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Abstract. The 3-carbon keto-aldehyde, methylglyoxal (MeG), inhibits growth in bacterial
and mammalian systems. The glyoxalase enzyme system catalyzes the catabolism of the a,3-
dicarbonyl to form D-lactate with glutathione (GSH) as a cofactor. Glyoxalase I (S-lactoyl-
glutathione methylglyoxal-lyase, isomerizing; EC 4.4.1.5) and glyoxalase II (S-2-
hydroxyacylglutathione hydrolase; EC 3.1.2.6) are present in mammalian tissues and have a
high specific activity in red blood cells. In order to determine possible changes in the
glyoxalase system with growth, the various components of the glyoxalase system were
measured in the blood of male Sprague —Dawley rats aged 20 to 89 days. Glyoxalase I and II
kinetic parameters were determined in potassium phosphate buffer at pH 6.8. Glutathione
reductase activity, blood concentration of GSH and protein, plasma concentration of D-
lactate, and hematocrit were also measured. The mean V for glyoxalase I was 81
pmole-min~!-ml™* of red blood cells as compared to the glyoxalase II catalysis of S-lactoyl-
glutathione (SLG) to D-lactate of 48 wmole -min~!-ml~!. The mean K,, values for MeG and
SLG were 0.9 and 1.2 mM, respectively. The K,, and V for the glyoxalase enzymes were
not age dependent in the growing animal when controlled for changes in hematocrit and pro-
tein. Only p-lactate plasma concentration showed a positive correlation with age (P < 0.005)
when hematocrit and protein changes were controlled. The increase in D-lactate may indi-

cate an increased formation of MeG with potential for cellular inhibition.

The research of Szent-Gyorgyi and
others has shown that the 3-carbon keto-
aldehyde, methylglyoxal (MeG), inhibits
growth in bacterial and mammalian systems
(1, 2). The glyoxalase enzyme system
shown in Fig. 1 catalyzes the formation of
D-lactate from the cytotoxic «,B3-dicarbonyl
with glutathione (GSH) as a coenzyme (3).
Glyoxalase 1 (S-lactoyl-glutathione methyl-
glyoxal-lyase, isomerizing; EC 4.4.1.5) and
glyoxalase II (§-2-hydroxyacylglutathione
hydrolase; EC 3.1.2.6) are ubiquitous in
mammalian tissues and have a high specific
activity in red blood cells (4). The substrate
for the system is the nonenzymatically
formed hemimercaptal from MeG and GSH
(5). The synthesis of MeG in mammalian
tissues appears to be mainly nonenzymatic
(6, 7) although a methylglyoxal synthase
(EC 4.2.99.11) has been isolated from Esch-

! A preliminary report of this work was presented at
the 1981 meeting of FASEB in Atlanta, Ga. An
abstract appeared in Fed Proc 40:555, 1981.

erichia coli (8) and enzymatic formation
of MeG from dihydroxyacetone phosphate
in rat liver homogenates has recently been
reported (9). p-Lactate formation, pre-
sumably through MeG, occurs in human
blood in vitro when glycolysis is inhibited
or by addition of MeG (10).

The activity of the glyoxalase enzyme
system changes under rapid growth condi-
tions such as liver regeneration and cancer.
Liver GSH and glyoxalase I activity double
12 hr after partial or sham hepatectomy
(11), while hepatic glyoxalase I and II ac-
tivities decrease in tumor-bearing mice (12,
13). Molecular weight modification of
glyoxalase I also occurs in tumor-bearing
animals without any change in kinetic prop-
erties (14). In the present study, changes in
the glyoxalase system with normal growth
and maturation were determined. The vari-
ous components of the glyoxalase system
including glyoxalase I and II, the cofactor
GSH, and the product D-lactate were mea-
sured in the blood of rats aged 20 to 89
days.
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FiG. 1. Methylglyoxal and the glyoxalase enzyme
system. (1) Methylglyoxal; (2) nonenzymatically
formed hemimercaptal; (3) S-lactoyl glutathione; (4)
D-lactic acid.

Materials and Methods. Reagents. Ex-
cept as noted, any chemicals used were
obtained from Sigma Chemical Company.
Gallard-Schlesinger metaphosphoric acid
sticks contained approximately 60% HPO;
and 40% NaPO;. Hydrazine (95%) was
from Eastman Chemicals. MeG was steam
distilled and its concentration determined
using the Friedemann method (15). S-
Lactoyl-glutathione (SLG), the substrate
for glyoxalase II, was prepared by adding
12 ml of potassium phosphate buffer, pH
6.8, 0.1 M to 24 umole of the Ba salt of
SLG, adding 75 umole of Na,SO,, mixing,
and centrifugation at 12,000g for 10 min.
The supernatant fluid was used as the sub-
strate stock solution and was about 2.0
mM. The actual concentration of SLG was
determined after dilution in phosphate
buffer by SLG molar absorptivity of 3.37
mM~'-cm™! at 240 nm (16). GSH for
glyoxalase I activity determination was
prepared at 0.1 M with the pH adjusted
to 6.8.

Samples. All rats used in this study were
Sprague—Dawley males from Flow Labo-
ratory (Dublin, Va.). The rats were housed
in an animal room which had thermostati-
cally controlled temperature (22—26°) on a
12 hr of light schedule. Each shipment of
rats was kept in the animal room for at least
a week before using in the study. Ralston
Purina rodent laboratory chow and water
were provided ad libitum. Food was with-
drawn in the afternoon before a rat was to
be used the next morning. All rats used
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were decapitated between 10 and 11 AM.
Blood for analysis was collected in 103 X
29-mm polypropylene centrifuge tubes
containing 100 USP units of sodium hepa-
rin. Hematocrit was determined using Dade
microhematocrit capillary tubes in a clinical
centrifuge. Using 0.5 ml of blood, hemoly-
sates were prepared for the measurement of
GSH, glyoxalase I and II, glutathione re-
ductase (NADPH: oxidized glutathione
oxidoreductase, EC 1.6.4.2), and protein.

GSH determination. GSH in whole blood
was determined spectrofluorometrically
using a modification of the procedure of
Cohn and Lyle (17) (R. B. Brandt, M. G.
Waters, M. H. Bloch, and P. Fine, unpub-
lished data). o-Phthaldialdehyde in 0.1 M
Bicine (N, N-bis(2-hydroxyethyl)glycine) at
pH 8.3 from Boehringer-Mannheim with
0.26 mM EDTA, was used to form the
fluorophore. Whole blood was lysed by add-
ing 0.2 to 1.0 ml 0.26 mM EDTA and 0.6
ml of the lysate was added with mixing to
0.2 ml 8.8% HPO3;—0.26 mM EDTA for de-
proteinization. A protein-free supernatant
fluid for analysis was obtained by centrifu-
gation at 10,000¢ for 10 min in a Sorvall
RC2-B.

Glyoxalase I and II and glutathione re-
ductase analysis. For enzyme and protein
determinations, a 1/10 hemolysate was pre-
pared by adding 0.3 ml of whole blood to
2.7 ml H,0. The resulting lysate was mixed
and centrifuged at 27,000g for 20 min to re-
move the cell membranes. This cell-free
supernatant fluid was assayed for activity
of the glyoxalase enzymes and glutathione
reductase. The glyoxalase I assay used was
a discontinuous spectrophotometric method
with alcoholic, acidic 2,4-dinitrophenylhy-
drazine as a reagent to follow the disap-
pearance of MeG over time, with the ab-
sorbance of formed MeG bis-hydrazone
measured at 432 nm (18). Glyoxalase I ac-
tivity was the reaction velocity (v) measured
at the highest substrate concentration, 3.52
mM MeG with 3.33 mM GSH (1.38 mM
hemimercaptal), expressed as MeG used or
SLG formed in umole-min™!-ml™! of red
blood cells or pumole-min~!-g~! of protein.
K,, and V were calculated by the double-
reciprocal method of Lineweaver—Burk
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(19) from v at four different concentrations
of MeG from 0.88 to 3.52 mM and 3.33 mM
GSH. Glyoxalase II was determined using
a modification of the procedure of Racker
(16). This continuous spectrophotometric
method is based on a decrease in absor-
bance by the substrate, SLG, at 240 nm.
Glyoxalase II activity was the v measured
at the highest substrate concentration (0.4
mM SLG) expressed as SLG used in
pmole-min~!-ml™! of red blood cells or g™
protein. K,, and V were calculated by the
double-reciprocal method (19) from v at
four different concentrations of SLG from
0.1 to 0.4 mM. Glutathione reductase ac-
tivity expressed as NADPH used in
pmole-min~!-mi~? of red blood cells or g!
of protein, was determined in 0.1 M Tris
(pH 8.0) using the method of Bergmeyer
(20). All enzyme reactions were measured
at 30°. Protein was measured using the
biuret method (21).

D-Lactate analysis. Blood was centri-
fuged at 1400g to remove cells and the
plasma D-lactate was determined spec-
trophotometrically using a specific NAD*-
linked p-lactic dehydrogenase (p-LDH)
from Lactobacillus leichmannii (D-lactate:
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NAD+ oxidoreductase; EC 1.1.1.28) by
measurement of NADH formed at 340
nm (22).

General. Spectrophotometric measure-
ments were obtained with a Gilford 252
modified Beckman DU equipped with a
strip chart recorder and a Lauda K-2/R
constant temperature bath and automatic
cuvette positioner. Statistical data analysis
was performed using the IBM 370 computer
with the SAS software package and a TI 59
programmable calculator.

Results. The rats studied ranged in age
from 20 to 89 days. This group represented
rats from the time just after weaning to
young adulthood. Sexual maturity is at-
tained around 60 days of age (23). Body
weight ranged from 24 to 442 g. Body
weight increased steadily with age, as
shown in Fig. 2 and Table I. These rats
were then used for the analysis reported
here.

Table II shows the mean value + SE with
the number of observations for each of the
parameters measured. The mean V for
glyoxalase I was 81 wmol-min—'-mi~* and
48 umole-min~*- ml~* for glyoxalase II. The
glyoxalase II catalysis of SLG to Dp-lactate
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TABLE I. CORRELATION OF BoDY WEIGHT,
HEMATOCRIT AND PROTEIN WITH RAT AGE

Parameter X re P? Nc¢

Body weight (g) 0.874 0.001 37
Hematocrit

(% red blood cells) 0.623 0.001 37
Protein (mg/ml blood) 0.473 0.005 36

@ Simple linear correlation coefficient between X
and age.

b P-value, determined by two-tailed ¢ test.

¢ Number of observations, rats age 20 to 89 days.

appears to be the rate-limiting reaction in
the catabolism of MeG in blood. The average
K,, for glyoxalase I for MeG (at 3.33 mM
GSH) was 0.9 mM and for glyoxalase II
was 1.2 mM. GSH mean concentration in
red blood cells was 73 mg/100 ml (2.4 mM).
Mean plasma D-lactate concentration was
0.19 mg/100 ml (0.02 mAMf). Hematocrit and
total blood protein concentration mean
values were 48% and 129 mg/ml, respec-
tively, and the simple correlations with age
are shown in Table I.

Since the object of our study was to de-
termine if any of the parameters we mea-
sured changed with age, linear regression
and correlation coefficients for each of the
parameters against rat age were deter-
mined. The results are shown in Table III.
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A two-tailed ¢ test was used to test against
the hypothesis that the correlations were
zero (Ho: R = 0) with a P < 0.05 being
accepted as minimal significance. Rat age
and rat weight were strongly correlated (r =
0.874, n = 37, P < 0.001) (Table I) as was
expected.

Significant simple correlations (P < 0.05)
were found between rat age and hematocrit,
protein, activities of glyoxalase I and II,
and activity of glutathione reductase (Table
III). Hematocrit and protein concentration
had the highest correlation with age (Table
I). With increasing age, both hematocrit and
protein increased, but the enzyme ac-
tivities, expressed per milliliter of red blood
cells per gram of protein, decreased with
age. This suggested that the correlations
between age and enzyme activity may have
been a consequence of the relationships
between age and increasing percentage red
blood cells or protein. To test this possibil-
ity, partial correlation coefficients were
determined according to the method of
Snedecor and Cochran (24), thus allowing
for consideration of correlations between
the glyoxalase system parameters against
age while controlling for the effects of he-
matocrit and protein concentration. The re-
sults are shown in Table III. The partial
correlation coefficients between age and

TABLE II. MEAN AGE, BobY WEIGHT, AND BLOOD VALUES OF MALE SPRAGUE—DAWLEY RATS,
AGES 20—89 Days

Mean += SE (N)*

Age (days)

Body weight (g)

Hematocrit (% red blood cells)
Protein (mg/ml whole blood)

(v) Glo. I (umole-min~*-ml™* red blood cells)

(v) Glo. I (umole-min~'-g~! protein)
K,, for Glo. I (mM)

V for Glo. I (umole - min~'-ml* red blood cells)
(v) for Glo. II (umole-min~!-ml! red blood cells)

(v) Glo. II (umole-min~!-g~! protein)
K,, for Glo. II (mM)

V for Glo. II (umole-min~-ml™! red blood cells)
(v) GSSG reductase (umole - min~'-ml~! red blood cells)
(v) GSSG reductase (umole-min~!-g~! protein)

GSH (mg/100 ml whole blood)
GSH (mg/100 ml red blood cells)
D-Lactate (mg/100 ml plasma)

51.5+3.5 (37
217 =18 37
48.1 = 0.01 37
129 = 6.2 (36)
64.8 1.2 (36)
254 £ 13 (36)
0.86 = 0.04 (31)
80.6 + 1.8 30)
10.3 £ 0.38 37
40.6 = 2.1 (36)
1.22 £ 0.16 (35
47.7 = 5.1 (33)
0.19 = 0.01 (37
0.74 = 0.05 (36)
348+ 1.8 36)
72.7+3.8 (36)
0.19 = 0.02 (33)

% In some cases, there were missing values for certain determinations. Several extreme values were also ex-

cluded by a test of outliers (24).
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TABLE III. PARTIAL CORRELATION OF AGE AND BLOOD VALUES, HEMATOCRIT AND PROTEIN CONSTANT

X rax® rux’® rex? ¥ ax-up®
(v) Glo. I (red blood cells) —0.509¢ —0.675" —0.394F -0.099
(v) Glo. I (protein) -0.316 —0.3307 —0.867" 0.240
V Glo. I (red blood cells) -0.3511 —0.491¢ -0.323 —0.015
K,, Glo. 1 0.092 0.158 -0.123 0.060
(v) Glo. II (red blood cells) -0.321 -0.217 —0.037 -0.275
(v) Glo. II (protein) —0.413f -0.169 -0.714" —0.260
V Glo. II (red blood cells) 0.027 0.015 -0.250 0.122
K,, Glo. II 0.166 0.051 -0.274 0.304
(v) GSSG Reductase (red blood celis) —0.296 -0.130 —0.062 —0.288
(v) GSSG reductase (protein) —-0.410" —0.147 —0.586" -0.295
GSH (whole blood) -0.079 0.162 0.053 —0.242
GSH (red blood cells) —-0.240 —0.087 —0.032 —0.252
D-Lactate (plasma) 0.512¢ 0.161 0.162 0.528¢

¢ Blood value of interest, N for each given in Table II.

® Coefficient for the correlation between age and X.

¢ Coefficient for the correlation between hematocrit and X.

4 Coefficient for the correlation between protein and X.

¢ Coefficient for the correlation between age and X, holding hematocrit and protein constant.
# P < 0.05, all values without notation are nonsignificant.

¢ P < 0.005.
kP < 0.001.

the various blood values shown in Table III
(rax-up) show that only plasma D-lactate
correlated (rax.qp = 0.528, P < 0.005) with
age among the parameters studied. The re-
mainder of the significant simple correla-
tions were eliminated when the hematocrit
and protein concentration effects were held
constant.

Multiple regression analysis of the data
using age as the dependent variable and
body weight, hematocrit, enzyme ac-
tivities, GSH, protein, and D-lactate con-
centration as the independent variables in-
dicated that body weight and total protein
concentration were the parameters of most
value in predicting variation with age. The
next most important parameter was
glyoxalase I activity per milliliter RBC. The
multiple regression model was able to ac-
count for 87% of the variation when age
was used as the dependent variable (r? =
0.87).

Discussion. From the data in Table II,
the mean age was 51.5 days for the rats
from Fig. 2. The linear regression equation
for age vs weight, y = 4.520X — 15.993 (r =
0.874) is significant at the P < 0.001 level

for the 20- to 89-day-old rats studied. Our
investigation determined that both gly-
oxalase I and II enzyme activities de-
creased with the age of the rats as shown in
Table III. In addition the erythrocyte
marker enzyme, glutathione reductase, was
also found to decrease with rat age. How-
ever, these associations were found to be
dependent on hematocrit and protein con-
centration, which increased with age. This
is reflected by the partial correlation coeffi-
cients (rsx.gp) in Table III. This would indi-
cate that there is a constant amount of these
enzymes per volume of blood which then
becomes a decreasing amount of the total
blood protein as the total protein concen-
tration increases with age. Thus, as the
protein concentration increases with age,
the enzyme activities expressed per gram of
blood protein decrease. This is clearly
shown by the high negative correlation
coefficients for glyoxalase I, glyoxalase II,
and glutathione reductase activities (per
gram protein) vs blood protein concentra-
tion (Table III).

Since both hematocrit and protein con-
centration increased with age, it could be
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suspected that an increase in hematocrit
would produce an increase in total blood
protein as hemoglobin is the protein found
in largest quantity in whole blood. This in-
crease is apparently a physiological char-
acteristic of the growing rat, and is coupled
with a decreased blood volume per kilo-
gram body weight and an increased oxy-
gen carrying capacity per kilogram with
growth (23).

During the linear growth period, in the
first 90 days of life, the rats showed an in-
creasing concentration of plasma D-lactate.
D-Lactate had a high correlation with age (»
= 0.512, P < 0.005) which increased when
the effects of protein concentration and
hematocrit were statistically controlled.
The D-lactate concentration may be pro-
portional to the amount of MeG formed in
blood and other tissues, since MeG is con-
verted rapidly and unidirectionally to D-
lactate. In vitro experiments showed that
added MeG is converted stoichiometrically
to D-lactate in blood. Also, when glycolysis
was inhibited with fluoride, increases in
D-lactate concentration were found. In vitro
addition of large quantities of glycolytic
precursors without glycolytic inhibition led
to increased plasma D-lactate (10). This in-
dicates a potential glycolytic control func-
tion for MeG production and thus possible
glycolytic control of growth. Recent work
has shown that D-lactate is catabolized to
carbon dioxide in various rat tissues, with
virtually no catabolism in whole blood (25).
This leads us to question whether D-lactate
plasma levels are a reflection of the MeG
levels, the speed of catabolism, or both,
when considering the intact organism.
Szent-Gyorgyi calculated a concentration
of 0.1 M MeG was necessary to inhibit
growth of liver cells. He also postulated
that MeG is kept separate in the intact cell
from the glyoxalase system by combining
with other cellular components such as
amino or -SH groups and shows that there
may be complexed MeG approaching 0.1 M
(26). It may be that we are measuring only a
portion of the MeG produced by measuring
its catabolic product p-lactate, even with-
out consideration of the possible fallacy in-
troduced by D-lactate catabolism. At the
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very least, the correlation of D-lactate con-
centration with age (Table III) indicates
either an increased MeG turnover with
age or a decreased D-lactate catabolism
with age.

The K ,, for the glyoxalase enzymes did
not significantly correlate with age in the
growing rat, but was consistent with a mean
of 0.86 mM =+ 0.04 for 31 rats. Thisis a 5 to
10 times difference from the 0.09 mM K,
reported by Vander Jagt for rat erythrocyte
glyoxalase I (27) depending on whether the
K ,, is determined on the basis of MeG or
the calculated hemimercaptal. The differ-
ences in methodology lead to the higher K ,,
reported here. The analytical procedure
that we use (18) is readily applicable to
crude tissue systems. Vander Jagt reported
(27) a specific activity of 0.26 IU for rat
blood homogenate which is in excellent
agreement with our finding of 0.32 IU from
the V data in Table II for 36 rats at a 5°
higher assay temperature. The K ,, reported
here of 1.22 + 0.16 mM for SLG is about 10
times that reported for rat blood (28) and
may be a factor of our using the Racker (16)
procedure at a higher temperature. Both the
K, for glyoxalase I and II were consistent
for triplicate determinations in this study.

Our investigation found a highly positive
correlation between plasma D-lactate levels
and rat age. The other glyoxalase system
parameters did not show this correlation
when the effects of hematocrit and protein
concentration were controlled (held con-
stant). If p-lactate concentration does ade-
quately reflect cellular MeG, the hypothesis
that MeG is a natural growth inhibitor and
thus would increase as organisms reach the
end of their rapid growth phase would have
some support.
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for Cancer Research.
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