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Abstract

Background:

Glycated albumin (GA) is a medium-term glycemic control marker of diabetes and may be more sensitive to
changes in plasma glucose than hemoglobin Alc. We studied where and how many fructosyl groups bind to
albumin, and which glycation sites are measured by the enzymatic method for GA. We also studied the basic
performance of the enzymatic method for GA.

Methods:

Glycated albumin was measured using an enzymatic method (Lucica®GA-L, Asahi Kasei Pharma) on a biochemical
autoanalyzer. Molecular weights of purified GA and nonglycated albumin were measured by a mass spectrometry
system. Two hundred one healthy volunteers with normal results of oral glucose tolerance testing were
recruited to determine the reference range in Americans.

Results:

The present method measured only glycated amino acids from albumin in serum protein. We estimate that
the number of glycated amino acids measured by this method was approximately two per molecule of albumin.
The general performance (sensitivity, specificity, reproducibility, linearity, interference) of the method was good.
The reference range of GA% in Americans with normal glucose tolerance was determined to be 11.9-15.8%
(mean + 2 standard deviations). Significant differences were not observed between the sexes; however,
race differences were observed (higher levels in blacks relative to whites).

Conclusions:

The method was specific for measuring glycated amino acids in albumin and had good basic performance
characteristics. The reference range in Americans was 11.9-15.8%. This method may be a useful indicator for
diabetes control.
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Introduction

The levels of several glycated proteins are increased
in patients with diabetes and it has been suggested that
some of these proteins are involved in the development
of chronic diabetic complications.! Based on the results
of the Diabetes Control and Complications Trial (DCCT)?
a hemoglobin Alc (HbAlc) level of <7% has been
recommended to prevent the onset and progression of
chronic diabetic complications. However, HbAlc may
not be suitable for evaluating short-term variations in
glycemic control due to the long lifespan of erythrocytes
(120 days) Furthermore, HbAlc is influenced by hemolytic
anemia and any other condition that affects the lifespan
of erythrocytes, and by the presence of abnormal
hemoglobin; therefore, it may be flawed as an indicator
of blood glucose control. 4=

Glycated albumin (GA) is an important indicator of
diabetes control” as it is more sensitive to changes in
blood glucose than HbAlc81" Measuring the GA level
should provide useful information on glycemic control
when monitoring the effects of changes in therapy in
patients with diabetes®!! or gestational diabetes,57'> when
more rapid treatment responses are needed as HbAlc
levels change more slowly. Moreover, measurement of
GA levels provides accurate information for glycemic
control in the case of variant hemoglobins and any other
condition that affects the lifespan of the erythrocyte,
such as hemolytic and renal anemia.*%1°

epo cO 0 % % o€ O ated AlDb

It is known that there are many glycation sites on
albumin,®"* and so, measured GA levels differ depending
on the glycation site measured. Historically, GA has been
measured by several methods including boronate affinity
chromatography,’®!® ion exchange chromatography,”!”
thiobarbituric acid (TBA) assay,’ immunoassay,’®! enzyme-
linked boronate-immunoassay,®® and high-performance
liquid chromatography (HPLC).?'*? Table 1 summarizes
the normal ranges and analytes measured by these GA
measurement methods.

We developed an enzymatic method to measure GA
more easily and accurately.?? In the enzymatic assay,
endogenous glycated amino acids and peroxide are first
eliminated by ketoamine oxidase and peroxidase reaction.
Second, GA is hydrolyzed to amino acid or peptide by an
albumin-specific proteinase, and then the glycated amino
acid or peptide is oxidized by ketoamine oxidase producing
hydrogen peroxide, which is measured quantitatively.
Third, the albumin concentration is measured by the
bromocresol purple (BCP) method.?® Finally, GA levels
are calculated as a percentage of GA relative to total
albumin (Figure 1).

If the enzymatic method were specific to albumin and
could measure all of the glycation sites of albumin, it
would be an ideal method for determining the GA.
We studied the specificity of the present method and

Method Normal range (%) Analyte Reference
Enzyme-linked immunoassay 0.4-2.0 19
Radioimmunoassay 2.1-4.9¢ Total or partial GAA 18
Enzyme-linked boronate immunoassay 3.4-7.2P 20
1.5-5.4 15
Boronate affinity chromatography
6.8-10.3 16
3.2-10.8° ALB molecule 7
Carboxymethyl cellulose ion exchange method
6-15 17
Boronate affinity (HPLC) 13.9-18.3P 21
TBA method 3.9-12.7° 7
Total GAA
Enzymatic method 12.3-16.9 29
@ TBA, thiobarbituric acid; GAA, glycated amino acids; ALB, albumin
b Galculated normal range (mean = 2 SD) from reported mean and SD
¢ Calculated normal range (mean + 2 SD) from 0.53 + 0.05 nmol/mg human serum albumin (mean = SD)
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the number of glycated amino acids measured in one
albumin molecule using this enzymatic method. We also
studied the basic performance and determined the
reference range for GA values in nondiabetic Americans
using this method.

Materials and Methods

Materials

Common reagents and purified serum proteins were
purchased from Sigma-Aldrich Co. (St. Louis, MO).
Pooled serum was purchased from Veritas Co. (Tokyo,
Japan). Purification of glycated albumin was performed
as we reported in another study.?® The kit (Lucica®GA-L)
for the enzymatic method was purchased from Asahi
Kasei Pharma Co. (Tokyo, Japan).® The glycated amino
acid concentration of the calibrator was calculated as
reported in another study.?

Performance Study of Enzymatic Method for
Glycated Albumin

Automated enzymatic assay of GA was performed
with a Model 7170s biological auto analyzer (Hitachi,
Tokyo, Japan). Measurements were done according to
the package insert of the Lucica GA-L. Automated
HPLC assay of GA was performed as described in
other studies.** Molecular weights of purified GA and
nonglycated albumin (NGA) were measured by a mass
spectrometry system. Measurements were performed
using QSTAR® Pulsar i mass spectrometer (Applied
Biosystems, Carlsbad, CA). All analyses were performed
in positive ion mode, and the measured range was
1000-2000 Da.

General performances (linearity, recovery, reproducibility,
interference, stability of samples) of the enzymatic assay
for glycated albumin were evaluated as described in

! Ketoamine oxidase

Glycated
amino acid O,

Step 2: Glycated albumin assay

Proteinase
ﬁ

Glycated
albumin

Step 3: Albumin assay

Step 1: Glycated amino acid elimination reaction

Glucosone + amino acid

H,0,+ TODB — H,0

Ketoamine oxidase

—

i

amino acid Q, H,0, + chromogens POD,

Albumin + bromocresol purple —

Step 4: Calculation of percentage of glycated albumin in total albumin
GA value = GA concentration + albumin concentration x 100

POD

Glucosone + amino acid

olo

olo

Figure 1. Assay procedure of an enzymatic method for glycated albumin. POD, peroxidase; TODB, N,N’-bis(4-sulfobutyl)-3-methylanilin,

disodium salt.
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another study.”® To study the reagent stability, reagents
were stored at 4 and 10 °C for 1 year and measured
for normal and abnormal concentrations of GA serums
(-80 °C stored) at 0, 12, and 13 months.

Reference Range Study

Healthy subjects without a known history of diabetes
and residing in North Carolina underwent a 75 g oral
glucose tolerance test (OGTT). Those with normal OGIT
results [n = 201, mean * standard deviation (SD) fasting
blood glucose; 85.6 + 6.6 mg/dl, 2-hour blood glucose;
869 + 21.3 mg/dl] were selected (male/female = 95/106,
white/black = 107/94). The study was performed in
accordance with the principles of the Declaration of
Helsinki as revised in 2000. The Institutional Review
Board at the Wake Forest School of Medicine approved
the study protocol and all participants provided written
informed consent.

Glycated albumin was measured using a Lucica GA-L kit on
frozen serum samples and GA analysis was performed
using an automated ADVIA 1650 instrument (Siemens
Medical Solutions Diagnostics, Tarrytown, NY). Next,
GA (%) was computed according to the manufacturer’s
instructions as [(GA + modified BCP serum albumin)
100 + 1.14 + 29]. The reference range was shown as
mean * 2 SD.

Statistics

All statistical analyses were performed using StatFlex
(Artec Inc, Osaka, Japan). A p value of less than .05 was
considered statistically significant. Data are shown as
mean + SD. Comparisons between groups were carried
out by the Mann-Whitney U test. Spearman’s rank
correlation coefficients were produced using the entire
sample set.

p€ O d € 0d IO ated AID

Results

1. Performance of Enzymatic Method for Glycated
Albumin

Specificity for Albumin

Table 2 shows the specificity of the present method for
albumin; the method does not measure glycated amino
acids in serum proteins other than albumin.

Number of Glycated Amino Acids Measured by the Enzymatic
Method

Figure 2 shows mass spectrograms of GA and NGA
purified from pooled serum obtained from normal
subjects. In the case of NGA, human mercaptalbumin
[HMA, molecular weight (MW) = 66441], which has one
sulfhydryl group of Cys-34 for each albumin molecule,
and human nonmercaptalbumin (HNA, MW = 66561),
which has an oxidized sulfhydryl group binding cysteine
molecule, were observed.

In the case of GA, a major peak of one glucose-bonded
HMA (MW = 66608) and HNA (MW = 66721), a major
peak of two glucose-bonded HMA (MW = 66768) and
HNA (MW = 66884), and a minor peak of three glucose-
bonded HMA (MW = 66933) and HNA (MW = 67047)
were observed.

Figure 3 shows the correlation curve between the present
method and HPLC method, with glycated amino acid
concentration plotted on the y-axis. The correlation curve
is linear: [r = 0.997, y = 2.16(x + 2.99)].

General Performance of Enzymatic Assay for Glycated
Albumin

General performance of the present method was good.
The linearity curve was linear (r = 1.00) between 3.2

Concentration in vivo GA[] Influence rate ALB [] Influence rate
Sample
g/dl g/dl % g/dl %
Human serum albumin 4.4 3.12 99.9 3.69 100.1
y-globulin 1.2 0.01 0.3 0.00 0.12
Transferrin 0.3 0.00 -0.1 0.00 0.09
a2-macroglobulin 0.2 0.00 -0.1 0.02 0.58
Haptoglobulin 0.2 0.00 0.0 0.00 0.04
al-antitrypsin 0.3 0.01 0.3 0.01 0.14
al-acid glycoprotein 0.1 0.00 0.0 0.00 -0.03
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and 68.1%. Dilution curves of albumin and glycated
albumin were linear between 0.0-80.0 and 0.0-409 g/liter,
respectively. Analytical recoveries of exogenous GA added
to serum were 95.7-99.7%. Within-run (n = 20) and between-
run coefficients of variation (CVs) were 0.63-0.93% and

HMA (0) HNA (0)
MW = 66441 MW = 66561
»
45
405 \
35§ .
] Nonglycated albumin
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Figure 2. Mass spectrograms of purified GA and NGA. HMA =
human mercaptalbumin, HNA = human nonmercaptalbumin, HMA
(+1 Glc) = one glucose-bonded HMA, HMA (+2 Glc) = two glucose-
bonded HMA, HMA (+3 Glc) = three glucose-bonded HMA.

0.68-0.75%, respectively. The addition of up to 146 and
152 mg/dl (final concentration) of free and conjugated
bilirubin, respectively, a turbidity index of 1930 chyle
per 10.0 g/liter of glucose and 1.0 g/liter ascorbic acid,
4 mmol/liter of glycated amino acid, and 18 g/liter of
human serum globulin and y-globulin did not affect
the results. Hemoglobin at a concentration of 1.96 g/liter
caused a 5% negative bias in the assay for GA. There were
no differences between serum and plasma (ethylene-
diaminetetraacetic acid, heparin, and sodium fluoride as
an inhibitor of glycolysis).

Samples were stable for 1 day at 25 °C, 1 week at 4
and 10 °C, 2 months at -20 °C, and 4 years at -80 °C
(data not shown). The reagent was stable at 4 and 10 °C
for 12 months (data not shown).

2. Reference Range of GA in the American
Population

Table 3 shows the results of the reference range study.
The reference range of GA in the American population
ranged from 119-158% (n = 201, mean + 2 SD).
No significant gender differences were observed
(male: 13.74 + 091 vs female 13.92% + 1.00, p = .17).
Significant racial differences were seen (white: 13.52 + 0.92
vs black 14.19 + 0.88%, p < .05).

Discussion

Several methods for measuring GA have been developed
but their reference ranges differ (Table 1). Because the
enzymatic method is ideal for measuring analytes
quantitatively, we studied the (1) specificity, (2) target
molecules of GA measurement, and (3) basic performance,
including reference range in an American population, of
this method.

Table 3.

Reference Range for Glycated Albumin in Americans

Measure All Males Females Whites Blacks White Males | White Females | Black Males | Black Females
n 201 95 106 107 94 45 62 50 44
Mean 13.83 13.74 13.92 13.52 14.19 13.26 13.70 14.16 14.23
SD 0.96 0.91 1.00 0.92 0.88 0.75 0.99 0.84 0.90
Median 13.78 13.72 13.88 13.45 1417 13.15 13.73 14.09 14.26
90% 1513 14.94 15.34 14.61 15.52 14.47 14.86 15.40 15.64
Q3 14.47 14.45 14.52 14.09 14.67 13.72 14.38 14.51 14.73
Q1 13.19 13.06 13.27 12.85 13.56 12.82 13.02 13.70 13.45
10% 12.71 12.71 11.06 12.46 13.21 12.38 12.48 13.19 13.21
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As shown in Table 2, this method is specific for glycated
amino acids in albumin. According to Figure 2, the
distribution of the number of binding sugars to one
glycated albumin molecule purified from normal
individuals was from one to three, and most GA
molecules have approximately two glucose molecules.
As shown in Figure 3, the slope of the correlation
curve between the present method and HPLC method
was ~2. The GA value measured by the HPLC method
is the ratio of glycated albumin molecules to total
albumin molecules, whereas the GA value measured by
the present method is the ratio of glycated amino acid
concentration to albumin concentration. Therefore, it is
assumed that the present method can measure all of
the glycated amino acids in albumin molecules.

The Committee on Diabetes Mellitus Indices and Japan
Society of Clinical Chemistry (JSCC) recommended a
reference procedure for measuring GA. Because albumin
has multiple glycation sites,® the Committee set out
to determine a suitable site for measuring glycation.
Based on these results, GA was defined as albumin
containing lysine residues bound to glucose, and a method
based on isotope dilution mass spectrometry (IDMS)
was proposed.”’

The IDMS method consists of (1) purification of albumin
from serum, (2) addition of stable isotope of N*-(1-deoxy-D-
fructose-1-yl)-L-lysine (DOF-Lys); DOF-Lys and lysine (Lys)
as internal standards, (3) hydrogenation of glycation site
and hydrolysis, and (4) reduced pressure drying; the
isotope ratios of DOF-Lys and Lys are determined by
liquid chromatography-mass spectrometry. Precision of
the reference procedure is good (within-run CV = 1.2%
and day-to-day CV = 1.4%), and compatibility with the
present method is favorable (r = 0.996). Because the IDMS
method measures all of the glycated Lys in albumin,
it is thought that the enzymatic method for GA also
measures all of the glycated Lys in albumin.?’

The difference between reference ranges among various
methods for GA could be due to (1) definition of GA
level and (2) target molecules of GA measurement
(glycated amino acid or GA molecule, and if the method
measured glycated amino acids, which glycation sites
were measured).

Affinity chromatography,'>'® ion exchange chroma-
tography,””” and HPLC methods?** define GA level as
the ratio of GA peak area to total area of albumin peak,
and the target molecule of GA measurement is the
glycated albumin molecule. On the other hand, TBA?
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Figure 3. Correlation between glycated amino acid (GAA) ratio
(%; present method, glycated amino acid concentration/albumin
concentration x 100) and HPLC. The GAA ratio measured by the
present method was significantly correlated with GA value measured
by HPLC?) (r = 0.997).

and enzymatic assays*>?* define the GA level as the ratio
of total glycated amino acid concentration to albumin
concentration. The target molecule of GA measurement
is total glycated amino acid in albumin.

In the case of immunoassay'®” and enzyme-linked
boronate affinity immunoassay,® GA level is assumed
to be defined as the ratio of glycated amino acid
concentration to albumin concentration. However, the
GA level might differ depending on the specificity
of the antibody used. In addition, we should take into
consideration the steric hindrance of antibody or enzyme-
linked boronate. Therefore, the definitions of GA level
of these methods are unclear. The enzymatic method
is especially suitable for measuring GA given the
Committee on Diabetes Mellitus Indices and JSCC’s
stated importance of measuring all glycation sites.

General performance of the enzymatic assay for GA was
good. In addition, the samples for the enzymatic assay
for GA were stable for 4 years at -80 °C. Nathan and
colleagues® studied the -80 °C stability of the samples
in the DCCT for GA assay and concluded that “samples
stored for as long as 23 years are suitable for the GA
assay.” The samples for GA would be stable at -80 °C.
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The reference range of the present method in the
American population was determined to be 11.9-15.8%
(n = 201, mean + 2 SD). Tominaga and colleagues®
selected a reference population by OGTT and reported
that the reference range of GA in the Japanese
population was 12.3-169% (n = 699, mean + 2 SD), as
given in a report of the Committee on Standardization
of Laboratory Testing related to Diabetes Mellitus of
the Japan Diabetes Society. On the other hand, Rita and
colleagues® reported that the normal control group of GA
ranged from 11.7-169% (n = 32, 2.5th-97.5th percentile) in
the Italian population. The reference range of GA levels
in the American population corresponded well to that of
the Japanese population and normal control range of the
Italian population.

In our report, race but not gender impacted assay results.
Therefore, we believe that GA may be a useful clinical
indicator for diabetes control. Selvin and colleagues®
reported that “Differences between black and white
persons in glycated albumin, fructosamine, and
1,5-anhydroglucitol levels parallel differences between
these groups in HbAlc” Our data corresponded well
to their results. They also reported that “Racial differences
in hemoglobin glycation and erythrocyte turnover
cannot explain racial disparities in the serum markers.”!
Studies are needed that will determine whether black
individuals have systematically higher levels of glycemia.

Conclusions

The present method specifically measures glycated amino
acids in albumin in a reliable fashion and may be useful
in diabetes management. The reference range for the
American population is 11.9-15.8%. This method may be
a useful indicator for managing diabetes.

Disclosure:

Dr. Takuji Kohzuma is an employee of Asahi Kasei Pharma Co., which
has developed and distributed the glycated albumin kits used in the
current study. Asahi Kasei Pharma Co. provided partial support for
this study.
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