formation in rat liver mito-
chondria was as sensitive to the inhibition by these isoflavones
as it was in hamster mitochondria (Table 1). Puerarin, at a
concentration of 30 mM, had no effect on DOPAC formation
catalyzed by hamster liver mitochondria. However, at the same
concentration, it significantly inhibited DOPAC formation in
rat liver mitochondria (results not shown).

Antidipsotropic Activity of Deczein and Dicarboxymethyl-
Daidzein. The antidipsotropic activities of deczein and dicar-
boxymethyl-daidzein were tested in ethanol-preferring golden
hamsters, and the results are shown in Table 2. The antidip-
sotropic activities of five daidzin analogs tested in a previous
study also are listed for comparison (12). At an i.p. dose of 70
meqyhamsteryday, deczein suppressed hamster ethanol intake
by 84%. At the same dose tested, hexzein, hepzein, daidzin,
and daidzein suppressed hamster ethanol intake by 70, 69, 62,
and 32%, respectively. Puerarin and dicarboxymethyl-daidzein
did not exert any significant effect on ethanol intake in golden
hamsters.

DISCUSSION

Oxidative deamination of monoamine neurotransmitters, cat-
alyzed by the membrane-bound MAO on the outer surface of
mitochondria, generates reactive aldehyde intermediates.
These aldehydes either are oxidized to their corresponding
acid metabolites by an NAD-dependent ALDH present within
the mitochondrial matrix (16, 17) or are reduced to their
corresponding alcohols by the cytosolic enzymes NADH-
dependent ADH andyor NADPH-dependent AR (24). In the
liver and brain, 5-HT and DA primarily are metabolized to
their acid derivatives (25), so the mitochondrion is probably the
main subcellular compartment in which this metabolism oc-
curs in vivo. The mitochondrial preparations obtained for this
study contained no detectable amounts of ADH and AR but
did contain MAO and ALDH-2, the enzymes that catalyze the
major pathways of 5-HT and DA metabolism. Hence, they
provide a simple yet physiologically relevant system in which
the effects of daidzin and its structural analogs on DA and
5-HT metabolism can be examined.

Both hamster and rat liver mitochondrial preparations were
able to metabolize exogenously supplied 5-HT and DA to their
respective acid metabolites 5-HIAA and DOPAC. The for-
mation of these products was inhibited by daidzin, daidzein,
and the 7-O-v-carboxyalkyl derivatives of daidzein (Table 1).
We have compared the inhibitory effects of these isoflavones
on 5-HIAA or DOPAC formation in hamster liver mitochon-
dria and hamster ethanol consumption and found a positive
correlation (Table 2)—the greater the inhibition on 5-HIAA
or DOPAC production, the greater the suppression of hamster
ethanol consumption. These findings strongly indicate that
daidzin and its antidipsotropic analogs suppress hamster eth-

FIG. 4. Effect of puerarin (circles) and daidzin (diamonds) on
5-HT3 5-HIAA metabolism in rat (solid symbols) and hamster (open
symbols) liver mitochondrial preparations.

Table 1. IC50 values for daidzin and its structural analogs on the
rate of 5-HIAA and DOPAC formation catalyzed by intact hamster
and rat liver mitochondria

Compounds

IC50, mM

Hamster Rat

5-HIAA DOPAC 5-HIAA DOPAC

Deczein 0.06 0.09 0.05 0.06
Hepzein 0.13 0.3 0.15 0.2
Hexzein 0.21 0.7 0.5 0.4
Daidzin 2.7 2.5 2.0 2.1
Daidzein 11 10 9 10
Puerarin n.i. n.i. 30 28
Dicarboxymethyl-daidzein n.i. n.i. n.i. n.i.

For methods, see legends of Figs. 3 and 5. n.i., no inhibition up to
30 mM.

FIG. 3. Effect of daidzin and its structural analogs on 5-HT 3
5-HIAA metabolism in hamster liver mitochondrial preparations.
Daidzin (✶), deczein (n), hepzein (F), hexzein (}), daidzein ({),
puerarin (✳), diCM-daidzein (E), naltrexone (3), and GABA (1).
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anol intake by inhibiting 5-HT 3 5-HIAA andyor DA 3
DOPAC metabolism.

Among the isoflavones examined, all but puerarin inhibited
5-HT3 5-HIAA and DA3 DOPAC metabolism in hamster
and rat mitochondria with similar potencies (Table 1). Puera-
rin, in the concentration range studied, had little, if any, effect
on 5-HIAA and DOPAC formation in hamster liver mito-
chondria, but it significantly inhibited 5-HIAA and DOPAC
formation in rat liver mitochondria (Table 1). Rats and golden
hamsters have been shown to respond differently to puerarin
in regard to their ethanol drinking behavior. Puerarin sup-
pressed ethanol intake in P rats and Fawn Hooded rats, (4) but
at equivalent doses, it had no effect in golden hamsters (12).
Because both the P rats (26) and the Fawn Hooded rats (27)
originated from a randomly bred Wistar colony, their 5-HT
and DA metabolizing enzymes are likely to resemble those of
the Wistar rats used in this study in regard to their sensitivity
to puerarin inhibition. Hence, the difference in ethanol drink-
ing response to puerarin between rats and golden hamsters
may be attributed to the difference in sensitivity of their 5-HT
andyor DA metabolizing enzyme(s) to puerarin inhibition.
This lends additional support to the notion that daidzin may
indeed suppress ethanol intake by inhibiting 5-HT3 5-HIAA
andyor DA 3 DOPAC metabolism in the mitochondria.

In a previous study (12), we demonstrated a positive corre-
lation between the antidipsotropic activity and ALDH-2 in-
hibitory activity of five isoflavones. In this study, we have
added deczein and dicarboxymethyl-daidzein to the list (Table

2). Among all of the isoflavones tested, deczein is the most
potent antidipsotropic agent synthesized thus far. It is also the
most potent inhibitor for ALDH-2 and for mitochondria-
catalyzed 5-HIAA and DOPAC formation. Dicarboxymethyl-
daidzein, on the other hand, is a poor ALDH-2 inhibitor, does
not inhibit mitochondria-catalyzed 5-HIAA and DOPAC for-
mation, and does not suppress ethanol intake in golden
hamsters. The fact that the inhibitory activity of these isofla-
vones on ALDH-2 correlates well with that on mitochondria-
catalyzed 5-HIAA or DOPAC formation suggests that they
may attenuate 5-HIAA or DOPAC formation in the mito-
chondria by inhibiting ALDH-2.

MAO and ALDH-2 act in tandem in the catalytic conver-
sion of 5-HT and DA to their respective acid metabolites
5-HIAA and DOPAC. Therefore, in principle, daidzin and its
antidipsotropic analogs also could block 5-HIAAyDOPAC
formation by inhibiting MAO. To evaluate this possibility, we
have studied the effect of these isoflavones on MAO by using
partially purified mitochondrial membranes. Daidzin, puera-
rin, and dicarboxymethyl-daidzein, at concentrations up to 30
mM, exhibited no effect on the MAO activity of the mitochon-
drial membranes. The 7-O-v-carboxyalkyl derivatives of daid-
zein do inhibit MAO activity but only at high concentrations
(Table 3). These results are consistent with the finding that
daidzin (Fig. 2A) and its antidipsotropic analogs, at concen-
trations that significantly inhibited 5-HIAA or DOPAC for-
mation, have no effect on 5-HT and DA depletion. Further-
more, MAO inhibitory activities of the isoflavones examined
do not correlate with their antidipsotropic activities (Table 3).
It appears that the antidipsotropic action of daidzin, and
presumably that of its antidipsotropic analogs as well, is not
mediated by 5-HT andyor DA but rather by their reactive
intermediates 5-HIAL andyor DOPAL, which accumulate
under the action of daidzin (Fig. 2B).

In the mitochondrial preparations, concentrations of
5-HIAL attained during 5-HT metabolism are determined by
the relative catalytic efficiency of MAO and ALDH-2. For
instance, rat liver mitochondrial preparations have a much
higher MAO-to-ALDH-2 activity ratio than that of hamster
(1.6 vs. 0.18), and as a consequence, 5-HIAL concentrations
found in the former are also much higher than in the latter
(Fig. 1). In this context, it is of interest to note that golden
hamsters are by nature inclined to prefer and consume large
quantities of ethanol (28) whereas the randomly bred Wistar
rats used in this study tend to avoid ethanol (26). Epidemio-
logical studies also have associated low MAO andyor high
ALDH-2 activities with high ethanol consumption: (i) low
platelet MAO activity correlates with type II alcoholism (29),
and (ii) Asians who have inherited a low activity (or inactive)
mutant form of ALDH-2 are protected from the problem of
alcohol abuse (10). These findings by no means prove, but are
consistent with, the hypothesis that a metabolic intermediate

Table 2. Inhibition of hamster liver mitochondria-catalyzed 5-HIAA and DOPAC formation and suppression of hamster
ethanol intake by daidzin and its structural analogs

Compounds
5-HIAA formation
inhibition IC50, mM

DOPAC formation
inhibition IC50, mM

Ethanol intake*
suppression, %

ALDH-2† inhibition
Ki, mM

Deczein 0.06 0.09 84 0.004‡

Hepzein 0.13 0.3 69‡ 0.009‡

Hexzein 0.21 0.7 70‡ 0.009‡

Daidzin 2.7 2.5 62‡ 0.04‡

Daidzein 11 10 32‡ 9‡

Puerarin n.i. n.i. 0‡ 15‡

Dicarboxymethyl-daidzein n.i. n.i. 0 35

For methods, see legends of Figure 3 and 5. n.i., no inhibition up to 30 mM.
*Ethanol intake-suppressive activity was measured as described in ref. 1. Dose 5 70 meq per hamster per day, i.p.
†ALDH-2 inhibition was determined as described in ref. 7.
‡Data taken from ref. 12.

FIG. 5. Effect of daidzin and its structural analogs on DA 3
DOPAC metabolism in hamster liver mitochondrial preparations.
Daidzin (✶), deczein (■), hepzein (F), hexzein (}), daidzein ({),
puerarin (✳), diCM-daidzein (E), naltrexone (3), and GABA (1).
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of 5-HT, and presumably of DA also, may be involved in the
regulation of ethanol drinking.

5-HIAL, and other biogenic aldehydes as well, are very
reactive compounds. Difficulties encountered in synthesizing
and monitoring these aldehydes have greatly hampered de-
tailed studies on their metabolism and potential roles in
neuronal and other physiological processes. Early interest in
biogenic aldehydes in relation to alcohol research stems largely
from the belief that acetaldehyde, the metabolic intermediate
of ethanol, interferes in some way with the oxidative metab-
olism of the brain (30, 31). It was hypothesized that levels of
biogenic aldehydes increase during ethanol metabolism be-
cause of competitive inhibition of ALDH by acetaldehyde.
This could cause a shift in the metabolism of these biogenic
aldehydes, such as 5-HIAL and DOPAL, toward the reductive
pathway that leads to the formation of 5-HTOL and DOPET,
respectively. The physiological implication, if any, of shifting
from an oxidative to a reductive metabolic pathway is com-
pletely unknown at this time.

Increased levels of biogenic aldehydes could promote the
formation of alkaloid condensation products between the
biogenic aldehydes and their parent amines or other endoge-
nous or exogenous amines (32). One of these condensation
products, tetrahydropapaveroline formed between DA and
DOPAL, is a morphine precursor found in the opium poppy
and may have potential effects on opiate and ethanol addiction
(33). Biogenic aldehydes themselves are physiologically active
and may play an essential role in mediating the intake and
actions of ethanol. 5-HIAL has been shown to induce sleep in
newly hatched chicks (34), inhibit brain ATPase (35), affect
visually evoked responses in rabbits (36), bind to neuronal
membranes both in vitro and in vivo (37), and depress the firing
rate of single neurons in the prefrontal cortex and cerebellum
(38). Unfortunately, none of these biological activities of
5-HIAL andyor DOPAL has been investigated in depth. The
potential role of biogenic aldehydes in regulating ethanol
drinking behavior remains to be explored.
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Table 3. Effect of daidzin and its structural analogs on hamster
liver MAO activity

Compounds
MAO inhibition

IC50, mM
Ethanol intake*
suppression, %

Deczein 25 84
Hepzein 9 69†

Hexzein 10 70†

Daidzin n.i. 62†

Daidzein 22 32†

Puerarin n.i. 0†

Dicarboxymethyl-daidzein n.i. 0

Hamster liver mitochondrial membrane was used as a source of
MAO. MAO activity was assayed as described in Materials and
Methods by using 10 mM DA as the substrate. n.i, no inhibition up to
30 mM.
*Ethanol intake-suppresssive activity was measured as described in ref.

1. Dose 5 70 meq per hamster per day, i.p.
†Data taken from ref. 12.
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