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An enzymatic assay was developed for the spectrophotometric determination of glyco-
late in urine and plasma. Glycolate was first converted to glyoxylate with glycolate oxi-
dase, and the glyoxylate formed was condensed with phenylhydrazine. The glyoxylate
phenylhydrazone formed was then oxidized with K, Fe(CN), in the presence of excess
phenylhydrazine, and A, of the resulting 1,5-diphenylformazan was measured. Since
glycolate oxidase also acts on glyoxylate and L-lactate, the incubation of samples with
glycolate oxidase was carried out in 120-170 mM Tris-HCI (pH 8.3) to obtain glyoxylate
as its adduct with Tris. The pyruvate formed from lactate was removed by subsequent
brief incubation with alanine aminotransferase in the presence of L-glutamate, and a-
ketoglutarate formed was converted back to L-glutamate by glutamate dehydrogenase
and an NADPH generating system. Thus the specificity of the assay relies principally on
the substrate specificity of glycolate oxidase, and high sensitivity is provided by the
high absorbance of 1,5-diphenylformazan at 515-520 nm. Plasma was deproteinized with
perchloric acid, and then neutralized with KOH. Plasma and urine samples were then
incubated with ~5 mM phenylhydrazine, and then treated with stearate-deactivated ac-
tivated charcoal to remove endogenous keto and aldehyde acids as their phenylhydra-
zones. The normal plasma glycolate and urinary glycolate/creatinine ratio for adults de-

termined by this method are -8 pM and ~0.036, respectively.

Key words: 1,5-diphenylformazan, glycolate, glycolate oxidase, glyoxylate-Tris adduct,

oxalate.

The significant role of oxalate in urinary tract stone forma-
tion is well established inasmuch as 70% of all such stones
contain calcium oxalate. Glycolate is one of the major pre-
cursors that contribute to hepatic oxalate synthesis. As to
the origin of glycolate in the body, some is derived from the
diet, because it is an intermediate of photorespiration and
is present in significant concentrations in many plant tis-
sues (3). A larger portion appears to be endogenously syn-
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Abbreviations: Ay;,, absorption at 515 nm, a_,,, absorbance of a 1
mM solution (extrapolated to 1 mM) determined with a microplate
reader; €,,, millimolar extinction coefficient (light path: 1 cm);
DGDH/GR, p-glycerate dehydrogenase/glyoxylate reductase; GO,
glycolate oxidase; LDH, lactate dehydrogenase; SPT/AGT, serine:
pyruvate/alanine:glyoxylate aminotransferase.

3 This enzyme has been called serine:pyruvate aminotransferase
(SPT, EC 2.6.1.561) or isozyme 1 of alanine:glyoxylate aminotrans-
ferase (AGT, EC 2.6.1.44), and both the activities have been shown
to be of physiological importance (1, 2). In this paper, the enzyme is
referred to as SPT/AGT.

4 This enzyme has been called p-glycerate dehydrogenase (DGDH,
EC 1.1.1.29) or glyoxylate reductase (GR, EC 1.1.1.26), and both
activities have been shown to be of physiological importance. In this
paper, the enzyme is referred to as DGDH/GR.
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thesized, although its metabolic origin remains unknown.
Glycolate thus ingested or synthesized is either metabo-
lized to glyoxylate by glycolate oxidase (GO, EC 1.1.3.1) in
the liver or excreted in the urine. The glycolate content of
animal tissues is far below that of plants, partly because of
its metabolism and rapid urinary excretion (3).

The major metabolic pathways of glyoxylate in the liver
include (i) conversion into glycine catalyzed by serine:pyru-
vate/alanine:glyoxylate aminotransferase (SPT/AGTY, (i)
reduction to glycolate catalyzed by D-glycerate dehydroge-
nase/glyoxylate reductase (DGDH/GR)! or lactate dehydro-
genase (LDH), and (iii) oxidation to oxalate catalyzed by
LDH (4). The transamination to glycine catalyzed by SPT/
AGT appears to be the main route of glyoxylate metabo-
lism, at least in humans, and the functional deficiency of
this enzyme in the case of primary hyperoxaluria type 1 is
characterized by a marked increase in the urinary excre-
tion of glycolate as well as oxalate (5, 6). These results sug-
gest that glycolate and glyoxylate are interconvertible in
vivo, probably via the oxidation of glycolate by GO in liver
peroxisomes and the reduction of glyoxylate by DGDH/GR
in the cytosol or LDH. Therefore, the accurate measure-
ment of glycolate is indispensable not only for the differen-
tial diagnosis of hyperoxaluria syndromes but also for
understanding the dynamics of glycolate and glyoxylate
metabolism.

Glycolate has been measured by colorimetric (3, 7-9), iso-
tope dilution (10), and gas chromatographic methods (11).
Recently, glycolate in the urine and plasma has been deter-
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mined after conversion to glyoxylate by GO. Petrarulo et al.
successfully determined the glyoxylate thus formed by an
HPLC method after derivatization to its phenylhydrazone
(12, 13). Although the GO-coupled HPLC method is poten-
tially quite effective, a reliable spectrophotometric assay
also deserves to be developed, since it should be practicable
in every laboratory using commercially available GO from
spinach. Kasidas and Rose (14) determined glycolate in
urine and plasma by measuring H,0O, generated in the GO-
catalyzed oxidation of glycolate to glyoxylate. In this case,
however, the H,0, derived from L-lactate and glyoxylate
had to be corrected accurately, because GO catalyzes the
oxidation of not only glycolate, but also L-lactate and glyox-
ylate. In another enzymatic method, the level of glyoxylate
formed in the oxidation of glycolate was determined spec-
trophotometrically after derivatization to its 2,4-dinitrophe-
nylhydrazone (15). This method is also impracticable, how-
ever, especially for the assay of glycolate in plasma, because
the absorbance of glyoxylate 2,4-dinitrophenylhydrazone is
not high enough (¢_,, at 450 nm in 0.5 N NaOH is about
8.9) and, in addition, the color of the hydrazone in basic
solution is extremely unstable (16).

In this study, we attempted to measure glycolate by the
GO-catalyzed oxidation to glyoxylate, followed by non-enzy-
matic conversion of the latter to 1,5-diphenylformazan via
glyoxylate phenylhydrazone. It is known that an intensely
colored 1,5-diphenylformazan (g, at 520 nm is 40-41) is
formed when the oxidative azo coupling of glyoxylate to
phenylhydrazine takes place with simultaneous decarboxy-
lation in the presence of excess phenylhydrazine (17) (Fig.
1). Since the color development is not entirely specific to
glyoxylate (18), the 1,5-dipheylformazan method may not
be well suited for the determination of glyoxylate in biologi-
cal samples. If it is connected to the GO-catalyzed conver-
sion of glycolate to glyoxylate and enough consideration is
given to the substrate specificity of GO, however, this
method would be applicable to the determination of glyco-
late in biological samples with sufficient specificity and sen-
sitivity.

MATERIALS AND METHODS

Materials—Activated charcoal, Shirasagi Al, was ob-
tained from Takeda Pharmaceutical (Osaka), and partially

Glycolate

HOOC-CH,OH °X'd°9°

(glycolate)

’ HOOC-CHO
(glyoxytate)
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deactivated with stearic acid as described previously (19).
GO from spinach, Na-glyoxylate-H,0 and Li-L-lactate were
purchased from Sigma-Aldrich Japan (Tokyo), and alanine
aminotransferase, glutamate dehydrogenase, glucose 6-P
dehydrogenase, and beef liver catalase were from Roche
Diagnostic (Tokyo), ADP, NADH, NADPH, and glucose 6-P
were from Oriental Yeast (Tokyo); FMN, K ;Fe(CN),, meta-
phosphoric acid, Na-pyruvate, a-ketoglutaric acid, Tris(hy-
droxymethyl)aminomethane (Tris) and phenylhydrazine-
HCIl were from Wako Pure Chemical Industries (Osaka);
Na-glycolate was from Nacalai Tesque (Kyoto); creatinine
was from Merck (Darmstadt, Germany); Na-[1-*Clglyco-
late (2.035 GBg/mmol) was from American Radiolabeled
Chemicals (St. Louis, MO, USA); and Ekicrodisc 13CR (a
0.45 pm polytetrafluoroethylene filter) was from Gelman
Science Japan (Tokyo). Sources of the reagents used for the
determination of oxalate have been described previously
(19).

Determination of Glyoxylate after Conversion into 1,5-
Diphenylformazan—Glyoxylate was quantitatively con-
verted, via glyoxylate phenylhydrazone, into 1,5-diphenyl-
formazan, and its absorbance at 515 nm (A;;) was mea-
sured, essentially as described by Dekker and Maitra (20)
and Matsui et al. (17). A reaction mixture (140 ul) in a 96-
well microplate initially contained 0.2-5 nmol of glyoxylate
and 10 pl of 2% (w/v) phenylhydrazine-HCl. After 15-min
incubation at room temperature, A, (A-1) was measured
with a Microplate Bio Kinetics Reader (EL 340, Bio-Tek
Instrument, Winooski, VT, USA) against a control contain-
ing no glyoxylate as a blank. Then 52 pl of conc. HCl and 8
W of 5% (wiv) K;Fe(CN), were added (final 200 ul) in that
order with mixing after each addition, after which A;;; (A-2)
was measured at about 1-min intervals for 8-10 min. A,
increased sharply after the addition of K ,Fe(CN),, reached
a plateau, and then decreased slowly. The difference be-
tween the peak values of A-2 and A-1 (A4;,,) was linear
against the glyoxylate concentration up to about 25 pM,
and a_y (AA;; when the concentration of glyoxylate is 1
mM) of the glyoxylate determination was about 19 under
the conditions used. When the reaction was carried out in a
cuvette in a total volume of 1.0 ml and A,,, was measured
with a spectrophotometer, €, of the glyoxylate determina-
tion was about 40.

Determination of Glycolate—Glycolate was first oxidized

(phenylhydrazine)

S
H O Catalase
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the presence
(1,5—diphenylformazan) of excess

henylhydrazine
Amax = 520 nm P yiny
emM ~ 40
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Fig. 1. Principle of the glycolate oxidase-coupled
spectrophotometric determination of glycolate.
Glycolate is first incubated with GO in 120-170 mM
Tris-HC1 (pH 8.3), and the glyoxylate formed is
trapped as its adduct with Tris. Catalase is included in
the reaction mixture to protect glyoxylate from decom-
position by H,0,. The accumulated glyoxylate as the
Tris adduct is derivatized to its phenylhydrazone, and
then converted into intensely colored 1,5-diphenylfor-
mazan by oxidation with K,Fe(CN), in the presence of
excess phenylhydrazine.
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to glyoxylate in Tris-HCI (pH 8.3) with GO, and the glyoxy-
late-Tris adduct was quantified after conversion to 1,5-di-
phenylformazan. Figure 2 shows the reaction system for
glycolate determination. For every sample, four control in-
cubations, (1), (3), (4), and (5), were carried out. In (1), 8 ul
of 3.2 M (NH,),SO, and 16 pl of 1 mM FMN were added
instead of 8 pl of ~20 unite/ml GO in 3.2 M (NH,),SO, con-
taining 2 mM FMN (minus GO control). In (3), (4), and (5),
1.5, 3.0, and 4.5 nmol of glycolate were added, respectively,
in addition to the sample, to measure the efficiency of each
determination. Another set of incubations contained no
sample and was referred to as “minus sample control.” The
concentration of Tris buffer (pH 8.3) was 120170 mM to
trap glyoxylate formed as an adduct with Tris, and catalase
was added in excess to protect glyoxylate from decomposi-
tion by H,O,. Each reaction was carried out in a 1.5-ml
polypropylene microtube in a total volume of 233 pl at 37°C
for 30 min. Then a pyruvate scavenging reagent containing
L-glutamate, ADP, glutamate dehydrogenase, glucose 6-P,
and glucose 6-P dehydrogenase was added together with
NADPH and alanine aminotransferase to convert any
pyruvate formed from L-lactate in the sample into alanine
(cf- Fig. 8). The reactions were finally stopped by adding 70
ul of 16% (w/v) metaphosphoric acid to 280 yl of reaction
mixture. The choice of 3% metaphosphoric acid to finally
stop the glycolate oxidase and pyruvate scavenging reac-
tions was according to Dekker and Maitra (20). In confir-
mation of their data, the effect of up to 4.3% metaphos-
phoric acid on £_,, of the glyoxylate determination was min-
imal.

After centrifugation (13,000 rpm/10 min at 4°C) 125 ul of
the supernatant was subjected to the glyoxylate assay as
described above, except that the absorbance of 1,5-diphe-
nylformazan at 515 nm was read against a blank contain-
ing all the reagents except the sample and GO or (NH,),-
SO/FMN. Preliminary experiments showed that glyoxylate

(1) (2) (3) (4) (5)

1 M Tris-HCI (pH 8.3) 0 40 40 40 40

10 mg/m| Catalase 5 5 5 5 ]

0.3 mM Glycolate —_ - -] 10 15§

Sample + H20 184 180 175 170 165

3.2 M (NH4)2504 g§ — - - —

1 mMFMN (~ pH 7) €4 — - - —

* ~20U/ml — 8 8 8 8
Incubatlon : 37°C/30 min 233 ul

Pyruvate scavenging reagent 37

2 mM NADPH 5

* 0.4 mg/ml ALT 5
Incubation : 37°CA5 min 280 ul
15% Mataphosphoric acid 70 ul
350 4

Fig. 2. Standard reaction system for the glycolate oxidase-
catalyzed conversion of glycolate to glyoxylate in glycolate
determination. The pyruvate scavenging reagent comprised 40.5
mM L-glutamate, 6.76 mM ADP, 0.27 mg/ml glutamate dehydroge-
nase, 40.5 mM glucose 6-P, and 0.26 mg/ml glucose 6-P dehydroge-
nase. Since the GO, alanine aminotransferase, and glucose 6-P de-
hydrogenase preparations used were suspensions in 3.2 M (NH,),.
S0,, the concentration of NH,* in the second incubation in a total
volume of 280 pul was 0.43 M. Abbreviation: ALT, alanine amino-
transferase.
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in the form of the Tris adduct is converted into 1,5-diphe-
nylformazan as effectively as free glyoxylate. AAy,, of (1)
(4A,,) representing noise or the increase in absorbance due
to compounds other than glycolate in the sample was usu-
ally very small, but A4, AA,,, AA,,, and AA, were all cor-
rected for AA,,. AA, — AA,, is the absorbance increase due
to glycolate in the sample, and A4y, — 44, 44, — 44,,
and AAg — AA, are those due to 1.5, 3.0, and 4.5 nmol of
standard glycolate in the initial reaction mixture, respec-
tively. From these values the linearity of each determina-
tion was verified, and from the slope of the linear line a_,,
of the glycolate determination in each sample was calcu-
lated. Only when AA;, AA,, and AA, fell on a linear line
and the calculated a ) was above 13 was the determined
AA,,, value taken to be valid. The amount (nmol) of glyco-
late in the sample was then calculated using the equation,

[(AA,, — A4 Va ) x 1/5 x 350/125 x 1000

The glycolate assay was performed using at least two dif-
ferent volumes of urine or plasma samples, and only when
the determined values were proportional to the amount of
samples was the assay taken to be valid.

Preparation of Urine Samples for Glycolate Deternuna
tion—It is highly desirable, especially for oxalate determi-
nation, that 24-h urine is collected in a bottle containing
10-15 ml of 6 N HC], but in this study 24-h urine was col-
lected from in-patients in our university hospital in the
absence of HCI. A portion of the collected urine was mixed
with one-hundredth volume of 6 N HCI as soon as possible,
and stored frozen at —80°C. After thawing, the acidified
urine was centrifuged wat 13,000 rpm for 10 min. The
supernatant was adjusted to pH 6.0-6.5 with 1 N NaOH,
the volume of which was noted, and then mixed with one-
twentieth volume of 100 mM phenylhydrazine (pH 6.0),
and incubated for 15 min at room temperature. Then the
incubated urine sample was subjected to charcoal treat-
ment as described previously (19) to remove phenylhydra-
zine, phenylhydrazones of endogenous keto and aldehyde
acids, and interferring substances in the urine, if any. In
brief, the urine sample was mixed with 80 mg/ml of stea-
rate-deactivated activated charcoal, and, after standing for
~10 min at room temperature with occasional shaking, the
mixture was centrifuged at 3,000 rpm for 10 min. The
supernatant was then passed through an Ekicrodisc 13CR
to remove fine particles of charcoal.

The recovery of the [*Clglycolate added to the urine
through the entire procedures for the preparation of urine
samples was almost quantitative as described under
"RESULTS AND DISCUSSION". Therefore, the concentration of
glycolate in the urine was calculated using the equation,

M in urine = nmol glycolate/ml urine sample
x 1.05(1.01 + k)

where k is8 ml of NaOH required to neutralize 1.01 ml of
acidified urine to pH 6.0-6.5.

Preparation of Plasma Samples for Glycolate Determina-
tion—Morning samples of venous blood were taken under
fasting conditions in the presence of heparin as an antico-
agulant and centrifuged as soon as possible at 3,000 rpm
for 5 min at 4°C. In one experiment, serum was separated
from the venous blood of a healthy volunteer using a Veno-
ject II autosep (Terumo, Tokyo). The plasma and serum
obtained were stored at —-80°C until use, deproteinized after
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thawing by adding one-tenth volume of 6.6 N perchloric
acid, and centrifuged at 13,000 rpm for 10 min at 4°C. The
supernatant was neutralized to about pH 6 with KOH, the
volume of which was noted, and the K-perchlorate precipi-
tate formed was removed by centrifugation in the cold.
Then the neutralized supernatant was subjected to treat-
ment with phenylhydrazine and stearate-deactivated acti-
vated charcoal, as in the care of urine samples.

Since the recovery of glycolate through the preparation of
plasma samples was also nearly quantitative so far as the
concentration of [C]glycolate added to the plasma was
concerned, as described under “RESULTS AND DISCUSSION,”
the concentration of glycolate in plasma was calculated
using the equation

uM in plasma = nmol glycolate/ml plasma sample
x 1.05(1.10 + k")

where £’ is ml of KOH required to neutralize 1.10 ml of
deproteinized plasma to pH 6.0-6.5.

Other Methods—Urinary oxalate was determined by an
enzymatic method using oxalate oxidase as described previ-
ously (19). Creatinine was determined by Jaffe’ reaction.
1“C-radioactivity was determined in a liquid scintillation
counter with a toluene-based emulsion scintillator contain-
ing 33% (w/v) Triton X-100, 0.5% (w/v) 2.5-diphenyloxazole
(DPO), and 0.03% (wA) 1,4-bis(4-methyl-5-phenyl-2-ox-
azolyl)benzene (dimethyl-POPOP).

RESULTS AND DISCUSSION

Determination of Glyoxylate and Glycolate after Conver-
sion to 1,5-Diphenylformazan—Figure 3A shows the ab-
sorption spectrum of 1,5-diphenylformazan prepared from
glyoxylate via glyoxylate phenylhydrazone as described
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g 1.0 ]
g 0.6 T & 0-8 4 R
f -
8 < 6 ]
o 04} E .
q
] 0.4 E
0.2t i
0.2 - B
F\~~~
0 Pttty fabninindes I===== 0 1 1 1
420 470 520 570 620 0 5 10 15 20

Wavelength (nm) min at room temp.

Fig. 3. Formation of 1,5-diphenylformazan from glyoxylate
via glyoxylate phenylhydrazone. A: Absorption spectrum of the
1,6-diphenylformazan formed. B: Time course of 1,5-diphenylforma-
zan formation. In this experiment, glyoxylate phenylhydrazone was
prepared in a 700 pl reaction mixture in a cuvette containing 100 pl
of 1% phenylhydrazine-HCI and ~20 nmol glyoxylate (A) or 100 mM
K-phosphate (pH 8.3), 100 pl of 1% phenylhydrazine-HCI and ~30
nmol glyoxylate (B). After incubation at room temperature for 15
min, 260 pl of conc. HCI and 40 pl of 5% K,Fe(CN), were added in
this order with immediate mixing after each addition. In A, the ab-
sorption spectrum was measured in a spectrophotometer against
H,O as the blank 4 min after the addition of K,Fe(CN),, In B, the
time course of changes in A, was followed. Dashed line in A: ab-
sorption of a control containing all ingredients except glyoxylate (mi-
nus glyoxylate control).
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under “MATERIALS AND METHODS” In agreement with Ma-
tsui ef al. (17), an absorption maximum was observed at
520 nm with a shoulder at around 545 nm. The time course
of 1,5-diphenylformazan formation was rapid, with Ag,
reaching a maximum level 2.5 to 4 min after mixing glyox-
ylate phenylhydrazone with K,Fe(CN),. Thereafter, A;,, de-
creased slowly (Fig. 3B). A, (A;,; when a microplate reader
was used) was subsequently measured at about 1 min
intervals for 8-10 min to find the maximally increased
level or 3 to 4 min after glyoxylate phenylhydrazone was
mixed with K;Fe(CN),. Figure 4 shows linearity of the gly-
oxylate and glycolate determination after the conversion to
1,5-diphenylformazan. The standard curve for the spectro-
photometric determination of glyoxylate was linear up to
40 pM glyoxylate, and the €_,, of the determination was cal-
culated to be 4041. When glycolate was oxidized with GO
to glyoxylate in Tris-HCl buffer (pH 8.3), the glyoxylate
formed trapped as an adduct with Tris, and the glyoxylate-
Tris adduct converted to 1,5-diphenylformazan via glyoxy-
late phenylhydrazone, the increase in A, (44;,,) was lin-
ear against the expected concentrations of glycolate-derived
glyoxylate. In addition, the €_,, was calculated to be 4041,
suggesting that the conversion of glycolate to glyoxylate
was quantitative.

Figure 5 shows the time course of glyoxylate formation
when 300 nmol glycolate was incubated in 125 mM Tris-
HCI (pH 8.3) with ~0.32 unit GO. The formation of glyoxy-
late determined as 1,5-diphenylformazan was rapid and
complete after about 10-min incubation under the condi-
tions used. In this experiment, 25.7 uM glyoxylate had
been expected to be carried into the mixture if the conver-
sion of glycolate to glyoxylate was quantitative, and a A4,

Glyoxylate Glycolate A
15} (emua: 41) I (Ema: 40)
£
o L
S 10t
®
[~
g 0.51 -
% 20 a0 o 20 a0

Concentration (uM)

Fig. 4. Linearity of the glyoxylate and glycolate determina-
tion. The reaction mixture (500 ul) for the GO-catalyzed conversion
of glycolate to glyoxylate comprised 70 pmol Tris-HCl (pH 8.3), 20
nmol FMN, 10 ug catalase, ~0.32 unit GO, and 2.5, 5, 10, 15, 20, 30,
or 50 nmol glycolate. After 90-min incubation at 37°C, 200 ul of 15%
metaphosphoric acid was added and the denatured proteins were re-
moved by centrifugation. Then, 600 pl of the supernatant was mixed
in a cuvette with 100 pl of 1% phenylhydrazine-HCI, and after 15
min at room temperature, 260 pl of conc. HCI and 40 pl of 5% K,Fe-
(CN), were added with mixing after each addition. AA,,, was mea-
sured in a spectrophotometer 4 min after the addition of K,Fe(CN),.
A control incubation containing no glycolate was run simultaneous-
ly, and all experimentally determined AAg,, values were corrected
for the control. For the determination of glyoxylate, reaction mix-
tures (600 pl) containing 70 pmol K-phosphate (pH 8.3) and 5, 10,
15, 20, 30, or 40 nmol glyoxylate were mixed in a cuvette with 100
ul of 1% phenylhydrazine-HCI, and after 15 min at room tempera-
ture the glyoxylate phenylhydrazone formed was oxidized to 1,5-di-
phenylformazan and its A,,, was measured as above.
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of ~1.05 was obtained. The calculated ¢, (40.9) was almost
the same as that of glyoxylate determination (cf, Fig. 4),
again suggesting an almost complete conversion of glyco-
late into glyoxylate. In addition, almost the same AA,,, was
measured after incubation of glycolate with GO for up to 50
min or longer (in other experiments), indicating that the
glyoxylate-Tris adduct formed is stable even in the pres-
ence of ~0.32 unit GO. Essentially the same results were
obtained when 30 nmol glycolate was subjected to incuba-
tion with ~0.32 unit GO.

However, this method of glyoxylate determination is not
entirely specific to glyoxylate, since pyruvate phenythydra-
zone also produced a colored product with a maximum ab-
sorption at 510 nm (Fig. 6A). The absorption at 520 nm of
the product from pyruvate was only about 1/30 that of 1,5-
diphenylformazan, with an g, of about 1.3 calculated 4
min after the addition of K,;Fe(CN),. In addition, this prod-
uct was unstable and decreased to about 25% after 15 min
(Fig. 6B). Nevertheless, the pyruvate formed from L-lactate
had to be eliminated without affecting glyoxylate, because
the concentrations of L-lactate and glycolate in human
plasma were expected to be 0.5-1.6 mM and several uM,
respectively, and GO from spinach catalyzes the oxidation
of both glycolate and L-lactate.

Elimination of Pyruvate by Alanine Aminotransferase—
We then examined whether or not alanine aminotrans-
ferase can be used to eliminate pyruvate without affecting
glyoxylate. For this purpose, the formation of a-ketoglu-
tarate from L-glutamate in the alanine aminotransferase
reaction was coupled to the oxidation of NADH in the pres-
ence of NH,* and a large excess of glutamate dehydroge-
nase, and the decrease in A,,, was followed. As shown in
Fig. 7, glyoxylate serves as a substrate of alanine amino-
transferase in 50 mM triethanolamine buffer (pH 8.0),
although the rate of the reaction with glyoxylate is much
slower than that with pyruvate. When the reaction was
carried out in 100 mM Tris-HCI (pH 8.3), on the other

1.0r ° 7

0.5- 1

AAB20

] 1 L i

0 10 20 30 40 50
Incubation at 37 °C (min)

Fig. 5. Time course of the glycolate oxidase—catalyzed glyox-
ylate formation from glycolate. The reaction mixtures (560 ul)
containing 300 nmol glycolate, 40 nmol FMN, 40 ug catalase, and
~0.32 unit GO in 125 mM Tris-HC] (pH 8.3) were incubated at 37°C
for the indicated periods of time, and terminated by adding 140 pl of
16% metaphosphoric acid. After centrifugation at 13,000 rpm for 5
min, 60 pl supernatant was mixed with 540 pl of H,O and 100 pl of
2% phenylhydrazine-HC], and the mixture was incubated for 15-min
at room temperature. A-1 at 520 nm was then measured with a spec-
trophotometer. Then 260 pl of conc. HCI and 40 pl of 5% K,Fe(CN),
were added in this order, and A-2 at 520 nm was measured 2.5 to 5
min after the addition of K,;Fe(CN),. The increase in Ay, by the ad-
dition of K,Fe(CN); (AA,,;, A-2-A-1) was taken to represent A,y due
to the 1,5-diphenylformazan formed.
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hand, glyoxylate was totally inert, whereas pyruvate was
rapidly and quantitatively metabolized. In addition, when
300 nmol of glycolate was incubated with ~0.32 unit GO in
a reaction mixture (500 pl) containing 140 mM Tris-HCl
(pH 8.3) and the alanine aminotransferase—glutamate de-
hydrogenase system, glyoxylate, determined as 1,5-diphe-
nylformazan, was formed rapidly reaching a plateau within
10 min, and then remained at almost the same level for up
to 60 min. These results suggest that alanine aminotrans-
ferase hardly acts on glyoxylate-Tris adduct.

In order to eliminate pyruvate offectively, the alanine
aminotransferase reaction had to be coupled to glutamate
dehydrogenase whose K, (lo-ketoglutarate] [NADH]

— 0. : : ,
08 A ; B

0.8 E

0.4} g

Absorbance
[=]
-y
1

0.2+ E

0 1 1 I
0 5 10 15

Wavelength (nm) min at room temp.

Fig. 6. Oxidation of pyruvate phenylhydrazone with KFe-
(CN),. Pyruvate phenylhydrazone was prepared in a reaction mix-
ture (700 ul) in a cuvette containing 500 nmol pyruvate and 50 pl of
2% phenylhydrazine-HCI following 15-min incubation at room tem-
perature. Then 260 pl of conc. HCI and 40 pl of 5% K ;Fe(CN), were
added in this order, and the absorption spectrum was taken with a
spectrophotometer against H,O as the blank 1, 3, 5, 7, 10, and 15
min after the addition of K,Fe(CN),. A: Absorption spectrum of the
colored product formed by oxidation of pyruvate phenylhydrazone
Dashed line: absorption of a control containing all ingredients ex-
cept pyruvate (minus pyruvate control). In B, changes in Ay, are
plotted as a function of time after the addition of K,;Fe(CN),.

0

w mol of NADH oxidized

0 20 40 60 80 O 20 40 60 80

Incubation at 37 °C (min)

Fig. 7. Glyoxylate as a substrate of alanine aminotransferase.
The reaction mixture (1.0 ml) in a cuvette contained 5 pmol L-glu-
tamate, 10 pug alanine aminotransferase, 66 pmol NH,Cl, 1 ptmol
ADP, 0.2 pmol NADH, 50 pg glutamate dehydrogenase, 0.1 pmol
pyruvate (@) or glyoxylate (@ ) in 50 mM triethanolamine-HCl (pH
8.0) (A) or 100 mM Tris-HCI (pH 8.3) (B). The reactions were started
by the addition of alanine aminotransferase, and the decrease in A,
was followed with a spectrophotometer at 37°C. The amount (umol)
of NADH oxidized was calculated on the basis of ¢, of NADH at 340
nm of 6.22.
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[NH_*V/[L-glutamate] [NAD*]) has been reported to be 4.5 x
10, because alanine aminotransferase catalyzes a revers-
ible reaction with a K ([L-glutamate] [pyruvatel/[a-keto-
glutarate] [L-alanine]) of 2.2. Unfortunately, however, the
NADH used as a substrate for glutamate dehydrogenase
adversely affected the determination of glyoxylate as 1,5-
diphenylformazan. Therefore, we used a low concentration
(36 pM) of NADPH instead of a substrate level of NADH,
and the glutamate dehydrogenase reaction was coupled to
glucose 6-P dehydrogenase to generate NADPH (Fig. 8). In
the presence of the glutamate dehydrogenase and glucose
6-P dehydrogenase systems with 36 uM NADPH in 280 ul
of reaction mixture (cf Fig. 2), the 44, or AA;,, values due

Glycolate / L-Lactate

Reaction with glycolate oxidase
in 120~170 mM Tris (pH 8.3)

E. Maeda-Nakai and A. Ichiyama

to known amounts of standard glycolate were only slightly
less than or almost the same as in their absence.
Preparation of Urine and Plasma Samples for the Deter-
mination of Glycolate—In our preliminary survey, EDTA
levels above 10 mM caused a dose-dependent increase in
Ay.s when the EDTA was mixed with phenylhydrazine and
incubated with K,Fe(CN); in 3 N HCl, whereas heparin up
to 50 units/200 pl reaction mixture had no effect. Therefore,
heparin (150 units/10 ml) was used as an anticoagulant
during the collection of venous blood. Since K-perchlorate
also had no effect on the determination of glyoxylate as 1,5-
diphenylformazan, plasma was deproteinized by mixing
with one-tenth volume of 6.6 N perchloric acid, neutralized

Tris-glyoxylate / pyruvate Glu NADP G6P
adduct ALT GIDH GBP-DH
Fig. 8. Elimination of pyruvate without affecting
Ala oKG M 8PG glyoxylate to allow the selective measurement of
NH glycolate with glycolate oxidase. Abbreviations used
3 are: Ala, L-alanine; Glu, L-glutamate; o-KG, a-ketoglu-
tarate; G6P, glucose 6-P; 6PG, 6-phosphogluconate; ALT,
Determination after conversion alanine aminotransferase; GIDH, glutamate dehydroge.
into 1,5-diphenylformazan nase; G6P-DH, glucose 6-P dehydrogenase.
A S
0.5 £
c
s
)]
< 03 =
8
S 3
0.1 o
0 T T T o T T
0 5 10 15 0 15 30
Standard Glycolate (uM) Urine Sample (! )
Fig. 9. Actual data of the determination of gly-
colate in a urine sample (A) and a plasma sam-
ple (B). In A, 15 pl (O) or 30 pl (m) aliquots of a urine
0.3 1 —_ sample were subjected to glycolate determination
B ° under the standard assay conditions shown in Fig. 2,
E ie., in the absence or presence of 1.5, 3.0, and 4.5
n c nmol of standard glycolate. O in the left figure:
o %27 ~ 27 minus sample control. Each A4, value obtained was
g Q corrected for the minus GO control. Ady,, due to gly-
i) colate in the sample and a_,, of each glycolate deter-
0.1 J 8 . mination were obtained from the intercept on the
> ordinate and the slope of the line, respectively. The
O amount of glycolate was calculated as described un-
der “MATERIALS AND METHODS.” The amounts
0 T T I 0 I r of glycolate in the 15 and 30 pl urine samples were
0 5 10 15 0 80 160 on or very close to a linear line as shown in the right-

Standard Glyicolate (uM)

Plasma Sample (! )

hand figure. In B, glycolate in a plasma sample was
determined in the same way, except that 80 ul (O)
and 160 ul (@) aliquots were used.
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to pH 6.0-6.5 with KOH, and the K-perchlorate precipitate
was removed following centrifugation in the cold. Urine
was acidified with a one-hundredth volume of 6 N HCI, and
neutralized to pH 6.0-6.5 with NaOH without the addition
of EDTA, so that the plasma and urine samples for glyco-
late determination were prepared separately from those for
oxalate determination {(cf Ref. 19).

In our assay system, a control incubation without GO
was always run simultaneously for every sample to correct
the AA,,, values for compounds other than glycolate (cf Fig.
2), but a low control value was highly desirable. Therefore,
the neutralized urine and plasma samples were incubated
with one-twentieth volume of 100 mM phenylhydrazine
(pH 6.0) for 15 min at room temperature, and then sub-
jected to treatment with ~80 mg/ml of stearate-deactivated
activated charcoal. The charcoal treatment effectively re-
moved phenylhydrazine and phenylhydrazones of pyruvate
and glyoxylate. Incubation of urine or plasma samples with
~5 mM phenylhydrazine prior to the charcoal treatment
had no effect on the determined level of glycolate. In addi-

TABLE I. Repeated determination of glycolate concentra-
tion in human urine and plasma samples. A urine sample for
the determination of glycolate was prepared from the 24-h urine of
a healthy woman (39 yr), and the glycolate concentration in the
urine sample was determined in duplicate on 6 different days using
a microplate reader as described under “"MATERIALS AND METH-
ODS". Morning samples of venous blood were taken from 6 healthy
men and women (32-64 yr) under fasting conditions, and the com-
bined plasma was subjected to deproteinization, followed by incuba-
tion with phenylhydrazine and charcoal treatment. Glycolate in the
plasma sample was determined in duplicate on 4 different days.
The the glycolate concentrations in the urine and plasma were cal-
culated. Mean + SD was calculated from the mean of the duplicate
determinations on each day. :

Urine glycolate Plasma glycolate
(M)

1 318 338 9.6 8.7
2 331 309 115 10.1
3 342 354 10.9 11.7
4 370 374 115 115
5 369 414
6 387 324
Mean £ SD. 3563 £ 27 10.7+1.0
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tion, when [“Cjglycolate was added to the urine before
acidification with one-hundredth volume of 6 N HCI, it was
recovered almost quantitatively (~97%) following the entire
procedure for the preparation of charcoal-treated urine
samples. Likewise, the recovery of [“Ciglycolate from char-
coal-treated plasma samples was calculated to be ~96%,
after allowing a correction factor of 5% for plasma solids. In
0.1-0.16 N HCI, however, the recovery of [“Clglycolate fol-
lowing treatment with ~80 mg/ml of stearate-deactivated
activated charcoal was only ~60%.

Dekker and Maitra (20) claimed that the determination
of glyoxylate after conversion to 1,5-diphenylformazan may
not be applicable to biological samples containing a signifi-
cant concentration of Fe* or Fe*, owing to ferric ferrocya-
nide formation. However, the concentration of Fe in human
urine and plasma are expected to be less than 10 and 36
patoms/liter, respectively, and we obtained nearly the same
AA,, when urine samples were subjected to (i) 15-min incu-
bation at 37°C with 25 mg/ml Chelex 100, followed by treat-
ment with stearate-deactivated charcoal, (ii) charcoal treat-
ment, followed by 15-min incubation with Chelex 100, and
(iii) charcoal treatment alone.

Determination of Glycolate in Human Urine and
Plasma—Figure 9 shows actual data from the determina-
tion of glycolate in a urine sample (A) and plasma sample
(B). In every determination of glycolate, at least two differ-
ent amounts of sample were used, and after each the A4,
value was corrected for the corresponding “minus GO con-
trol.” Plots such as those shown in this figure were pre-
pared. The plots of AAg,; vs the concentration of standard
glycolate were usually linear, although the slope of the lin-
ear lines representing the efficiency (a_,,) of each determi-
nation tended- to decrease as the velume of sample was
increased. The intersecting point on the ordinate axis of the
standard “minus sample control” line was, in most case, at
or very close to the origin of the axes. The AA;; due to gly-
colate in the sample was read from the intersects on the
ordinate axis of the lines. Then the amount of glycolate in
each sample was calculated from the AA;, readings on the
ordinate axis and the a_,, of each determination. The calcu-
lated amounts of glycolate were usually proportional to the
sample volume, provided that the amounts of sample used

TABLE II. Urinary excretion of glycolate and oxalate by 12 inpatients receiving treatments for conditions unrelated to uri-
nary tract stone formation. Body surface area was calculated from height and body weight using a monograph. Glycolate was deter-
mined using a microplate reader as described under “MATERIALS AND METHODS.” Oxalate and creatinine were determined by a
spectrophotometric method with oxalate oxidase (19) and Jaffe’s reaction, respectively.

Body Glycolate/
. ) Height  Creatinine Glycolate creatinine Oxalate Ozxalate/cre-
Subjects  Age  Sex W&‘f;t (cm) (umol/d) ratio atinine ratio
(umold)  (umol/d/1.73 m?) (umol/d) (umol/d/1.73 m?)

1 46 M 673 166 7,140 255 252 0.036 199 197 0.028

2 58 M 461 163 2,090 75 90 0.036 86 103 0.041

3 62 M 448 162 4,130 183 221 0.044 274 331 0.063

4 68 M 528 167 4,370 99 109 0.023 91 100 0.021

5 B4 M 595 170 9,570 301 312 0.032 293 304 0.031

6 46 M 728 174 11,570 271 251 0.023 176 163 0.015

7 61 F 495 1569 8,820 277 323 0.031 166 194 0.019

8 61 F 646 149 4,470 105 115 0.024 170 186 0.038

9 4 F 295 159 5,580 160 235 0.029 225 330 0.040
10 50 F 465 157 4,690 170 205 0.036 151 183 0.032
11 564 F 500 155 3,860 240 285 0.062 117 139 0.030
12 43 F 567 152 10,100 508 575 0.052 484 547 0.048
mean £ SD 6,370 £ 2,990 220t 118 248 t 127 0036+ 203+110 231+127 0.034 ¢

0.012 0.014
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were adequate, so that all A4, readings were made be-
tween 0.02 and 0.5 and the ¢, of each determination was
above 13.

In the experiment shown in Table I, the precision of the
proposed method was tested by analyzing glycolate in a
urine sample in duplicate 6 times and in a plasma sample
in duplicate 4 times on different days. When the mean of
the duplicate determinations was taken as the glycolate
concentration determined on each day, the mean + SD and
inter-run C.V. for urinary glycolate were calculated to be
353 + 27 uM and 7.6%, while those for plasma glycolate
were 10.7 £ 1.0 mM and 9.3%, respectively. Data for uri-
nary glycolate and oxalate excretion of 12 inpatients in our
university hospital are presented in Table II. None of these
patients was suffering from urinary tract stone formation
or kidney diseases. The daily urinary excretion of glycolate
and the glycolate/creatinine ratio determined by the pro-
posed spectrophotometric method were 248 + 127 umol/1.73
m? of body surface area and 0.036 + 0.012 (mean * SD),
respectively, whereas the oxalate excretion and oxalate/cre-
atinine ratio were 231 + 127 pmol/1.73 m? of body surface
area and 0.034 + 0.014, respectively. The oxalate excretion
may have been slightly overestimated because the 24-h
urine used was collected from inpatients in the absence of
HC], but nevertheless the urinary glycolate excretion was
determined to be slightly more than that of oxalate. Table
IIT shows the plasma glycolate level of 11 healthy subjects
determined by the proposed method. The mean value of 7.9
UM obtained was very close to the 8.0 pM (13) and 7.9 uM
(6) values recently determined by a method involving the
enzymatic conversion of glycolate into glyoxylate and high-
performance liquid chromatographic separation of phenyl-
hydrazone of glyoxylate formed. In one experiment, the
concentration of glycolate in the serum was measured to be
higher (15.7 uM) than that in plasma, but since the isola-
tion of plasma is simpler than that of serum and the glyco-
late concentration in 24-h urine and plasma reflects the in
vivo metabolism of glycolate, glyoxylate and oxalate, we did
not investigate further the determination of glycolate in
serum.

One disadvantage of this spectrophotometric method is
that a small deviation in the a_, of each glycolate determi-
nation significantly influenced the calculated glycolate con-

TABLE IIi. Determination of glycolate concentration in
human plasma. Morning samples of venous blood were taken
before breakfast from 11 healthy volunteers in the presence of 150
units/10 ml heparin, and the plasma obtained was stored frozen at
—80°C. The glycolate concentration of each plasma was determined
with a microplate reader as described under "MATERIALS AND
METHODS" using 80 and 160 pl plasma samples.

Subject Age Sex Plasma glycolate (uM)
1 20 M 10.5
2 23 M 9.9
3 22 M 6.9
4 21 M 94
6 21 M 9.2
6 19 M 7.3
7 19 M 5.2
8 22 M 8.0
9 24 M 7.0
10 21 M 6.2
11 29 F 7.4
Mean £ S.D 79+ 17

E. Maeda-Nakai and A. Ichiyama

centration, because in the calculation AA, or AAg, is
divided by a_,, (see “MATERIALS AND METHODS”). For exam-
ple, when the 4A;;, due to glycolate in 30 pl of a urine sam-
ple is 0.15 the glycolate concentrations in the sample using
@ values of 15 and 16 are calculated to be 187 and 175
UM, respectively. Therefore, the AA;;; vs concentration of
standard glycolate plots should be on or at least very close
to a linear line, and empirically, a,,,, determined with a mi-
croplate reader should not be below 13. Fortunately, how-
ever, re-examination of the glycolate concentration was pos-
sible when the results obtained were unsatisfactory, be-
cause we did not notice, unlike in the case of oxalate deter-
mination, any increase in the glycolate level in neutralized
urine and plasma samples upon freezing and thawing.
Based on the results presented above, we believe that the
proposed spectrophotometric method for the determination
of glycolate in urine and plasma is simple yet fairly reli-
able, and proudes a valuable tool for the differential diag-
nosis of hyperoxaluria syndromes and in studies of glyox-
ylate metabolism.

We thank Prof. Takashi Kanno, Department of Clinical Inspection
Medicine of our medical school, for allowing us to determine the
glycolate and oxalate concentrations in 24-h urine of 12 inpatients
in our university hospital. We are indebted to the medical students
of our school for their generous donation of morning samples of
venous blood.
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