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ABSTRACT

The metabolic disregulation of carbohydrates is the principal factor of diabetes, where high blood glucose levels
persist which is the cause of diabetes complications, and that long-term control of blood glucose levels is
required to avoid or lessen the damage caused by excess glucose. Monitoring blood sugar levels in individuals
with diabetes mellitus is currently managed by a long-term testing. Albumin is the largest component of the
plasma proteins, representing more than 80% of the total molecules and 60% of the total plasma protein
concentration. Itis replaced in the body approximately every 20-25 days, as there is a need of short-term marker
glycated albumin (GA) will be the ideal marker for an intermediate index to measure glycation GA plays a double
role in diabetes complications. In addition to being a marker for glycation, GA has been directly implicated for a
role in several major complications of diabetes, including atherosclerosis, nephropathy, retinopathy and cognitive
function. Levels of GA change more rapidly over time in response to changes in treatment than do levels of
haemoglobin Alc (HbATc). A recent survey of endocrinologists has demonstrated physician support for an
intermediate index for glycemic control based on GA. With such a test available, doctors would recommend
a substantial reduction in the level of self-monitoring blood glucose testing for their patients. The HoA1c test
cannot effectively measure glycation within a 3-month period, during which time diabetes complications can
advance if unchecked. There is a demonstrated need for an intermediate glycatio index to monitor diabetes.
A test based on GA could provide a stable monthly index of glycemic control.
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INTRODUCTION

Albumin is the most common protein found in serum, making
up about 80% concentration of the circulating blood protein.
It is replaced in the body approximately every 20-25 days. As
with other proteins in the body, it is subject to non-enzymatic
glycation by excess sugar. The glycation process is a condensation
reaction between carbohydrate and free amino acid at the amino
terminus of proteins or the epsilon amino groups of lysine
residues of proteins. The reaction is initiated with attachment of
the aldehyde function of acyclic glucose to a protein amino group
via nucleophilic addition, forming an aldimine, also known as a
Schiff base. This intermediate product subsequently undergoes
an amadori rearrangement to form a l-amino-1-deoxyfructose
derivative in a stable ketoamine linkage, which in turn can cyclize
to a ring structure [1]. Non-enzymatic glycation of albumin
occurs at multiple sites, complex multi-step reactions ensue that
cause formation of early and advanced glycation end-products
(AGEs). AGEs lead to significant alterations in secondary

structure and slight changes in tertiary structure of human
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serum albumin, resulting in the formation of thermodynamically
more stable high molecular weight aggregates that may interfere
with normal albumin function [2]. Protein glycation is both a
marker for diabetes complications and an underlying cause of
those complications. The purpose of diabetes monitoring is
to help diabetics control the glycation. Diabetes is currently
monitored by a combination of daily testing self-monitoring
blood glucose (SMBG) and long-term testing haemoglobin Alc
(HbAlc). A monthly diabetes monitoring test based on glycated
albumin (GA) has the potential to provide better information
for monitoring glycation. The progressive complications of
unmanaged diabetes include heart disease, blindness, kidney
failure, amputation of extremities due to circulation problems,
and nerve disorders, as well as other chronic conditions. These
complications are the cause of the immense personal, financial
and societal costs of diabetes. Decades of research have
established that prolonged exposure to excess glucose is the
cause of diabetes complications and that long-term control of
blood glucose levels is required to avoid or lessen the damage
caused by excess glucose. The process of protein glycation
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is now understood to be both a marker for the progress of
diabetes complications and an underlying cause of many of the
most serious complications. Excess glucose binds to proteins
throughout the body, changing their shape and properties in ways
that have been shown to cause damage to both the structure and
function of body organs. It is, therefore, extremely important that
blood glucose be kept at an acceptable level over time through
diet, exercise, meal planning and medications (both insulin and
other pharmaceutical agents such as glimepiride, metformin,
used in diabetes control). Diabetics must control their levels of
blood sugar (blood glucose) in order to manage their diabetes. To
achieve this control, diabetics must monitor the way that sugars
are being processed in their bodies. Serum proteins — proteins
that circulate in the blood such as Hb or albumin — are among
the proteins affected by the glycation process. Because glycation
of serum proteins can be measured in vitro, diabetes monitoring
has depended on the development and refinement of tests that
indicate the level and progression of diabetes-related damage by
measurement of serum protein glycation in a sample of blood.

Flowchart 1 shows the comparison of SMBG, glycated albumin
and HbAlc Testing time period [3].

METHODOLOGIES OF GA ASSAY

Several methods are presently employed in the isolation and
quantification of GA. These include (a) enzymatic assay,
(b) high-performance liquid chromatography and affinity
chromatography, (¢) immunoassay, including quantification by
radio-immunoassay, (d) enzyme-linked immunosorbent assay,
(e) enzyme-linked boronate immunoassay, (f) colorimetry, and
(g) electrochemical. The enzymatic assay with a GA reference

range of 14-16%.
GA and Its Role in Diabetes Complications

A link between glycated serum albumin and the discase
processes of several of the complications associated with
diabetes has been the subject of scientific and medical research
for more than 10 years, and it has become clear that GA plays a
dual role: As an indicator or marker of intermediate glycation,

also as a causative agent of the damage of diabetes complications
such as atherosclerosis, nephropathy and retinopathy.

Macrophages in the artery walls can recognize GA via specific
receptors and, in turn, trigger activation of endoplasmic
reticulum kinase, a potent cell-signaling pathway that activates
NF kappa B, a key player in inflammatory reactions. This also
produces potent cytokines like transforming growth factor (TGF)
beta, the corollary being a perpetuation of the inflaimmatory
pathways in the artery wall that characterizes the evolution
of the atheroma plaque [4]. Recent clinical studies showed a
significant correlation between increased serum GA level and
the presence and severity of coronary artery disease (CAD) in
patients with Type 2 diabetes mellitus and suggest the use of
GA as a screening test for CAD [5]. In vitro studies indicate that
GA in physiologically relevant concentrations possesses several
pro-atherogenic effects which include promoting oxidative
stress, production of inflammatory mediators, endothelial
damage, and vessel wall hypertrophy [6]. GA undergo a variety
of degradations, and rearrangements to form highly reactive
carbonyl groups which are capable of reacting with other proteins
to form intermolecular crosslinks which may eventually lead to
vessel wall hypertrophy in the capillaries [7].

The functional changes seen in diabetic nephropathy may be the
result of an increase in permeability of the glomerular basement
membrane to glycated proteins. In the normal kidney, the
transglomerular passage of serum proteins and macromolecules
is highly selective due to the impermeability of glomerular
basement membrane and distribution of molecular charge
on the capillary wall, which results in the exclusion of some
anionic proteins and proteins larger than 80 kDa in urine [§].
In diabetic nephropathy, there is an increase in the thickness
of the glomerular basement membrane and the appearance
of proteins larger than 100 kDa in urine. It has been proposed
that glycosylation of serum albumin results in increased
sequestration by endothelial vesicles, which may be a mechanism
for trans endothelial transport across continuous endothelium
in vivo [9]. The albuminuria and mesangial expansion that are
known hallmarks of diabetic nephropathy can be generated
by the interaction of GA with receptors in the mesangial cells,
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Flow chart 1: Comparing SMBG, GA and HbA1c¢ testing time period
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independently of the direct actions of hyperglycemia. Through
an amplification cell signaling cascade, involving protein kinase
C and secretion of potent cytokines like TGF beta, a series of
deleterious effects occur that produce glomerular dysfunction
and albuminuria [10-12]. In vitro studies of human kidney,
visceral epithelial cells show that GA inhibited nephrin synthesis
through the engagement of the receptor for AGE-products and
that nephrin loss and redistribution in glomeruli is present in
patients with Type 1 and Type 2 diabetes [13]. The reduction
of GA concentrations and/or blocking of its biologically active
epitopes has demonstrated a beneficial influence in the
pathogenesis of diabetic nephropathy [14].

A recent article on proliferative diabetic retinopathy discusses
the involvement of GA in stimulating angiogenesis in the
retina. Involvement of activator protein-1 (AP-1) has been
implicated in both in vitro and vivo studies of angiogenesis. The
study shows that GA stimulates the phosphorylation of c-Jun,
a component of the transcriptional factor AP-1 in retinal glial
cells. AP-1 up-regulates the mRNA level of cytokine vascular
endothelial growth factor (VEGF), stimulating increased levels
of VEGF and proliferation of unregulated capillary growth.
When the newly formed capillaries invade the retina, leakage
of blood plasma damages the retinal area, inducing macular
degeneration. The result is a loss of vision in the central retinal
area [15].

Correlation of GA and HbA1C as Glycemic Indices

Several recent studies have confirmed that point measurements
of GA and glycated HbAlc are closely correlated, and that values
for GA accurately represent the equivalent values for HbAlc in
diabetic patients not subject to physiological conditions that
disturb Hb metabolism. In these cases, GA has been found to be
a better indicator of glycation than HbAlc. As expected, levels
of GA change more rapidly over time in response to changes
in treatment (as reflected by changes in fasting plasma glucose

[PG]) than do levels of HbAlc.

The kinetics of HbAI and GA in response to blood glucose
dynamics have been studied and have been found to reflect the
weighted mean of the preceding plasma level for 100, 40, and
30 days, respectively. When compared to HbAlc concentration,
changes in GA have been found to have a closer correlation
to changes in mean blood glucose in the first few weeks after
intensification of insulin therapy in Type 1 diabetics [16].

A recent clinical study performed a comparison of GA and
glycated Hb in Type 2 diabetic patients over 16 weeks. The
study demonstrated that GA and HbAlc were significantly
correlated in patients with Type 2 diabetes who had an HbAlc
level below 7.5% with <0.5% variation for at least a year. The
GA/HbAlc ratio displayed a normal distribution and the mean
value of 2.9. The mean value did not differ among the 4 groups
studied irrespective of their treatment for diabetes. When
combined analysis of the four study groups was performed, GA
and HbAlc showed a weak, but significant correlation [17].
The physiological and pathological conditions affecting GA
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compared GA and HbAlc levels in 209 diabetic patients whose
glycemic control had been stable for at least the past 3 months.
The results showed a strong correlation of HbAlc levels with GA
levels in the study populations [18]. Another study evaluated
the clinical utility of employing GA as an indicator of glycemia.
Values of GA and HbAlc were compared to daily values of SMBG
in 60 Type 1 patients and 50 Type 2 patients. Results show a
very strong correlation of GA with HbAlc in Type 1 and Type
2 subjects. GA was also significantly correlated with maximum
blood glucose in Type 1 and Type 2. The study concludes that
the GA is a reliable indicator of average glucose levels in patients
with Type 1 and Type 2 diabetes. This study also found a strong
correlation of GA to pentosidine, an AGE product known to be
amajor cause of diabetic vascular complications in Type 1 and
Type 2 diabetics, while HbAlc showed a correlation with Type
1 diabetics only [19]. A study measuring the clinical utility of
an enzymatic method for the measurement of GA in plasma
followed a sub-group of Type 2 diabetic patients for 18 weeks
as they progressed from severe hyperglycemia (HbAlc =10.0%)
toward better glycemic control, and the GA was better correlated
with fasting PG than HbAlc for both groups of Type 2 diabetics
(with good and poor control), and GA decreased more rapidly
than HbAlc during intensive insulin therapy [20].

Clinical Utility of GA

Articles demonstrating the utility of GA as an alternative index
to glycated Hb for diabetes control have been published for
25 years. As carly as 1983, Jones et al. took note of the most
rapid turnover of albumin as compared to Hb, and tested GA,
HbAlc, and fasting blood glucose in newly diagnosed diabetes
patients undergoing treatment. They found that GA decreased
in step with fasting glucose over the initial 4 weeks of treatment,
while HbAlc did not [21]. In (1989), Wincour determined that
changes in GA had a closer correlation to changes in mean
blood glucose in the first few weeks after intensification of
insulin therapy in Type 1 diabetics when compared to HbAlc or
fructosamine (FA) concentration [22]. Similarly, Wérner (1993)
compared GA, glycated Hb and FA and concluded that GA gave
the most precise data in medium term diabetic control [23].

More recently, published and unpublished studies in Japan,
using a laboratory-based methodology for measuring GA,
have confirmed the clinical utility of GA as a methodology for
diabetes monitoring. A study of 18 Type 2 diabetic patients for
16 weeks as they progressed from untreated severe hyperglycemia
(HbAlc =9.0%) to good glycemic control (HbAlc <6.5%) by
intensive insulin treatment found that GA decreased more
rapidly than HbAlc during intensive insulin therapy, but the
percent reduction of HbAlc eventually corresponded with
that of GA by 16 wecks after the start of treatment. This result
demonstrates that GA provides a more responsive indication
of therapeutic treatment than the IHbAlc test [17]. A study
performed at the Juntendo University School of Medicine, Japan,
also demonstrated the effectiveness of using GA as an indicator
to monitor diabetes therapy [24]. Another Japanese study tested
whether GA was a more useful tool to monitor rapidly changing
blood glucose than HbAlc. The study was performed on patients
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hospitalized for diabetes control (51 men and 47 women).
Patients were administered oral anti-diabetic drugs and 4-point
SMBG tests daily. 7-point SMBG tests were done the 3 and 10t
hospital day, and the study concluded that GA measurement is
more accurate for determining rapidly changing blood glucose
than HbAlc due to the shorter half-life (10-14 days) of GA as
compared to the half-life of HbAlc (2-3 months) [25]. There are
few recent studies which reviewed the clinical utility of GA and
its potential role as a short-term glycemic marker in controlling
complications of diabetes [26,27]. The study carried by Furusyo
et al. and Song et al. shows the role of GA in prediction of
atherosclerosis in diabetic patients [28,29].

Survey Reports on Efficacy of GA as Short-term
Glycemic Index Given By Various Endocrinologists

In September 2005, Epinex Diagnostics surveyed clinical and
rescarch endocrinologists and diabetes specialists about their
current diagnostic practices for Type 2 diabetes patients and
their opinion of the utility of a monthly test for glycation
based on GA [30]. The company received a highly positive
response to the product concept and technology from survey
respondents. A six-page questionnaire was sent to more than
3500 endocrinologists and diabetes specialists, who collectively
treat approximately 2.5 million diabetic patients, which
constitutes approximately 20% of patients in the U.S. diagnosed
with Type 2 diabetes.

A total of more than 3500 surveys was sent to a select group of
endocrinologists, diabetes specialists, researchers, and general
practitioners. 215 responses were received and evaluated,
representing a margin of error from random survey sample
calculations analysis of 6.5% at 95% confidence level. Virtually
all the respondents treat diabetes patients on a regular basis,
with the majority (54%) averaging 10 or more patients/day.
Respondents indicated that current monitoring standards
for diabetes involve a combination of SMBG procedure and
Al1C measurement. The survey indicated that Type 2 diabetes
patients are most often asked to measure blood glucose twice
(49%) or thrice (37%) daily for a total of (86%) [Figure 1] [31].
Compliant Type 2 patients on diet and medical maintenance,
however, are asked to measure blood glucose twice daily (42%)
and once (35%) daily, with only 11% indicating three or more
times. Over 90% of respondents perform the A1C test 3-4 times/
year in all diabetes patients. About 60% of respondents regard

-
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Figure 1: Endocrinologist survey - Recommendation for self-monitoring
of blood glucose testing for Type 2 patients
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the AIC test as the gold standard of diabetes management,
but 31% note that it is occasionally misleading, and only
approximately 12% encourage A1C over-the-counter (OTC)
testing. Despite some obvious advantages associated with OTC
and self-testing, including engendering patient empowerment,
many physicians are concerned about the accuracy of OTC

AlC tests.

The history of FA testing has served as a springboard to
something better in intermediate glycemic control, judging
from clinical test results and the overall response in this survey,
in which 64% agreed there was a need for intermediate glycemic
control and only 13% disagreed. The ability of FA to diagnose
diabetes has been historically criticized [32-37] for yielding false
positives and having a lack of sensitivity. In 1991, Narayanan
summarized several potential interference agents for early FA
assays [38], and a decade later, colorimetric determination of
FA was criticized as being susceptible to interference factors
in the blood, such as lipid [39]. At present, unreliable results
appear because a collection of proteins, some of which vary
rapidly and considerably during intercurrent disease, are being
simultaneously assessed without the benefit of normal baseline
data and a standardized relationship to total protein.

The concept of a rapid test in which the measurement of GA
is compared to total albumin (glycation index: Percent of GA
to total albumin) from a single drop of blood was explained to
the survey respondents. Over half gave a favorable response to
a test for short-to-intermediate glycemic status and control.
Overall, 69% thought such a test would be very good for
tracking gestational diabetes, and only 5% indicated not at
all. When asked specifically about a GA index, 88% responded
positively: 26% rated it excellent, 40% very good, and 22% good
for tracking gestational diabetes. In addition, just over half of
all respondents answered in the affirmative for GA monitoring
geriatric patients. These patterns did not change when only the
researchers 22% of survey respondents were considered. 73%
of respondents envisioned a positive contribution for an OTC
version of a rapid GA test. Included in this subtotal were 34%
of the total respondents who viewed GA as complementary
to A1C and finger stick glucose and another 18% who felt it
would contribute to personal empowerment. According to the
responses given by endocrinologists to the epinex survey, 13%
of diabetes patients are asked to measure glucose once daily
or less [Figure 1]. With the advent of a successful monthly
GA test, 69% would be asked to measure glucose once or less
daily [Figure 2]. This reduction of 56% from 86% to 30% in
daily SMBG testing [Figure 2] [40] indicates the potential
for a very large factor in healthcare savings. While the short-
term information provided by SMBG is vital to all diabetes
patients and cannot be replaced by GA, it is important to
consider that diabetes management over the long-term
should be improved by a more representative indicator of the
disease processes involved. The highest percentage (38%) of
respondents indicated that monthly GA status would relegate
SMBG testing in compliant diabetes patients to once daily,
and 50% would recommend a GA test ahead of fasting blood
glucose or an oral glucose tolerance test for low-to-mid level

diabetes risk patients
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Figure 2: Endocrinologist survey - Recommendation for self-monitoring
of blood glucose testing for Type 2 patients

It is clear from this survey that the establishment of a GA
index for diabetes care has the potential to significantly impact
diabetes monitoring as an adjunct to A1C and SMBG. It also
represents an enormous potential saving in healthcare cost
in that the survey results support a solid economic argument
regarding a shift away from more expensive glucose testing in
favor of a reliable and relatively inexpensive GA test.

Advantages of GA in Diabetes Monitoring of
Hemodialysis, Cardiovascular Disease (CVD) and
Gestational diabetes Patients

The significance of a comparison of GA with casual PG and
IHbAlc n was evaluated as an index of glycemic control in
hemodialysis patients with Type 2 diabetes. A significant
negative correlation was found between GA and serum
albumin in diabetics on hemodialysis and multiple regression
analysis led to the conclusion that GA testing estimates
glycemic control in diabetic hemodialysis patients better
than the HbAlc test, which leads to underestimation when
erythropoictin is used (90% of dialysis patients) [41]. In
another clinical study published in 2007, examination of
patients with Type 2 diabetes revealed significant coronary
stenosis in 237 out of 320 subjects. Serum GA and TNF-alpha
levels were significantly higher in patients with CAD than in
controls, and the study concluded that there is a strong and
specific connection or association between elevated GA levels
and coronary discase, with no correlation to HbAlc levels. The
article suggested that testing for GA could provide a useful
marker for predicting the onset of CAD in people with Type
2 diabetes.

A study conducted in Glasgow compared the respective value
of serial measurements of GA, glycated plasma proteins
(GPP), and HbAlc (glycated Hb), in early pregnancy in
14 insulin-dependent diabetic women the results demonstrate
that measurement of GA or GPP gave an carlier indication
to the clinician of improved diabetic control. The study also
proposed that GA and GPP were less likely than HbAlc assays
to be affected by non-diabetic conditions, such as patients
who are anemic, received blood transfusions or were treated
by hematinics [35]. Another study concluded that GA could
be a better marker for glycometabolic control with respect to
HbAlc in cases of pre-gestational diabetes (i.e., in pregnancy of

Type 1 or Type 2 diabetic women) because of larger excursion
e 2014 e Vo3 e
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of glycemic levels in these subjects, with respect to gestational
diabetes pregnancies [42].

Factors are Effecting Current Diabetes Monitoring
Methods

SMBG can only provide a snapshot of blood glucose levels
and does not monitor glycation. Recent studies have shown
no benefit to SMBG testing in improving glycemic control
for Type 2 diabetics [20,43,44]. Studies reveal three areas of
potential uncertainty exist in HbAlc testing such as biological
variability [45-48], red blood cell variability [49-51], and clinical
variability [52-54].

Disadvantages of GA Estimation

Unfortunately, there may also be interferences with the GA assay.
While HbAlc measurement is affected by reduced erythrocyte
survival or an increase in young erythrocytes (e.g., during
treatment with erythropoietin-stimulating agents), GA can
be influenced by factors that affect albumin turnover [55-57].
Because the majority of patients with advanced nephropathy
have overt proteinuria, GA values may also be affected in these
patients. One study has shown this to be the case; there was a
significant decrease in GA values independent of glycemic state
in diabetic patients with nephritic syndrome, while nonnephrotic
range proteinuria did not significantly influence GA [58].

Research Status of GA Testing in India

India is facing an epidemic of diabetes. At present, confirmed
diabetes patients in India are 67 million, with another 30 million
in pre-diabetes group. By 2030, India will have the largest
number of patients in the world [59]. A study carried out by
the Diabetes Research Centre, WHO Collaborating Centre for
Research, Education and Training in Diabetes, Chennai-India
concluded that GA may be a useful marker for assessing short-
term glycemic changes in patients with Type 2 diabetes. It may
be useful to assess the carly improvement in the treatment of
diabetes [60,61]. Another study carried out in South Indian
diabetic population concludes that the persistent increase in
GA and microalbuminuria may be considered as risk markers
in diabetic nephropathy. Therefore, regular screening for
microalbuminuria and estimation of GA can help in the clinical
management, to prevent complications [62]. Similarly another
study evaluates the levels of GA along with microalbuminuria
in diabetic retinopathy patients concludes that there is a
significant relation between duration of diabetes, GA levels and
diabetic retinopathy [63]. The relation between dyslipidemia
and GA explained by another study which concludes that
GA levels quicker response to short-term changes in diabetes
treatment and glycemic control index as well as for early
diagnosis of dyslipidemia [64].

CONCLUSION

Given the expanding diabetes population, endocrinologists
increasingly recognize the need for an intermediate glycemic
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indicator. A GA test has the potential to significantly impact
diabetes monitoring and fulfill this need. With a turnover time
in plasma of 2-3 weeks, GA provides a glycation update on a
monthly basis. GA has been shown to be more accurate than the
existing A1C “gold standard” for diabetes patients undergoing
hemodialysis, a major segment of the diabetes population.
Levels of GA have also been shown to have a substantial
relationship to certain types of diabetes complications such
as nephropathy, retinopathy and CVD. With more and
more studies questioning SMBG as an effective method for
monitoring Type 2 diabetes, GA has the potential to provide a
reliable and effective alternative. It has already been recognized
as an ideal marker for gestational diabetes, with potential clinical
applications for diabetes patients undergoing hemodialysis and
diabetes patients with CVD. An available GA rapid test as a
monthly indicator of glycation could bring about a significant
reduction in daily SMBG, resulting in substantial healthcare cost
savings as well as an increase in patient compliance. Availability
of such a test to the patient depends on reconciling the disparate
results seen with various measurement methodologies. There is
currently no rapid GA test for intermediate glycation available
to physicians or patients.
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