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GGlucose 1n solution

CH,OH CH,OH
A O.H H g O _COH
oH oH o/l
OH O
H .. OH N y CHZH Z H -~ OH
6% L1 o 3} @ cas;
H—1—0H
CH,OH / H C1H N CH,OH
HO—=H o H CH,OH HO—H ~  OH
OH HDH (5) OH HH
0.015¢ HEEJGH 0.02% H ,HJDH

0.01%

a-D-Glucose ——  Equilibrium mixture =——— g—D—GIumse
[cln = +112° [2]p = +52.7° [l = 4100
vWhere (@] = specific rotation



Methods for Analysis of

Monosaccharides and Oligosaccharides

Chromatographic and Electrophoretic methods (differential adsorption characteristics:
partition coefficients, polarities or sizes, depending on the type of column used)

Chemical methods (reducing agents can react with other components to yield precipitates or
colored complexes)
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Titration Methods (LLane—-Eynon method)
Gravimetric Methods (Munson and Walker method)
Colorimetric Methods (Anthrone method, Phenol - Sulfuric Acid method )

Electroanalytical methods (Amperometric) involve the measurement of such electrical properties
as voltage, current, resistance, and quantity of electrical charge.

Physical Methods

>
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>
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Polarimetry (Molecules that contain an asymmetric carbon atom have the ability to rotate plane
polarized light)

Refractive Index (velocity of light in a vacuum divided by the velocity of light in the material)

Density (The density of aqueous solutions increases as the carbohydrate concentration
increases)

Infrared (A material absorbs infrared due to vibration or rotation of molecular groups)

Enzymatic Methods

Immunoassays (development of specific antibodies for the carbohydrate molecule)



Variation between methods

Sample related
—e.g. Hct, pO,, DKA, HHNK, etc.

Endogenous compounds
Exogenous compounds

Environmental
— Temperature
— Humidity
— Altitude



BGM Design Goals
Drive the specifications and choice of
technology

e Accurate and precise

 Highly specific

e Stable at room temperature

e Rapid test (use whole blood directly)
e Very easy to use

 Small blood volume

« Low cost/test

« More recently
— No pOZ2 dependence
— No maltose interference
— No hematocrit effect



BGM measurement based on
combining technologies

Method of introducing sample to device

— Most devices now rely on capillary action,
sometimes 1n two directions

Method to identify glucose in sample (specificity)

— Enzymatic reaction (GO, GDH,
Hexokinase/G6PDH)

Method to quantify glucose
— Colorimetric

— Electrochemical

Method of calibration

Methods to assess performance of the test or
correct results



Interferences are related to
choices of sample type and
technology



Interferences result from

e Analyte specificity 1ssues

e Sample and environmental influences
on the measurement reaction



Analyte specificity:
Enzyme application

e Use of enzymes specific for glucose
— GO
— GDH
— Hexokinase/G6PDH



(Glucose oxidase

e (GGlucose oxidase — an enzyme that will catalyze
the reaction of glucose to gluconic acid, with
the formation of hydrogen peroxide as a by-
product

 General reaction
glicose + ‘H20 + (2 Glucose oxidase  g)\jconic acid + H202

Trindler reaction

Glucose Oxidase  Gluconic acid + H,0,

Glucose + O, + H,0

H,0, + Chromogen Peroxidase , Oxidized chromogen

+ H,0




(Glucose oxidase

e (Good methodology, but:

— Procedure 1s good for blood and CSF specimens, but urine
has too many interfering substances.

— Subject to interference from ascorbic acid, bilirubin and
uric acid which are also oxidized by peroxidase.

— Alternative way to determine concentration:

e Measuring the amount of oxygen used up by an
electrode



Hexokinase

e Hexokinase — an enzyme that catalyzes the

phosphorylation of glucose

— Method can be very accurate and precise since the
coupling reaction is specific

— Time consuming for routine use

— Reference methodology since it lacks interferences
associated with glucose oxidase method

— Procedure can utilize blood, urine and CSF

Hexokinase

Glucose — 6 — Phosphate
+ ADP

v

Glucose + ATP

G6PD

v

Glucose — 6 - Phosphate NADPH + H + 6-
+ NADP Phosphogluconate

NADP - Nicotinamide adenine dinucleotide phosphate (oxidized form) is reduced

NADPH - reduced form absorbs light (340nm) proportional to the amount of glucose
present in first reaction



GDH-PQQ

GDH-PQQ
D-glucose + ubiquinone(OX) » D-glucono—1,5-lactone

+ ubiquinol(Red) e o e R T




Introduction of GDH-PQQ

 GDH-PQQ systems introduced to alleviate pO,
— GDH reaction does not involve oxygen
— R'T stable enzyme

e However, GDH-PQQ less specific for glucose

— Recognizes maltose, galactose, xylose and
other sugars with glucose moiety, with false
elevation of glucose results.

e Recent versions of GDH with NAD or FAD
cofactor are more specific and stable.



PQQ—-Related Reports

¢ 1997-2009 - FDA received 13 reports of death
associated with GDH-PQQ glucose test strips

e The deaths occurred in healthcare facilities

* 6 of the 13 deaths have occurred since 2008
despite FDA’s efforts to communicate the risk

10 of the 13 patients were receiving Extraneal
(icodextrin) peritoneal dialysis solution for renal
failure.

« 3 of the 13 patients were receiving maltose-—
containing substances



Nature of the problem

*When non—glucose sugars present, GDH-PQQ
system will produce a false high glucose result

May lead to inappropriate insulin dosing
May result in hypoglycemia, coma, or death
‘Hypoglycemia may go unrecognized

Can occur anywhere
sin—patient, out—patient healthcare facilities
eat home



Nature of the problem

*Other glucose test strip technologies are not
affected by the presence of non—glucose sugars.

*The unaffected methods are:
—Glucose oxidase (GOD)
—(Glucose dehydrogenase nicotine adenine

dinucleotide (GDH-NAD)
—(Glucose dehydrogenase flavin adenine
dinucleotide (GDH-FAD)

o[ .aboratory—based blood glucose assays do not use
GDH-PQQ methodology and are not subject to falsely
elevated results from non—glucose sugars
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Sample influences on measurement

e Endogenous substances

— Uric acid
— Bilirubin
— Lipemia, Hemolysis

e KExogenous substances

— Acetominophen

— Ascorbate

— Maltose, Icodextrin metabolites
— Mannitol

— Dopamine



Sample influences

¢ DKA, HHNK (Diabetic ketoacidosis, hyperglycemic hyperosmolar

nonketotic)

— pH and/or Viscosity
e Hyperosmolar, flow effects



Environmental influences

e Analytical Variability
— Temperature
— Humidity
— Altitude (.e. oxygen availability)
These factors are important in Glocometers!



Some relevant examples

* pO, dependence
e Hematocrit effects



The pO, effect

2 gluconic acid + H,0, (YSI and Beckman
Glucose Analyzer)

glucose + O, + H,0

HRP . .
H,O, + dye precurserfg dye color + (colorimetric
H.,0 )
GO .
glucose + med (0% > gluconolactone + med (electrochemica
(red) E 1)

pot

med (red) e~ + med (ox)




pOZ interference

e (Original methods based on glucose oxidase coupled
to a colorimetric indicator system

— Oxygen available from atmosphere
 blood removed by blotting, wiping etc.
e exposed to air during the reaction time

e KElectrochemical methods used mediators
— Systems calibrated for capillary blood

pO2 effects generally greater at lower glucose concentrations



Hematocrit effects

e Hematocrit may influence access of
plasma or diffusion of glucose to
measurement system suppressing
results.

e Hematocrit effects generally greater at
higher glucose concentrations



HbA1C



WHO & ADA



WHO & ADA



Different Hemoglobins

Fetal Hemoglobin — Hb F

Adult Hemoglobin — Hb A

Sickle cell disease — Hb S
Hemoglobinopathies — Hb C, Hb E

(Glucose in the blood reacts with the
Hemoglobin A to form Glycated Hb.



Glycated Hb — GHb

e Different types of Glycation products are
formed from the HbA depending on the
ohydrate moiety — namely

carb

v Y 1 ﬁ =
gEeL Ay D A
v Y 4 ﬁ -
A A D A
v Y 1 ﬁ —
A A D A

v Y 4 ﬁ -
A D A

al - Fr 1,6 diphos —-N—-term. valine
a2 — Gl 6 phos -N—-terminal valine
b = Other CHO — N—-term. valine

¢ — Glucose — N—-terminal valine

Normally less than 6% of Hb 1s HbAlc

(Previously called glycosylated Hb.)



Glycation

e oglucose can attach to many proteins
via a nonenzymatic, posttranslational
DroCesSsS

e (1)A reversible reaction leads to the
formation of an aldimine

e (2)followed by an Amadori
rearrangement to form an irreversible
ketoamine.



Glycation mechanism

Protein -
N Prot ein\ PI‘O[EII’I\
Prcl;tem
NH-»

_)..

-
1900 by
Maillard 1920 by Amadori

H[\l.j o—~0OH
Proté?n
) enaminol Amadori
D-glucose Schiff base

intermediate product



(lycation mechanism



Glycation effects



Estimation of HbAlc

There are many methods of estimation

HPLC (High Performance Liquid
Chromatography) — Gold standard.

Immuno—turbimetric meth. — HbA; Ab
Affinity chromatography
Electrophoretic methods
Method based on chemical reactions.



Comparison among routine methods



Correlation of MPG — HbAlc

HbA1C % MPG mg%
X J7 Mean Plasma Glucose =

(35:6 % HbAle %) —74.8

o

135
HbAlc =

(MPG mg% + 77.3) / 35.6

Diabetes Care

Vol.26 (S), P33, 2003




Key values

Figure 1. Comparison of units for HbA, - % and mmol/mol

6.5% = 48mmol/mol
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Key: HbA, . = glycated haemoglobin A,




New units by 2011

Figure 2. Comparison of fasting plasma glucose and HbA,

e [s there equivalence
6 HbA, mmol/mol
between fastmg 42 53 64 75 86 97 108

plasma glucose and o
HbAlc? Py A I Y I

FPG 2[]{}-____..__--/ :
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[
1
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mg/dL /
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150 _/
126
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Key: FPG = fasting plasma glucose; HbA, . = glycated haemoglobin A,




Factors causing misleading results

e A1C values influenced by red cell survival.

(1) falsely high values —— low red cell turnover—-
disproportionate number of older red cells

ex: iron, vitamin B12, or folate deficiency
anemia.

(2) falsely low values —- rapid red cell turnover —
greater younger red cells

ex: hemolysis , treated for iron, vitamin B12, or
folate deficiency






1,5—anhydroglucitol (1,5-AG)



History of 1,5AG

1888 1,5AG was discovered in plant of Polygala
Senega.

1973 Presence in human body was reported.

1977 Decrease of plasma 1,5AG concentration with
uremia and diabetes mellitus was reported.

1979 Blood 1,5AG was determined 1n Japan.

After this, research on relationship between
diabetes mellitus and 1,5AG has become active.



Origin of AG

AG 1n the body originates mainly from foods and
1S well absorbed in the intestine

AG 1s little degraded and metabolized in the
body

an equilibrium exists between oral supplement
plus a small but steady amount of de novo
synthesis and excretion in urine

AG competes with glucose for renal tubular
reabsorption, so hyperglycaemia leads to
reduced serum 1,5AG concentrations through
increased urinary loss.

1,5-AG urinary excretion remarkably increases with
hyperglycemia!



1,5 AG Content of Foodstuffs in
Japanese Diet

. Al Conbent, AG Content,
Fiouts e Foruds HEE

Staple food Vepetahles (.4+0.2*

Bread d.3+1.1 Fruits 0.7 06"

Flice {(vuukeld) 3.8x1.4 Dirinks

Japanese noodle 1.4+00.5 Heer [.740.1

Buckwheat noodle  3.8+1.6 Sake 0.5+0.1

Epaghetti noodle 24111 Whaskey 0.1..0.1

Chinese noodle 1.9=0.9 Tea 2.2+0.8

Sovhean 22 h+R.4 Orange puice (.5+0.1

Potato 0. 00,2 hlalk 08403
Meuly gl senlmnds hers

Heel 2407 I'ofu 0.5+0.2

Pork 1.7+0.6 Cheese 05+00

Fat 0.7+0.2 Cooking oil 0.6+0.1

Chicken 0.6x0.3 Soy sauce 3.2+0.4

Egg 0,7x0.4 Sauce 1.5+0.3

Fish 0T 4%

Cuitlefixh 0.3x0.2

Prawn i, 4=+{.2

Shallfmsh 0301

[loe 0.520.9

Sausage 1.3£0.5 -

Yamanouchi T et al Am J Physiol 263: E268-E273. 1992



The structure of 1,5—anhydroglucitol (1,5AQG)

HO HO
g
OH
HO OH| HO
OH OH
D-glucose 1,5—-anhydro-D-glucitol

((1-deoxyglucose)



Fully Automated Enzymatic Method for 1,5
AG Assay ( Glycomark )

NN
@.,./\./k

aVen'as

L) N

HRP=Horseradish peroxidase ; PROD= pyranose oxidase; HTB=3
hydroxyriiodobenzoic acid ; 4AAP= 4 aminoantipyrine



1,5 Anhydroglucitol Specimen
Requirements

Specimen 1.0 mL serum or plasma. Ship samples room

Requirement temperature.
Please note: This volume does not allow for repeat

analysis,

Methodology | Enzymatic, Colorimetric assay

CPT Codes 84378

Assay Time / 1 Day, Set up Monday - Saturday
Schedule

Reference Mean (SD) Reference Interval
Ranges Hg/mL 1,5-AG ~ pg/mL 1,5-AG
Males 22.5(5.8) 10.7-32.0

Females 17.7 (6.2) 6.8-29.3




Specificity of Assay

e The following don't interfere in
concentrations up to 10 grams/L :

— Sorbitol
— Mannitol
— Sucrose
— Lactose
— Maltose
— Fructose



Physiology of 1,5-AG

Oral Suppl Oral Supply .
o A. L owely B, Hyperglycemig

(5-10mg/day) Normoglycemia 5-10mg/day)

Teeies Tissues
Internal
Internal Organs
?g%%ris Glucose (500~
1000 mg) LR 1000 me)
Reabsorption

: 2 Urinary excretion
Urinary excretion
(5-10mg/day) (INCREASED)




A Descriptive Study Conclusions

» 1,5-AG reflects postprandial hyperglycemia more
robustly than established glycemic assays

» At similar A1C levels, there may be variability in
postprandial hyperglycemia —which is reflected by 1,5-
AG levels!!

> 1,5—AG may be used in combination with A1C for

better predictability of postprandial hyperglycemia
than either assay alone

> A Two-Step Sequential Process Might be Used:

1)

2)

Use A1C to identify patients who are moderately
controlled (A1C 6.5 to 8.0)

Usel,5—-AG to determine extent of postprandial
hyperglycemia



Judgment standard of 1,5AG

1,5AG (ng/mL)

State of glycemic
control

Affected by other diseases

Over 14.0

Normal

10.0-13.9

Excellent

Renal glycosuria, oxyhyperglycemia
pregnancy (after 30 weeks)

Chronic renal failure (serum creatinine
over 3.0mg/dL)

Long term high calorie transfusion
through central vein starvation

6.0-9.9

Good

Pregnancy (34 weeks approximately)

Chronic renal failure (serum creatinine
over 3.0mg/dL)

Long term high calorie transfusion
through central vein starvation

2.0-5.9

Fair

Chronic renal failure (serum creatinine
over 3.0mg/dL)




1,5-AG and Postmeal Glucose Levels

Approximate Mean Postmeal
Maximum Blood Glucose (mg/dl)

1,5 AG (ug/ml)




Characteristics of various glycemic control markers

HbA1cC Fructosamine 1,5AG
Best correlated Post glycemia | Recent Present glycemia
with glycemia
Time required for 1 month 1-2 weeks 1-several days
significant change
Change Sluggish and Sluggish and Sharp and analytical
approximate approximate
Variance Small Small Large
Most changeable Medium~ high | Medium~ high | Modest hyperglycemia
in hyperglycemia | hyperglycemia | ~ near-normoglycemia
Grapping Monitoring Grapping glycemic
Purpose for use roughly glycemic control state
glycemic control in monitoring strict

control state

hyperglycemia

glycemic control




Summary

1,5 Anydroglucitol appears to be a more robust
indicator of glycemic excursions than either
HbA1C or Fructosamine

[t 1s currently FDA-approved and clinically
available; might a home kit be of clinical utility 77

1,5 AG responds more rapidly and sensitively than
either HbA1C or Fructosamine

1,5 AG may be a useful clinical adjunct and
indicator for monitoring moderately well-
controlled patients with diabetes

More clinical trials are necessary and underway to
explore how effective this tool can be and to
define other areas in which it may be limited or
most helpful



Making decision:
Glycemic control markers

Blood
glucose

Fructosaminel’SiG l

HbA1C \

A T R SR SR,
i} 12 o L a7 SRR O © L DR S R 2R I o)

Weeks before measurement









Chemical methods for detection

e The Molisch Test (positive for all
carbohydrates)

D A 2° 5 o form furfural & its derivatives
I
H—C—0H 50, chf'ﬁx <~
H—C—OH "Tamo ‘é_éf
H—él:—DH H H
CH, OH
Ho 20
H—L—oH ﬁ
0. _CHOH
H_lé_DH H,50, e ‘xcf’ “‘xc..--’ M
H—I:|Z:—DH -3 H 0 ;%_g\
H—C—0OH H H



continued

» Benedict's Test (positive for reducing
sugars)

oxidation by the copper ion in solution to form a carboxylic acid and a

reddish | thép HDRC/J*”D
;l| +2Cut 4+ 50H —= ;l| + Cu0 + 2 H,O

BT S e e DG | S 1



continued

e Barfoed's Test (for reducing

monosaccharides)
oxidation bv the conner 1on in solution to form a carboxvlic acid and a
reddis H., F,;,,D HO,_ ﬁ;p ites
? + 20U 4 2H,0 — fT“ + CupO + 4 HY

R R



continued

e Seliwanoff's Test (for Ketoses)

® dehydration of ketohexoses to form 5-hydroxymethylfurfural

which further reacts with resorcinol to produce a red product
within two minutes.

L ] n L et e




continued

e Bial's Test (for Pentoses)

dehydration of ketohexoses to form furfural which further reacts with
orcinol and the iron ion to produce a bluish product



continued

e The Iodine/Potassium lodide Test (for
starch)

lodine complexes with starch to form a blue—black product. Other
polysaccharides may give other colors including blue or red.



Thank you



