
colder than the Salmon Springs one; the 
maximum temperature probably averaged 
1? to 2?C lower. 

Before now, finite ages of the climatic 
changes interpreted from the Hoh-Kala- 
loch stratigraphic sequence were not es- 
tablished earlier than pollen assemblage 
zone 5. The chronology, controlled by 29 
14C ages, was finite only to about 43,000 
years ago. Extension of the chronology 
to zones 6 and 7-back to approximately 
75,000 years ago-now provides addi- 
tional time planes not only for continen- 
tal and intercontinental correlation but 
also for correlation with the marine pol- 
len stratigraphy, which in the Northeast 
Pacific is tied in with the oxygen isotopic 
stages (19). The continental and marine 
pollen zonation has been correlated with 
the oxygen isotopic stratigraphy through 
stage 6 (20). 
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cells is covalently linked to glucose, re- 
sulting in the formation of a chromato- 
graphically distinct minor component 
designated by Allen et al. (5) as hemoglo- 
bin AIc (Hb AI,) (see Fig. 1). Interest in 
Hb Aic was considerably enhanced by 
the discovery that there is a two- to 
threefold increase in this glycoprotein in 
patients with diabetes mellitus (6). In this 
article we review the structure and the 
biosynthesis of glycosylated hemoglobin 
and then consider its relevance to the 
pathogenesis, diagnosis, and manage- 
ment of diabetes. 
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The extraordinary diversity among 
proteins is considerably enhanced by 
posttranslational modifications (1). A 
wide variety of proteins owe many of 
their functional properties to the cova- 
lent attachment of carbohydrates at cer- 
tain residues in the polypeptide chain. 
Such modifications often provide en- 
hanced stability or solubility, or both. 
Protein glycosylation is particularly im- 
portant in maintenance of the integrity of 
plasma membranes and in facilitating the 
secretion of proteins into the extra- 
cellular space. These specific modifica- 
tions are generally under precise enzy- 
matic control. In contrast, certain pro- 
teins may undergo nonenzymatic glyco- 
sylation. This phenomenon depends on 
the presence of a high concentration of 
the free sugar and often requires non- 
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physiologic incubation conditions. For 
example, the "browning" reaction is 
well recognized in the dairy industry. 
When milk is heated for prolonged peri- 
ods, carbonyl groups on sugars combine 
with amino groups on proteins such as 
casein to form Schiff base adducts, re- 
sulting in the formation of a hetero- 
geneous, poorly soluble brown product 
(2). This type of reaction can also modify 
small proteins such as insulin (3) and 
oligopeptides (4). 

Recently, attention has been focused 
on the nonenzymatic glycosylation of 
human hemoglobin. Unlike the browning 
reaction, the glycosylation of hemoglo- 
bin takes place under physiologic condi- 
tions, at a specific site on the protein. 
Normally, about 5 percent of hemoglo- 
bin in a population of normal human red 
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Minor Components of Human 

Hemoglobin 

Human hemoglobin is less hetero- 
geneous than that of most other mam- 
mals. In adults and children above the 
age of 6 months, about 90 percent of 
their hemoglobin is Hb A (a2132), a tetra- 
mer composed of two pairs of unlike 
polypeptide chains, each attached to the 
prosthetic heme group. The a and f3 
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tent with the acetylated derivative of N- 
(l-deoxyhexitol)valine. In full support 
of this analysis, N-(l-deoxygalactitol)- 
valine was synthesized and showed a 
mass spectrum virtually identical to the 
compound isolated from the borohy- 
dride-reduced hemoglobin. Although 

Summary. Glucose reacts nonenzymatically with the NH2-terminal amino acid of 
the / chain of human hemoglobin by way of a ketoamine linkage, resulting in the 
formation of hemoglobin Alc. Other minor components appear to be adducts of glu- 
cose 6-phosphate and fructose 1,6-diphosphate. These hemoglobins are formed 
slowly and continuously throughout the 120-day life-span of the red cell. There is a 
two- to threefold increase in hemoglobin AiC in the red cells of patients with diabetes 
mellitus. By providing an integrated measurement of blood glucose, hemoglobin AIc is 
useful in assessing the degree of diabetic control. Furthermore, this hemoglobin is a 
useful model of nonenzymatic glycosylation of other proteins that may be involved in 
the long-term complications of the disease. 

components found in human red cells are 
posttranslational modifications of Hb A. 
When human hemolysate is chromato- 
graphed on a cation exchange resin, sev- 
eral negatively charged minor com- 
ponents are eluted before the main Hb A 
peak. Figure 1 shows an elution pattern 
on Bio-Rex 70 resin, as developed by the 
method of McDonald and her associates 
(7). Nonhemoglobin protein appears in 
the void volume followed by four minor 
hemoglobin components which have 
been designated Aial, Aia2, Alb, and AIC 
(7). These hemoglobins comprise 0.2, 
0.2, 0.4, and 3 percent of the hemoglo- 
bin, respectively. In this system Hb F is 
eluted close to Hb Al,. It is usually pres- 
ent in amounts too low to be detectable 
as a discrete peak on the chromatogram. 
Hemoglobin A2 (a282) is more positively 
charged than the main component (Hb 
A) and, therefore, is eluted later. 

Structural Studies 

Holmquist and Schroeder (8) showed 
that Hb Aic was identical to Hb A except 
that an unidentified group was attached 
to the NH2-terminal valine of the/3 chain 
by a linkage reducible by sodium bo- 
rohydride, presumably a Schiff base. 
Subsequently, Bookchin and Gallop (9) 
established the stoichiometry of binding 
(two groups per hemoglobin tetramer) 
and examined the structure of the block- 
ing group by mass spectrometry. They 
reduced the linkage in Hb Al, with 
[3H]borohydride and, after acid hydroly- 
sis, recovered a tritiated N-alkylated 
valine. This material was reacted with 
acetic anhydride in order to make it suffi- 
ciently volatile for analysis by mass 
spectrometry. The spectrum was consis- 
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these results established that a hexose 
was linked to the NH2-terminal group of 
the f chain, they provided no informa- 
tion about its identity, or the nature of its 
linkage. 

Subsequently, using mild acid hydrol- 
ysis, we were able to isolate reducing 
sugar from Hb Alc with a 20 to 30 percent 
yield (10). Glucose and mannose in a 3:1 
ratio accounted for nearly all of the re- 
ducing sugar. The recovery of mannose 
was unexpected since the red cell con- 
tains little if any of this aldohexose. In 
order to work out the nature of the sugar- 
protein linkage, we treated Hb Ac, with 
tritiated borohydride, and oxidized the 
isolated , chain, containing 95 percent of 
the radioactivity, with periodate. If the 
sugar were linked to the protein as an al- 
dimine (Schiff base), [3H]formaldehyde 
would be formed. Instead, nearly all 
the radioactivity was recovered as 
[3H]formic acid. This finding suggests 
that the second carbon atom of the sugar 
was tritiated rather than the first. Taken 
together, these results suggest that in the 
red cell, glucose reacts initially with the 
NH2-terminal amino group of the , chain 
to form an aldimine linkage, which sub- 
sequently undergoes an Amadori rear- 
rangement to form the more stable keto- 
amine linkage: 

/3A-NH2 + 

HC=O 

HCOH 

HOCH 

HCOH 

HCOH HCOH 

CH2OH 
Glucose 

The scheme is consistent with the exper- 
imental results cited above. Upon con- 
version of the ketoamine to the aldimine 
during acid hydrolysis, there is race- 
mization at the second carbon atom. 
Therefore, both glucose and its C-2 epi- 
mer mannose are formed. The relatively 
high stability of the ketoamine linkage to 
hydrolysis probably explains why only a 
20 to 30 percent yield of sugar was ob- 
tained. Treatment with mild acid also ap- 
pears to promote the dehydration of the 
sugar group to form 5-hydroxymethyl 
furfural (5-HMF). 

Recently, two other studies have pro- 
vided independent structural evidence 
which fully supports the above reaction 
mechanism. Fliickiger and Winterhalter 
(11) treated Hb Aic with 0.4N oxalic acid 
at 100?C and obtained a good yield of 5- 
HMF. Formation of 5-HMF (identified 
by the characteristic spectrum of the 
adduct formed with thiobarbituric acid) 
is consistent with the ketoamine linkage: 

CH2-NH,3 HC=O 

C=O C 
I I I 

HOCH --- C O +H2N/3 

HCOH C 
I II 

HCOH C 
I I 

CH2OH CH2OH 
Ketoamine 5-HMF 

These reactions may provide the basis 
for a practical colorimetric determina- 
tion of Hb Aic (II). 

Koenig et al. (12) have analyzed the 
structure of Hb A,i by proton nuclear 
magnetic resonance (NMR). They ob- 
tained the 3 chain NH2-terminal dipep- 
tide (R-Val-His; when R is a radical and 
Val and His are valine and histidine, re- 
spectively) from borohydride-reduced 
Hb AIC and compared its gas chromato- 
graphic behavior and its proton NMR 
spectrum to synthetic model com- 
pounds. Their analyses indicated that the 
naturally derived material consisted of 
glucitol (sorbitol) and mannitol valyl- 
histidines, providing strong support for 
the Amadori rearrangement. 

HC=N--A 
I 

HCOH 
I 

HOCH 

HCOH HCOH 
I 

HCOH 
I 

CH2OH 
Aldimine 
(Schiff base) 

CH2-NH-/A 
I 

C=O C = 0 
I 

HOCH 
Amadori -- 

HCOH 
I 

HCOH 
I 

CH2OH 

Ketoamine 
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chains are coded by separate genes. He- 
moglobin A2 (a282) and Hb F (a272) com- 
prise about 2.5 percent and 0.2 percent 
of the total. The synthesis of these two 
minor components is controlled by two 
other globin chain genes (8 and y). In 
contrast, the other minor hemoglobin 



Biosynthesis of Glycosylated 

Hemoglobins 

The structural analysis of hemoglobin 
AI, indicated that it is formed by the con- 
densation of glucose and hemoglobin. It 
was important to determine at what stage 
in red cell maturation and hemoglobin 
production this modification takes place 
and whether the process is enzymatically 
mediated. After either human reticulo- 
cytes or marrow were incubated with ra- 
dioactively labeled amino acids, the spe- 
cific activity of Hb AIC was considerably 
lower than that of Hb A, indicating that 
the modification was a late post- 
translational event (13). The kinetics of 
the conversion of Hb A to Hb Aic in vivo 
was demonstrated by injecting a bolus of 
59Fe-bound transferrin to a normal vol- 
unteer and following the specific radio- 
activity of the major and minor hemoglo- 
bins over a period of 100 days (13). As 
shown in Fig. 2, the specific activity of 
the major component, Hb A, increased 
to a maximum by day 15 and then re- 
mained nearly constant during the next 
80 days. This pattern is entirely consis- 
tent with normal erythropoiesis in which 
a cohort of red cells is labeled and re- 
mains viable until their senescence at 
about 100 to 130 days. In contrast, the 
specific activity of Hb's Aia, AIb, and AiC 
increased gradually over the life-span of 
the red cell, reaching that of Hb A by ap- 
proximately day 60. Thereafter, the spe- 
cific activities of these minor com- 
ponents exceeded that of Hb A. These 
results indicated that these minor com- 
ponents are formed slowly, continuous- 
ly, and nearly irreversibly during the 
120-day life-span of the red cells. Such a 
conclusion is consistent with earlier elec- 

trophoretic experiments on Hb A3 (14) as 
well as studies on an acidic minor hemo- 
globin component in normal and diabetic 
mice (15). The fact that Hb AI, accumu- 
lates throughout the red cell's life-span 
explains why young red cells, isolated by 
a density gradient, have lower amounts 
of Hb AIc than old red cells (16) and why 
patients with a shortened red cell life- 
span (hemolytic anemia) have much less 
Hb AiC compared to normal individuals 
(13, 17). 

The fact that hemoglobin in the circu- 
lating red cell is glycosylated so slowly 
suggests that the process is a nonen- 
zymatic condensation of two abundant 
reactants, glucose and hemoglobin. If so, 
it should be possible to prepare Hb AIC 
by incubating a mixture of glucose and 
Hb A. Such an experiment, in which 
[14C]glucose is used, results in the incor- 
poration of radioactivity into hemoglobin 
(11, 18, 19). Furthermore, the fact that 
the rate of incorporation was the same 
whether purified Hb A or crude hemo- 
lysate was used (11, 19) supports the 
contention that the reaction is not medi- 
ated by a red cell enzyme. Fliickiger and 
Winterhalter (11) incubated purified Hb 
A with 55 mM [14C]glucose for 8 to 18 
hours at 37?C and demonstrated the for- 
mation of a minor hemoglobin peak 
which had the same chromatographic be- 
havior as authentic Hb AIC. Nearly all the 
radioactivity in this component was at 
the NH2-terminal amino group of the 8 
chain. Furthermore, the synthetic com- 
ponent formed the same colored product 
with the thiobarbituric acid as that 
formed from authentic Hb AIc, indicating 
that the Amadori rearrangement had 
taken place. We have confirmed these 
results using a more physiological con- 

centration of glucose (15 mM) and a 
longer period of incubation (21 days). 
Hemoglobin Aic is not the only labeled 
product of the incubation (11, 19). Most 
of the radioactivity incorporated into he- 
moglobin cochromatographs with the 
leading edge of Hb A and is distributed 
among several peptides of the a and / 
chains (19). It is likely that several sites 
on the hemoglobin molecule besides the 
NH2-terminal amino group of the , chain 
can form adducts with glucose. Recently 
we have found that the leading edge of 
the native Hb A peak, when eluted from 
a cation exchange resin, contains car- 
bohydrate detected by the calorimetric 
test described above (11). This compo- 
nent is also increased in diabetic red cells. 

Nature of the Other Minor Components 

In subsequent incubation experi- 
ments, we examined the reactivity of he- 
moglobin A with the sugars and sugar 
phosphates that are contained within red 
cells (20). Hemoglobin reacted with glu- 
cose 6-phosphate (G6P) at a rate 20 times 
faster than that with glucose. Further- 
more, the reaction between hemoglobin 
and G6P was less readily reversible. 
Structural analysis of [14C]G6P-hemoglo- 
bin showed that about 95 percent of the 
radioactivity occurred at the NH2-termi- 
nal amino acid of the , chain. Thus, the 
interaction of hemoglobin with G6P was 
much more specific than that with glu- 
cose. The reactivity with G6P was maxi- 
mal when hemoglobin was deoxygenated 
and stripped of organic phosphates. The 
addition of 2,3-diphosphoglycerate re- 
duced the reaction rate considerably. 
Glucose 6-phosphate appears to serve as 
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Fig. 1 (left). Elution profile of normal human hemolysate chromatographed on Bio-Rex 70 cation exchange resin. Hemoglobins Ala1, Ala, Alb, and 
AI, are posttranslational modifications of Hb A (Ao). Nonhemoglobin protein is shown by the dashed line. For experimental details see 
(7). Fig. 2 (right). Biosynthesis of glycosylated hemoglobins in vivo. A normal human volunteer was given an injection of 59Fe-bound transfer- 
rin. At selected time intervals the hemolysate was chromatographed on a large preparative Bio-Rex 70 column. The specific activities of these 
minor components reflect the rates at which they are formed from Hb A. [From Bunn et al. (13)] 
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Table 1. Posttranslational modifications of human hemoglobin. 

Ratio 
Percentage of total Hb* Modi- of 

Hemo- fled phos- Proposed 
globin sub- phate structuret 

Normal Diabetic unit to a/3 
dimer 

Aia1 0.19 + 0.02 0.20 + 0.03 /3 2 a2(3-N-FDP)2? 
Aia2 0.19 + 0.4 0.22 + 0.04 / I a2(3-N-G6P)2 
AIb 0.48 + 0.15 0.67 ? 0.3 P3 0 ? 
AIC 3.3 - 0.3 7.5 + 2.0 3 0 a2(-N-GIc)2 
A 96 80 to 90 None 0 a2(32 

*Mean ? 1 standard deviation. tFDP, fructose 1,6-diphosphate; G6P, glucose 6-phosphate; Glc, glucose. 

an affinity label with its aldehyde group 
forming a covalent Schiff base linkage 
with the NH2-terminal amino group of 
the /3 chain. This interaction is shown 
schematically in Fig. 3. Workers in other 
laboratories (21) have confirmed that 
sugar phosphates form adducts with he- 

moglobin more rapidly than does glu- 
cose. In addition to G6P, hemoglobin re- 
acts readily with fructose 6-phosphate, 
fructose 1,6-diphosphate (FDP), ribose 
5-phosphate, ribulose 5-phosphate, and 

glucuronic acid but not with glucose 1- 

phosphate or glucose 1,6-diphosphate 
(20, 21). Thus, the rapid formation of the 
adduct requires the presence of an alde- 

hyde or a ketone group separated from a 

negatively charged group (P043- or 
COO-). 

Since sugar phosphates that are nor- 

mally present in the red cell can interact 
with hemoglobin to form a stable and 

specific covalent linkage, it was impor- 
tant to ascertain whether any of the more 

negatively charged minor components 
(AIai, Ala2, or AIb) in normal red cells 
might be adducts with these compounds. 
In support of this contention, phosphate 
analysis of these three components re- 
vealed 2, 1, and 0 phosphate groups, re- 
spectively, per caf dimer (see Table 1). 
Electrophoresis of canine-human hybrid 
hemoglobins indicated that all of these 
minor components had normal a chains 
and negatively charged / chains. Thus, 
Hb Aia has two phosphate groups per / 
chain, Hb Aia2 has one, and Hb AIb has 
none. All three components appear to 
contain carbohydrate as determined by 
the thiobarbituric acid test (11). It seems 
likely that these minor hemoglobin com- 
ponents are adducts of sugar metabolites 
found in normal human red cells (Table 
2). Using the high resolution chromato- 
graphic system shown in Fig. 1, we have 
found that synthetic FDP-hemoglobin 
partially cochromatographs with Hb 
Aia,, while synthetic G6P-hemoglobin 

His 2 

lox 
r 

Fig. 3. Diagramatic representation of the sites of covalent and electrostatic interaction of glu- 
cose 6-phosphate and deoxyhemoglobin. [Redrawn from Amone (24); see Haney and Bunn (2)] 
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cochromatographs precisely with Hb 
Aia2. Thus Hb's Aia, and Aia2 are prob- 
ably adducts of Hb A with FDP and G6P, 
respectively. The 31p nuclear magnetic 
resonance spectrum of synthetic G6P-he- 
moglobin is apparently identical with 
that of Hb Aia2. The structure of Hb AIb 
is unknown. The modification is on the 3 
chain but not at the NH2-terminal amino 
acid (22). Data of Krishnamoorthy et al. 
(23) indicate that /A may be converted to 
/3AIb by deamidation. 

Diabetic patients with two- to three- 
fold increases in Hb Aie have normal 
amounts of Hb's Alai and AIa2 and, from 
analyses in our laboratories, normal 
amounts of red cell G6P and FDP. Thus 
it is most unlikely that G6P-hemoglobin 
(Hb Aia2) is a precursor of Hb Alc. The 
simplest interpretation of these results is 
that the amounts of all the glycosylated 
hemoglobins are determined by the con- 
centrations of various sugars in the red 
cell and the rates at which they react 
with hemoglobin. Thus, the concentra- 
tion of G6P in the normal red cell is 
1/200th that of glucose, but it reacts with 
hemoglobin at least ten times more rap- 
idly than glucose. The ratio of Hb Ala, to 
Hb Aic of about 1:10 is consistent with 
these findings. 

Effect of Glycosylation on 

Hemoglobin Function 

Since hemoglobin is glycosylated at a 
specific site, these derivatives, both nat- 
ural and synthetic, provide an excellent 
opportunity to explore structure-func- 
tion relationships. As already discussed, 
Hb's Aa,,, AIa2, and AIC are modified at 
the NH2-terminal amino group of the 8 
chains, a site normally involved in the 
binding of organic phosphates (24). 2,3- 
Diphosphoglycerate (2,3-DPG) is an im- 

portant regulator of intracellular hemo- 
globin function. Within mammalian red 
cells, 2,3-DPG is present in high concen- 
trations that are approximately equimo- 
lar with the concentration of hemoglobin 
tetramer. The 2,3-DPG polyanion binds 
more strongly to deoxyhemoglobin than 
to oxyhemoglobin, thereby causing a 
marked reduction in the affinity of hemo- 
globin for oxygen. Its negatively charged 
groups form salt bonds with positively 
charged residues on the two , chains at 
the entrance to the central cavity of the 
hemoglobin molecule, including the 
NH2-terminal amino groups. If this site is 
blocked by a covalent attachment such 
as a hexose (25), or an acetyl (25) or car- 
bamyl (26) group, the reactivity of hemo- 
globin with 2,3-DPG is markedly re- 
duced. In comparison to Hb A, the oxy- 
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gen affinity of Hb Aic is much less re- 
sponsive to the addition of 2,3-DPG (25). 
In like manner, synthetic G6P-hemoglo- 
bin has a similarly decreased reactivity 
with 2,3-DPG (20). McDonald and her 
colleagues (27) have examined oxygen 
equilibria of Hb's A, AIai, AIa2, AIb, and 
Aic as well as the kinetics of the binding 
of carbon monoxide with deoxyhemoglo- 
bin. They have found that Hb's Aia, and 
Aia2 have a low affinity for heme ligands 
and decreased cooperativity between 
subunits. Like Hb Aic they also show de- 
creased interaction with organic phos- 
phates. It is likely that the covalently 
bound phosphates on Hb's Aiai and AIa2 
enhance the stability of the deoxy or T 
conformation (28), thereby lowering ox- 
ygen affinity. It will be interesting to 
compare the functional properties of nat- 
urally occurring Hb's AIa, and AIa2 with 
synthetic FDP- and G6P-hemoglobins. 
Differences between the oxygen binding 
of these minor hemoglobins and the ma- 
jor component (Hb A) may affect the in- 
terpretation of experiments done on un- 
fractionated hemolysate. In particular, 
the presence of these minor components 
may have a significant effect on measur- 
ing the binding of the first and fourth ox- 
ygen molecules to the hemoglobin tetra- 
mer (K1 and K4). 

Since Hb AIC has decreased reactivity 
with 2,3-DPG, red cells of diabetic pa- 
tients might be expected to bind oxygen 
abnormally. As predicted by oxygen 
equilibria in dilute solution, the oxygen 
affinity of diabetic red cells is slightly 
greater than that of normal red cells hav- 
ing a comparable amount of 2,3-DPG 
(29). Normal individuals have a P50 (30) 
of about 26 mm-Hg, whereas diabetics 
may have a P50 of 24 to 26 mm-Hg 
(29). Obviously there is considerable 
overlap between the two groups. Despite 
arguments to the contrary (31) such a 
small displacement in the oxygen dis- 
sociation curve is unlikely to have any 
physiological significance. Much greater 
shifts in the oxygen dissociation curve 
(P50 = 15 mm-Hg) encountered in pa- 
tients with mutant hemoglobins have no 
apparent deleterious effect on tissue oxy- 
genation and are unassociated with any 
significant clinical manifestations (32). 
Even under conditions of stress, such as 
ketoacidosis or infection, this slight ab- 
normality in diabetics is unlikely to have 
any significant effect on oxygen or car- 
bon dioxide transport. 

Modifications at the NH2-terminal 
amino acid of the p chain have variable 
effects on the propensity of sickle hemo- 
globin (Hb S) to polymerize. Sickling is 
markedly impaired by selective carba- 
mylation of the /3 chains of Hb S (33), 
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Table 2. Sugars in normal human red cells. 

Concen- Reactivity 
Compound tration with 

(,uM) hemoglobin 

Glucose 4100 + 
Glucose 6-phosphate 28 + + 
Glucose 1,6-diphos- 150 0 

phate 
Fructose 6-phosphate 10 + + 
Fructose 1,6-diphos- 5 ++ 

phate 
Ribose 5-phosphate -10 ++ 

whereas modification at the same site 
with pyridoxal phosphate has a much 
smaller effect (34). We have found that 
the adduct of Hb S with G6P has about 
the same tendency to polymerize as un- 
modified Hb S. The sickling of the /3-N- 
glucose adduct (Hb Sic) has not yet been 
examined. However, Abdella et al. (35) 
have shown that incubation of Hb S with 
high concentrations of glucose followed 
by borohydride reduction causes a small 
but significant decrease in sickling. Un- 
der these conditions, hemoglobin is al- 
most certainly modified at a number of 
sites on both the a and / chains. Nigen 
and Manning (36) observed a much more 
significant inhibition of sickling with DL- 

glyceraldehyde. This reagent reacts with 
the E-amino groups of lysines in prefer- 
ence to NH2-terminal amino groups. 

Glycosylated Hemoglobin and 

Diabetes Mellitus 

The recognition that increased 
amounts of a minor hemoglobin com- 
ponent exist in patients with diabetes an- 
tedated its identification as hemoglobin 
Alc. Huisman and Dozy (37) in 1962 first 
observed a two- to threefold increase in 
hemoglobin AIabe in four diabetic pa- 
tients treated with tolbutamide. At- 
tempts to reproduce this phenomenon in 
vitro by incubating red blood cells and 
hemolysates with tolbutamide were un- 
successful. In a remarkable independent 
study, Rahbar (6) surveyed 1200 patients 
at Tehran University hospitals and found 
two patients who showed an abnormal 
pattern on agar gel electrophoresis; both 
patients were diabetics. He examined 
another 47 diabetic patients and detected 
the same abnormal pattern in each case. 
Subsequently, he and his colleagues (38) 
found that the hemoglobin component 
present in diabetic subjects had the same 
chromatographic and electrophoretic 
properties as hemoglobin Alc and ob- 
served a twofold increase in chromato- 
graphically separated hemoglobin Al, in 
a small number of diabetic patients. Tri- 

velli et al. (39) in a larger study showed a 
twofold increase of hemoglobin AIC over 
values found in normal subjects. These 
increased levels were not related to the 
age of the patients, duration of disease, 
type of therapy, or the presence of the 
complications of diabetes mellitus. No 
attempt was made to relate the increase 
in hemoglobin AIC to blood glucose con- 
centrations. Paulsen (40) found similarly 
increased amounts of hemoglobin AIC in 
children with overt insulin-dependent di- 
abetes and normal amounts in nine chil- 
dren with asymptomatic hyperglycemia, 
and suggested that these alterations may 
be specific genetic markers for diabetes 
mellitus. This proposal was disproved by 
the findings of Tattersall et al. (41) who 
measured hemoglobin AIabc in identical 
twins concordant and discordant for dia- 
betes. The mean values for the propor- 
tion of hemoglobin AIabc in discordant 
twins differed markedly in the two mem- 
bers of the pair, with increased amounts 
in the diabetics and normal amounts in 
their nondiabetic twins. In concordant 
twins with juvenile-onset diabetes, no 
marked differences were observed be- 
tween members of twin pairs. Four pairs 
of identical twins concordant for matu- 
rity-onset diabetes showed lower mean 
values for Hb AIabc but did not show 
marked intrapair differences. These au- 
thors proposed the abnormal increase in 
hemoglobin Alabc found in diabetes mel- 
litus to be a manifestation of a metabolic 
abnormality of diabetes, rather than a ge- 
netic marker. 

Findings analogous to those in humans 
were reported by Koenig and co-workers 
(15, 42) in genetically as well as in chem- 
ically induced diabetic mice. They 
showed that adult diabetic mice (C57BL/ 
KsJ-dbldb) have increased amounts of a 
minor fast-moving hemoglobin com- 
ponent compared to wild-type non- 
diabetic mice. This increased component 
had similar chromatographic mobility to 
human hemoglobin Ai, and contained so- 
dium borohydride reducible linkages on 
the /3 chains. They demonstrated that 
the dbldb animals which have normal 
amounts of mouse hemoglobin AIl at 
weaning show an increase approximately 
4 weeks after the onset of hyper- 
glycemia. Mouse hemoglobin AIC is also 
formed by a postsynthetic modification 
of hemoglobin A throughout the life of 
the red cell in the circulation, and the 
rate of synthesis is greater in the diabetic 
than the nondiabetic mouse. The amount 
of hemoglobin Ai, was normal in the non- 
diabetic obese C57BL/6J-ob/ob mouse 
and only a transient increase was noted 
in the transiently diabetic C57BL/6J-db/ 
db mouse. These findings ruled out a di- 
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Fig. 4 (left). Relation between Hb Aic and urine glucose excretion in a (percentage of total hemoglobin) 
diabetic patient following the institution, of strict control. [From 
Koenig et al. (43)] Fig. 5 (right). Correlation of hemoglobins AIabc with the amount of glucose excreted in the urine over a 24-hour period 2 
months prior to the determination of glycosylated hemoglobin levels. [From Gabbay et al. (44)] 

rect relation between either the ob or db 
gene and hemoglobin AIC levels. The in- 
creased hemoglobin AIC levels in non- 
obese mice with chemically induced dia- 
betes strengthened the concept that the 
increase in hemoglobin Aic is secondary 
to the diabetic state. Again, these au- 
thors found no relation between the in- 
crease in hemoglobin AIc to the severity 
of the hyperglycemia, duration of diabe- 
tes, or age or weight of the mouse, and 
proposed that a humoral factor in the 
diabetic mouse stimulates the synthesis 
of hemoglobin Ai,. 

The above observations were clarified 
by the establishment of the structure of 
hemoglobin Aic as a glucose adduct of 
hemoglobin A by way of a Schiff base 
and a subsequent Amadori rearrange- 
ment. The stability of the ketoamine con- 
figuration alohg with the kinetic data in 
vivo (13, 15, 42) and the measurements 
of Hb Aic in young and old red cells (16) 
made it clear that hemoglobin AIC accu- 
mulates throughout the life of the circu- 
lating red cell. Therefore, the cumulative 
amount of hemoglobin AiC should be di- 
rectly proportional to a time-averaged 
concentration of glucose within the 
erythrocyte. In a study of the relation of 
hemoglobin A,i levels to the develop- 
ment of capillary basement membrane 
thickening in the skeletal muscle of dia- 
betic patients, Koenig and co-workers 
(15, 42) demonstrated that the hemoglo- 
bin AIC concentration correlated signifi- 
cantly with both the maximal response to 
a glucose tolerance test and to the fasting 
blood glucose in a group of diabetic pa- 
tients treated with diet, oral hypogly- 
cemics, or insulin. There was no correla- 
tion between hemoglobin Aic levels and 
muscle capillary basement membrane 
thickness; this lack of correlation was 
thought to result from the fact that a peri- 
od of several years is required for the de- 
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velopment of detectable basement mem- 
brane thickening. 

Two approaches have been used to 
demonstrate the relation of hemoglobin 
Ale concentration to diabetic control. In 
one approach, Koenig et al. (43) hospi- 
talized five diabetic patients in "poor 
diabetic control" and achieved a marked 
improvement of control by careful regu- 
lation of diet, exercise, and administra- 
tion of insulin. Amelioration of diabetic 
control, as measured by urinary glucose 
excretion, fasting, and postprandial 
blood glucose determinations, was ac- 
complished after 1 to 2 months of hospi- 
talization. The concentrations of both 
hemoglobin A,,, and to a lesser extent, 
hemoglobins Aia + b were reduced ap- 
proximately 4 weeks after the attainment 
of improved blood glucose control (Fig. 
4). During optimal diabetic control, the 
concentration of blood sugar during fast- 
ing was normalized to a mean of 84 mg 
per 100 milliliters and the hemoglobin Aic 
concentration decreased to 5.8 percent. 
Thus, hemoglobin Aic concentration ap- 
peared to reflect the mean blood sugar 
concentration over the previous weeks. 

In a second approach, we measured 
total glycosylated hemoglobin com- 
ponents (Hb AIabc) in 220 diabetic pa- 
tients for whom data on urinary glucose 
excretion were available for the 24-hour 
periods immediately prior, and at 1, 2, 
and 3 months prior to the hemoglobin de- 
termination (44). These relationships 
were examined by linear regression anal- 
ysis (Fig. 5); it was found that total gly- 
cosylated hemoglobin levels were signifi- 
cantly correlated with the amount of glu- 
cose excreted in the 24-hour periods of 
urine collection. The highest correlation 
was found between the concentrations of 
glycosylated hemoglobin and the amount 
of glucose excreted in the urine collected 
2 months prior to the hemoglobin deter- 

mination. These data suggest that gly- 
cosylated hemoglobin levels indeed re- 
flect integrated glucose concentrations 
over the previous few weeks and hence 
represent an index of long-term blood 
glucose control. 

Recently, other groups have con- 
firmed that amounts of Hb Aic provide an 
independent assessment of diabetic con- 
trol. Gonen et al. (45) rated the state of 
control of their patients on an arbitrary 
scale and found a significant correlation 
between the concentrations of glycosy- 
lated hemoglobin and the clinical assess- 
ment of control (r = .63). Several clinics 
have reported a correlation in diabetics 
between the blood sugar of fasted pa- 
tients and the amount of Hb Alabe (45, 
46). The reduction in Hb A,c that occurs 
when diabetic women become pregnant 
(47) may be due to a reduction in hyper- 
glycemia or perhaps to an influx of young 
red cells during pregnancy. 

Conclusions 

Considerable information is now avail- 
able regarding the structure and biosyn- 
thesis of glycosylated hemoglobins. 
These findings have relevance to a num- 
ber of areas in diabetes research. Gly- 
cosylated hemoglobins provide an index 
of the patient's average blood glucose 
concentration over a long time period. 
This index is not affected by short-term 
fluctuations in blood sugar (hour to hour) 
and hence gives a relatively precise re- 
flection of the state of blood glucose con- 
trol in diabetes. Therefore, it is now pos- 
sible to estimate more accurately and 
with greater sensitivity the degree of glu- 
cose intolerance, particularly in border- 
line cases. A diagnostic use for this de- 
termination is thus suggested which may 
enhance or supplant a variety of glucose 
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tolerance tests which are known to be 
variable in mild cases of diabetes. Fur- 
thermore, glycosylated hemoglobin de- 
terminations, by providing an accurate 
and objective estimate of the ef- 
fectiveness of diabetic therapy, may lead 
to improvements in the control of blood 
glucose in diabetics. They represent an 
accurate technique to evaluate new ways 
of controlling blood glucose. The feasi- 
bility of using Hb Aic as a clinical test has 
been enhanced by the recent develop- 
ment of improved methods, including 
semiautomated high-pressure liquid 
chromatography (48), gel electrofocusing 
(49), radioimmunoassay (50), and the 
colorimetric test (11). All of these ap- 
proaches have the potential for rapid 
analysis of multiple specimens. 

Serial determinations of glycosylated 
hemoglobins should also enable prospec- 
tive studies to be done to evaluate the re- 
lation of blood glucose control in diabet- 
ics to the development of various com- 
plications in the disease. This relation 
has been controversial both because of 
our inability to achieve adequate control 
under usual clinical circumstances, and 
to accurately measure control of blood 
sugar in diabetic subjects. It should be 
noted that the organs and tissues most 
affected by diabetic complications (for 
example, lens, peripheral nerves, kid- 
ney, retina, and blood vessels) are not in- 
sulin-dependent for glucose penetration, 
and hence achieve high intracellular glu- 
cose concentrations during periods of 
hyperglycemia. Increased intracellular 
glucose levels have been demonstrated 
to be responsible for the formation of 
some diabetic complications such as 
cataract and neuropathy by increased 
shunting of glucose metabolism into ac- 
cessory pathways [such as the sorbitol 
pathway (51)] that are normally quies- 
cent during periods of normoglycemia. 
The intracellular glycosylation of hemo- 
globin may thus represent another mech- 
anism by which structural and enzyme 
proteins may be modified, resulting in al- 
tered function. Abnormal basement 

membrane thickening in diabetic glo- 
meruli and capillary basement mem- 
branes may represent an analogous form 
of nonenzymatic glycosylation. The pos- 
sibility that increased glucose concentra- 
tions per se directly contribute to the de- 
velopment of diabetic complications de- 
serves thorough scrutiny. 
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