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Abstract
Haptoglobin (Hp) is a hemoglobin (Hb) binding protein whose major function is to prevent heme-
iron mediated oxidation. The polymorphic nature of the Hp gene results in varying levels of
antioxidant function associated with the protein products. Multiple clinical studies have now
determined that the Hp 2-2 genotype is associated with an increased risk of developing vascular
complications in patients suffering from diabetes. The mechanism for this phenomenon is a
decrease in antioxidant capability associated with the Hp 2-2 protein. Specifically, heme iron
associated with the Hp2-2/Hb complex is more redox active than other Hp type complexes and has
been shown in a number of systems to lead to increased levels of oxidative stress in the form of
oxidized lipids and decreased lipoprotein function. In addition, Hp 2-2/Hb complexes are cleared
less efficiently from the circulation, leading to a buildup of iron in the plasma and in tissues.
Recent analyses from clinical studies utilizing vitamin E treatment have shown beneficial results
specifically in the diabetic Hp 2-2 genotype population. The use of vitamin E in the treatment of
Hp 2-2 diabetics has the potential to greatly reduce medical costs and improve quality of life in the
ever-growing diabetic population.
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1. Introduction
Haptoglobin (Hp) is an acute phase protein whose transcription is increased in response to
inflammatory stimuli. Hp has several biological functions, but it is best known as a
hemoglobin (Hb) binding protein. Hp/Hb complex formation serves to reduce the oxidative
damage which would otherwise occur between heme derived iron and surrounding plasma
or tissue proteins and lipids. Binding of Hb to Hp is especially important during hemolysis,
when free Hb levels in the plasma increase, leading to Hb accumulation in the kidney and
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iron loss in the urine. By binding to Hp, the Hp/Hb complex is formed and cleared by
receptor mediated endocytosis in the liver. In this manner, the iron is recycled and renal
damage is prevented [1].

In humans the gene for Hp is polymorphic and this variability is reflected in the antioxidant
capabilities of the different allelic protein products. These differences are thought to
ultimately determine severity of disease. This review will summarize differences in Hp at
the molecular level and will elaborate on the evidence showing that the Hp 2-2 genotype
confers a higher risk of developing vascular complications in the setting of diabetes than
other genotypes. Specific pathways by which heme derived iron in the Hp/Hb complex
causes vascular damage will be presented as well as recent studies investigating antioxidant
therapy in those individuals carrying high risk genotypes.

2. Molecular aspects of haptoglobin
2.1 Haptoglobin gene and protein structure

The Hp gene is located on chromosome 16q22 and has two major functional classes of
alleles in humans. Those alleles, known as 1 and 2, can form three different genotypes:
homozygous (1-1 or 2-2) and heterozygous (2-1). Allele 1 contains five exons and is similar
in structure to Hp genes in all animals. Allele 2 is unique to humans, and was formed during
evolution, probably from an unequal crossing over between two Hp1 alleles. As a result,
allele 2 has a duplication of exons 3 and 4 of allele 1 (see figure 1) [1].

Hp is synthesized as a single polypeptide chain. The Hp monomer is formed after the
nascent protein is cleaved into α and β chains which are linked to each other by disulfide
bonds. The Hp 1 and Hp 2 proteins have the same β chain which is 45 kD. However, due the
duplication, they differ in their α chain component, which is 9 kD for Hp 1 and 16 kD for
Hp 2.

Since the duplication includes exon 3, which contains the Hp multimerization domain, the
two alleles differ in their valences; Hp 1 is monovalent and Hp 2 is bivalent. This change
affects the polymeric structure of the proteins, leading to dimers in Hp 1-1 individuals with
the formula (α1 β)2, linear polymers in Hp 2-1 individuals with the formula (α1 β)2 + (α2

β)n (n = 0, 1, 2…) and cyclic polymers in Hp 2-2 individuals with the formula (α2 β)n (n =
3, 4, 5…) (see figure 2) [1]. Using Hb starch gel (or polyacrylamide gel) electrophoresis, Hp
genotypes can be identified by their unique protein/complex patterns. Hp 1-1 shows one fast
migrating band, Hp 2-2 shows series of slow migrating bands, and Hp 2-1 shows a weak fast
migrating band and a series of slow migrating bands [2] (see figure 3).

2.2 Geographical distribution
During evolution, Hp 2 underwent positive selection and became more common in the
northwestern European population. It is suspected that one reason is due to its role in
protection against infectious disease. A study on streptococcus bacterium showed that the
polymeric structure of Hp 2-2 can cause agglutination of bacteria and thereby interfere with
its growth. Hp 1-1, a dimer, lacks this ability, and therefore doesn’t inhibit growth of the
bacterium. Today the prevalence of the Hp 1-1, 2-2 and 2-1 genotypes in most western
countries is 16%, 36% and 48% respectively. However, in Southeast Asia, about 90% of all
individuals have the Hp 2-2 genotype [2].

2.3 Hp binding proteins
Each Hp monomer binds a Hb α-β dimer through a binding site situated in the β chain. The
Kd of this reaction is very small (about 10−15), an indication of the high stability of Hp/Hb
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complex. Since the Hp β chain is the same for all Hp proteins, it is not surprising that the
affinity of Hp 1-1 for Hb does not differ from that of Hp 2-2 [3]. However, as will be
discussed below, the degree to which heme iron in the bound Hb can participate in oxidation
reactions differs between Hp types.

The Hp-Hb complex is recognized by the CD163 receptor which is found on monocytes and
to a greater extent on macrophages. The CD163 receptor recognizes a unique epitope on the
Hp-Hb complex and does not bind either ligand separately with high affinity. The binding
affinity of the Hp/Hb complex for CD163 is 1.9 nM for Hp 1-1 and 0.25nM for Hp 2-2. The
apparent increase in affinity of the latter complex is likely due to the polymeric nature of the
Hp 2-2 protein. Human macrophages in culture secrete interleukin-10 to a greater extent
when incubated with Hp 1-1/Hb complexes than with Hp 2-2/Hb complexes. This response
was shown to be CD163 dependent and suggests a molecular difference in receptor mediated
signal transduction between the two Hp types.

Another protein to which Hp binds to is apolipoprotein A1 (apo A1), the major lipoprotein
of HDL. Binding of Hp to ApoA1 also occurs when Hp is bound to Hb. The affinity of this
binding interaction is low, and is estimated to be in the micromolar range (unpublished
observations). The Hp binding site is on helix 6 of Apo-1, near the binding site of lecithin
acetyl transferase (LCAT) [4]. This overlapping causes displacement of LCAT and has been
shown to result in an inhibition of LCAT cholesterol esterification rate in vitro [5],[6].

3. Haptoglobin and diabetes
3.1 Human studies

In an early effort to understand the genetic basis for inter-individual differences in coronary
collateral formation among patients suffering from cardiovascular disease, Hp was
investigated as a possible genetic marker. Included in this analysis were patients suffering
from retinopathy, another hypoxia related disease which is more common among diabetic
patients. Although no relationship between collaterals and Hp type was found, the number of
diabetic patients with retinopathy was significantly increased among individuals of the Hp
2-2 genotype. In addition, it was shown that individuals carrying the Hp 2-2 genotype were
at increased risk of developing nephropathy as well as restenosis following angioplasty [7],
[8], [9]. These results suggested that Hp genotype may also be related to heart disease in
diabetic patients.

The first major study to investigate this association was done on samples collected in the
Strong Heart Study [10]. This cohort included 206 case controlled samples from American
Indians who were followed over a period of 6 years. The results showed that Hp 2-2 diabetic
individuals were five times more likely to suffer from cardiovascular disease (CVD) than
diabetic individuals carrying the Hp 1-1 genotype. Hp 2-1 diabetics were at an intermediate
risk. Hp genotype was not predictive of heart disease in non-diabetic individuals. Since that
time numerous studies have extended this finding and established that Hp 2-2 genotype is a
risk factor for developing CVD complications in diabetic patients (see table 1). These
studies included cohorts of varying ethnicity and geographic location as well as patients with
type I and type II diabetes.

3.2 Haptoglobin transgenic mouse model
In order to investigate the mechanism of Hp genotype effect on vascular disease, a
transgenic mouse model was developed. The mouse Hp 1 gene was used to engineer a
mouse homolog of the human Hp 2 allele by inserting a duplication of exons 3 and 4 (see
figure 1). The resulting mouse Hp 2 gene was inserted into the mouse Hp 1 locus by
homologous recombination. The transgenic Hp 2 protein was shown to be of appropriate
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size and to form similar polymeric complexes with hemoglobin as the human Hp 2 protein.
Mice were made diabetic by injection of streptozotocin and used in studies determining the
relationship between Hp genotype and vascular disease as will be discussed below.

Using a number of different systems, it has now been established that studies using
transgenic mice successfully recapitulate those results seen in the human studies, namely,
that diabetic Hp 2-2 mice are at increased risk of developing vascular disease compared to
their Hp 1-1 counterparts. Specifically, diabetic Hp 2-2 transgenic mice showed a significant
increase in renal and glomerular hypertrophy compared to diabetic Hp 1-1 mice [17]. No
difference was found between Hp 2-2 and Hp 1-1 mice in the absence of diabetes. Similarly,
a highly significant increase in retinal capillary basement membrane thickness was observed
in diabetic mice with the Hp 2-2 genotype. In a mouse model of myocardial infarction (MI)
it was shown that diabetic Hp 2-2 mice suffered larger infarctions than diabetic Hp 1-1.
There was no difference in infarction size between non diabetic Hp 2-2 and Hp 1-1 mice. In
addition, in diabetic mice the Hp 2-2 genotype was associated with increased mortality and
more severe cardiac remodeling 30 days after MI [18]. Hp 2-2 diabetic mice bred on an apo
E knockout background showed increased iron, lipid peroxidation and macrophage
accumulation in arterial plaques compared to apoE knockout Hp 1-1 diabetic mice [19]. In
summary, these data establish the mouse transgenic model as an appropriate system to study
Hp polymorphic effects on vascular disease.

4. Molecular mechanisms of increased vascular disease in Hp 2-2 diabetic
individuals

The basic mechanism by which Hp/Hb complexes mediate vascular damage involves the
decreased ability of Hp 2-2 to prevent oxidation of lipids catalyzed by Hb derived iron. This
effect is magnified when Hb is glycosylated. Molecular and cellular studies detailing this
phenomenon will be presented. Exacerbating this effect is the fact that Hp 2-2/Hb
complexes are cleared more slowly from the circulation than Hp 1-1/Hb complexes,
resulting in increased accumulation of Hb in the plasma and the tissues, particularly in the
proximal tubule of the kidney. Data describing this aspect of Hp/Hb mediated damage will
be summarized.

4.1 Oxidation reactions catalyzed by heme iron
Iron derived from hemoglobin can catalyze a number of oxidative reactions which can be
inhibited by Hp. First, ferrous heme iron (Fe2+) can react with hydrogen peroxide to yield
ferric Hb (Fe3+) and the highly reactive hydroxyl radical species (see Figure 4 reaction 1).
By abstracting a hydrogen atom from polyunsaturated fatty acids, hydroxyl radicals may
initiate the process of lipid peroxidation. Second, ferrous Hb (Fe2+) can also react with
hydrogen peroxide to produce ferrylhemoglobin (Fe4+) [21] (see Figure 4 reaction 2), a
highly unstable molecule which readily reacts with a second molecule of hydrogen peroxide
to yield ferric Hb (Fe3+) and superoxide anion (see Figure 4, reaction 3). The damaging
effects of superoxide anion are two-fold: reduction of ferric iron (Fe3+) in Hb to ferrous iron
(Fe2+) (see Figure 4 reaction 4), allowing for the production of addition hydroxyl radical as
described in reaction 1, and dismutation of superoxide anion to produce hydrogen peroxide,
again promoting the production of ROS by reaction 1.

In all of the above reactions, the heme derived iron remains in the heme pocket of the globin
molecule. However, ferric Hb (containing Fe3+), also known as methemoglobin, can
spontaneously transfer its heme moiety resulting in heme entry into diverse lipophilic
environments such as LDL or cell membranes [22]. Once intercalated into its new lipid
environment, heme iron can undergo reactions with hydrogen peroxide as described above
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or with adjacent lipid peroxides generating a free radical cascade and leading to extensive
lipid oxidation.

4.2 Differential inhibition of Hb redox activity by Hp types
As a part of the Hp/Hb complex, Hp stabilizes heme in the heme pocket of Hb, and prevents
Hb from causing oxidative injury [23]. However, the degree to which Hp neutralizes the
redox activity of heme iron differs among Hp types. This has been shown in a number of
systems both in vitro and in vivo. For example, studies using linolenic acid showed that Hp
1-1 prevented oxidation (diene formation) as measured by an increase in absorbance at 232
nm to a greater extent than Hp 2-2 [24]. Another study examined LDL oxidation due to
heme transfer from Hb to LDL. Heme transfer was measured by quenching of the
fluorescence signal emitted by dansylated LDL. It was found that Hp 1-1 was superior in
preventing heme transfer from Hb as compared to Hp 2-2 [25].

In a separate study redox active chelatable iron present in serum was measured using an in
vitro kinetic fluorometric assay with dihydrorhodamine (DHR) in the presence of an iron
chelator. The results showed a marked increase in the amount of chelatable redox active iron
associated with Hp 2-2/Hb complexes as compared with Hp 1-1/Hb complexes. Differences
in the amount of redox active chelatable iron between Hp 1-1/Hb and Hp 2-2/Hb complexes
were enhanced when using in vitro glycated Hb. These results provide a plausible
mechanistic explanation for differences in vascular disease seen between Hp genotypes
specifically in the setting of diabetes.

Further support of this hypothesis was obtained from human macrophage cells (THP-1)
exposed to Hb/Hp complexes when grown in a hyperglycemic environment. Cells were
loaded with 2, 7-dichlorofluorescein, a compound which becomes fluorescent following
oxidation. Specifically, there was a greater increase in flourescence in cells exposed to Hb-
Hp 2-2 complexes compared to Hb/Hp 1-1 complexes. This effect was not seen when the
cells were grown in normal levels of glucose. Furthermore, this increase was inhibited by
desferroxamine, a high affinity iron chelator, confirming that the increased oxidative stress
induced by hyperglycemia was likely due to an increased amount of redox active iron.
Similar results were obtained by looking at oxidized lipids from cells treated in an identical
manner. The presence of increased redox active iron was also demonstrated in the plasma of
transgenic Hp 2-2 diabetic mice compared with Hp 1-1 diabetic mice [3].

4.3 Hp and high density lipoprotein (HDL)
One of the targets of oxidation by Hp/Hb complexes in Hp 2-2 diabetics is HDL. An
important function of HDL is reverse cholesterol transport (RCT), a multi-step process
resulting in the net movement of cholesterol from peripheral tissues back to the liver via the
plasma compartment. Cellular cholesterol efflux occurs by binding of HDL to the ATP-
binding cassette transporter present in the cell membrane. Cholesterol is then transferred to
HDL, converted by LCAT to cholesterol ester, and subsequently taken up by the liver via
the scavenger receptor B1.

As mentioned earlier, Hp binds to apo A1 present in HDL. In order to determine whether Hp
binding affects RCT human macrophages were cultured in vitro and loaded with tritiated
cholesterol. HDL (in the form of serum) from diabetic patients was added to the cultures and
the amount of label released into the medium was measured. It was found that serum from
Hp 2-2 diabetic patients was less active than serum from Hp 1-1 patients in promoting
cholesterol efflux from the cells. In a second study mice were injected with macrophages
loaded with tritiated cholesterol. After 48 hours there was significantly less radioactivity
observed in the liver, feces, and plasma of diabetic Hp 2-2 mice compared to diabetic Hp
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1-1 mice. The labeled cholesterol in the plasma, liver, and feces, was shown to be
cholesterol ester, and not simply leakage of cholesterol from the injected macrophages,
thereby confirming that the Hp 2-2 genotype is associated with a decrease in RCT [5].

Further experiments established that glycated Hb alone can oxidize HDL as well as cause a
decrease in RCT. This reduction was shown to be rescued by Hp 1-1 to a greater extent than
Hp 2-2. The mechanism of decreased RCT in Hp 2-2 diabetics appears to be increased
oxidation of lipid components of HDL. However, oxidation of apo A1 at Tyr166 has also
been shown to inhibit binding of LCAT to apo A1 [26]. It is likely that oxidation of both
protein and lipid components of HDL lead to RCT dysfunction. Oxidation of HDL may also
be detrimental due to inactivation of other anti-oxidant enzymes associated with HDL, such
as paraoxonase and glutathione peroxidase [27].

4.4 Differential ability of Hp types to clear extracellular iron and its accumulation in the
circulation and tissues

As mentioned above, CD163 plays an important role in clearance of Hb/Hp complexes from
the circulation, especially after hemorrhage. In general diabetes results in a decrease in the
percentage of peripheral blood monocytes which express CD163 and a decrease in the
percentage of macrophages expressing CD163 present in atherosclerotic plaque. Specifically
however, it was found that Hp 2-2 diabetic individuals showed a greater decrease in CD163
expression than Hp 1-1 diabetic individuals, both in percentage CD163 positive monocytes
in the peripheral blood as well as CD163 positive macrophages in atherosclerotic plaque. In
addition, Hp 2-2 diabetics contained higher amounts of plasma soluble CD163 when
compared to Hp 1-1 diabetics [28].

A study conducted on Chinese hamster ovary cells stably transfected with CD163 receptor
examined the rate of uptake of the Hb- Hp complex by the receptor. The results showed that
while more Hp 2-2/Hb was bound to the cell surface, Hp 2-2/Hb complexes were
endocytosed more slowly compared to Hp 1-1/Hb complexes [28]. An alternative approach
to looking at Hp/Hb clearance was performed by injecting transgenic mice with 125I labeled
Hp/Hb complexes intravenously and measuring the loss of radioactivity in the blood over
time. It was found that the half-life of Hp 1-1/Hb complexes was 20 minutes with or without
diabetes. The half-life of Hp2-2/Hb complexes was 50 min without diabetes and greater than
100 min with diabetes [29]. In summary, the above studies indicate that Hp 2-2 diabetic
individuals have impaired Hb/Hp clearance due to altered regulation of CD163 expression.

The increased presence of Hp 2-2/Hb complexes in the circulation of diabetics allows not
only for more oxidation but also increased iron deposits in the tissues. A number of studies
confirm this hypothesis. For example, it was found that Hp 2-2 diabetic mice have increased
levels of iron in the proximal tubule as measured by Perl’s staining, compared to other
diabetic Hp genotypes. As mentioned in section 3.2, it was found that in diabetic, knockout
apo E mice carrying the Hp 2-2 genotype, there was increased intraplaque iron as measured
by Perl’s stain compared to their Hp 1-1 counterparts [19]. Similar results were seen in
human atherosclerotic plaques from Hp 2-2 diabetics compared to Hp 1-1 diabetics [30].
Another recent study has also reported increased iron deposits in carotid artery plaque in Hp
2-2 diabetic patients [31]. This increase in plaque iron may be the result of decreased
clearance of Hb in Hp 2-2 mice after intraplaque hemorrhage. The higher prevalence of
plaque iron in Hp 2-2 diabetic individuals may contribute to the increased incidence of
atherothrombotic events in these patients.

Goldenstein et al. Page 6

Pharmacol Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Antioxidant treatment of high risk individuals
5.1 Human studies with vitamin E

Based on preclinical studies suggesting the importance of oxidized LDL in atherosclerosis
and observation studies showing increased vitamin E intake among individuals with less
coronary artery disease [32], vitamin E supplements were routinely prescribed by
cardiologists in the prevention of CVD. However, randomized placebo controlled trials have
failed to show benefit from vitamin E. Furthermore, in a large meta-analysis published in
2005 it was reported that mortality was slightly increased in individuals who received high
doses of vitamin E [33]. Therefore, the prevailing opinion is that high dose vitamin E
supplements should be reconsidered [34]. One explanation for the lack of effective results
following treatment with vitamin E is related to the proper selection of patients for
treatment. In several studies that will be discussed below it was found that vitamin E
supplementation had a beneficial effect specifically on individuals with diabetes and the Hp
2-2 genotype.

The Heart Outcomes Prevention Evaluation (HOPE) trial evaluated the 4.5-year effects of
400 IU vitamin E daily on the primary composite of CV death, myocardial infarction, and
stroke. No significant benefit of vitamin E supplementation was detected in either the entire
group or in the diabetic subset, consistent with what was previously reported for the entire
HOPE cohort [35]. In Hp 2-2 diabetic participants, there was a trend toward a reduced
primary composite outcome and a statistically significant reduction in the risk of CV death
and nonfatal myocardial infarction [36].

In order to validate the results of the HOPE analysis, a prospective placebo controlled
double blinded clinical trial, known as the Israel Cardiovascular Vitamin E study (ICARE),
was carried out. In this study, diabetic individuals with the Hp 2-2 genotype were treated
with vitamin E or with placebo, and the incidence of cardiovascular complications such as
non-fatal myocardial infarction, cardiovascular death and stroke were measured. Also, Hp
1-1 and Hp 2-1 individuals were followed, even though they didn’t receive vitamin E. The
results showed a 50% decrease in the event rate of cardiovascular complications in diabetic
Hp 2-2 individuals randomized to vitamin E down to a rate similar to that of Hp 1-1 and Hp
2-1 individuals [13].

Vitamin E supplementation has also been used as a treatment for correcting HDL
dysfunction. Twenty Hp 2-2 diabetic individuals were treated with vitamin E in a double-
blinded crossover study. Lipid peroxidation and HDL function were measured in the serum
at the beginning of the study, after 2 month of treatment with vitamin E or placebo, and
again after another 2 month in which each group received the opposite treatment. It was
found that vitamin E dramatically reduced HDL lipid peroxidation and improved HDL
cholesterol efflux [29]. A second study, which included 36 Hp 2-1 and Hp 2-2 diabetic
individuals showed a similar benefit in Hp 2-2 individuals, but with an opposite result in Hp
2-1 individuals, namely, that vitamin E supplementation caused a decreasing in RCT in
diabetic Hp 2-1 individuals [37]. At present the mechanism of this difference in vitamin E
effect between Hp 2-2 and Hp 2-1 individuals is not understood.

5.2 Animals studies with vitamin E
As mention above, the Hp 2-2 genotype is associated with early signs of kidney disease in
diabetic mice. Specifically, glomerular and proximal tubular hypertrophy was significantly
increased in Hp 2-2 diabetic mice. Histological analysis demonstrated that Hp 2-2 diabetic
mice had significantly more collagen type IV, smooth muscle actin, and increased renal iron
deposition. Studies of renal function demonstrated creatinine clearance time and albuminuria
were increased in Hp 2-2 diabaetic mice. Treatment with vitamin E provided significant
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protection against the development of functional and histological features characteristic of
diabetic nephropathy to Hp 2-2 mice but not to Hp 1-1 mice [38].

In a separate study vitamin E was given to Hp 1-1 or Hp 2-2 diabetic mice for 4 weeks.
After this period, lipid peroxidation and cholesterol efflux were measured. It was found that
vitamin E significantly improved cholesterol efflux and reduced lipid peroxidation in Hp 2-2
diabetic mice, but had no effect on HDL function or lipid peroxidation in Hp 1-1 diabetic
mice. This data supports a role for vitamin E in preventing HDL dysfunction in Hp 2-2
diabetic individuals only [29].

In conclusion—Diabetes Mellitus is a worldwide disease, whose prevalence is increasing
dramatically primarily due to poor nutrition and lack of physical activity. This disease can
cause severe cardiovascular complications, especially in the later stages of the disease.
Although the common treatment today for preventing diabetes, which includes controlling
diet and maintaining exercise, is readily available to all, most diabetes patients are unable to
achieve normal levels of blood glucose without eventual drug intervention. The mechanism
responsible for the increase in complications in Hp 2-2 diabetics is iron induced oxidative
stress. Not only is the Hp 2-2/Hb complex more redox active, it remains in the circulation
for longer periods of time and heme derived iron accumulates in the tissues. Vitamin E has
been shown in multiple human and animal studies to prevent diabetic complications. The
findings of the studies described in section 5 concerning the benefits of vitamin E
supplementation for diabetic Hp 2-2 individuals have the potential to greatly reduce health
costs and improve quality of life for those individuals at high risk.
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Figure 1. Genomic structure of Hp alleles 1 and 2
Hp 1 contains 5 exons. The Hp2 allele evolved from the Hp 1 allele following duplication of
exons 3 and 4. Brackets identify duplicated exons.
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Figure 2. Polymeric structure of protein products resulting from the three Hp genotypes: Hp 1-1,
Hp 2-1, and Hp 2-2
All of the subunits in the polymers are disulfide bond linked through the alpha chain.
Individuals homozygous for the Hp 1 allele form exclusively dimers containing two Hp 1
subunits. Heterozygotes form linear polymers containing a variable number of internal Hp 2
subunits flanked by two Hp 1 subunits at either end. Individuals homozygous for the Hp 2
allele form cyclic polymers of varying numbers of Hp 2 subunits [1].

Goldenstein et al. Page 12

Pharmacol Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Hp typing of Hb enriched serum by gel electrophoresis
Each Hp type has a characteristic banding pattern. Free Hb present in all the samples
appears as a single band at the bottom of the gel. Lanes 1 and 9 contain Hp 1-1 dimers
which run as a single band immediately above Hb; lanes 2, 4, and 8 contain Hp 1-1 dimers
as well as slower running Hp 2-1 linear polymers which appear as a series of bands in the
upper part of the gel; lanes 3, 5, 6 and 7 contain Hp 2-2 cyclic polymers which appear as a
series of bands running near the top of the gel [1].
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Figure 4. Reactions of Hb with hydrogen peroxide (H2O2) and superoxide ion (O2
−)

Iron present in Hb can exist in three oxidation states, +2, +3, and +4, indicating the net
charge of the iron atom. Heme iron can undergo oxidation by H2O2 as shown in reactions 1
and 2, or reduction by H2O2 (reaction 3) or superoxide anion (reaction 4) as explained in
further detail in section 4.1.
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Table 1

Clinical studies showing increased risk of vascular complications in Hp 2-2 diabetic individuals.

Clinical Study Increase risk in Hp 2-2 genotype Ref.

Strong Heart Study Three – to five-fold increased incidence CVD. [10]

Munich Stent Study Increase in the incidence of major adverse cardiac events (MACE), in the 1-year
period after percutaneous transluminal coronary angioplasty

[11]

The Rambam Myocardial Infraction
Outcomes in Diabetes Study

Eightfold increase incidence of death and heart failure, in the 30 day period after
myocardial infarction

[12]

Israel Cardiovascular Vitamin E study
(ICARE)

Two – to threefold increased risk of MACE [13]

Epidemiology of Diabetes Complications
Study (EDC)

Two fold increased risk of CVD in type 1 diabetic individuals [14]

Coronary Artery Calcification Type I
(CACTI) Study

Increase risk of development of coronary artery calcification in type 1 diabetic
individuals

[15]

Epidemiology of Diabetes Complications
Study (EDC)

Two fold increased risk for estimated glomerular filtration rate decline and end stage
renal disease

[16]
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