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Late complications of diabetes mellitus (DM) are the leading
cause of adult blindness and end-stage renal disease in the
western world, and a major contributor to cardiovascular,
cerebrovascular and peripheral vascular disease. The etiology of
the development of chronic complications of DM is unclear, and
several theories have been proposed to explain the mechanisms
involved. Interest in the role of genetic factors predisposing indi-
viduals to the vascular complications of DM has grown enor-
mously in recent years. The authors recently published evidence
that haptoglobin phenotype may serve as a predictor of the

relative risk of diabetes-related vascular disorders. Several
mechanisms whereby haptoglobin phenotype may determine dia-
betic vascular complications are presented. First, the haptoglobin
protein products of the different alleles differ in their antioxidant
capacity. Second, the haptoglobin polymers present in individu-
als with 1-1, 2-1 or 2-2 phenotype appear to have differential
sieving properties. Third, the haptoglobin types appear to differ
in their immunomodulatory functions. These studies point
towards haptoglobin phenotype as a new risk factor for vascular
disease in diabetes. In addition to providing insight into the
pathogenesis of diabetic vascular complications, these studies
suggest a new therapeutic target for prevention of these diseases.
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here are both acute and chronic complications of

diabetes mellitus (DM). However, it is the late compli-
cations of DM that cause the great majority of morbidity
and mortality in these patients, and they are the focus of
this review.

Late complications of DM are the leading cause of adult
blindness and end-stage renal disease in the western world,
and a major contributor to cardiovascular, cerebrovascular
and peripheral vascular disease (PVD). These complications
are mainly vascular in nature and may be loosely classified
as either microvascular or macrovascular. The microvascular

complications include diabetic retinopathy (DR), nephro-
pathy (DN) and neuropathy, while macrovascular complica-
tions are represented by coronary artery disease (CAD), PVD
and cerebrovascular disease. There are also chronic complica-
tions such as skin changes, gastroparesis and sexual dysfunc-
tion, which are considered to be nonvascular although the
pathogenesis appears to be multifactorial (1).

The etiology of the development of chronic complica-
tions of DM is unclear, and several theories have been
proposed to explain the mechanisms involved. However,
the common denominator in all of these hypotheses is the
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role of the hyperglycemic state. Moreover, several large
multicentre studies have demonstrated the benefit of strict
glycemic control to normo- or near-normoglycemic levels
in the prevention of the onset of complications and further
progression of the disease process (2-4).

Interest in the role of genetic factors predisposing indi-
viduals to the vascular complications of DM has grown
enormously in recent years as the result of evidence that
certain individuals appear to be resistant to these complica-
tions, although they do not differ significantly with regard
to known risk factors from many other patients with severe
clinical manifestations of the disease.

PROPOSED MECHANISMS FOR THE
DEVELOPMENT OF COMPLICATIONS
Effects of advanced glycosylation end products: Advanced
glycosylation end products (AGEs) are formed as the result
of non-enzymatic glycosylation of proteins, and their level
increases with increasing blood glucose levels. AGEs result
in an augmented rate of atherosclerosis, a decrease in syn-
thesis of nitric oxide, and endothelial and glomerular

dysfunction.

Activation of protein kinase C: Protein kinase C is activated
via increased rates of diacylglycerol formation in the hyper-
glycemic state, whereas this activation then leads to several
alterations in intracellular processes, including changes in
transcription rates of genes for fibronectin and extracellular
matrix proteins in endothelial and neuronal cells. Increasing
evidence for the role of growth factors in the pathogenesis of
diabetic vascular disease has accumulated, and these growth
factors also appear to be influenced by the activation of
protein kinase C. Vascular endothelial growth factor expres-
sion has been found to be increased in the retinas of patients
suffering from DR, while transforming growth factor-beta
levels are increased in patients with DN. There may also be
a role for insulin-like growth factor 1, platelet-derived growth
factor and several other factors.

Increases in glucose metabolism via the polyol pathway:
This also occurs in the presence of increased levels of
intracellular glucose and leads to the production of the
toxic metabolite sorbitol. This theory has been partially dis-
credited by the lack of clinical benefit to diabetic patients
treated with aldose reductase inhibitors (1).

It has recently been demonstrated that increased AGE
levels, PKC activation and glucose metabolism via the
aldose reductase pathway are linked by a common pathway,
leading to increased production of reactive oxygen species
in the setting of increased oxidative stress (5).

PATHOPHYSIOLOGY AND
GENETIC INFLUENCES
The development of the vascular complications of DM
is related to age at onset of the hyperglycemic state, the
duration of the disease and the degree of glycemic control.
As previously mentioned, strict control of glucose levels has
clearly been shown to delay the onset of diabetic compli-
cations and to significantly decrease the progression of the
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disease (2-4). However, a significant percentage of the
diabetic population has been shown to be resistant to the
development of these complications in spite of glycemic
control levels, which are similar to those in patients who
rapidly progress to severe disease. Hyperglycemia is there-
fore a necessary but not sufficient condition for the devel-
opment of diabetic complications, which appear to develop
only in those patients who are genetically susceptible.

Support for this hypothesis of genetic susceptibility may
be found in family studies, which have indicated a familial
clustering of DN and CAD (6-10). Analysis of population
groups, such as the Pima Indians, has shown significantly
higher rates of DR and DN than would be expected based
on the known risk factors (11).

Studies of these genetic risk factors have been based
primarily on two approaches: sib-pair linkage analysis and
association studies using polymorphisms in suspected genes.
On this basis, four chromosomal regions have been identified
with some evidence linkage to complication on chromo-
somes 3, 7,9 and 20 (11). Many candidate genes with known
polymorphisms have been identified, and these may mediate
pathways involved in the suspected pathogenesis of diabetic
complications. In this review, we focus on the polymorphism
in the human haptoglobin (Hp) gene.

Haptoglobin

Hp is a hemoglobin (Hb)-binding acute phase protein. It is
synthesized primarily in the liver and appears in the plasma
at 0.2 to 2.0 g/L. In humans, Hp is encoded by two alleles
Hpl and Hp2, giving rise to three major phenotypes,
which seem to differ in their biochemical and biophysical
properties in various aspects (12,13). The Hp protein is
composed of two types of polypeptide chains, alpha and
beta. The 40 kDa beta-chain is identical in both Hp alleles,
but the alpha-chain differs. The alpha-chain of Hp2 (a?) is
16 to 20 kDa, and the alpha-chain of Hpl (a!) is 9 kDa.
Additional allelic variation exists among Hp1 alleles due to
the existence of a!F and oS, which differ by one amino acid
at position 54. The o allele, a fusion of partial a!'F and a!S
sequences, is a result of intragenic duplication, presumably
by a nonhomologous DNA crossing-over event (14,15).
Figure 1 (16) portrays the various structures and sizes of the
Hp proteins. When complexed to Hb, Hp protein pheno-
types are easily distinguishable by non-denaturing gel
eletrophoresis due to these size and shape differences. The
classical method for Hp phenotyping is based on starch gels
and benzidine staining (17). We use a modification of
previously published techniques, combining the advantages
of acrylamide gels (18) with the reduced toxicity of
3,3',5,5"-tetramethylbenzidine, originally published as
a stain for agarose gels (19). This highly sensitive and repro-
ducible method enables rapid phenotyping of Hp from merely
10 pL of plasma. A representative gel, shown in Figure 2,
demonstrates the characteristic pattern of the different
Hp phenotypes. The a? allele, which is unique to humans, is
thought to have originated in India and to have spread
from there all over the world. Great variation exists in the
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Figure 1) Schematic structural illustration of the different haptoglobin
(Hp) phenotypes. The a! chain forms disulphide bonds with one alpha-
chain and one beta-chain. Thus, in subjects with Hp 1-1, a linear 86 kDa
(ol B), homodimer is found. The o chain can bind one beta-chain,
and either one a! or two o chains. Therefore, Hp 2-2 is expressed as
cyclic (a?),, multimers with a molecular weight ranging between 170
and 900 kDa. Individuals with Hp 2-1 have (o) 5 homodimers and
linear (o), multimers with a molecular weight of 86 to 300 kDa (16)

distribution of Hp gene frequencies among various popula-
tions. The lowest incidence of the Hp1 allele is in Southeast
Asia (minimum 0.07 in Indian Irulas) and the highest in
Africa and South America (up to 0.92 in Mexican
Lacandon). In most European populations the incidence is
0.35 t0 0.43, and in Israeli Jews 0.28 to 0.3. The gradual dis-
placement of the monopoly of Hp1l by the Hp2 allele and its
current domination in some populations must have
occurred under strong genetic pressure, suggesting that Hp2
provides some selective advantage (12).

HP PHENOTYPE AND VASCULAR DISEASES
Hp phenotype and atherosclerotic disorders
Atherosclerotic vascular diseases, often regarded as a form
of chronic inflammation, were found to be associated with
Hp. For example, Hp and other plasma proteins were
detected in aortic fatty streaks and lesions but were not
present in normal aortic intima (20). Myocardial infarction
is preceded and followed by an acute phase response,
involving an increase in plasma Hp levels (21). The extent
of this increase is quantitatively related to infarct size (22).

There are also many examples of associations between
Hp phenotypes and atherosclerotic vascular diseases.
According to one report, Hpl allele frequency is increased
among patients with essential hypertension (23), while
others demonstrate that the Hp 2-2 phenotype is more
frequent in patients with essential hypertension (24). In
any case, Hp 2-2 hypertensives have higher therapeutic
needs. They tend to develop more atherosclerotic lesions in
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Figure 2) Representative patterns of the different haptoglobin (Hp)
phenotypes following polyacrylamide gel electrophoresis and benzidine
staining of hemoglobin (Hb)-enriched serum. The upper bands cor-
respond to Hp-Hb complexes. A band at the bottom of each lane
corresponds to free Hb, and is indicated with an arrow. Hp 2-2 polymers
form a series of slowly migrating bands. Hp 1-1 homodimers appear as a
single rapidly migrating band. Hp 2-1 displays a mixture of slowly migrat-
ing bands and a weak band that migrates similar to the Hp 1-1 band

the coronary and peripheral arteries, and suffer from more
treatment-refractory hypertension than the other Hp pheno-
types (25,26). Patients with Hp 2-2 have a significantly
higher release of cardiac enzymes and a higher incidence of
severe left ventricular failure following a myocardial infarc-
tion, suggesting predisposition of Hp 2-2 carriers to greater
damage (27). Among patients who underwent coronary
artery bypass surgery, patients with Hp 2-2 were more likely
to be younger, to have had a previous myocardial infarction
and to have more diseased vessels. Hp 2-2 patients had more
bypass grafts and a shorter graft survival time (28). In con-
trast to these findings from cross-sectional studies, a
prospective study demonstrated that Hp 1-1 individuals
are at doubled risk for CAD mortality in comparison with
the other Hp phenotype individuals. The authors suggest
that Hp 2-2 may be involved in the earlier stage of the
atherogenic process, while Hp 1-1 may play a role in more
advanced and life-threatening stages of the disease (29).

The Hp2 allele is significantly more frequent in patients
with PVD, another severe atherosclerotic condition, mostly
affecting the lower limbs (30).

Hp phenotype and diabetic vascular disorders

Two previous studies reported a lack of association between
Hp phenotype and diabetic microvascular complications.
Ratzmann et al (31) compared patients with type I diabetes
with or without DR, decreased creatinine clearance or pro-
teinuria, and found no difference in Hp phenotype distribu-
tion between the two groups. Chandra et al (32) compared
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patients with types I and II diabetes with or without DR and
also found no significant correlation between Hp phenotype
and DR.

However, a battery of reports from our laboratory

established a strong association between Hp phenotypes
and vascular complications in diabetics. In the following
section, we summarize these studies.
Diabetic nephropathy: Levy et al (33) and Nakhoul et al
(34) studied 110 consecutive normotensive type | and type
II diabetics. The difference in the incidence of DN between
patients with the three Hp phenotypes was statistically sig-
nificant for type | diabetic patients and for all diabetic
patients combined. Of the 54 type | diabetics, 13 demon-
strated DN. None (0 of 13) of the patients with Hp 1-1
phenotype had DN, whereas 5 of 22 (23%) with Hp 2-1 and
eight of 21 (38%) with Hp 2-2 had evidence of DN
(P<0.04). For both types of diabetes combined, none (0 of
18) of the Hp 1-1 patients showed any sign of DN, as com-
pared with 10 of 37 (27%) with Hp 2-1 and 19 of 55 (34%)
with Hp 2-2 (P<0.02).

There were 15 patients with macroalbuminuria in this
study. The risk of developing macroalbuminuria was found to
be significantly correlated with Hp phenotype for both types
of diabetes combined. None (0 of 18) of the Hp 1-1 patients
had macroalbuminuria, whereas three of 37 (8%) patients
with the Hp 2-1 and 12 of 55 (22%) patients with Hp 2-2
had macroalbuminuria (P<0.03).

This study demonstrates a graded risk correlation between

presence, as well as severity, of DN and Hp phenotype.
Diabetic retinopathy: Nakhoul et al (35) studied 52 con-
secutive patients with type I diabetes, of whom 25 had evi-
dence of DR. There was significantly lower prevalence of DR
in patients with the Hp 1-1 than in patients with the Hp 2-1
and 2-2 phenotypes. Only one of 12 patients (8%) with Hp
1-1 phenotype had DR, whereas 12 of 20 (60%) with Hp 2-1
and 12 of 20 patients (60%) with Hp 2-2 had evidence of
DR (P<0.002). Thus, this study clearly demonstrates that
Hp 1-1 diabetics are provided with increased protection
against the development of DR in comparison with the
other Hp phenotypes.
Restenosis after percutaneous transluminal coronary
angioplasty: Levy et al (33) and Roguin et al (36) studied
218 consecutive patients who had a prior percutaneous trans-
luminal coronary angioplasty (PTCA) and follow-up angio-
graphy. Restenosis was found in 152 of these patients.
Frequency of restenosis was significantly different between
the three phenotypes in both diabetic and nondiabetic
patients. In diabetic patients only one of six (16%) patients
with Hp 1-1 phenotype had restenosis, whereas 26 of 34
(76%) with Hp 2-1 and 22 of 28 (78%) with Hp 2-2 had evi-
dence of restenosis (P<0.004). In nondiabetic patients 10 of
19 (52%) patients with Hp 1-1 phenotype had restenosis,
whereas 37 of 60 (61%) with Hp 2-1 and 55 of 71 (77%) with
Hp 2-2 had evidence of restenosis (P<0.05).

There seems to be a graded risk related to Hp phenotype
in the development of restenosis in all patients combined.
Hp 2-2 patients were more likely to develop restenosis than
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Hp 2-1 patients (79% versus 67%, P=0.06), and Hp 2-1
patients were more likely to develop restenosis than Hp 1-1
patients (67% versus 44%, P=0.03).

This study suggests that Hp phenotype may serve as

a predictor of the risk of restenosis after PTCA.
Coronary collaterals in diabetic patients: Due to the
known importance of coronary collaterals in the setting of
CAD, we examined the possible relationship between Hp
phenotype and development of coronary collaterals. Levy
et al (37) studied 82 consecutive diabetic patients and 138
consecutive nondiabetic patients. We found that diabetic
patients with the Hp 2-1 phenotype were more likely to
have collaterals than the Hp 2-2 patients. Among patients
with the Hp 2-1 phenotype 81% had collaterals, while only
52% of the patients with Hp 2-2 phenotype had collaterals
(P=0.007). Patients with collaterals were 3.4 times (95% CI
1.2 to 9.7) more likely to have the 2-1 phenotype than the
2-2 phenotype. The paucity of diabetic patients with the Hp
1-1 phenotype (3) did not allow us to reach any conclusions
regarding the relationship of this phenotype to coronary
collaterals. Furthermore, segregation of diabetic patients
according to the number of diseased vessels demonstrated
a trend for higher prevalence of collaterals in diabetic
patients with Hp 2-1 than in diabetic patients with Hp 2-2.
There was no difference in the presence of collaterals
between the different phenotypes in the nondiabetic popu-
lation (P=0.84).

Once again, this study demonstrates a graded risk correl-
ation between presence, as well as severity, of CAD and
Hp phenotype.

In summary, our studies demonstrate that Hp phenotype
is a predictor of the relative risk of diabetes-related vascular
disorders. Hp 1-1 confers significant protection from these
disorders, Hp 2-1 confers partial protection, and Hp 2-2 can
be regarded as a major risk factor for vascular complications
in diabetics.

THEORIES REGARDING THE RELATION
BETWEEN Hp AND DIABETIC
VASCULAR DISEASES
Several roles of Hp may influence its relation with diabetic

vascular complications.

The role of oxidative stress in diabetic complications
and restenosis
Considerable evidence has been reported regarding the
involvement of oxidative stress in the development of diabetic
vascular complications (38) and restenosis (39). Many studies
show decreased endogenous antioxidants or increased oxida-
tive stress in the blood of diabetic patients (40,41).
Hyperglycemia increases oxidative stress by several mech-
anisms, including glucose auto-oxidation forming free radi-
cals, which enhance formation of AGEs; AGEs themselves
supply more free radicals; and the polyol pathway by which
hyperglycemia activates the enzymes aldose reductase and
sorbitol dehydrogenase, thus depleting cellular NADPH
(38). Poor glycemic control is correlated with increased free
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radical production (42-44). Many studies demonstrate a cor-
relation between oxidative stress and diabetic microvascular
damage, and there are indications that inhibition of oxida-
tive stress may prevent these complications.

Free oxy-Hb is a potent oxidant, generating reactive
oxygen species as it transforms to met-Hb, as well as catalyzing
oxidation of many other compounds (45). Hp functions as an
antioxidant by virtue of its ability to bind Hb (46,47). Hp
knockout mice are more prone to oxidative tissue damage and
mortality following hemolysis, demonstrating the importance
of Hp in the physiological defense against Hb toxicity (48).

Our group recently reported a significant difference in the
in vitro antioxidant capabilities of the different Hp pheno-
types, Hp 1-1 being a superior antioxidant than Hp 2-2. As
was demonstrated in this study, this finding is not related to
lower Hb-binding capacities of Hp 2-2, but to a mechanistic
reason, perhaps a difference in the ability to prevent release of
heme or a different potency of peroxidase activity (49). The
extremely strong affinity between Hp and Hb (10 to 15 M)
makes it unlikely that varied affinity of the Hp phenotypes to
Hb contributes to the observed differences (50).

Our data are consistent with earlier in vivo findings of
a correlation between Hp and serum vitamin C. Langlois
et al (51) found significantly lower vitamin C concentra-
tions in Hp 2-2 subjects, suggesting less efficient clear-
ance of Hb from the plasma. In vitro, they measured rapid
consumption of vitamin C in plasma from Hp 2-2 indi-
viduals compared with plasma from Hp 1-1 individuals.
The rate of vitamin C depletion was inversely related to
the Hp concentrations.

The reported differences in the antioxidant capacity of
the different Hp phenotypes may be dramatically amplified
in vivo due to the different sizes of the Hp polymers. This
would differentially affect the ability of the different Hp
proteins to sieve into the vessel wall, where Hp is needed in
order to neutralize the harmful oxidizing effect of Hb. In
diabetic individuals, already burdened with increased oxida-
tive stress, this would be of even greater importance.

The acute phase reaction and diabetes

A current theory proposes that one of the factors contributing
to the pathogenesis of diabetes and its complications is chro-
nic inflammation through the innate immune system (52).
This theory is based on the observed elevation of several acute
phase proteins in type I and type Il diabetics. Even higher
increases are measured in patients with DN (53-56).

Acute phase markers have been recognized as prognostic
factors in CAD (57-60). Hp, along with other acute phase
proteins, significantly increases before and after myocardial
infarction (21,22). Given that the acute phase response is
involved in diabetes, DN, CAD and restenosis, and that Hp
is an acute phase protein, there is a possibility that the effect
of Hp on diabetic complications may be through its involve-
ment in the acute phase response. This activity and its
difference between Hp phenotypes are not completely
understood. Hp 1-1 is apparently a stronger inhibitor of
inflammation, while Hp 2-2 confers better immune activity,
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but it is difficult to speculate how these differences may
affect diabetes complications.

Immunomodulation by Hp

Another important aspect that may contribute to the bio-
chemical basis of the different influence of the Hp phenotypes
is their effect on various types of leukocytes. Hp has been
reported to bind to CD11b/CD18 on monocytes, granulocytes
and T-lymphocytes and to CD22 on B-lymphocytes, but with
relatively low affinity and specificity (61,62). On the other
hand, Hp-Hb complexes bind with high affinity to CD163 on
monocytes and macrophages (63). There is some evidence
that CD163 activation results in an anti-inflammatory effect
(64,65), and that CDI163 contributes to the adhesion of
monocytes to activated endothelial cells (66). Hp 2-2 exhibits
a 10-fold higher affinity to CD163 and a higher rate of uptake
than Hp 1-1 (63). The consequences of this binding and
internalization have not been characterized yet, but a possibly
important aspect is the intracellular oxidation status caused by
the internalization of the Hp-Hb complexes. The combina-
tion of more uptake of Hb-Hp 2-2 along with the poorer
antioxidant capabilities of Hp 2-2 is bound to influence the
redox environment within the cell, affecting its activities
in general.

As we recognize the major role played by leukocytes in
physiological and pathological vascular processes, it is not
unreasonable to speculate that differential affinity and
cellular activation of the different Hp phenotypes may be
the key to understanding the strong association between Hp
and vascular disease.

Hp and angiogenesis

Cid et al (67) demonstrated in vitro and in vivo that sera from
patients with systemic vasculitis manifest angiogenic proper-
ties, and they identified Hp as one of the angiogenic factors.
Anti-Hp antibodies partially repressed the angiogenic activity.
They also demonstrated that Hp 2-2 was the most angiogenic,
Hp 2-1 had intermediate activity, and Hp 1-1 possessed only
weak angiogenic activity. Interestingly, while Hp 2-2 has been
identified as an independent risk factor for developing PVD, it
is also associated with a longer maximal walking distance,
suggesting the existence of a better developed collateral cir-
culation in the affected limb (30).

SUMMARY

It has been recognized for a long time that genetic factors
influence diabetic complications. We have recognized Hp as
a genetic marker strongly associated with individual predis-
position to microvascular and macrovascular complications
in diabetes. Previous studies have reported association of
several genes with diabetic complications, but the associ-
ation with Hp is unique in several aspects: Hp is relevant to
nearly all important vascular complications in diabetes,
including DN, DR, restenosis, CAD and development of
coronary collaterals. For all these conditions, the Hpl allele
appears to confer a significant protection.
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Other genes, which have been suggested to correlate
with diabetic vascular complications, are usually part of an
established pathway in the pathophysiology of diabetic
complications. However, most studies found no association
between Hp phenotype and diabetes (31,68-70). The find-
ing that Hp is a genetic modulator of diabetic complications
suggests either the existence of an unrecognized important
mechanism involved in the development of vascular dam-
age in diabetes, or an unrecognized important aspect of Hp
function. Extensive research in these two directions may
reveal a mechanistic connection between Hp and diabetic
vascular complications, as well as more general insights per-
taining to the pathophysiology of diabetic complications.

Further research in large patient populations is being
carried out in order to confirm our results and accurately esti-
mate the predictive value of Hp phenotype for complications
in diabetes. These large-scale studies should also provide solid
information regarding the interrelation of Hp phenotype
with other risk factors for vascular complications in diabetes,
especially modifiable factors such as control of blood glucose,
hypertension and hyperlipidemia.

The fact that patients with Hp 1-1 develop remarkably
less DN, DR, restenosis and CAD could have practical appli-
cations in treatment and follow-up, suggesting Hp pheno-
typing of all diabetic patients as valuable for risk assessment
and care planning. Patients with Hp 1-1 may require less fre-
quent retinal and renal follow-ups, and angioplasty can be
recommended for them in more indications than in other
diabetic patients. In light of our findings regarding the super-
ior antioxidant capacity of Hp 1-1, patients with Hp 2-2 may
benefit from antioxidant therapy.

Although the Hp phenotype of a subject is a fixed
genetic property, future investigation of the mechanism of
Hpl protection in diabetes may enable development of
novel therapeutic approaches, specifically interfering with
the damage or providing protection similar to that con-
ferred by Hpl1.
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