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Improved Determination of D-Glucaric Acid in Urine
Klaus Jung,1 Dietmar Scholz,1 and Gottfrled Schreiber2
Using a simplex optimization procedure, we have elaborated a sensitive and reliable
micromethod for determining
D-glucaric
acid, based on inhibition of glucuronidase activity by 1,4-D-glucarolactone,
produced from D-giucaric
acid by heating. The maximum attainable difference between glucuronidase activity in the reaction mixture with
and without D-glucaric acid was used as an optimization
criterion. From the optimization scheme, 1 mmol/L 4-

nitrophenyl-f3-o-glucuronide

and pH 5.0 were found to be

optimal conditions for determination of D-glucaric acid with
this test. In contrast to other similar methods, in which a
logarithmic calibration curve is used, we calculate D-glu-

caric acid with a linear calibration curve by using the Dixon
(Biochem. J. 55: 170, 1953) plot. The coefficient of variation for the method (within-run and between-day precision)
was from 3.1 to 5.8%. Men excrete more D-glucaric acid
than do women per 24 hours, but we saw no sex-related
differences in excretion of D-glucaric acid when it was
expressed in terms of urinary creatinine.
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The microsomal
enzyme
system of the liver can be activated
by various drugs (1-6). Thus the biotransformation
of endogenous
and exogenous
substances
in the human organism
and the biological
availability
of drugs are decisively
influenced. Determination
of GA3 excretion in urine has proved
to be a suitable index to microsomal
enzyme activity of the
liver (7). Marsh (8) described
a method for GA based on the
inhibition
of GUUC activity
by GA after this had been
transformed
into the GLUC inhibitor
GU by boiling.
A disadvantage
of this method is the logarithmic
calibration
curve given by Marsh (8) and used also by all subsequent
authors (1-6, 9, 10), which is linear only in a relatively narrow
range and may lead to low precision
(4). Therefore,
we elaborated a sensitive method by simplex optimization
which, by
using the Dixon plot, permits
determination
of GA with a
linear calibration
curve over a wide range.

Materials and Methods
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-20

Urine samples obtained
from healthy adults were stored
#{176}C,
if the assay was not done on the day of collection.
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moblock
2764 (all from Eppendorf
Ger#{227}tebauNetheler
&
Hinz, Hamburg,
F.R.G.)
pH-meter,
Model MV 87 (VEB Pr#{227}citronic,Dresden,

G.D.R.)
Reagents
Sodium acetate, acetic acid, NaCl, and KOH were supplied
by VEB Uaborchemie, Apolda, G.D.R., and 4-nitrophenylfl-D-glucuronide
by Serva Feinbiochemica,
Heidelberg,
F.R.G.
Potassium
hydrogen
D-glucarate
was prepared
according to
Bose et al. (11). The melting point of doubly recrystallized
potassium
hydrogen
D-glucarate
was 188-191 #{176}C
and corresponded to the reported value (12). GLUC used was prepared
from rat liver according to Uin et al. (13) and stored in portions
at -20 #{176}C.
The solutions
mentioned
below were made up in
triply distilled water. We adjusted
the pH of solutions
at 37
#{176}C,
using calibration
buffers produced
according to the U.S.
National
Bureau of Standards.
Acetate
buffer, 250 mmolfU, pH 5.0. Dissolve 3.4 g of sodium acetate in about 80 mU of water, adjust to pH 5.0 with
acetic acid, dilute with water to 100 mU. Stable for 14 days at
4#{176}C.
Substrate
solution (250 mmol/L acetate buffer, 2.5 mmol/L
4-nitrophenyl--D-glucuronide).
Dissolve
19.7 mg of 4-nitrophenyl-$-D-glucuronide
in 25 mL of acetate buffer. Stable
for two days at 4 #{176}C.
KOH solution,
2 molIL. Dissolve 11.2 g of KOH in water
and dilute to 100 mL. Unlimited
stability.
Working
enzyme
solution.
Dissolve a portion of GUUC
stored at -20 #{176}C
in sufficient
water that an absorbance
of
about 1.000 is attained
after 15 mm activity determination.
D-Glucaric
acid, 10 zmol/U. Dissolve 15.51 mg of potassium
hydrogen
D-glucarate
in 250 mU of 10 mmol/L HC1. Dilute 4
mU of this solution with 46 mU of 10 mmol/U HCI, boil for 45
mm, and use this solution for calibration
(see Table 1). The
solution must be freshly prepared daily.

Procedures
The determination
of GA is based on the principle that, by
boiling the urine at pH 2.0, the GA is transformed
into the
GLUC inhibitor
GU. From its inhibition
of GLUC activity,
the GA concentration
is determined
with a calibration
curve.
Because other substances
in urine may inhibit GLUC as GU
does, the concentration
of GA, determined
thus, consists of
the actual GA concentration
and an apparent
GA concentration that is ascribable
to the inhibitors
of other nature in
urine (8). Therefore,
GLUC activity is in addition determined
with urine boiled at pH 8.0, a pH at which GA is not transformed into GL. From this sample an apparent
GA concentration is calculated
from the calibration
curve. The difference
in the concentrations
determined
under these two conditions
is the true concentration
of GA.
We performed
the determination
of GA as detailed in Table
1. To determine
optimal conditions
for the assay, we varied
the substrate
concentrations
and pH values and used a simplex optimization
procedure.
Details are given in Results and
in the legends of the figures.
We adjusted
the pH of diluted urines by adding 4 mmol/L
KOH and 4 mmol/U HC1, respectively.
Volume changes were
not allowed for, because they were less than 0.5%.

Table 1. Protocol for Determining the
Concentration of GA in Urine
I. Preparation
Centrifuge

of urine

g, 10 mm). Dilute 1.0-mL portions

the urine (500 X

of urine with 9.0 mL of 20 mmol/L HCI and 9.0 mL of water, respectively, adjust to pH 2.0 and pH 8.0, respectively. Boil for 45
mm. Then cool, readjust to pH 4.0 and to pH 6.0, respectively.
II. Assay
Sample
blank

Sample

Reagent
blank

CalIbratIon
standards

WIthout
ml.

Substrate
Urine alkalineor acid-treated)
Water

GA

Wfth GA

0.2

0

0.2

0.2

0.2

0.2

0.2
0.3
0

0
0.2
0

0
0.2
0

0
0
0.2

0
0

Standard

Mix and incubate for 10 mm at 37 #{176}C.
Start the reaction in
samples and calibration standards by adding 100 LL of working

enzyme solution. Stop the reaction with 50 ftL of KOH solution
after 15 mm, add 100 tL of enzyme solution to reagent blank,
mix well, and measure A at 405 nm in a cuvette of 1-cm Iightpath
between 5 and 15 mm.

mm
Fig. 1. GL production from GA as a function of duration of
boiling
13.3 imol

of GA per liter was dissolved
In 10 mmol/L HCI. boiled for different
the inhibition of &UC activity by these fractions
was deter-

intervals, and
mined

Ill. Calculation
11
A1
mol/L

X F, where

(-i-

-!-) >

-

A3
A1

=

A2

=

A3

=

A4

=

C

=

F

=

A2

=

absorbance

A4

C

of the sample of acid-treated

urine

minus absorbance of the respective sample
blank and minus reagent blank
absorbance of the sample of alkaline-treated
urine minus absorbance of the respective sample
blank and minus reagent blank
absorbance of calibration standard with GA minus
reagent blank
absorbance of calibration standard without GA
minus reagent blank
concentration
of standard, fimol/L
dilution factor of urine

method, both the conditions to be chosen for transforming
GA
into its lactone and for determination
of GLUC activity in the
presence
of GA.
Influence
of pH and boiling time on GL production.
In
model studies with GA we studied the transformation
of GA
into its lactone with respect to pH and boiling time, because
data on optimal conditions
are contradictory
(8, 9). After
boiling GA for 30 mm the extent of GLUC inhibition increased
only little (Figure 1). Thus 45 mm suffices to ensure maximal
transformation
of GA into GU. pH 2.0 can be considered
to be
the optimal pH (Figure 2).
Influence
of pH and substrate
concentration
on GLUC
activity.
In the presence
of GU the pH optimum
for GLUC
activity is shifted (Figure 3). The difference
in reaction rates
with and without
GA was greatest
in the pH range between

If C and F are 10, the following formula will result:

mol/L

Il

ii

tAi

A2)

I.X 100

=

Ii
A3

Calculations.
For statistical
Student’s
t-test.

A4)

analysis

of the results

we used

1.5

Analytical

2:0

Z5

3:0

3:5

pH

Results

Fig. 2. Dependence of GI production on pH

Variables

According
to the described
we studied factors influencing

principle of GA determination,
the analytical
reliability of the

2.5 umoI of GA per liter in 100 mmol/L glycine.HCIbuffer of different pHs, boiled
for 45 mm, the p11 readjusted to p11 5.0, and the GL production determined by
meastring the inhibition of CIUC activity. inhibitoryinfluence of glycine on (IUC
activity was corrected by blanks
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Table 2. Data for Simplex Optimization of GA
Determination

100
.‘

Variables

/

4-Nltroph.nyl-

/

fl-D-glucuronlde,
Vertex no.
mmol/L

I

80

I

>-60
I>
IC)

<40

Vertices

Response,

retained

from previous
sImplex

pH

1
2
3
4
5
6
7
8

5.00
8.00
6.50
3.50
1.25
2.75
3.31
3.13

4.30
4.30
4.99
4.99

0.184
0.15 1
0.248

5.34
6.03
5.60
4.82

0.346
0.194
0.178
0.260

9

3.88

5.17

0.253

0.341

1,3
1,3
3,5
3,5
massive
contraction

massive
contraction

‘a5

6.0

4.5

5:0

10

5.

1.25

5.34

0.342

massive

0.429
0
0
0.265
0
0.360
0.384
0
0.464
0.410
0.443
0.435
0.453

contraction
8,10
8,10
10,11
10,11
10,11
10,11
11,16
11,17
11,17
11,19
11.19
19,21
19,21

pH
Figure 3. Influence of pH on GLUC activity in the presence of
GL
Conditions are given In Table 1, but 13.3 jmol of GA per liter was used in this
experiment, after boiling. Each point is the mean value of trlpIicates

pH 4.3 and 5.0. Inhibition

on the concentration
(Figure 4).

of GLUC activity by GL depends
of 4-nitrophenyl-9-D-glucuronide

Simplex
optimization.
The experiments mentioned above
indicate
that, as decisive variables,
pH and substrate concentration influence the sensitivity of the test. To cover the
dependence on both variables in common, we applied the
simplex optimization procedure according to Nelder and
Mead (14). As optimization value, the maximum attainable
difference between GUUC activity in the presence and absence
of GA in reaction mixture was used. From this optimization
scheme 1 mmol/L 4-nitrophenyl-fl-D-glucuronide
and pH 5.0
were determined to be optimal conditions for the determi-

nation

of

GA (Table

Calibration.
competitively
zyme-kinetics

2).

Urine boiled at pH 2.0 and pH 8.0, respectively,
inhibits
GLUC (Figure 5). So, from an enviewpoint,
it is not understandable why loga-

-40
>-

I>

I-

C-,
2
4
6
8
10
NITROPHENYLGLUCURONIDE EmmoL!L]

Fig. 4. influence of substrate concentration on the GIUC
mnthe presence of GL
For details
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activity

11
12

0.50
-1.19

4.99
4.91

13

-1.38

5.52

14
15
16
17
18
19
20
21
22
23

2.00
-0.25
1.44
0.69
-0.25
1.02
0.83
0.79
1.30
1.10

4.99
5.16
5.08
4.74
4.65
4.97
5.23
5.10
5.10
5.07

The vertices are listed in the order in which experiments were performed.
The concentrations are final concentrations In reaction mixture. The coordinates
of vertIces 1, 2, and 3 were calculated by the method according to Long (20)
with the step sizes of 0.8 for pH and 3 for substrate. As optimization criterion
we used the difference of reaction rates In reaction mixture with and without
GA (4 imol/L as final concentration). The optImIzation procedure of Nelder and
Mead (14) was used. Values given are mean values of triplicates.

rithmic calibration curves were used for calculating GA concentration in the past.
As Figure 6 shows, there is no linearity
in logarithmic
plotting. Besides, the inhibition curves of urine boiled at alkaline and acid pH are not parallel, although this is a necessary
supposition for a correct calculation in this case. When the two
inhibition curves are plotted according to Dixon (15), however,
two straight lines with different slopes and the same intercept
are obtained
(Figure 6B). Thus GA concentration can be
calculated by use of this plot. The calibration curve is linear
up to an original GA concentration of 25 &mol/L, corresponding to a final concentration of 10 imol/U in the reaction
mixture. Because, as a rule, 10-fold diluted urine (with water
or HCI solution) is used in the determination,
concentrations
up to 250 itmol/U can be correctly determined. Higher concentrations require further dilution of the sample.
Analytical
recovery.
We assessed
recovery
by adding 40
zmol of GA per liter to an urine with an initial GA concentration of 33.6 mol/U.
For 10 assays, the mean recovery was
98.3 (SD 3.78%).
Precision.
Table 3 shows our precision data.
Excretion
of GA by Healthy Persons
To determine reference intervals, GA was determined

in

Table 3. PrecIsion Data
imol/L
n

SD

CV,%

Within-run

10
10
20

29.7
72.7
232.9

18

34.7

1.22
2.53
7.10

4.11
3.48
3.05

2.00

5.76

Between-day

Table 4. Urinary Excretion of GA by Healthy
Persons
5-

GA excretion, mean

(SD)
mmo,,mou

-J

jmoI/24

n

21
18

Men
Women

0j

of GA

h

creatinine

70.9 (21.0)
48.5 (16.6)

3.96 (1.34)

3.96(1.21)

and

determination
of y-glutamyltransferase
(EC
in serum. But because liver affections may also
cause increased y-glutamyltransferase
activity in serum (18),
the diagnostic
value of 7-glutamyltransferase
for detecting
enzyme induction is limited, and determination
of GA excretion would appear to be preferable in studies of enzyme
induction.
The method we proposed here represents an optimized GA
determination by means of the GLUC inhibition
test. All
authors who used this principle of GA determination
hitherto
have not considered that not only GL, but also other inhibitors
in urine, competitively inhibit GLUC activity. The determinations were made with tests which involve a high substrate
concentration. Although a maximum GLUC activity is mea-

2.3.2.2) activity

2
4
6
8
10
1/NrrROPHENYLG LUCURON IDE
(mmotJL)’4

Fig. 5. Competitive inhibition of GLUC activity by boiled urine
Urine was boiled at pH 2.0 and pH 8.0, respectively, and then the influence was
investigated on the (1.UC activity for other conditions, see Table 1. x-x without
addition of urine; #{149}-#{149}
with alkaline-treated
urine; 0-0
with acid-treated
urine

the 24-hour urines from 18 healthy women and 21 healthy
men. Distributions of GA excretion,
estimated by use of the
Kolmogorov-Smirnov
test (16), did not show any significant
deviation from a gaussian distribution. Men excreted more
GA (p <0.001) than did women if the 24-h period was used
as the basis of reference (Table 4).

sured, because of the competitive inhibition mechanisms of
GL the test becomes relatively insensitive for determination

Discussion
Recently, workers in various fields of medicine have been
increasingly concerned
with problems of enzyme induction
(7). Two relatively simple methods are proposed for revealing
enzyme induction (7, 17): measurement of the urinary output

75

50

z
9r
2.

.-...

.

..,

z
.-

-II.

25
jI

50 75100
URINE IN TEST

10

200

20

0-GLUCARIC

j.it URINE IN TEST

30
ACID

40
50
(pmotILJ

Fig. 6. Influence of amount of urine on GLUC activity

Fig. 7. Calibration curve for the determination of GA

Alkaline-treated (#{149}-#{149})
and acid-treated
Dixon plot (B)

Concentrations given refer to original

(0-0)

urine. Logarithmic plot (A);

concentrations.

For other

conditions

see

Table 1
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of GA. For these reasons as well, other authors recommended
a column-chromatographic
method (19).
Compared with the traditional methods (8-10) of determining GA with the GLUC inhibition test, our modifications
of the method have the following advantages:
1. The calibration curve is linearized by applying the Dixon
plot. Our data prove that the method has high precision.
2. The method offers high analytical sensitivity. As a rule,
the determination can be made with diluted urine. This makes
possible such tests in small laboratory
animals,
to determine
GA in urine in the framework of studies of enzyme induction.
3. The method is a micromethod and one person is able to
make about 50 to 60 determinations a day.
Further to characterize the proposed method, we measured
normal GA excretion. Published
normal values, given in the
literature as mean values, are clearly different (7): they lie
between 13 and 98 zmol/24 h. We believe that this is mainly
due to unsatisfactory methods. Our results show a sex-related
difference in urinary output of GA if related to 24-hour excretion, as reported by other authors (9, 10), but in terms of
creatinine (wt GA/wt creat.) this dependence is not observed,
because men excrete more creatinine than do women.
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