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Abstract: Heinz bodies are intraerythrocytic inclusions of hemichrome formed as a result
of hemoglobin (Hb) oxidadn. They typically develop in aged red cells. Based on the
hypothesis that hemichrome formation is an innate characteristic of physiologically normal
Hb molecules, we present an overview of our previous findings regarding the molecular
instability of Hb ad the formation of hemichrome, as well as recent findings on Heinz
body formation within normal human erythrocytes. Human adult HEO¢H®) prepared

from healthy donors showed a tendency to produce hemichrome, even at close to
physiological temperature drpH. Recent studies found that the number of Heinz bodies
formed in red cells increased with increasing temperature when freshly drawn venous
blood from healthy donors was subjected to mild heating abov€.3l’hese findings
suggest that Hb molecules ¢mi the removal of noffiunctional erythrocytes from the
circulation via hemichrome formation and subsequent Heinz body clustering. In this
review, we discuss the molecular biosensing mechanisms in the spleen, where hemichrome
formation and subsequent Heibody clustering within erythrocytes play a key role in the
removal of aged and damaged red cells from the blood circulation.
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G-6-PD gluccse 6phosphate dehydrogenase;

Hb hemoglobin;

Mb myoglobin;

NADH nicotinamide adenine dinucleotide, reduced form,;
MES 2-(N-morpholino) ethanesulfonic acid monohydrate.

1. Introduction

Human red blood corpuscles survive in the circulation for arageeof 120 days. Removal of aged
and damaged red cells from the blood circulation is essential for its homeostasis. Heinz bodies are
intraerythrocytic inclusions of hemichrome formed from oxidized or denatured hemoglobin (Hb), and
are typically formed in ged red cells. However, they have also been found and characterized-in drug
induced hemolytic anemia, defects in the intraerythrocytic reducing system (e.g., ghplusspbate
dehydrogenase [B-PD] deficiency) and in unstable Hb disease [1,2]. HeinZzdsodave rarely been
mentioned in the context of normal Hb or normal erythrocytsvever, Heinz bodies in normal
erythrocytes are of interest, because they, or their related intraerythrocytic inclusions, are involved in
the recognition mechanismis the spleenresponsible for the removal of ndunctional erythrocytes
from the circulation. e rigidintraerythrocytic hemichrome inclusioesr e known t o act
poi ntso, and -dorgamingeredldatls becomelrapgeg and undergo hem{@ysis

Hemichrome is rarely found in erythrocytessitu, even though the reaction dynamics of Hb with
molecular oxygen (&) make it a particularly suitable,@arrier.Hb can bind Qin ferrous form to
carry out its physiological functions. During this eesible Q binding, the oxygenated form of Hb
(HbG,) is known to be oxidized by the bound oxygen to the ferric met form (metHb), which cannot be
oxygenated, and is thus physiologically inactive. Although metHb is reduced back to the ferrous state
by an intaerythrocytic nicotinamide adenine dinucleotide (NABl¢pendent reducing system, it has
been suggested that its oxidation (autoxidation) process can be followed by transformation of the
oxidized molecule (higlspin F€") into a species absorbing as a{spin compound,e., hemichrome,
the formation of which can result in the accumulation of soluble and insoluble hemichromes and
precipitation [49]. Despite these findings, direct evidence of hemichrome formation in normal
erythrocytes is lacking.

Hemicho me f ormati on is enhanced in separated U
parent Hb [5,912]. Following the method of Brunoet al.[10], our previous spectroscopic study [13]
showed that human adult Hb (Hp@Q\) from healthy donors tended to dade to produce
hemichrome, even at close to physiological temperatures and pH. However, its occurrence was a
function of pH, temperature and progress of autoxidation of ferrous AL the ferric met form,
through oxidation by bound oxygen.
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Based on théaypothesis that the instability of oxidized Hb that leads to hemichrome formation is
not only a peculiarity of labile Hb in patients, but is also an innate characteristic of physiologically
normal Hb molecules, the present review examines our previaliaggon the molecular instability
of Hb and its degradation to hemichrome, as well as the recent findings on Heinz body formation
within normal human erythrocyte3he latter study{14] investigated the possibility of Heinz body
formation occurring duringmild heating of blood samples vitro, at close tophysiological
temperaturesThe changes in normal human red blood corpuscles during mild heating were examined
by light microscopy under cimmersion. The number of Heinz bodies formed in red celleased
with increasing temperature. These observations, combined with the results of our previous study,
suggest that Hb molecules control the removal of-fimstional erythrocytes from the circulation
through hemichrome formation and subsequent Heinz bhdyering. In this overview, we examine
the molecular biosensing mechanisms in the spleen responsible for the removal of aged and damage
red cells from the blood circulation.

2. Innate Instability of Hb Molecule and Degradation to Hemichrome

In this setion, we discuss the results of our previous spectrophotometric study of hemichrome
formation from human HbgA, in 0.1 M buffer at various temperatures and pH values [13].,AbO
was prepared from freshly drawn hamblood samples (total 580 mL) obtainel from healthy
donors. Samples were centrifuged at 2,400 g for 10 min to remove supernatant plasma and buffy coats
The erythrocytesobtainedwere washedfive times with ice-cooled 0.9% NaCl solution (saline) by
centrifugation and hemolysedby adding the same volume of ice-cooled distilled water. The
hemolysate was then fractionated with ammonium sulfate between 20% and 70% saturation at pH 6.8
After dialysis, this solution was passed through two Sephade@ lumns (5 x90 cm) equilibrated
with 10 mM Tis-HCI (pH 8.6). The effluent Hb fraction was further separated using a
diethylaminoethycellulose column (3 x 15 cm) equilibrated with 10 mM TFHE! (pH 8.6) and
washed sequentially with stepwisely changing the buffer solutions as follows: (1) 60 redClri
(pH 8.0); (2) 100 mM TrigHCI (pH 7.5); finally (3) 200 mM NaCl with 200 mM TrdCI (pH 8.0).
HbO, A was eluted out as the major fraction with 60 mM HiGI (pH 8.0) and used in the
experiments after dialyzing against 5 mM THEI buffer (pH 8.5).

Hemichrome formation was observed spectroscopically in 0.1 M buffer over wide g (%&b
and temperature ranges (35€). Two milliliters of solution containing 0.2 M buffer was placed in a
test tube and incubated in a water bath maintained at eagediéemperature+(0.1C) using a
NESLAB temperature control (Model RTE)O or 111 or210; NESLAB Instruments, Inc.,
Portsmouth, NH, USA). The reaction was started by adding the same volume of fresA kiid@ion
(125235 eM in heme contents). For spemphotometry, the reaction mixture was then quickly
transferred to a spectrophotometric cell (Spectrocell, Type iA&cell; Funakoshi Co., Tokyo,
Japan) with a screwapstopper, and changes in absorption ati 50 nm were recorded on the same
chart @ measured time intervals. Spectra were recorded using a UV/VIS spectrophotometer (JASCO,
Model Ubest50 or V-560 or V-570; Japan Spectroscopic Co., Tokyo, Japan), equipped with a
thermostatically controlled (withigt 0.1 €) cell holder. At the final stée of each run, Hb molecules
were all completely converted to the ferric met form by the addition of potassium ferricyanide.
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The buffers used were: acetate for pHi 8.5, 2(N-morpholino) ethanesulfonic acid monohydrate
(MES) for pH 5.06.75, N-2-hydroxyethylpiperazineN'-2-ethanesulfonic acid for pH 6.58.3,
2-(cyclohexylamino) ethanesulfonic acid for pHi8LR.2, and &yclohexylaminopropanesulfonic acid
for pH 10.G10.5.

Figure 1 shows some examples of spectrophotometric changes in hemichromeofodmnatig
autoxidation of Hb@A,; its occurrence is inseparably related to the autoxidation process.A-itdn
be oxidized to its ferric met form through the tendency of the bound dioxygen to oxidize ferrous heme
iron (1), with generation of superoxidaians, as shown by the following reaction:

Hb(II)OzkA;, metHb(I11) +4(0; )

whereka represents the observed rate constant of the autoxidation at a given pH and temperature. As
shown in Figure la, the observed spectra proceeded with timenwitvidence of hemichrome
formation during the entire procesgenfresh HbQ A was placed in 0.1 M MES buffer (pBl0)
at 37 €. However, when HbQ was incubatedn 0.1 M MES buffer (pH 6.5) a40 € , the situation
was very different (Figure 1b)During the late stage ofutoxidation, a wddendisruption of the
recorded spectravas observed;autoxidationwas occurring, but hemichrome formation could be
detected by an elevation of the base line and a shift of the isosbestic points, caused by precipitation.
Hemichrome formation during autoxidation was examined spectrophotometrically while varying the
temperature of the solution from &5 to 55€ and thepH from 4.5 to 10.5Hemichrome formation
could be observed at every stage during the course of auiorida., during the initial, intermediate,
and final stages, as a function of pH and temperature of the sol&tioiimgram illustrating the
phenomenon is depicted in Figure 2.
The phenomenon was not simple, @saccurrence was a function of not ol and temperature
of the solution, but also of the progress of autoxidation of HHOWe therefore attempted to
categorize the phenomenon into the following four cases in terms obt]JHR@ /[HbO,] o:
(1) t=0or [HbQ] t= E.P. /[HbOz] 0= 1 E_p_@ [H|b02] t= E.P. /[HbOz] 0= 0.75;

(2) [HbOZ] t= E.P. /[HbOz] 0o— 0. EF5< [F[\bOz]tt: E.P. /[HbOz] 0o— 025,
(3)ter.O [ Hbe®./[HDO,] o= 0.25;
(4) no hemichrome formation during the entire process.

E.P.is the observed emergence pamthemichrome formation in each run. [H@ gp. /[HDbO;] ois

the ratio of Hb@Q concentration after time= E.P. to that at time& = 0 and can be monitored by the
absorbance ratio of (A~ Ap)/(Ag - Ap) at 5 Zpeak ofmHbQ@ A). Since [HbQ] - ep.

[[HbO;] o = 0.5 represents equal mixtures of Hl#d metHbj.e., the midpoint of the autoxidation
reaction, case 1 means that hemichrome formation was noticeable at the initial stage of autoxidation.
Accordingly, case 2 indicates its occurrence atitkermediate stage, and case 3 at the final stage. In
Figure 2, the symbols used correspond tofor case 1p for case 2r for case 3 andél for case 4,
respectively. To determine if the phenomenon was represented by case 3 or case 4, the reactio
mixture was converted to metHb by the addition of small amounts of ferricyanide and maintained at
the given temperaturfer 2 days to see whether hemichrome precipitation occurred.
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Figure 1. Spectral changes over time associated with hemichrome formation rf@anhu
HbO, A redrawn from Sugawaret al.[13]. (a) Monitoring in 0.1 M MES buffer (pH 5.0)

at 37C and(b) in 0.1 M MES buffer (pH 6.5) at 48 . In casea, hemichrome formation

was not detected until the reaction was almost 75% complete. In case b etigerereof
hemichromedue to accumulation and precipitation of soluble and insoluble hemichromes
wasnoticeableby sudden disruption of the recorded spectrum at the final stage (at around
17.5 h) of the time course. ConditionsbO, concentration was 238M (in heme
contents); and scanning intervals were (a) 15 min and (b) 150 min.
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Figure 2. pH-temperature diagram of hemichrome formation for huidb@®, A, redrawn

from Sugawaraet al.[13]. The symbols represent:- hemichrome formation noticeable at
initial stage during the course of autoxidatipn: at intermediate stage; - at final stage;

1 - autoxidation reaction proceeded with no hemichrome formation during the entire process.
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Thus, the findings shown in Figure 2 suggisit HbQ A was highly susceptible to hemichrome
formation, even under physiological temperature and pH. In Figuselid,lines show the threshold
for this susceptibility in relation to pH and temperature. When compared with the tetrameric parent Hb
molecul es, the isolated U and b chains were fou
formation, and showed individual ptdmperature diagrams [13]. Even though hemichrome formation

is a function of pH, temperature, and progress of autoxidat@nphenomenon can be described in
air-saturated conditions as:

Hb(11)O, L» metHb(lll) +4(0;)  Aemichrome

As described elsewhere [18]1electron paramagnetic resonance measurements were carried out
for the resulting oxidation productsf i s ol at ed b chai niS00mva 8.0Kan ma g
10 mM maleate buffer (pH 6.2) and in the presence of 50% (v/v) glycerol. They demonstrated a
low-spin spectrum witlg values ofg 1 = 2.77,9 » = 2.27, andg 3 = 1.68, in addition to thesual
aquemet species withg values of 5.86 and 1.99. According to Rifkied al. [9], such lowspin
complexes characterized by the highgstalues in the range of 2.83.75 and the lowegj values in
the range of 1.69..63 have been designated as comeindicating the crystdield parameters of
the reversible hemichrome, namely a watdained bishistidine complex. The molar fraction of the
hemi chrome (compl ex B) in the oxidized 4fpinchai
species was in equilibrium with a higlpin species corresponding to the usual agebspecies.



Sensor2010, 10 710¢

3. Innate Instability of Hb Molecule, its Degradation to Hemichrome, and Subsequent Heinz
Body Formation in Normal Human Erythrocytes during Mild Heating

In this section, we discuss the resultsoaf study investigating Heinz body formation in normal
human erythrocytefl4]. Aliquots of freshly drawn venous blood from healthy donors were subjected
to mild heating at temperatures above @7#or 30 min, to investigate hemichrome formation and
subsguent Heinz body formation in normal human erythrocytes. Heinz bodies were visualized by
exposing blood smears to acetylphenylhydrazine and stained with crystal violet. Changes within the
erythrocytes were observed using light microscopy undeimoilersian. Prior to the Heinz body
formation test (acetylphenylhydrazine test) [16,17], the blood samples were subjectid heating
in vitro. A 2-mL sample was placed in a test tube and incubated in a water bath maintained at each
desired temperature-@.1 € ) above 37C for 30 min,usingNESLAB temperature control (Model
RTE-100 or 111 or 210 or 221).

b-Acetylphenylhydrazine and crystal violet (research grade for pathology) were used (Wako Pure
Chemical, Co., Osaka, Japan) for the procedure, as descrilizaluby [17]. A 0.AmL aliquot of the
blood sample was suspended in 2 mf acetylphenylhydrazine solution, in which 100 mg of
acetylphenylhydrazine and 200 mg of glucose in 1000Mm0.067 M phosphate buffer were dissolved
at pH 7.6. Us i teghe golufiob Wwas aemied two opthrge dirhes by drawing it up into
the pipette and blowing it out, together with a small quantity of air. This mixture was incubated
at 37€C for 2 h. Aeration was repeated halfway through and immediately after thacilmation. A
drop ( appr oy of tha tesulting miktlre was placed on a cover glass, which was then
i nverted ont o a mi crlookceystg\eoletssolutiah.eThecsmeart was alloweddgo 3 C
stand for 20 min in wet preparation at rosemperature and subsequently examined under a light
microscope (Nikon ModeFXA; Nikon Co., Tokyo, Japan) equipped with a digital camera (Olympus
ModelDP-70; Olympus Co., Tokyo, Japan). Photomicrographs were taken undiennmsion
at 1,000x magnification. Subsequently, the number deinz bodieser cell was counted in 100 red
cells per view

Figure 3 shows representative images of Heinz bodies within normal red corpuscles obtained from a
healthy donor during mild heating to a given temperature. Tomdbsample used astamperature
untreatedreference was kept at a low temperatufied(€@) for as long as possible after withdrawal,
and never exposed to temperatures above room temperature. Heinz bodies were observed in eac
smear.Some of the changese shown in Figure 4a; histograms of samples treated &t&8v 42 C
are displayed with a temperatwuratreated sample as a refereriz@sed on the number of Heinz bodies
contained in each of 100 red cells per view. These results confirmed that HeynZobmation
increased with increasing temperature of the blood samples ov@r. 3¥ed cells in blood samples
exposed to 4& were hemolyzed.
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Figure 3. Microscopic views of Heinz bodies after mild heating of blood samples obtained
from one healthy dorrpredrawn from Sugawast al.[14]. Using atemperaturauntreated
sample as aontrol, aliquots of freshly drawn venous blood were subjected to mild heating
at 37°C, 40C, 42 €, 45 € or 48 € for 30 min. Heinz bodies were then visualized by
exposureto acetylphenylhydrazine and dyeing with crystal violet. The changes that
occurred within erythrocytes were observed by light microscopy undenmmiérsion.

control 42°C
e

45°C
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Figure 4. Histograms represeiteinz bodies detected in bloodmsples after mild heating
above 37°C, redrawn from Sugawaret al.[14]. The histograms for 3 and 42 € are
displayed using a temperatwatreated sample as a reference. One hundred red cells were
chosenandthe number oHeinz bodieontained in ach red cell was counteBligure 4a

was constructed from the microscopic views shown in Figure 3.
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Figure 5. Histograms obtained from the arithmetic summation of all histograms shown in
Figure 4, redrawn from Sugawaed al. [14]. The solid lines show &éhcomputed curve
obtained by the leasiquares method using a Gaussian curve. The resulting Gaussian
constants are summarized in the text.
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The other histograms shown in Figure 4 represent the results from another five healthydtmors,
a temperatureintreated sample as a referenédthough there was considerable intedividual
variation temperatur@lependent Heinz body formation was apparent in all preparations. Arithmetic
summation was used for all the histograms to reduce the variability awd albetter assessment of
temperaturaependent Heinz body formation. The results of this summation are shown in Figure 5.
Solid lines represent the curves derived using the-tepsires method using a Gaussian curve. Each
computed curve showed satisfagtdo-good agreement with the experimental data over the entire
range. The following is a summary of the Gaussian constants resulting from theglesasts fitting: a
(peak height) = 101, b (peak width at half of maximum) = 5.0 and c (peak location)fer 4#l00d
samples treated at 4Z; a = 215, b = 3.5 and ¢ = 1.0 for blood samples treated &% arfta = 215,
b = 3.0 and ¢ = 0.8 for temperatwuptreated blood samples

4. In vitro Evaluation of Blood Fluidity during Mild Heating Using a Micro-channel Array Flow
Analyzer to Give an Index of Erythrocyte Deformability

Kikuchi et al.described a tool for measuring blood fluidity or blood rheology [18] in 1992, and this
has subsequently been irapiented in numerous studies {28]. Figure 6 shows a diagn of this
tool, called a micrechannel array flow analyzer (MEAN). It includes a characteristic-Shaped
groove array in an integral circuit, with/83 6 f | ow p am;esgth,(3&m;déepth, 4.5h) ¢
engraved on a 15 x 15 x O0-Bam singlecrystal silicon substrate, using an anisotropic etching
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technique. The array is housed in a cylinder. This equipment makes it possible to not only observe rec
cells passing through individual mieohannel arrays by use of an inverted metallographic
microscope, bt also to evaluate blood fluidity through the groove array in terms of transit time of the
blood sample for a given transit sample volume. Flow rate can be determined by timing when the
blood sample meniscus ® s ses gr aduat inemals fnar0d § OLaTeansit Bamplel
volume was therefore equivalent to loss of the blood sample within the cylielerwe review ouin

vitro findings on blood fluidity during mild heating, using a MRAN (typeHR30Q Hitachi
Haramachi Electronics Co., Ibaraki, Japan).

Figure 6. External appearancé) of a micrechannel array flow analyzer (MEAN) and
diagram(b) of cylinder house Blood samplas wereallowed to flow through the cylinder
house by applying a pressuddference of 20 cm kO (i.e., the difference between saline
container and reservoir)

(@)

cylinder

(b) \l' blood

samples

saline

container
outlet

(i S

microscope

reservoir

Donors were male or female student volunteers from the Prefectural University of Hiroshima,
aged 1822 years. All volunteers were awaretbe aims and procedures of the study and gave their
informed consent to participate, as approved by our Institutional Ethical Review Board. Nine aliquots
of freshly drawn venous blood samples (10 im total) were obtained from healthy donors and mixed
with one aliquot of 3.2% sodium citrate (TaHsO; 2H,O) or 3.8% sodium citrate (N@sHs0;
5H,0). Blood samples were centrifuged at 4pfdor 10 min at 04 €, to eliminate the possibility of
interference with blood fluidity measurements caused by platglgegation onto microhannel flow
paths. The supernatant (plataleh plasma, PRP) was then discarded using a narrow Fiaflesh
capillary connected to a watgt pump. The remainder (PREmoval blood) was subjected to mild
heating, prior to appli¢eon to the MGFAN. A 2-ml aliquot was placed in a test tube and incubated in
a water bath maintained at each desired temperatufe1(C ) above 37C for 30 min, using
NESLAB temperature control (Model RTEO or 111 or 210 or 221).
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Figure 7. Microscopc details of blood samples passing through individual metr@nnel

array of the MGFAN. (a) View of temperaturaintreated sample with transit time = 12.6 s

and transit s a mp (bg Identical temperaturantr@ated veith transit
time=278sand transit s almgc) \eew ofadenticaleblood sample te

that in a and b, but subjected to mild heating a€45or 30 minprior to application to

MC-FAN, with a transit time = 120.7 s and tr:

~'3\n

UsingaimLdisposabl e syringe and a thin -teaedbleter ,
sample was introduced into a groove array via the cylinder house, which was connected to the inlet
hole. The sample was allowed to flow through the cylinder house by applyiressupe difference
of 20 cm HO. Red cells passing through individual mictwannel arrays were monitored using an
inverted metallographic microscope, a videonera, and a vide®corder system. As shown in
Figure 7a and b, microscopic images revealmotgerythrocyte deformability in temperatwstreated
samples subjected to MEAN. However, a marked decline in erythrocyte deformability was observed
in blood samples treated at temperatures abov@ &F 30 min. An example is shown in Figure.7c
Tempeaturetreated samples also demonstrated increased transit time for low transit sample volumes.
Figure 8 illustrates some examples of blood fluidity of temperdtested samples measured as transit
time against transit sample volunihese graphshow that erythrocyte deformability decreased with
increasing temperature over 87 although there was considerable intedividual variation
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Figure 8. Representative examples £ 4) of blood fluidity measured in terms of transit
time against transit sarfgpvolume. Solid lines represent ttegnperaturauntreateccontrol,
broken lines represesamples treated at 37; one-point lines represent samples treated
at42 €; and two-point lines represent samples treated=t.
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60 60
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Figure 9. Blood fluidity in samples from six further donors measured in terms of transit
time against transit sample volum&olid lines represent théemperaturaintreated

control; broken lines represesamples treated at 37, one-point lines represent samples
treated a2 C; and twepoint lines represent samples treated=t.



