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Abstract

This experiment was carried out to evaluate the possibility of degradation of d-lactate into
formate and acetaldehyde. In order to induce hyperproduction of d-lactate in rats. Donryu male
albino rats were fed diets containing 0.064% 3’-methyl-4-dimethylaminoazobenzene (3’-MDAB),
4’-methyl-4-dimethylaminoazobenzene (4’-MDAB) or 2-methyl-4-dimethylaminoazobenzene (2-
MDAB) for 10 weeks. During the experiment, body mass, food and water intake and volume of
urine were documented. Methylglyoxal, d-lactate and formate in the urine samples were deter-
mined. On the first day of the eleventh week, methylglyoxal, d-lactate, glutathione and enzymatic
activities of demethylation and glyoxalase I and II in liver were measured. Methylglyoxal, d-
lactate and clinical chemistry parameters of blood plasma were also measured. The levels of
methylglyoxal and d-lactate in livers of rats fed 3’-MDAB were very high, while those of 2-
MDAB fed-rats and the control group were the same. The fact that glyoxalase I activity and the
level of glutathione, a cofactor of glyoxalase I, were high in the livers of the 3’-MDAB-fed rats
can explain the elevated levels of methylglyoxal and d-lactate in the liver. The most striking results
were the elevated formate levels in the urine of rats fed 3’- and 4’-MDAB in a precancerous state.
The degradation of d-lactate, an end product of the methylglyoxal bypass, into acetaldehyde and
formate was suggested as a possible way to explain the results.
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Formate Excretion in Urine of Rats Fed
Dimethylaminoazobenzene-rich Diets:
The Possibility of Formate Formation from p-Lactate

Yuki Kitamura, Michi Kawase, and Shinji Ohmori*

Department of Physiological Chemistry, Faculty of Pharmaceutical Sciences,
Okayama University, Okayama 700-8530, Japan

This experiment was carried out to evaluate the possibility of degradation of d-lactate into formate
and acetaldehyde. In order to induce hyperproduction of d-lactate in rats. Donryu male albino rats
were fed diets containing 0.064% 3-methyl-4-dimethylaminoazobenzene (3-MDAB), 4-methyl4-
dimethylaminoazobenzene (4-MDAB) or 2-methyl-4-dimethylaminoazobenzene (2-MDAB) for 10 weeks.
During the experiment, body mass, food and water intake and volume of urine were documented.
Methylglyoxal, d-lactate and formate in the urine samples were determined. On the first day of the
eleventh week, methylglyoxal, d-lactate, glutathione and enzymatic activities of demethylation and
glyoxalase I and II in liver were measured. Methylglyoxal, d-lactate and clinical chemistry parame-
ters of blood plasma were also measured. The levels of methylglyoxal and d-lactate in livers of rats
fed 3-MDAB were very high, while those of 2-MDAB fed-rats and the control group were the same.
The fact that glyoxalase I activity and the level of glutathione, a cofactor of glyoxalase I, were high
in the livers of the 3-MDAB-fed rats can explain the elevated levels of methylglyoxal and d-lactate in
the liver. The most striking results were the elevated formate levels in the urine of rats fed 3- and
4-MDAB in a precancerous state. The degradation of d-lactate, an end product of the methylglyoxal
bypass, into acetaldehyde and formate was suggested as a possible way to explain the results.
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N euberg as well as Dakin and Dudley discovered

the mixture of glyoxalase I and II in animal
tissues and yeast that catalyzes the conversion of
methylglyoxal into d-lactate [1, 2]. This reaction
requires glutathione. For about 20 years after the
discovery of the glyoxalases, methylglyoxal was
thought to be an intermediate of glycolysis. After

Lohmann demonstrated that muscle extracts formed
] -lactate from glycogen without glutathione [3], the
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Embden Meyerhof pathway (glycolysis) was gradually
accepted and, conversely, methylglyoxal and d-lactate
were almost forgotten. However, in 1970, the work
of Neuberg and his collaborators was vindicated when
Cooper and Anderson showed that E. coli contained
enzymes that converted dihydroxyacetone phosphate to
pyruvate via methylglyoxal and named this route the
methylglyoxal bypass (Fig. 1) [4]. The biochemical
and physiological significance of d-lactate especially in
mammals is unclear even today. We are interested in
the biochemical and physiological question of d-lactate
and have studied it for almost 20 years. We first
developed quantification methods for d-lactate [5, 6]
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Fig. 1 The formation of d-lactate and |-lactate in rat liver.

and methylglyoxal [7, 8]. Thereafter, we investi-
gated the biochemical and physiological questions of
d-lactate and the methylglyoxal bypass. From our
extensive studies, the physiological and biochemical
role of d-lactate and the methylglyoxal bypass is
beginning to be understood. For example, we found
that the methylglyoxal bypass plays an important bio-
chemical role for energy production in the octopus [9
-11]. For mammals, the experimental results can be
summarized as follows: d-Lactate is formed from
methylglyoxal, which in turn is nonenzymatically
formed from triose-phosphates [12]. In the normal rat
liver, d-lactate concentration is one-sixth that of
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l-lactate [13]. Humans absorb d-lactate from their
diet, for example from yoghurt [5], and barely
detectable amounts of d-lactate are excreted into the
urine of humans and rats [13, 14]. Higher animals do
not have d-lactate dehydrogenase [9]. Incidentally,
the presence of lactate isomerase has not been demon-
strated in organisms. The isomerization reaction is
thought to be unreasonable given the basic concepts of
organic chemistry. From these facts, we think that
d-lactate as an end product of the methylglyoxal
bypass (Fig. 1) might be further degraded into for-
mate and acetaldehyde in mammals. As a second idea,
methylglyoxal may be degraded into acetyl-Co and
formate. To test these hypotheses, we determined the
amounts of formate in the urine of rats in a state of
hyperproduction of d-lactate and methylglyoxal. As we
have already reported, feeding rats with 3-MDAB
produces high hepatic levels of d-lactate and methylg-
lyoxal [15]. In the study on urinary formate levels,
the methyl isomers, 4-MDAB and 2-MDAB, were

also used as references.
Materials and Methods

Chemicals. Hydrazine sulfate was purchased
from Wako Pure Chemicals (Osaka, Japan). dl-6, 8-
Thioctamide, o-phenylenediamine, 4’-methyl-4-
dimethylaminoazo benzene (4-MDAB) [Chemical
abstracts R. No. 3010-57-9] and 2-methyl-4- dimeth-
ylaminoazobenzene (2-MDAB) [R. No. 54-88-6]
were purchased from Tokyo Kasei Kogyo (Tokyo,
Japan). 3-Methyl-4-dimethylaminoazobenzene (3’
-MDAB) [R. No. 55-80-1] was synthesized in our
laboratory according to the method of Giese and
coworkers [16]. Dimethylacetal of methylglyoxal and
4, 5-dichloro-1, 2-phenylenediamine (DCPD) were
obtained from Aldrich (Milwaukee, WI, USA). Meth-
ylglyoxal was prepared just before use by hydrolysis
of the dimethylacetal [17]. S-Lactoylglutathione was
purchased from Sigma Chemical Co. (St. Louis, MO,
USA). The F-Kit used for determining formate was a
product of Boehringer Mannheim Co. Ltd.
(Mannheim, Germany). d-Lactate dehydrogenase
(d-LDH) from Staphylococcus sp and diaphorase from
Clostridium kluyveri were kindly supplied by Amano
Pharmaceutical (Nagoya, Japan). Glutathione was
supplied by Senju Pharmaceutical (Osaka, Japan).
B-NAD" was purchased from Oriental Yeast Co.
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(Tokyo, Japan).

Animals. Five-week-old male Donryu/Crj
(SPEF/VAF)-strain albino rats were obtained from
Charles River Japan (Yokohama, Japan) and allowed
to adapt for 1 week. Twenty rats were divided into 4
equal groups. Three groups were fed rat cake MF
(Oriental Yeast, Tokyo, Japan) containing 0.064%
3, 4- or 2-MDAB. The fourth group received the
standard rat cake MF. All rats received water ad
libitum and were housed at 25°C.

Instruments. d-Lactate was determined by a
Shimazu LC-3A HPLC system (Kyoto, Japan)
equipped with a SPD-2A, and a C-R6A data module
was used. A Cosmosil-packed column 5 C;sAR-II (4.6
X 150 mm) (Nacalai Tesque, Kyoto, Japan) was used.
The chromatography was run at 40°C, and detection
was performed at 334 nm. The column was eluted with
10 mM potassium phosphate (pH 2.1) containing 13%
acetonitrile [5].

For spectrophotometric measurements (activities
of glyoxalase I and II and demethylation, and concen-
tration of glutathione and protein), a Shimadzu dou-
ble-beam UV spectrometer (UV-180) and a Shimadzu
UV-visible recording spectrometer (UV-160A) were
used. A Shimadzu gas chromatograph model
GC-4CMPFE (Shimadzu, Kyoto, Japan), equipped
with a ®Ni electron-capture detector, was used for the
determination of methylglyoxal [8]. The glass column
2mx3mm I.D.) was packed with 1.5% Silicon
OV-17 on Shimalite W, 80-100 mesh (Shimadzu).
The temperature of the detector and injector block was
maintained at 270C, and the column was run at 200
C. The flow rate of the carrier nitrogen gas was
50 ml/min.

Urine collection. Urine samples from the 4
groups of rats were collected for 40h starting from
5:00 p.m. of the first day of experimental weeks 0,
2, 4, 6, 8 and 10. A small amount of toluene was
added to the samples. The collected samples were
separated from toluene by a separatory funnel and the
urine layers were centrifuged at 1,700 X g for 15 min.

Blood sampling and analysis of clinical
chemistry parameters of plasma. Rats were
injected intraperitoneally with 2.0 ml of 2.5% pento-
barbital per kg of body weight at week 11. After
about 5 min, the abdomens were opened and about
4 ml blood was drawn through cannulation of the
abdominal aorta. All needles and syringes were hepa-
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rinized. Blood samples were centrifuged for 15 min at
1,700 X g. The blood sampling was carried out
between 10 : 00 and 11 : 00 a.m. Two milliliters of the
plasma were analyzed for clinical chemistry parame-
ters in the Okayama Blood Examination Center where
Olympus AU 5000, AU 700 and AS-300 autoanalyz-
ers were used. The remainder was used for the
determination of methylglyoxal and d-lactate.

Liver homogenate.  After the blood samples
were drawn, the livers of rats were immediately
excised, rinsed and perfused with ice-cold physiologi-
cal saline. For glutathione determination, a portion of
the liver was frozen in liquid nitrogen and stored until
the determination was carried out. The remainder was
homogenized at 0°C for 30 sec in 5 volumes of ice-cold
10 mM potassium phosphate (pH 7.0) in a glass Teflon
homogenizer. The homogenates were centrifuged at
6,000 X g and 4C for 15 min. The supernatant was
used for the determination of methylglyoxal and
d-lactate levels, the activities of glyoxalase I and II,
and demethylation.

Determination of metabolites. Methyl-
glyoxal was determined according to the method of
Ohmori et al. [8]. Methylglyoxal in samples was
reacted with DCPD and converted to 6, 7-dichloro-
2-methylqunoxaline, which was determined by gas
chromatography with electron capture detection.

d-Lactate was converted by d-LDH into pyruvate,
which was further converted into 2-methylquinox-
alinol by o-phenylenediamine in a one-vial reaction [5].
The quinoxalinol formed was extracted with ethyl
acetate. The extract was evaporated to dryness. The
residue was dissolved into the column equilibration
solution, and an aliquot was analyzed by HPLC.
Since the amount of 2-methylquinoxalinol was deter-
mined to be the sum of the amounts of intrinsic pyru-
vate and pyruvate derived from d-lactate, the value of
d-lactate was obtained by subtracting the amount of
intrinsic pyruvate from the amount of 2-methylqui-
noxalinol. Formate in urine samples was determined
using a formate F-kit (Boehringer Mannheim).
Reduced glutathione was determined by our previously
described method [18]. Cysteine was measured by an
HPL.C method developed in our laboratory [19].

Enzyme activities.  The activities of glyoxalase
I and II were determined spectrophotometrically at
240 nm as described in the literature (Racker) [20].
The measurement of the demethylation of N-dimethyl
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groups in rat liver microsomes was based on the meth-
ods of Mannering [21] and Poland and Nebert [22].
Briefly, the reaction mixture containing 0.1 ml
10 mM aminopyrine, 0.1 ml 1mM EDTA, 0.45ml
0.2 M potassium phosphate (pH 7.4), 0.1 ml 0.3 mM
NADPH and a 0.1-ml microsomal fraction (10 mg
protein/ml), adjusted to a 1.0-ml volume by adding
water, was incubated for 20 min at 37°C. The reac-
tion was stopped by adding 0.1 ml 10% TCA. After
the mixture was centrifuged at 3,000 X g for 15 min,
1.0 ml of the supernatant was reacted with 2.0 ml of
Nash reagent [23]. The mixture was incubated at 37
C for 30 min and the absorbance at 412 nm was mea-
sured. The microsomal fractions from livers of rats
fed the respective azo dyes were also tested for
demethylation activity using the respective azo dyes as
the substrate.

Protein determination.  Protein concentration
was determined by the biuret method (Beisenherz et

al.) [24].
Results

Changes in body mass and intake amounts of
Jfood and water by rats fed azo dyes.  As shown
in Fig. 2, the mass of rats in all groups increased
during the experiment. However, the body mass
increase of the 3-MDAB group was the slowest: its
body mass was only 81% of that of the control group
after 10 weeks of the 3-MDAB-enriched diet. The
body mass of the 2-MDAB group also showed a slower

400 —O0— Qontrol
@ —e— 3-MDAB
z —=— 4-MDAB
2 —a— 2-MDAB
=
> 200
8
m (*% :p <0.01)
(%3 : p < 0.001)
O L 1 L 1 L 1 L 1 L 1 L J
0 2 4 6 8 10 12
Weeks on diet
Fig. 2  Body weights of rats fed 0.064 % azo dyes Values are

means + S.E.M. n=5. Statistical significant differences from con-
trols were tested using the Student's t-test. **p <0.01, **p<
0.001.
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increase, reaching only 88% of that of the control
group at week 10. The body mass of the 4-MDAB
group was the same as that of the control group.

The curves of the increased dietary intake by the
2- and 4-MDAB groups were similar to that of the
control group, which had increased its intake 16 % by
week 10. On the other hand, the intake of the 3
-MDAB-fed group was lower than that of the control
group: At weeks 2, 4, 6, 8 and 10, its intakes were
66, 58, 75, 76 and 92% of those of the control,
respectively. The amounts of intake of 3-MDAB
reflected the increase of body mass.

The amount of water drunk increased with growth
for all groups. The amount of water drunk by the
control group increased linearly and by week 10 was
2.3 times more than at the start of the experiment.
The amount of water drunk by the 4-MDAB-fed group
increased at the same rate as the control group. The
3- and 2-MDAB groups drank less water compared to
the control and 4-MDAB groups. At week 2, 4, 6, 8
and 10, the amounts of water drunk by the 3-MDAB
group were 56, 64, 57, 53 and 48% of those by the
controls, respectively. The respective amounts of
water drunk by the 2-MDAB group were 83, 74, 70,
50 and 63 % of the control amounts.

Rat lLiver weight after administering MDAB
Jor 11 weeks. Rat liver weights of the 3-MDAB
and 4-MDAB groups at 11 weeks were 24 and 15%
heavier than that of the control group, respectively.
No difference was found in liver weight between the
2-MDAB-fed group and the control. The shape and
color of livers of the 3 groups were normal.

Clinical chemistry parameters of rat blood.
Blood samples from the rats at week 11 were exam-
ined for 28 parameters (data not shown). No distinct
differences were observed between the MDAB-fed
groups and the control group, except for y-GTP and
direct and indirect bilirubin. The values of serum
v-GTP were 4.1, 3.3 and 1.7 times higher for the 3’
-MDAB-, 4-MDAB- and 2-MDAB-fed groups than
that of the control group, respectively. Serum indi-
rect bilirubin levels for 3-, 4- and 2-MDAB-fed
groups were 80, 43 and 67% of the control values,
respectively. The direct bilirubin value of the 3
-MDAB group was 1.6 times higher than that of the
control group.

Plasma levels of methylglyoxal and p-lactate
of rats. When rats were fed with MDAB, the



Kitamuraet al.: Formate Excretion in Urine of Rats Fed

June 2008

plasma levels of methylglyoxal in all groups were
lower than that of the control;, however, the differ-
ences were not statistically significant. On the other
hand, the d-lactate plasma level of rats fed 3-MDAB
was 34% higher than that of the control, while those
of the 4"- and 2-MDAB groups were almost the same
as the control level.

Contents of metabolites in livers of rats fed
azo dyes. Methylglyoxal is a precursor of d-lac-
tate. The levels of methylglyoxal in the livers of rats
administered 4- and 2-MDAB and the control were
almost the same (Fig. 3A). In contrast, the methyl-
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glyoxal level in the livers of rats fed 3-MDAB was 4
times higher than that of the control group (Fig. 3A).
In addition, the d-lactate content in the liver of this
group of rats was dramatically higher than those of the
other 3 groups, which all had comparable levels (F'ig.
3B). The pyruvate content in the liver of the normal
group was 0.83 = 0.06 nmol/mg protein, while that of
the 3-MDAB group was 1.51 + 0.08 nmol/mg protein,
or 1.8 times higher than that of the control group.
The hepatic pyruvate contents of rats fed with 4
-MDAB and 2-MDAB were 0.71 +0.09 and 0.75 +

0.03 nmol/mg protein, respectively.

(B) Liver p-Lactate

2,

p-Lactate
(nmol/ mg protein)

) G

: 2-MDAB

Contents of methylglyoxal (A) and d-lactate (B) in livers of rats fed 0.064 % azo dyes Means + S.E.M, n =5.

(B) Glyoxalase II

02

7
01

Glyoxalase II
(umol/ min/ mg protein)

0.0

1 4-MDAB : 2-MDAB

Activities of glyoxalase | (A) and Il (B) in livers of rats fed 0.064 % azo dyes. Means + S.E.M., n=5.
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Enzymatic activities of glyoxalase I and II in
lLivers of rats fed azo dyes. Glyoxalase I cata-
lyzes the isomerization reaction of thiohemiacetal,
which is formed nonenzymatically from methylglyoxal
and glutathione (Fig. 1). Glyoxalase II catalyzes the
hydrolytic reaction of the d-lactate thioester of gluta-
thione to d-lactate and glutathione (Fig. 1). The
reaction is rate-limiting. As shown in Figs. 4A and B,
azo dye-fed rats all had high glyoxalase activities in
the liver. At the end of the experiment glyoxalase I
activities for 3-, 4- and 2-MDAB-fed rats were 1.6,
1.5 and 1.7 times higher than that of the control ani-
mals, respectively. Glyoxalase II activities of 4- and
2-MDAB-fed rats were 1.4 and 1.3 times higher than
that of the control rats, respectively. The hepatic
glyoxalase II activity of the 3-MDAB group was
almost the same as that of the control group.

Hepatic levels of glutathione and cysteine.
Glutathione is a cofactor for the glyoxalase reaction.
As shown in Fig. 5, the hepatic glutathione level at
week 11 was 1.2-fold higher in the 3-MDAB group,
while the level in the 2-MDAB-fed group was 78% of
that of the control group. The glutathione level in 4’
-MDAB-fed rats was comparable to that of the control
group. The hepatic level of cysteine at week 11 was
determined in order to ascertain the hepatic glutathi-
one level. In a previous paper, we reported that ele-
vated synthesis of glutathione was associated with
increased levels of cysteine [25]. The cysteine con-
tent in the livers of the 3-MDAB group was 0.39 u
mol/g wet weight, while that of the control group was

o
ol /////

l: Control Z: 3-MDAB 4: 4-MDAB 4: 2-MDAB
#%k p<0.01, kkk p<0.001

Fig. 5 Contents of glutathione in livers of rats fed 0.064 % azo
dyes. Means = S.EM,, n=5.
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0.12 ymol/g wet weight. The hepatic cysteine con-
tents of the 4-MDAB- and 2-MDAB-fed groups were
0.24 and 0.2 umol/g wet weight, respectively.

Demethylation activily in the liver of rats fed
azo dyes.  As shown in Fig. 6, when 2-MDAB was
used as a substrate, the liver microsomal fraction of
rats fed 2-MDAB contained the highest demethylation
activity. In other words, much larger quantities of
formaldehyde were formed from 2-MDAB in the
microsomal fraction of 2-MDAB-fed rats (25.6 nmol
HCHO/mg protein/20 min). When 4-MDAB was used
as a substrate, the microsomal fraction from the 4’
-MDAB-fed rats showed the lowest demethylation
activity (14.1 nmol HCHO/mg protein/20 min). When
3-MDAB was used as a substrate, the hepatic micro-
somal fraction from rats fed 3-MDAB had 63% of the
demethylation activity of the 2-MDAB-fed rats
(16.2 nmol HCHO/mg protein/20 min). These results
are very important and will be discussed later.

When aminopyrine was used as the substrate, the
enzymatic demethylation activity in the liver micro-
somal fraction of 3-MDAB-fed rats was 70% that of
the control (31.0 nmol HCHO/mg protein/20 min),
while the activities of the liver microsomal fractions
of rats fed with 4- and 2-MDAB were 30.0 and
26.9 nmol HCHO/mg protein/20 min, respectively.

Urine volume of rats fed azo dyes. In the
case of the 4-MDAB and the control group, the uri-
nary volume increased almost linearly during growth
and reached 4.2-fold the initial volume by week 10.

_ 30
£
IS
2
=N
S S 2
£
S 7
=Ne)
§5 10 | /
G.)I /
S35
g /
< 7
%:3-MDAB [7:4-MDAB [77:2-MDAB

*% p<0.01

Fig. 6  Demethylation activities in livers of rats fed 0.064 % azo
dyes. The microsomal fractions from rat livers of rats fed 3-, 4-
and 2-MDAB were tested for the activities using the respective
MDAB as a substrate. Means + S.E.M., n=5.
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The excreted urine of 3-MDAB-fed rats increased
linearly and reached 2-fold the initial volume at week
8 and then decreased to the starting level by week 10.
When rats were fed 2-MDAB, the excretion of urine
increased linearly, but more slowly than the control
and reached only 75% of that of the control animals at
week 10. The increase of urine volume paralleled the
volume of water drunk. That is, the 3-MDAB-fed
rats drank the smallest amounts of water and hence,
produced the smallest quantity of urine.

Amount of methylglyoxal in rat urine.  The
amount of methylglyoxal excreted by the rats of the
control group was fairly constant, between 140 and
188 nmol/40h throughout the experiment. The con-
centration was about 6 nmol/ml. The 3-MDAB-fed
rats excreted less methylglyoxal than the control rats.
The amount of methylglyoxal excreted at week 4 was
60% that of the control. The 4-MDAB fed-rats
excreted linearly increasing amounts of methylglyoxal
and at week 10, the level was 1.4 times higher than
that of the control rats. When rats were fed
2-MDAB, the amount of methylglyoxal excreted was
similar to that of the control animals.

p-Lactate content in rat urine.  The control
group excreted d-lactate at a rate of about 1.5 y#mol/
40h throughout the 10 weeks. The concentration was
about 60 nmol/ml. Rats fed azo dyes excreted d-lac-
tate in the urine at higher levels than the controls for
the duration of the experiment. When 3-MDAB was
fed, the excretion increased until a maximum (4.1 y
mol/40h) was reached at week 4. The excretion
returned to the control level at week 8. When 4
-MDAB was administered to the rats, the amounts of
d-lactate in urine increased gradually from the 4th
week and reached 3.9 ymol/40h at week 10. In the
case of the 2-MDAB-fed group, d-lactate was excreted
at about the control level throughout the experiment.

The amounts of formate excreted in urine
after administration of azo dyes.  As shown in
Figs. 7A, B and C, the amounts of formate excreted
by the control group remained constant at about 80
mol per 40h throughout the experiment. The formate
levels in the urine of the rats fed 3-MDAB and 4
-MDAB increased dramatically during the administra-
tion (Figs. 7A and B), while that of rats fed
2-MDAB was similar to that of the control (Fig. 7C).
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Discussion

In 1937, Kinoshita showed that p-dimethylamino-
azobenzene (butter yellow) produced hepatomas in rats
[26]. Miller and Baumann fed 11 derivatives of butter
yellow to rats for periods up to 240 days and a normal
diet after that. They reported that 3-MDAB caused
hepatomas in 5 of 8 rats after 3 months and in 7 of 8
rats after 4 months, while 4-MDAB produced only 1
tumor in 10 rats after 10 months. No tumors were
observed in 2-MDAB-fed rats after 10 months [27].

We have studied which organisms have high levels
of d-lactate in their bodies and are suitable for bio-
chemical studies of d-lactate. Furthermore, we have
also been interested in knowing under which physio-
logical conditions these animals have high levels of
d-lactate. Earlier, we found that when rats were
given 3-MDAB, the hepatic levels of d-lactate and
methylglyoxal increased considerably from the start of
the administration to the 20th week when compared to
the control group [15]. In order to substantiate the
hypothesis that d-lactate is degraded into formate and
acetaldehyde, at first we induced hyperproduction of
d-lactate in rats by administering azo dyes; then,
formate levels in urine were determined. The experi-
ments on rats given 4-MDAB and 2-MDAB were done
to compare results with those of rats given 3-MDAB.

We first ascertained the general physiological state
of the experimental rats. As mentioned in the results,
body mass, food, water intake and urine volume were
documented and clinical chemistry parameters in blood
plasma were examined. It is noteworthy that the rats
given 3-MDAB showed either the highest or lowest
physiological and biochemical values among the groups
given the 3 types of MDAB. As mentioned above, 3’
-MDAB has the most potent carcinogenic activity.
[27]. However, it is known that rats fed these three
types of MDAB do not develop hepatomas within 10
weeks as mentioned above.

When we studied changes in metabolite concentra-
tions and enzyme activities related to d-lactate at
week 11, the most striking findings were high hepatic
levels of methylglyoxal and d-lactate in the rats fed 3’
-MDAB, as shown in Fig. 3A and B. Interestingly,
the hepatic methylglyoxal and d-lactate levels of the 4’
- and 2-MDAB group showed no significant difference
from those of the control. Furthermore, the increases

of methylglyoxal and d-lactate in the 3-MDAB-fed
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Fig. 7  Total formate contents in urine samples of rats fed 0.064 % 3-MDAB (A), 4-MDAB (B) and 2-MDAB (C). The urine samples

were collected for 40h starting at 5.00 p.m. of the first day of the experiment week.

rats livers were not reflected in their blood plasma
levels.

As shown in Figs. 4A and B, the administration of
azo dyes seemed to affect the activities of glyoxalase
Tand II. The increase of the activity of glyoxalase
I together with the increase of the hepatic glutathi-
one level (Fig. 5) appears to be the cause of the
increase of the hepatic contents of d-lactate in the 3’
-MDAB-fed rats.

The main objective in this report was to determine
the amount of formate in rat urine from intake of dif-
ferent MDAB isomers. As shown in Figs. 7A and B,
the rats fed 3- and 4-MDAB excreted large quantities
of formate from week 2 to the end of the experiment.
However, formate was excreted only on the control
level by the 2-MDAB group (Fig. 7C). The normal
group also excreted considerable amounts of formate.
The concentration was 3.3 mM. It is clinically worth
noting that the elevation of urinary formate occurs in
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rats in the precancerous state.

As a working hypothesis, we expected that the
amounts of formate in the urine of rats given different
MDAB isomers must reflect their relative carcino-
genic activities. However, the result was not in
accordance with what would be expected; that is,
formate was excreted in relatively large amounts in
urine of rats given 4-MDAB. Theoretically, the
amount of formate in urine must be dependent upon 1)
d-lactate formation, 2) glutathione concentration, 3)
activity of glyoxalase I and II, 4) degradation rate of
d-lactate in liver, and 5) efflux rate of d-lactate from
liver. Here, factor 5 can be neglected due to the fact
that no efflux of d-lactate into blood could be observed.
The amount of formate excreted by the 3-MDAB-fed
group can be well explained by the factors mentioned
above. The amount of urinary formate of rats given 4’
-MDAB may be explained by factor 4, because the
liver function of 4-MDAB group must be more active
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than that of the 3-MDAB group, as shown in the
results for the clinical chemistry parameters.

The origin of the formate in rats given azo dyes is
a topic of some controversy. The first hypothesis is
that the formate arises from the N-methyl group.
Since N-dimethyl groups are subjected to a demethyl-
ation reaction in the microsomal fraction [28, 291,
some of the formate in urine may be attributable to the
methyl group from this process. However, if the ori-
gin of the urinary formate were the methyl group, all
3 groups of rats would excrete nearly equal amounts
of formate. As shown Fig. 6, the demethylation
activity for 3-MDAB in the liver microsomal fraction
of the 3-MDAB group was somewhat less than the
activity for 2-MDAB in the microsomal fraction of the
2-MDAB group. These experimental results suggest
the possibility that urinary formate is formed not from
the N-dimethyl group of MDABs but from d-lactate or
methylglyoxal.

The second hypothesis is that d-lactate is split into
acetaldehyde and formate. For the background of this
hypothesis, the experimental results of Poulos et al.
are presented here. Poulos et al. reported that formic
acid is a product of the a-oxidation of fatty acid having
a 3-methyl group. Since phytanic acid has a 3-methyl
group, it theoretically cannot be degraded by B-oxi-
dation. Phytanic acid in food is first oxidized at the
2-position, and the 2-hydroxyacid formed is then
degraded into formic acid and a long chain aldehyde
[30]. However, the configuration of the 2-hydroxy
acid was not shown by the authors.

Finally, there is the hypothesis presented by
Argilés (1989) that methylglyoxal is degraded into
formate [31]. He reported that mammalian pyruvate
dehydrogenase complex catalyzed the oxidation of
methylglyoxal to acetyl-CoA and formate in the pres-
ence of Coenzyme A, NAD" and cofactors. However,
methylglyoxal is not thought to be the appropriate
precursor for formate, because methylglyoxal is a
competitive inhibitor of the complex for pyruvate and
the Km value for methylglyoxal was 1.89 mM, while
the methylglyoxal concentration in the rat liver was
calculated to be about 4 yM.

Previously, we reported that fairly large amounts
of formate are always found in the urine of humans,
rats and mice under normal conditions [32]. The
concentrations are about 5 mM for humans and 10 mM
for rats. Many papers have documented the origins of
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formaldehyde, a precursor of formate, in animals.
Formaldehyde can arise from methylguanidine
(Kawata et al. 1983) [33], tertiary butyl alcohol
(Cederbaum et al. 1983) [34], nitrosodimethylamine,
methyl hydrazine and 1, 1-dimethyl hydrazine (Godoy
et al. 1983) [29], aminopyrine, dimethyl sulfoxide
and t-butanol (Cederbaum and Dicker 1983) [35],
N-nitroso-N-methylbutylamine (Suzuki et al.) [36],
and methanol (Ohmori et al. 1988) [32]. However,
the occurrence of formate in normal urine cannot be
explained by these sources, since they are artificial
and xenobiotic. If formaldehyde, which is toxic and
chemically reactive, is formed in organisms, it is
oxidized to harmless formate by formaldehyde dehy-
drogenase, which we purified from rat liver cytosol
[37].

There is no direct evidence for the formation of
formate from d-lactate in animals as mentioned above.
We present only the possibility of the degradation of
d-lactate. However, the report by Brant and associ-
ates (1984) that the rate of oxidation of d-lactate
exceeded that of | -lactate in the rat liver has particu-
larly encouraged us in our study [38]. In any event,
d-lactate metabolism must actively occur in mammals.

As more circumstantial evidence of the cleavage,
we may present the existence of acetaldehyde in the
organs of normal animals. We tried to measure the
acetaldehyde concentration in several organs of rats
using sensitive and specific determination methods of
ethanol and acetaldehyde and reported that normal
rats have considerable amounts of ethanol and acetal-
dehyde in their organs [39, 40]. At that time we
questioned where the acetaldehyde comes from. We
now think that the origin of acetaldehyde in normal
mammals may be d-lactate. Incidentally, there is
another possible origin of acetaldehyde. In biochemi-
cal textbooks, it is described that threonine is catabo-
lized through 3 routes: threonine-3-dehydrogenase,
threonine dehydratase, and threonine aldolase.
Threonine aldolase catalyzes cleavage to acetaldehyde
and glycine, However, we reported that the activity
of threonine aldolase in the rat liver was so low that
its role in threonine metabolism was negligible [41].
If the split reaction takes place, it is possible to
explain the reaction mechanism by the reverse reac-
tion of acyloin condensation.
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