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The Haptoglobin 2-2 genotype is associated with increased redox
active hemoglobin derived iron in the atherosclerotic plague
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In man the haptoglobin (Hp) gene is polymorphic with two common alleles denoted 1 and
2.1 We have recently demonstrated in multiple independent longitudinal studies that there is
an up to 500% increase in the incidence of cardiovascular disease in individuals with the Hp
2-2 genotype and diabetes mellitus (DM).276 The normal function of Hp is to bind
extracorpuscular hemoglobin (Hb) and promote its clearance after it is released into either the
blood secondary to red cell intravascular hemolysis (6 g per day in a normal man) or into the
extravascular compartment after hemorrhage (i.e., after hemorrhage into the atherosclerotic
plaque).1 We and others have previously demonstrated that the Hp 1 allele protein product is
superior to the Hp 2 allele protein product in blocking Hb induced oxidation of multiple
substrates including LDL and HDL.7~9 The major pathway for clearance of the Hp-Hb
complex from the blood as well as from the atherosclerotic plaque is via the monocyte/
macrophage CD163 receptor.10 We have demonstrated that the Hp 1-Hb complex is cleared
more rapidly by the CD163 receptor than the Hp 2-Hb complex.1! Furthermore, the amount
of the CD163 receptor expressed on monocyte/macrophages is decreased in Hp 2-2 and DM
individuals.12 In this study we set out to test the hypothesis that the Hp genotype regulates the
turnover and oxidative activity of Hb in the atherosclerotic plaque.

All protocols were approved by the Animal Care and Use Committee of the Technion. The
characterization and generation of Hp 1 and Hp 2 mice in a C57BI/6 Apo E—/— genetic
background has been previously described in detail.13 Briefly, the murine Hp 1 allele is the
wild type murine Hp allele. The Hp 2 allele exists only in man and murine Hp 2 allele was
genetically engineered in vitro and its insertion targeted at the Hp locus by homologous
recombination. Previous characterization of these mice has demonstrated that there are no
differences between Hp 1 and Hp 2 mice in Hp concentration, total cholesterol and HDL
cholesterol.

Plaque iron in frozen 5 mm sections of brachiocephalic arteries from Hp 1 or Hp 2 Apo E—/—
mice was detected and quantified using Perl’s stain as previously described.
Immunofluorescent identification of hemoglobin in the atherosclerotic plaque was performed
in frozen 5 mm sections of brachiocephalic arteries from Hp 1 or Hp 2 Apo E—/— mice.
Hemoglobin was identified with a rabbit antiserum to mouse hemoglobin (MP Biochemicals)
using a Cy3 conjugated secondary antibody (Jackson Immunoresearch) for antigen detection.
As a control for specificity of the fluorescent signal from Hb, sections were also incubated in
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the presence of an excess of Hb (4.7 ug/ul) during the immunostaining. Quantitation of signal
intensity was performed using Image Pro-Plus. For studies attempting to show the
colocalization of Hb with plaque iron, immunofluorescence was performed prior to staining
for iron.

In situ assessment of plaque oxidation state was assessed by incubating 5 mm frozen sections
of brachiocephalic arteries from Hp 1 or Hp 2 Apo E mice in the presence of dihydrorhodamine
(DHR). The time dependent oxidation of DHR was evident by the time dependent increase in
fluorescence of the plaque. Plaques from different mice were compared at the 10 minute
timepoint after the DHR was applied to the slide as this was found to be the maximal time in
which the change in DHR fluorescence remained linear with time. Quantitation of fluorescent
intensity was done using Image Pro-plus software. For studies involving use of an iron chelator
to block iron induced oxidation of the DHR, desferroxamine was incubated with the tissue slice
at a concentration of 50 mM for 60 minutes prior to applying the DHR. For studies in which
DHR fluorescence was colocalized with plaque iron, the iron stain was performed first and
then the DHR was applied to the slide.

We have previously demonstrated that there is an increased amount of iron identified by Perl's
stain in Hp 2-2 plaques.13 We sought to determine if this could be attributed to an increased
amount of Hb in these plaques identified by immunofluorescence. The intensity of Hb staining
in the plaques of Apo E—/— Hp 2-2 mice was markedly greater than that found in the plaques
of ApoE—/— Hp 2-2 mice (Figure 1A and 1B). Specificity of the signal for Hb obtained in this
immunofluorescent analysis was demonstrated by showing that an excess of Hb in the binding
buffer could block the fluorescent signal obtained using rabbit antimouse Hb and antirabbit
Cy3 antiserum (Figure 1C).

We then sought to determine if the increased oxidative stress in Hp 2-2 atherosclerotic plaques
is due to iron. DHR becomes fluorescent when it becomes oxidized.14 We assessed oxidative
stress in atherosclerotic plagues by monitoring the time dependent oxidation of DHR incubated
with the plaques (Figure 2A). The time dependent increase in fluorescence was linear up to 10
minutes after the addition of the DHR to tissue thin sections containing the plaque and therefore
all quantitative comparisions between groups were done at this 10 minute time point. We found
markedly greater fluorescent activation in Hp 2-2 as compared to Hp 1-1 plaques and this
oxidation was inhibited by iron chelation with desferroxamine (Figure 2B-D). Further
supporting a direct role for iron induced oxidation of DHR we demonstrated colocalization of
iron by Perl’s stain with DHR fluorescence (Figure 2E).

In order to confirm that the increased DHR fluorescence described above seen in Hp 2-2 plaques
was indeed due to increased oxidative stress and that this increased oxidative stress was due
to hemoglobin derived iron we performed additional analysis using an alternative probe
(dihydrothidium (DEA)) to detect oxidative stress in the presence or absence of the iron chelator
deferiprone (Figure 2F). Similar to our studies with DHR we found that iron chelation
prevented oxidation induced DEA fluorescence. Furthermore, consistent with the proposed
mechanism by which hemoglobin mediates oxidation via Fenton chemistryl, DEA oxidation
was blocked by catalase (Figure 2F).

In this study we have demonstrated that there is an increase in the amount of redox active
hemoglobin derived iron in the atherosclerotic plaque in Hp 2-2 mice. We have recently
demonstrated the relevance of these studies to the human atherosclerotic plaque by showing
that there is increased iron deposition in Hp 2-2 DM human atherosclerotic plaques.1® These
results are therefore consistent with our previous in vitro mechanistic studies showing that both
the protection against hemoglobin induced oxidation and the clearance mechanism for
hemoglobin in the atherosclerotic plaque is Hp genotype dependent.11:12,14
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The major source of Hb in the atherosclerotic plaque is from intraplaque hemorrhage.’
Intraplaque hemorrhage has been suggested to play an important role in determining plaque
stability.1” These results are consistent with our hypothesis that the Hp genotype determines
the response to intraplaque hemorrhage by determining if Hb released from red blood cells into
the plaque will result in oxidative stress or inflammation.

In conclusion, these studies provide direct evidence that the increased oxidative stress which
we have previously demonstrated in Hp 2-2 plaques? is due to Hb derived iron. Agents which
prevent iron induced oxidation may have considerable value in decreasing oxidation and
inflammation in Hp 2-2 plaques thereby reducing the risk of plaque rupture and
atherothrombosis in Hp 2-2 DM individuals.
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Figure 1.

A: Immunofluorescent identification of Hb in the atherosclerotic plaque of Hp 1-1 and
Hp 2-2 ApoE—/— mice. Hb was identified with a rabbit antiserum to mouse Hb and a Cy3
conjugated antirabbit secondary antibody. L, artery lumen.

B: Quantitative image analysis showing that Hb is increased in Hp 2-2 atherosclerotic
plaques. Fluorescent immunostaining of Hb in plaques was quantified by Image Pro-Plus
software. Hb staining in plaques from Hp 2-2 ApoE~~ mice was significantly greater than in
Hp 1-1 ApoE~~ mice when scored as the average intensity/total plaque area (n=6 for each
group, P<0.02).

C: Specificity of immunostaining for Hb in the plaque. In order to demonstrate that the
fluorescent signal obtained for Hb by immunostaining was specific for Hb, sections were
incubated in the presence of an excess of Hb (4.7ug/ul) during the immunostaining. L, artery
lumen.

Atherosclerosis. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kalet-Litman et al.

Page 8

Figure 2A
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Figure 2D
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Figure 2E
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Figure 2F
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Figure 2.

A: Time course of DHR fluorescence signal intensity in atherosclerotic plaques of Hp 2-2
mice (m) and Hp 1-1 mice (o) incubated with DHR Thin sections of atherosclerotic plaques
from Hp 1-1 or Hp 2-2 ApoE—/— mice were incubated with DHR and the time dependent
increase in fluorescent signal intensity/plaque area determined using Image Pro-Plus software
(n=6 per group). The oxidation of DHR was inhibited by incubation of the thin tissue section
with 50mM of the iron chelator desferroxamine for 1 hour prior to applying the DHR (A).
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2B: DHR immunofluorescence of representative plaques from Hp 1-1 ApoE~~ and Hp
2-2 ApoE~~ mice incubated with DHR for 10 minutes. L, artery lumen.

2C: Plaque induced oxidative activation of DHR fluorescence is blocked by the iron
chelator desferroxamine. 50mM desferroxamine was added 1 hour prior to applying the DHR
to the tissue slice.

2D: DHR fluorescent signal intensity is increased by Hp 2-2 Apo E—/— atherosclerotic
plaques. Quantitation of fluorescent intensity 10 minutes after DHR was added to the thin
sections using Image Pro-Plus software and scored as the average intensity/plague area. DHR
fluorescence at this 10 minute time point in plaques from Hp 2-2 ApoE~/~ mice was
significantly greater than in Hp 1-1 ApoE " mice (n=6 per group, P<0.05). Oxidation induced
fluorescent activation of DHR was blocked by preincubation of the tissue slices with the iron
chelator desferroxamine.

2E: Colocalization of DHR fluorescence and iron staining in the atherosclerotic plaque.
Plaque iron was detected using Perl's stain and subsequently DHR was applied to the tissue
section on the slide. Arrows indicate colocalization of Perl’s iron stain and DHR fluorescence
in the same field.

2F: Oxidative stress detected by DEA in Hp 2-2 plaques is blocked by iron chelation or
by catalase. 5 micron frozen sections of brachiocephalic arteries from Hp 2-2 ApoE 7~ mice
were preincubated in phosphate buffered saline in the absence or presence of PEG-catalase
(Sigma) 2500 U/ml or 50 mM L1 for one hour at 37C and then exposed to dihydroethidium
(DEA, 5uM) (Molecular Probes) in the dark for 1 hour at 37C. Slides were rinsed and examined
in a Zeiss LSM 510 META Laser scanning confocal microscope (excitation wavelength 530
nm, emission wavelength 610 nm).
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