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Abstract
Red blood cells with abnormal hemoglobins (Hb) are frequently associated with increased
hemoglobin autoxidation, accumulation of iron in membranes, increased membrane damage and a
shorter red cell life span. The mechanisms for many of these changes have not been elucidated. We
have shown in our previous studies that hydrogen peroxide formed in association with hemoglobin
autoxidation reacts with hemoglobin and initiates a cascade of reactions that results in heme
degradation with the formation of two fluorescent emission bands and the release of iron. Heme
degradation was assessed by measuring the fluorescent band at ex 321 nm. A 5.6 fold increase in
fluorescence was found in red cells from sickle transgenic mice that expressed exclusively human
globins when compared to red cells from control mice. When sickle transgenic mice co-express the
γM transgene, that expresses HbF and inhibits polymerization, heme degradation is decreased. Mice
expressing exclusively hemoglobin C had a 6.9 fold increase in fluorescence compared to control.
Heme degradation was also increased 3.5 fold in β-thalassemic mice generated by deletion of murine
βmajor. Membrane bound IgG and red cell metHb were highly correlated with the intensity of the
fluorescent heme degradation band. These results suggest that degradation of the heme moiety in
intact hemoglobin and/or degradation of free heme by peroxides are higher in pathological RBCs.
Concomitant release of iron appears to be responsible for the membrane damage that leads to IgG
binding and the removal of red cells from circulation.
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Introduction
Under normal physiological conditions about 3% of the total body hemoglobin undergoes
autoxidation every day producing metHb and superoxide [1]. Preservation of red cell integrity
and function requires that antioxidant enzymes and metHb reductase are able to cope with the
oxidative load. The level of oxidative stress may increase in the presence of destabilizing
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hemoglobin mutations or chain imbalance leading to thalassemia. Three systems in which
oxidative stress has recently been highlighted are sickle cell disease, thalassemia, and
hemoglobin C disease [2–7]. Sickle cell disease is caused by a substitution of valine for
glutamic acid at the β-6 position in the hemoglobin β-chain. This substitution results in
hemoglobin S (HbS) that polymerizes under deoxygenated conditions. Hemoglobin C (HbC)
is the result of a mutation at the same β-6 position that leads to intraerythrocytic crystal
formation under oxygenated conditions[8]. Both HbS and HbC are less stable than normal
adult hemoglobin (HbA). Hence autoxidation is increased and subsequent production of
reactive oxygen species (ROS) increases. Normal red cell function is also dependent on
balanced expression of hemoglobin α and β chains. Thalassemia is the result of an excess of
α or β chains that are less stable than tetrameric hemoglobin leading to the destruction of excess
chains, release of heme and heme iron, and oxidative stress. It has been reported that heme and
non-heme iron accumulate in the membranes of pathological RBCs [6] and it is believed that
redox cycling of this heme iron and non-heme iron is involved in membrane damage and
hemolysis.

We have shown in previous studies that heme degradation is a reliable indicator of the formation
of ROS in red cells both in vitro and in vivo. This is based on the reaction of hydrogen peroxide
with hemoglobin, which initiates a cascade of oxidative reactions, resulting in degradation of
heme with the formation of two fluorescent heme degradation products and the release of iron
[9–12]. This reaction occurs when either hemoglobin or red cells react with hydrogen peroxide,
but also during hemoglobin autoxidation, during the storage of red cells and even in vivo. We
have, thus, shown an increase in the fluorescent degradation products for old cells in circulation
and for hemoglobin CC patients where the hemoglobin is less stable (communicated). Atamna
and Ginsburg reported that degradation of heme by glutathione also takes place in vivo and
can account for the accumulation of non-heme iron in the membranes of red cells with unstable
hemoglobins [13].

In the present study, we further investigated the effect of unstable hemoglobins on the in vivo
formation of fluorescent degradation products using transgenic mouse models. Transgenic
mouse models for pathological hemoglobins are useful experimental tools for testing
experimental hypothesis and interventions. Transgenic mice expressing HbS [14–16] and HbC
[17] were generated by inserting human transgenes that code for human α- and mutant β-chains,
and by knocking out murine α- and β-globins. The thalassemia model used here is the result
of a homozygous deletion of murine βmajor [18]. We found that heme degradation was elevated
in these three models as assessed by measuring the fluorescence band at ex. 321 nm.

Materials and Methods
Preparation of RBCs and Hb

Blood was collected into tubes containing EDTA as an anticoagulant by tail incision and kept
on ice. Blood was centrifuged at 3000 RPM for 10 min at 2– 4°C. The RBC pellet was washed
twice with 15 volumes of ice cold phosphate buffered saline (PBS), pH 7.4. Cells were diluted
to 50% hematocrit with ice cold PBS, pH 7.4, containing 100 µM EDTA. Cells were stored at
4°C and shipped overnight, then stored at 4°C upon receipt until the analysis was completed
within 24 hrs.

Measurement of basal RBC fluorescence
20 µl washed RBCs were lysed in 3 ml ice-cold deionized double distilled water. The Hb
spectrum of the hemolysate was recorded from 490 nm to 640 nm using a Perkin Elmer lamda
6 spectrophotometer. The concentrations of oxyHb and metHb were determined by a least
square-fitting program using spectra of oxyHb and metHb at known concentrations. The Hb
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concentration of the hemolysate was then adjusted to 50 µM and the fluorescent emission (em)
spectrum was measured from 400 nm to 600 nm at an excitation (ex) wavelength of 321 nm
using a Perkin Elmer LS50B spectrofluorimeter. The fluorescence intensity of emission
maximum at 480 nm was used as a measure of the heme degradation products. The ex and em
slit widths were kept at 10 nm.

Transgenic mice
Animal studies involving transgenic mice were performed at the Bronx Comprehensive Sickle
Cell Center and were approved by the Animal Institute Committee of AECOM. All transgenic
mice described below (Table 1) have a single copy of the relevant transgene(s).

Thalassemic mice—Beta-thalassemic mice (Thal or DD) were homozygous for deletion of
mouse βmajor [18]. The genotype was determined by IEF and HPLC as previously described
[16].

Sickle transgenic mice—Five groups of sickle cell transgenic mice were tested. Group 1
mice (BERK or αHβS αKKβKK) were obtained from Chris Pàszty [14] and backcrossed onto a
C57/BL6 background. These mice express 100% of all α-globin as human α and 100% of all
β-globin as human βS. Group 2 are BERK mice that also express γM (BERK-γM) as previously
described [16]. These mice express 100% human α, 79% human βS, and 21% human γ. Group
3 animals (NY1DD or αHβS αβDD) were generated as described [15]. These mice have a single
copy of the NY1 transgene (co-integrated LCRα and LCRβS) [15] and are homozygous for the
mouse βmajor deletion [18]. They express 45% of all α-globins as human α and 73% of all β-
globins as human βS. Group 4 animals express the NY1 transgene and the γM transgene
(NY1KO-γM or αHβS γM αKKβKK) and are homozygous for the mouse α-globin knockout
[19] and the mouse β-globin knockout [20] as previously described [16]. These mice express
100% human α, 80% βS, and 20% human γ. Group 5 animals also express NY1 transgene and
the γH transgene (NY1KO- γH); they express 100% human α, 60% βS, and 40% human γ as
previously described [16].

Hemoglobin C—Two groups of mice expressing hemoglobin C were tested that have a co-
integrated LCRα and LCRβC [17]. Group 1 mice (HbC-lo or αHβC αKβK) had a single wild-
type copy and a single knocked-out copy of the mouse α-globin and β-globin. They express
68% human α and 51% human βC. Group 2 mice (HbCKO or αHβC αKKβKK) are homozygous
for both the mouse α- and β-knockouts and express 100% human α and βC.

Determination of RBC bound IgG
Binding of autologous IgG to RBCs from transgenic mice was detected by using anti-IgG
antibody labeled with FITC. Washed RBCs at 2% hematocrit (in PBS buffer without EDTA)
were incubated with or without FITC-labeled goat anti mouse IgG in PBS for 60 min on ice.
Then unbound IgG was removed by washing 3 times with PBS with 1.2% BSA. Fluorescence
of these cells was determined by flow cytometry at an ex of 488 nm and em of 530 nm. Bound
IgG fluorescence is calculated by subtraction of control cell fluorescence from the fluorescence
of IgG antibody treated cells.

Results
Heme degradation products in thalassemic transgenic mice

An increase in oxidative stress due to enhanced autoxidation of Hb has been shown in
thalassemic RBCs [6]. Heme degradation, associated with oxidative stress, is also expected to
increase for these RBCs. To test this hypothesis, heme degradation was measured in RBC of
mice that were thalassemic. Figure 1 shows the increase in fluorescence with p<0.001 for the
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thalassemic mice with homozygous deletion of mouse βmajor relative to control mice (C57/
Bl6).

Heme degradation products in sickle transgenic mice
An increase in oxidative stress is also reported in sickle cells [7]. The sickle transgenic mice
are, therefore, expected to have increased heme degradation. Two lines of mice expressing
HbS were examined: BERK and NY1 (Fig 2,Table 1). A 5.6 fold increase in fluorescence was
found for BERK mice that express exclusively human globins [14] when compared to C57/
Bl6 mice (Fig. 2).These mice, in addition to their expression of the human βS gene, also have
unbalanced chain synthesis resulting in a β-thalassemia-like condition [16]. Fetal hemoglobin
(HbF, α2γ2) inhibits polymer formation and when the γM transgene that resulted in
approximately 21% HbF (see Table 1) is co-expressed (BERK-γM), its presence resulted in
decreased heme degradation. The presence of γ has two effects: 1) as a beta-like globin it
reduces the thalassemia-like behavior in the BERK mouse red cell and 2) it reduces polymer
formation. A less severe sickle transgenic model (NY1DD) that has been extensively
characterized [15] did not result in significantly increased heme degradation. However, NY1
mice with homozygous knockouts of both mouse α- and β-globin, combined with γM (NY1KO-
γM that resulted in expression of about 20% HbF, Table 1) resulted in a significant increase
in heme degradation, similar to that of BERK mice. Mice with higher expression of human γ
(NY1KO-γH that resulted in expression of about 40% HbF, Table 1) had a partial reversal of
the increased heme degradation that is consistent with increased inhibition of polymer
formation at higher levels of γ expression [16].

Heme degradation in Hb CC transgenic mice
Figure 3 shows heme degradation in the red cells from two types of transgenic mice with
different levels of human HbC. A partial knockout of both mouse α- and β-globin resulted in
mice expressing 68% human α and 51% human βC [17], these mice had a 3 fold increase in
fluorescence compared to C57/Bl6 mice (p < 0.001) (Fig. 3). Mice expressing exclusively HbC
due to homozygous knockouts of both mouse α- and β-globin resulted in a 6.9 fold increase in
fluorescence compared to the control (p < 0.001).

Correlation of heme degradation with Hb oxidation and IgG binding to RBC
Autoxidation of oxyHb produces an equivalent molar ratio of metHb and superoxide.
Measurement of metHb is therefore, an indirect indicator of oxidative stress. Under normal
physiological conditions this metHb is reduced back to Fe(II)-Hb by metHb reductase.
However, the ability to maintain Hb in a reduced state decreases under pathological conditions
and metHb, which is non-functional, accumulates. The mean metHb value for each group of
sickle, thalassemic and HbC RBCs was compared with the mean fluorescence value for the
same group of mice. Figure 4A shows that the metHb content of RBCs was significantly
correlated (r=0.9655 p < 0.001) with the fluorescence of the same cells.

Binding IgG to senescent cell antigens of the RBC is a trigger for macrophages to recognize
senescent cells and remove them from circulation. It has been shown that oxidative stress
increases binding of autologous IgG to RBC by inducing the formation of senescent cell
antigens [21,22]. Therefore, the average IgG level of each group of sickle, thalassemia and
HbC transgenic mice was compared with the average fluorescence intensity. Binding of IgG
antibodies to RBCs was correlated (r = 0.909, p <0.05) to the intensity of the fluorescence (Fig.
4B).
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Discussion
Fluorescence in Pathological RBC

Our earlier studies indicate that the reaction of hydrogen peroxide with Hb or autoxidation of
oxyHb produces two fluorescent bands in which the dominant band has an em 465 nm at an
ex 321 nm [9,11]. We have also recently reported that fresh red cell lysates have a similar
fluorescence band at ex of 321nm with the maximum fluorescence at 480 nm (communicated).
The formation of this fluorescence has been attributed to heme degradation by ROS, which are
generated from the autoxidation of membrane bound hemoglobin.

Several studies have shown that the autoxidation of oxyHb as well as binding of Hb to cell
membranes increases in human hemoglobinapathies. The heme degradation and resultant
fluorescence formation is, thus, expected to increase with such pathological RBCs. This
expected relationship between RBC oxidative stress and the intensity of the fluorescence signal
is supported in transgenic mice models by a comparison of blood from normal mice with
transgenic mice expressing human sickle Hb (HbS), human hemoglobin C (HbC) and mouse
models of β-thalassemia (Fig. 1–3). In all of these cases, heme degradation increases from 1.5
to 6.9 fold depending on the severity of the generated disease state for thalassemia [6], sickle
cell [7] and hemoglobin C [23]. The correlation of the fluorescence with an increase in the
level of metHb supports the contention that heme degradation as a measure of oxidative stress
is coupled to Hb autoxidation (Fig. 4A).

For HbC and HbS the increased levels of metHb are attributed to the increased rates of
autoxidation for these Hbs [7,23]. For thalassemia increased rates of autoxidation can be
attributed to degradation of excess α-chains. This effect is comparable to the 17 fold increase
in rates of autoxidation found when tetrameric Hb dissociates into dimers [3].

Two lines of sickle transgenic mice were studied, BERK mice were compared to NY1KO-γM
mice, because we have previously shown that the hematological indices of these two types of
mice are similar [16]. The greater heme degradation for the BERK mice than the NY1KO-γM
mice can be attributed to the presence of thalassemia in addition to the presence of the unstable
Hb, HbS. Increasing the amount of HbF decreases the amount of degradation product present,
which may be due either to reduction of polymer formation by γ, or to stabilization of βS in
the heterotetramer (αH

2βS γ). Both HbS [24] and HbC [25] have an excess positive charge
relative to HbA and have been shown to preferentially bind to Band 3. The presence of γ or
αmouse in heterotetramers may reduce the amount of membrane-associated, unstable β-chains.
The low level of degradation products in NY1DD mice may, thus, be due to reduced polymer
formation (the residual mouse α-chains inhibit polymer formation as efficiently as human γ)
[26] or the more efficient interaction of murine α-globin with murine alpha Hb sparing protein
(AHSP) [27]. Since NY1DD and NY1KO-γM mice have about the same percent βS, but very
different levels of heme degradation products, we speculate that inefficient interaction of
human α with murine AHSP may also contribute to the oxidative environment of murine RBCs
that express exclusively human Hbs. Similarly, mouse α and its interaction with murine AHSP
may stabilize βC in the HbC-lo mouse or reduce the amount of membrane-associated, unstable
β-chains.

These results support the contention that heme degradation occurs in vivo and that the level of
the heme degradation products reflect the extent of oxidative stress.

Membrane damage associated with in vivo heme degradation
Hb is known to bind to membrane Band 3 protein especially under hypoxic conditions [28].
HbS and HbC have a higher affinity for band 3 than HbA [24,25]. Hydrogen peroxide generated
by autoxidation of membrane associated Hb may be relatively inaccessible to catalase and
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generate more heme degradation products [29]. Higher metHb levels are found in these
pathological RBCs (Fig 4A). Degradation of heme releases iron, which can accumulate in the
membrane. MetHb binds the heme less tightly than the Fe(II) forms of hemoglobin. The higher
levels of metHb in the transgenic mice can, therefore, result in the release of hemin, which
would be expected to deposit in the hydrophobic membrane [30]. Redox cycling of hemin and
iron initiates lipid peroxidation to form lipid hydroperoxide. These lipid hydroperoxides also
degrade heme to form fluorescent products.

A relationship between heme degradation and the removal of senescent cells from circulation
is implied by our finding that the level of autologous IgG binding to the membrane correlates
with the level of cellular heme degradation products (Fig.4B).The relationship between heme
degradation and IgG binding can be attributed to a direct effect of the degradation products. It
can, however, also be attributed to the release of iron associated with heme degradation and
enhanced denaturation of hemoglobin that is expected when one of the hemes of hemoglobin
are degraded. Both of theses factors (heme free membrane iron and hemoglobin denaturation)
have been linked to the aggregation or clustering of Band 3 protein, which is has been
implicated as a signal for macrophages to clear senescent RBCs from circulation [31,32].

In transgenic mice, the increase in heme degradation and binding of IgG may reflect the level
of oxidative stress. During cellular aging, heme degradation has been shown to reflect the
accumulated oxidative stress that cells have been exposed to in the circulation. It is, thus, the
resultant membrane damage from this accumulated oxidative stress that results in IgG binding
and the removal of senescent cells.

Fluorescence reflects the oxidative stress of RBC
Oxidative stress is widely assessed by lipid peroxidation, which is frequently evaluated by
measuring malondialdehyde (MDA), a low-molecular weight end product of lipid
peroxidation, using the thiobarbituric acid reaction. This method is not specific for MDA
because thiobarbituric acid also reacts with other aldehydes to give the same absorption
maximum [33]. Measurements of fluorescence in lipid extracts are also widely used to
determine oxidative stress. These fluorescent products are attributed to formation of conjugated
Schiff base compounds through the interaction of aldehydes with the amino group of
phospholipids [34]. Determination of MDA, lipid hydroperoxides and 4-hydroxynonenol by
HPLC or mass spectroscopy is a more reliable method to assess lipid peroxidation.

While theses methods measure oxidative stress they do not generally distinguish between
different sources of oxidative stress present in the circulatory system. Heme degradation has,
however, been shown (Nagababu et al communicated) to specifically reflect oxidative stress
that originates from the red cell.

The measurement of fluorescence in cell lysates by spectrofluorimeter is an easy and highly
sensitive method to assess RBC oxidative stress especially in pathological conditions and
avoids the highly laborious and time consuming HPLC and mass spectrometry methods
required for reliable measures of lipid peroxidation. In addition, the determination of
fluorescent degradation products makes it possible to delineate the contribution of red cells to
oxidative stress. This approach is particularly valuable in studying red cell mutants where we
want to evaluate the contribution of the altered hemoglobin to oxidative stress.

In summary, fluorescence arising from heme degradation increases in RBCs with unstable Hbs.
The increased fluorescence intensity reflects increased oxidative stress. Associated with heme
degradation is an increase in free iron and hemoglobin instability, which together result in
membrane damage and the exposure of senescent antigens, one of the major pathways for
removal of aged cells from circulation.
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Fig. 1.
Heme degradation in thalassemic transgenic mice: Hemoglobin concentration of the
hemolysate was adjusted to 50 µM and the fluorescence intensity was measured at ex 321 nm
and em 480 nm. Details of the procedure used and the characterization of the mouse mutants
are given in the Methods section and Table 1. Values are mean ± SD of 4 to 10 animals in each
group ( control mice (C57) and thalassemic mice (dd)). *, p <0.001 relative to control.
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Fig. 2.
Heme degradation in sickle transgenic mice. Fluorescence was measured as mentioned in
Figure 1. The mice corresponding to each column are explained in the methods section and
table 1. *, p < 0.001 relative to control.
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Fig. 3.
Heme degradation in HbC mice. Fluorescence was measured as mentioned in figure 1. * p
<0.001 relative to control.
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Fig. 4.
Correlation of heme degradation with metHb and RBC bound IgG: A) Correlation of RBCs
metHb with heme degradation of transgenic mice. B) Correlation of RBC bound autologous
IgG with heme degradation of transgenic mice. Heme degradation and IgG binding was
measured by fluorescence intensity (FI) as described in the methods section.
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