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Marked Impairment of Human Erythrocyte Filterability Caused
by Oxidant Stress with A

PH Precedes Oxidative Hemolysis

Keita Odashiro 1, Toru Maruyama 2 *, Koichi Akashi ¥,

Aya Sato 3, Shiro Mawatari ), Takehiko Fujino®’

1) Department of Medicine and Biosystemic Science, Kyushu University Graduate School of Medical Sciences
Fukuoka, Japan
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3} Institute of Rheological Function of Foods Co. Ltd.
Hisavama, Japan

Erythrocytes as oxygen carriers are inevilably exposed (o persistent oxidant siress, which determines in part the
life span of circulating ervthrocytes. Therefore, hemolytic and hemorheological effects of oxidant stress caused by
50 mM 2,2’ -—azobis(Z—amidinopropane) dihydrochloride (AAPH) on intact human erythrocytes obtained from healthy
volunteers {n = 6, mean age of 28.9 & 10.3 years) were investigated. Incubation of ervthrocyte suspension (3% in
hematocrit) with 50 mM AAPH at 36 °C up to 3 hours increased the mean corpuscular volume of erythrocytes (from
83.0 + 2.0 t0 113.7 £ 2.5 1l finally, p < £.001), and caused small but significant {p < 0.001) increases of methemoglo-
bin {(met-Hb) formation (5.8 & 0.8%) and hemolysis to a final extent of 16.9 + 2.8% in a time-dependent manner.
Erythrocyte filterability (whole—cell deformability) was assessed by a highly sensitive and reproducible nickel mesh
filtration technique, and defined as flow rate of erythrocyte suspension relative to that of saline (%) using the
pressure-flow rate curve at a fltration pressure of 100 mmHO. Treatment with AAPH impaired the erythrocyte fil-
terability in a time—dependent sigmoidal manner from 82.0 = 1.2% to 12.0 £ 2.9%, which was pronounced 40 to 60
minutes afler starting incubation. On the other hand, accelerated hemolysis was observed at least 60 minutes after
starting exposure. These hematological and hemorheological findings indicate that oxidant stress caused by AAPH
demonstrates fime—dependent impairment of human ervthrocyte filterability, erythrocyte swelling, met-Hb formation
associated with chaln—reacting ervihrocyte membrane damage and resultant oxidative hemolysis. By simultaneous

ohservation

tive hemolysis. In this sense, ervthrocyte filterability (whole~cell deformability), a prerequisite of microcirculation iz
vive, is concluded 10 be a sensitive and clinically relevant parameter of oxidative ervthrocyte damage leading to con-
sequent hemolysis,

Key words : AAPH  ervithrocytes . filterability /" membrane / nickel mesh  oxidative stress

chronic health problems such as diabetes, cancer,

1. Introduction senescence, and many circulatory disorders including

Although reactive oxygen species (ROS), byproducts
of biological oxygen consumption, correspond to only
0.1 to 0.2% of utilized oxygen, ROS play 2 key role in
oxidative stressV. Oxidative stress involves varicus
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atherosclerosis, hypertension, stroke and myocardial
infarction. Microcireulation i vive is also impaired by
oxidative stress caused by ROS2. However, the mecha-
nisms of this impairment are complicated at the cellu-
lar membrane, protein, lipid, and genome levels.
Oxidative stress has a profound hemorheological
impact on circulating erythrocytes. Erythrocytes are a
major cellular component of circulating blood and a
physiological oxygen carrier. Erythrocytes are also
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sensitive to oxidant stress, because they are exposed to
the redox (oxygenation/deoxygenation) cycle under
intact im vive circulation in spite of their intrinsic
antioxidant defense mechanisms.

To date, many hemorheological methodologies have
been established. However, these are diverse with dif-
ferent levels of sensitivity, specificity and reproducibili-
ty¥. Moreover, the link between hemorheological and
hematological derangements of erythrocytes exposed
to an oxidative environment has not been fully investi-
gated. Therefore, we assessed the hemorheological
and hematological effects of oxidant stress caused by
2,2’ —azobis(Z2-amidinopropane) dihydrochloride
(AAPH) on human erythrocytes obtained from healthy
volunteers, because AAPH is a small-molecular
hydrophilic free radical initiator generating molecular
nitrogen and 2 carbon radicals. This agent is currently
used for investigations of biological lipid peroxidation
and antioxidative potency of endogenous substances
and exogenous food? ™ 9.

2. Experimental

2.1 Subjects

This study design was performed according to the
Declaration of Helsinki (2000) and approved by the
internal ethics committee of The Institute of
Rheological Function of Foods Co. Ltd. {(Hisayama,
Fukuoka, Japan), with signed informed consent being
obtained from subjects prior to enroliment in the study.
Approximately 15 ml of venous blood was drawn from
the antecubital vein of apparently healthy volunteers (n
= 6, mean age of 28.9 = 10.3 years) using 21-gauge
needies and disposable evacuated syringes (Terumo
Japan, Tokyo, Japan) containing EDTA-2Na or
citrate—3Na as anlicoagulants. Venous blood sampling
was performed in the morning after an overnight fast.

2.2 Preparation of erythrocyte suspensions

Frythrocyte suspension was prepared as described
elsewhere’” 9. In brief, venous blood was centrifuged at
1300 X g for 10 minutes. Supernatant was carefully
aspirated to replace buffy coat and plasma with saline
huffered with N-(2-hydroxyethyl)-piperazine-N"-2-
ethanesulfonic acid (HEPES) sodium salt (HEPES-
NaCH). The composition of HEPES-NaOH-buffered
saline was Na(l 141 mM and HEPES-NaCH 10 mM.
Osmolality and pH of the HEPES-NaOH-buffered

MEMBRANE, Vol.39 No.1 (2014) 49

saline were 287 mOsm/kg-Hz0 and 7.4, respectively.
The osmolality of the HEPES-NaOH-buffered saline
was measured using a freezing point depression-type
osmometer (Fiske Mark 3 Osmometer, Fiske
Associates, MA, USA). Erythrocytes were then
washed three times at 4 C by repeated re-suspension
with HEPES-NaOH-buffered saline and centrifugation
at 800 X g, 600 X g and 500 X g for 10 minutes each.
The final hematocrit of human erythrocyte suspension
was adjusted to 3.0%. These procedures were per-
formed within 2 hours after blood sampling for subse-
quent experiments.

AAPH (CsHisNe-2HCL MW = 271.2), a water—solu-
ble radical generator of azo compound, was commer-
cially obtained from Wako Pure Chem., Co. Ltd.
(Osaka, Japan) and siored in a refrigerator at -20 C.
The total volume of the reaction mixture was brought
up to 5 m! by adding HEPES-NaOH-buffered saline.
After preincubation at 36 C for 5 minutes, the reaction
was started by adding AAPH at a final concentration of
50 mM as in our previous study?. During this expo-
sure, the mixiure was incubated at 36 C for the desired
time period up to 3 hours. AAPH is so stable that the
half-life of this agent is about 175 hours at 36 C and at
neutral pH, and that the rate of free radical generation
is constant (rate of AAPH decomposition of 1.3 X 10-6
[AAPH]/sec) during the first several hours in reaction
mixture!®, Therefore, the reaction was terminated by
cooling the test tubes in an ice bath, and the erythro-
cytes were pelleted by centrifugation at 1000 X g for 5
minutes at 4 C. Thereafter, AAPH-treated erythro-
cytes were washed twice and re-suspended with
HEPES-NaOH-buffered saline.

2.3 Erythrocyte volume estimation

Blood cell counting and hematocrit measurements
were carried out using a hemocytomeler (Ace Counter,
FLC-240A, Fukuda Denshi Co. Ltd., Tokyo, Japan).
Mean corpuscular volume of erythrocytes (MCV; )
was calculated automatically using this hemocytometer
as a surrogate of average erythrocyte volume. After
starting incubation with AAPH (50 mM) at 36 C, MCV
was evaluated using re-suspension of AAPH treated
erythrocytes up to 3 hours after starting exposure.
MCV estimation was performed at room temperature
(22 + 3°C). This parameter was also estimated in an
erythrocyte suspension left for 3 hours without an
exposure to AAPH.
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2.4 Methemoglobin assay

An aliquot of the reaction mixture (0.4 ml) was
hemolyzed using 5 ml of solution containing 100 mM
phosphate buffer and 1% Triton X-100 (4:6 in volume
ratio, pH 6.8) and then hemolysate was divided into
two parts. The absorption peak at 630 nm of one parl
was read in the absence and presence of 5% potassium
cyanide. The absorption peak of another part was read
at 630 nm in the presence of 5% potassium ferricyanide
and then read again at 630 nm after the addition of 5%
potassium cyanide. The formation of methemoglobin
(met-Hb, %) was calculated as previously reported™.
Measurements were performed sequentially after start-
ing exposure to 50 mM AAPH at 36 °C, and these meas-
urements were conducted at room temperature (22 *
30).

2.5 Erythrocyte hemolysis assay

Erythrocyte suspension was subjected to exposure
to 50 mM AAPH with different incubation times up to 3
hours. The reaction mixture was shaken gently at
36°C. At the desired interval, a small sample (400 1)
of reaction mixture was removed and diluted with 8 ml
of HEPES-NaOH-buffered saline and centrifuged at
1000 X g for 5 minutes. Hemolysis was determined by
the absorbance of hemoglobin al 540 nm in this super-
natant!? “ 1% Percent hemolysis (%) before and after
starting incubation with AAPH was compared with
complete hemolysis by treating the same erythrocyte
suspension with distifled waler. Hemolysis assay was
performed ai room temperature (22 = 3°C).

2.6 Erythrocyte flterability measurement

Hemorheological equipment investigating erythro-
cyte filterability was introduced elsewhere” 9. A nickel
mesh filter was produced in accordance with our speci-
fications by a photofabrication technique (Dainippon
Printing Co. Ltd., Tokyo, Japan). We specified that this
filter should have an outer diameter of 13 mm, a filtra-
tion area 8 mm in diameter, 11 pm thickness and with
an interpore distance of 35 xm (Tsukasa Sokken Co.
Lid., Tokyo, Japan). The vertical and cylindrical pores
were distributed regularly across the filter without
coincidence or branching. The pore enirances exhibit-
ed round and smooth transiticn into the pore interior.
Pore diameters were all exactly identical in a specific
nickel mesh filter. Filters with a specific pore diameter

ranging from 3 tc 6 xm were available to be selected
depending on the suspension materials. After repeat-
ing the preliminary experiments to choose an appropri-
ate pore size, a nickel mesh filter with a pore diameter
of 5.31 xm was chosen for human erythrocyte suspen-
sions.

Filtration experiments were performed blindly using
a gravity-based nickel mesh filtration apparatus
(Model NOBU-II, Tsukasa Sokken Co. Ltd., Tokyo,
Japan). In brief, the relationship between hydrostatic
pressure (P; mmH0) and time (t; sec) was obtained
during continuous filtration by gravity using a pressure
transducer. P was transformed to a height of the
meniscus in a vertical tube (h; mm). The tangent of
the h—t curve determined by drawing points correspon-
ding to different heights gives the rate of fall of the
meniscus (dh/dt). Thereafter, by multiplying the rate
of fall by the internal cross-sectional area of the vertical
tube, the complete set of flow rates (Q; ml/minutes)
and corresponding P, the P-Q relationship, was
obtained!’™ 19, This procedure was automatically per-
formed by measurement software installed in a person-
al computer (DELL Latitude CS, Dell Inc., Round Rock,
TX, USA) and monitored on the main window of the
computer screen. Together with the start of data
acquisition, the measurement software displays the h-t
curve continuously during the filtration process. When
the filtration has been completed, the software displays
the relationship of pressure and flow rate (P-Q curve).
The h-t and P-Q curves are shown on the computer
screen and stored simulianeously on Microsoft Office
Excel 2003 in Windows XP (Microsoft, Tokyo, Japan).
The temperature of the specimens was kept at 25 C by
circulating isothermal water through a water jacket
surrounding the vertical tube. The percentage of the
flow rate of erythrocyte suspension to that of HEPES-
NaOH-buffered saline at 100 mm Hz0 was used as an
index of erythrocyte filterability. Filterability measure-
ments were performed sequentially at the desired time
after starting exposure to AAPH, and these measure-
ments were conducted at room temperature (22 *+
30).

2.7 Data analyses

All data are expressed as means £ SD. Normality of
the distribution of the hematological and hemorheolog-
ical data was assessed by Kolmogorov-Smirnov test,
and the demonstrated data were normally distributed.
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Fig. 1 Time-dependent changes of the mean corpuscular
volume of erythrocytes (f) with and without expo-
sure to 50 mM AAPH (n = 6). Ervthrocytes subject-
ed to exposure to AAPH showed an increase in
MCV, which was evident 60 minutes after the expo-
sure (®). Erythrocytes without exposure to AAPH
showed no changes in MCV (0). Symbols and bars
indicate means = SD. MCV, the mean corpuscular
volume of erythrocytes (fl).

Therefore, time-dependent comparisons of these con-
tinuous variables were performed using the analysis of
variance (ANOVA). Practical computation was per-
formed using PASW (Predictive Analytics Software) on
Windows version for Statistical Package of Social
Science® (SPSS Inc., Chicago, IIl., USA). Differences
with a two-sided p < 0.050 were considered significant.

3. Results

3.1 Erythrocyte volume estimation

Fig. 1 shows MCV as a function of time of an expo-
sure of erythrocyte suspension to AAPH (50 mM).
The MCV at preincubation was 83.0 + 2.0 fl (means =+
SD). The MCYV significantly increased in a time-
dependent manner (n = 6, p < 0.001), indicating ery-
throcyte swelling caused by AAPH-induced oxidant
stress. This phenomenon was accelerated an hour
after starting exposure to AAPH, and the final MCV of
erythrocyte suspension under 3 hours of incubation
was 113.7 = 2.5 1 (means =+ SD). On the other hand,
the MCV of erythrocyte suspension left for 3 hours
after preparation without AAPH exposure was equiva-
lent to that of preincubation (83.1 = 2.4 {l, means =
SD).

MEMBRANE, Vol. 39 No.1 (2014)
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Fig. 2 Time-dependent changes of methemoglobin forma-
tion of erythrocytes (%) with and without exposure
to 50 mM AAPH (n = 6). Erythrocytes subjected to
exposure to AAPH showed time-dependent methe-
moglobin formation, which was evident 60 minufes
after the exposure (®). Erythrocytes without expo-
sure to AAPH showed negligible methemoglobin
formation (D). Symbeols and bars indicate means =
SD.

3.2 Methemoglobin assay

The AAPH-treated erythrocyte suspension exhibited
a slightly dark brownish coler in a time—dependent
manner. Spectrophotometric analysis demonstrated
the formation of met—Hb with an absorption peak at
630 nm. After 3 hours of lreatment with AAPH, this
agent revealed a small but significant (p < 0.001)
increase of met-Hb ranging from 5.0 t0 6.5% (n =6, 5.8
=+ 0.8%, means = SD), whereas the met-Hb formation
at preincubation was not detectable at all (Fig. 2). This
increase of met—Hb of erythrocyte suspension at the
end of exposure was also significant (n = 6, p < 0.001)
compared with met-Hb levels left for 3 hours without
AAPH treatment (1.2 £ 0.5%, means * SD), indicating
AAPH-triggered auto—oxidation of oxyhemoglobin.

3.3 Eryvthrocyte hemolysis assay

Fig. 3 shows a hemolytic time course obtained by an
exposure of erythrocyte suspension to 50 mM AAPH.
Incubation of erythrocytes with AAPH yielded hemoly-
sis in a time—dependent manner, that is progression of
hemolysis ranging from 6.3 to 9.8% {(n =6, 7.9 = 1.8%,
means = SD) was observed 90 minutes after starting
incubation, and 14.3 to 19.9% (n = 6, 16.9 = 2.8%,

means + SD) hemolysis at 3 hours of exposure.
Erythrocyte suspension left for 3 hours without expo-
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Fig.3 Hemolytic time course of erythrocyte suspension
(%) exposed to 50 mM AAPH (n = 6). Erythrocytes
subjected to exposure to AAPH showed time-
dependent hemolysis, which was evident 60 minutes
after starting the exposure {(#). Erythrocyte suspen-
sion without exposure to AAPH showed no evident
hemolysis ((3). Symbols and bars indicate means =+

SD.
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Fig. 4 Representative relationships between filiration pres-
sure (P; mmH0) and flow rate (Q; ml/minutes)
during continuous filtration experiment using
HEPES-NaOH-buffered control saline and human
erythrocyte suspensions obtained from healthy vol-
unteers (o = 6). The P-Q relationships correspond
to two control saline passages, passages of erythro-
cyte suspensions in preincubation and under incuba-
tion with 50 mM AAPH at incubation times of 20, 40,
60, 120 and 180 minutes.

sure to AAPH displayed no evident hemolysis at all.

3.4 Erythrocyte filterability measurement
Fig. 4 indicates the results of representative filtration
experiments. The pressure vs. flow rate relationship of
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Fig. 5 Summarized data of continuous filtration experi-
ments (n = 6). Filterability of human erythrocyte
suspensions exposed to 50 mM AAPH showed time-
dependent reduction, which was marked at incuba-
tion times of 40 to 60 minutes after starting exposure ,
(@), whereas the filterability of erythrocyte suspen-
sion without exposure to AAPH remained at the
preincubation levels (C). Symbols and bars indicate
means £ SD.

control HEPES-NaOH-buffered saline shows a
straight line passing through the origin, indicaling that
saline is Newtonian fluid. Filtration of control saline
displayed a completely superimposable pressure—flow
line, indicating that this filiration system satisfies the
reproducibility. Suspension of erythrocytes obtained
from different volunteers prior to an exposure to AAPH
produced a concave curve showing that the erythro-
cyte suspension per se is originally not Newtonian.
Moreover, pressure—flow curves of the control erythro-
cyte suspension were considerably superimposable,
implying that the normal range of erythrocyte filterabil-
ity estimated by this technique is quite limited.
Treatment with AAPH (50 mM) decreased the flow
rate of erythrocyte suspension at any given filtration
pressure. These phenomena were cvident in a
time—dependent manner, that is, the flow—pressure
curves shifted gradually to the right according to the
progression of exposure to AAPH. Erythrocyte filter-
ability was determined as flow rate of erythrocyte sus-
pension relative to that of saline at 100 mmH20 (%).
Fig. 5 shows the summarized data of filterability of
erythrocyte suspension before and after the treatment
with AAPH. Average erythrocyte filterability prior to
the treatment was 82.0 & 1.2% (means £ SD), and the
final filterability 3 hours after starting the treatment
was 12.0 = 2.9% (means = SD). This agent therefore
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impaired the erythrocyte filterability progressively in a
time—dependent sigmoidal manner (n = 6, p < 0.001).
The impairment of erythrocyte filterability was marked
during incubation times ranging from 40 minutes to 60
minutes after starting exposure to AAPH. The filter-
ability of the erythrocyte suspension 3 hours after the
preparation without an exposure to AAPH was equiva-
lent to that of preincubation (80.1 = 1.6%, means +
SD).

4. Discussion

Circulating erythrocytes as an oxygen carrier
exposed to periodic high oxygen pressure are a main
cellular target of in vive oxidalive stress. Therefore, it
is of interest to assess hemorheological and hematolog-
ical correlations of intact human erythrocytes exposed
to AAPH, which is used widely as an oxidative stress
model at the cellular levell? ~ 14170 AAPH acts as an
alkyl radical initiator at physiological temperature. In
our laboratory, the biochemical effecis of oxidative
injury caused by AAPH (50 mM) on the isolated
human erythrocyte membrane have been investi-
gated?. Hemolysis is the final event in the disposal of
damaged erythrocytes with impaired deformability,
and the mechanisms of hemolysis in AAPH-exposed
erythrocytes are not fully understood. Therefore, this
study was performed in this oxidant stress model using
our hemorheological method.

The filterability of erythrocytes that pass through the
microvascular network is an essential factor affecting
physiological microcirculation. Since in vivo erythro-
cyte deformation involves bending, a filtration tech-
nique is a promising tool of hemorheology in that ery-
throcyte filterability is considered as whole—cell bend-
ing deformability's 1®. The evaluation of filterability
strictly depends on the measurement technique, and
the nickel mesh filtration technique is highly sensitive,
quantitative and reproducible by assessing the
physiological bending deformation of intact erythro-
cytes!® ~ 20 Ag a mafter of fact, the present study
demonstrated clearly that the normal filterability of
human erythrocytes was quite limited to pretty narrow
range around 80%, the filterability of erythrocytes
exposed to 50 mM AAPH is dramatically impaired, and
this impairment is accelerated 40 to 60 minutes after
starting incubation (Fig. 5). By incubation for 3 hours,
AAPH impaired the filterability so much that no-flow
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was observed under the filtration pressure of 70
mmH2C or less (Fig. 4), indicating that AAPH-dam-
aged erythrocytes were stuck in the nickel mesh pores.
In the present study, MCV of ervthrocytes exposed
to 50 mM AAPH was increased in a time-dependent
manner (Fig. 1), indicating that AAPH-induced oxida-
tive stress caused gradual erythrocyte swelling. When
the thickness of swollen erythrocytes increases, disc-
like erythrocytes’ bending deformation inevitably
becomes difficult, leading to time-dependent impair-
ment of the filterability (Figs. 4 and 5). AAPH-induced
oxidative stress increases erythrocyte membrane per-
meability for water and small ions such as K 2 and
Ca® 17, This is supposed to be due to AAPH-induced
progressive membrane phospholipid peroxidatioh and
membrane leakage formation, because the time-
dependent degradation of membrane phospholipid was
confirmed in our previous study, that is 50 mM AAPH
dramatically reduced « —tocopherol and y —toco-
pherol to less than 50% and phosphatidylethanolamine
to 80% of their initial levels®. On the other hand, band
3 protein plays an important role in cellular volume reg-
ulation as an anion exchanger, and is considered to be
another target of AAPH-induced oxidative stress? 23,
The met-Hb formation as observed in this study
(Fig. 2) indicates the interaction of AAPH liberating
ROS with oxyhemoglobin and oxidation of the heme
iron. This phenomenon is confirmed in the oxidant
stress model of human erythrocytes using hypoxan-
thine-xanthine oxidase reaction generating superoxide
anion. However, the application of superoxide to the
resealed ghost of human erythrocytes did not cause
any discernible membrane damage?®. This strongly
indicates that intracellular met-Hb formation yields
chain-reacting auto—oxidation of membrane compo-
nents such as membrane protein degradation and
membrane phospholipid peroxidation leading to mem-
brane leakage and cellular swelling. Comparatively,
percent met-Hb formation induced by lipophilic perox-
idant tert-butylhydroperoxide (nearly 60%)'? is far
greater than that induced by this hydrophilic AAPH
(less than 10%) under different (0.5 mM vs. 50 mM)
but equivalent doses with respect to the extent of
hemolysis®® 1428, This supports the assertion that the
different membrane permeabilities and hence different
locations of ROS generation between feri-butylhy-
droperoxide and AAPH underlie the different extents
of met-Hb formation®. Because hydrophobicity of a

- 112 -



54 (dashiro, Maruyama, Akashi, Sato, Mawatari, Fujino . Marked Impairment of Human Erythrocyte Filterability Caused by Oxidant Stress with AAPH Precedes Osidative Hemolysis

drug influences its penetration of erythrocyte mem-
brane or its location within the membrane phospho-
lipid organization.

Erythrocyte swelling impairs the filterability (whole-
cell bending deformability) by reducing the ratio of
surface area to its volume. Oxidatively damaged ery-
throcytes cause K efflux which may allow concomitant
water efflux. This may counteract the swelling of
AAPH-treated erythrocytes. However, such mem-
brane damage also allows Ca® and Na" influx that bal-
ance the K’ efflux. Therefore, there seems to be no
changes of the intracellular total cation content in the
oxidatively damaged erythrocytes?®. We speculate the
membrane leak pathway other than ion-permeable
channels, i.e., prelytic pores in the perturbed mem-
brane may play a role in water influx and erythrocyte
swelling. Scanning electron microscopic examination
clarified gross morphological changes of membrane
blebs, extrusions and ruffling in the AAPH-treated ery-
throcytes, suggesting nonspecific water-permeable
leak pathway',

An AAPH-evoked, time-dependent hemolysis was
observed (Fig. 3) as in previous studies that applied
the same concentration of AAPH (50 mM) to the
human erythrocyte suspension with hematocrit rang-
ing from 5 to 10% that is slightly higher than in this
study (3%) 9. Oxidative hemolysis is a final event of
extremely damaged erythrocytes, which was evident
hemorheclogically in this study (Fig. 4). As a matter of
{act, AAPH-induced hemolysis is preceded by the
markedly impaired filterability (Figs. 3 and 5). Human
organisms possess several antioxidant defense mecha-
nisms such as membrane « —tocopherol, internal
enzymes such as calalase, superoxide dismutase and
glutathione peroxidase. Lag of erythrocyte swelling
(Fig. 1), met-Hb formation (Fig. 2), impairment of fil-
terability (Fig. 5) and hemolysis (Fig. 3) after starting
the application of AAPH may reflect the redox reaction
of the defense system against exirinsic oxidant
stress!¥.

This study has several limitations. First, hemolysis
assay was performed in reaction mixture under static
condition without any shear stress, and is not directly
correlated to dynamic erythrocyte filterability. In that
filtration process per se induces mechanical siress, the
combined mechanical and oxidative stress may acceler-
ate the erythrocyte damage which promotes hemolysis
to a greater extent than that observed in the present

study?®. The second limitation is a lack of osmotic con-
trol in the reaction mixture of incubation with AAPH.
However, AAPH-induced increase of MCV indicates
that oxidative effects predominate cver osmotic effects.
The third limitation is that the reasons for the erythro-
cyte filterability impairment preceding the erythrocyte

-swelling remain unclear. More comprehensive proto-

col including erythrocyte oxidation such as malondi-
aldehyde quantification is required to answer this ques-
tion. Moreover, such mechanistic membrane study
should include electron microscopic and fluorescent
polarization techniques to investigate oxidatively dam-
aged membrane structure and fluidity.

5. Conclusions

The present study indicates that oxidant stress
induced by AAPH demonstrates time—dependent
impairment of human erythrocyte deformability, ery-
throcyte swelling and met-Hb formation leading fo
oxidative hemolysis. This series of oxidative events
are considered to be interdependent. Erythrocyte
swelling causes geometric influences, and met-Hb
induces chain-reacting oxidative membrane damage.
These combined effects accelerate the impairment of
AAPH-treated erythrocyte deformability. Our filtration
technique clarified that hemorheclogical derangement
precedes the oxidative hemolysis, which is relevant to
in vive microcirculation observed in vigorous athletes
and subjects with unstable hemoglobin?2®. However,
prime factors initiating this hemorheological derange-
ment remain unknown in this study.
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Impaired Erythrocyte Deformability in Patients with Coronary Risk
Factors: Significance of Nonvalvular Atrial Fibrillation
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MD?, Shioto Yasuda, MD?, Kazuyuki Saito, MD?, Takehiko Fujino, MD*, and Koichi Akashi, MD!

'Department of Medicine, and *Faculty of Art and Science, Kyushu University, 'BOOCS Clinic, *Institute of Rbeological
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Abstract

Although coronary risk factors promote the formation of atherosclerotic plaque containing activated platelets and inflammatory
leukocytes, and play a pivotal role in the development of coronary artery diseases (CAD), the hemorheological effects of these risk factors
on circulating intact erythrocytes, a major component of whole blood cells, are poorly understood. Therefore, this study aimed to quantify
erythrocyte deformability in patients with coronary risk factors, and enrolled 320 consecutive cardiac outpatients inciuding 33 patients with
nonvalvular atrial fibrillation (AF). Patients with acute coronary syndrome or valvular AF were excluded. Demographic variables obtained by
medical records were correlated with erythrocyte deformability investigated by our highly sensitive and reproducible filtration technique.
Among demographic variables, triglyceride (p = 0.004), HbAlc (p = 0.014) and body weight (p = 0.020) showed significant inverse correlation
to the erythrocyte deformability. This deformability was not associated with types of CAD (old myocardial infarction vs. stable angina) or
modality of treatment (percutaneous intervention vs. coronary artery bypass grafting). Unexpectedly, stepwise multiple regression analysis
demonstrated that nonvalvular AF was the most significant contributor to the impaired erythrocyte deformability (p = 0.002). Hypertension
and dyslipidemia are more prevalent in the AF patients (p < 0.001), and the erythrocyte deformability was found to be impaired synergistically
and significantly (p < 0.001) during the stepwise accumulation of the coronary risk factors in addition to AF. In conclusion coronary risk
factors synergistically impair the erythrocyte deformability, which may play an important role in critically stenotic coronary arteries. Since the
impairment of intact erythrocyte deformability is mostly associated with nonvalvular AF, this common arrhythmia may refiect the coronary

risk accumulation.

Introduction

Hemorheology in association with coronary atherosclerotic plaque
formation has drawing increasing attention. Much effort has been
devoted to elucidate the role of activated platelets and leukocyte
(scavenger macrophages, activated lymphocytes and inflammatory
polymorphonuclear neutrophils) in atherosclerotic progression and
prothrombotic tendencies. In contrast, the effects of coronary risk
factors on the behaviors of circulating intact erythrocytes, major
component of whole blood cells, have been poorly understood
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in actual cardiac patients. The deformability of erythrocytes that
pass through the microvascular network is an essential factor to
maintain the physiological fluent microcirculation. Physiological
and hematological values of erythrocyte deformability are
equivalent to those of platelet aggregating and leukocyte migratory
functions. However, the concept of erythrocyte deformability has
not been strictly defined as a physical quantity, and the evaluation
of deformability depends on the measurement technique and
its relative sensitivity.! Erythrocytes deformability is supposed
to be impaired in patients with coronary artery disease (CAD)
by mechanical stress depending on plaque morphology such as
irregular surface, calcified plaque edge and sharp plaque shoulder.
This deformability is also impaired by shear stress of high blood
flow velocity observed in stenotic coronary arteries. Nevertheless,
erythrocytes deformability is a fundamental prerequisite of coronary
microcirculation maintaining patency of critically stenotic coronary
arteries or collateral circulation.? Therefore, the aim of this study
is to investigate the homerheologic effects of coronary risk factors
on the intact erythrocyte deformability, using our highly sensitive
and reproducible filtration technique. In this setting, erythrocyte
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deformability is considered as filterability of erythrocyte suspension.
As mMicropipette technique, a representative hemorheologic
methods other than filtration technique, estimates single erythrocyte
membrane rigidity, one of the components regulating whole cell
deformability.® Therefore, erythrocyte suspension filterability is
considered as whole cell deformabilty.

Methods

Study Population

This study was approved by the internal ethics committee of the
Institute of Rheological Function of Foods Co. Litd. (Fukuoka, Japan)
and was performed in accordance with the Declaration of Helsinki,
i.e, signed informed consent was obtained from each subject prior
to enrollment into the study. The study population consisted of 320
Japanese patients (209 males and 111 females) with common cardiac
and/or systemic diseases. All patients were managed monthly at least
over 1.5 years and treated at the discretion of attending physicians in
the outpatients section of the Kyushu University Hospital (Fukuoka,
Japan) or in several teaching hospitals and community clinics affiliated
to the University Hospital. Hypertension was defined as casual blood
pressure > 140/90 mmHg or treatment with antihypertensive drugs.
Type 2 diabetes mellitus was defined as fasting serum glucose > 126
mg/dl, casual serum glucose > 200 mg/dl, HbA1c(NGSP) > 6.5%
and/or current antidiabetic medication.4 Patients with type 1 diabetes
mellitus were not enrolled. Dyslipidemia was defined as serum
LDL cholesterol > 140 mg/dl, serum HDL cholesterol < 40 mg/
dl or prescription of lipid-lowering agents.* Coronary artery disease
(CAD) included old myocardial infarction and stable angina pectoris
irrespective of conservative, endovascular or surgical treatment.
Activity of CAD was stable in these patients and those with acute
coronary syndrome (ACS) were excluded. Chronic kidney disease
(CKD) covers all the stages of impaired renal function, indicating
estimated glomerular filtration rate (eGFR) < 60 ml/min/1.73m2.°
Patients with atrial fibrillation (AF) due to evident rheumatic mitral
valve diseases, episode of mitral valve replacement or valvuloplasty
were excluded. Therefore, AF was nonvalvular. Paroxysmal AF was
defined according to the HRS/EHRA/ECAS 2012 Consensus
Statement on Catheter and Surgical Ablation of AF° In this
Consensus Statement, the concept of permanent AF was considered
inappropriate in that patient and physician ceased further attempts
to restore and maintain sinus rhythm, whenever this joint decision is
made. However, the term of permanent AF, defined as longstanding
AF impossible to be terminated by any means, was used in this study
in contrast to paroxysmal AF. AF outpatients (n = 33) were followed
every month for anticoagulation, i.e., 20 patients showed permanent
AF whereas 13 patients had paroxysmal AF. In AF patients treated
with warfarin, time in therapeutic range (TTR) of the international
normalized ratio of prothrombin time (PT-INR) ranged from 51
to 72% (65.6 + 0.9%). Dabigatran (n = 7) and rivaroxaban (n = 5)
were also prescribed newly or converted from warfarin. Transthoracic
echocardiography and Holter monitoring were conducted in all AF
patients. Treatment of the aforementioned coronary risk factors was
under the discretion of the treating physicians in outpatient clinics.
Medication and lifestyle including smoking were not altered in any
patient during the study period.

Erythrocyte Filterability

Erythrocyte suspensions were prepared as described elsewhere.”

In brief, venous blood (approximately 10 ml) was sampled in the
morning after an overnight fast. Blood cell counting and hematocrit
measurement were performed using a hemocytometer (Ace
Counter, FLC-240A, Fukuda Denshi Co. Ltd., Tokyo, Japan). After
centrifugation at 1300 x g for 10 min, supernatant was aspirated to
replace buffy coat and plasma with HEPES-buffered saline. Intact
erythrocytes were then washed three times (800 x g, 600 x g and 500
x g for 10 min each) by re-suspension with HEPES-buffered saline
and the final hematocrit of erythrocyte suspension was adjusted to
3.0% to prevent erythrocytes sticking within the filter pores and to
reuse the specific filter. These procedures were performed within 2
hours after blood sampling for subsequent filtration experiments.”
Erythrocyte filterability (whole cell deformability) was investigated
blindly by filtration technique (Model NOBU-II, Tsukasa Sokken
Co. Ltd., Tokyo, Japan) as reported elsewhere.*” Nickel mesh filters
were produced by a photo-fabrication technique (Dainippon Printing
Co. Ltd., Tokyo, Japan) and characterized by regularly distributed
pores of identical size and shape (Fig. 1A), which guarantees the
sensitivity of filtration experiments even in the erythrocyte suspension
with low (3.0%) hematocrit value. A specific filter with appropriate
pore size (4.94 pm in diameter) was used repetitively by sonication
during a series of experiments to guarantee the reproducibility. The
relationship between hydrostatic pressure (P; mmH20) and time (t;
sec) was obtained during continuous filtration under gravity using a
pressure transducer. P was transformed to the height of the meniscus
in the vertical tube (h; mm) and flow rate (Q; ml/min) was calculated
by the rate of fall of the meniscus (Ah/At) and internal cross-sectional
area of the vertical tube. P-Q relationship was obtained automatically
by software installed on a personal computer (DELL Latitude CS,
Dell Inc., Round Rock, TX, USA) and stored simultaneously on
Microsoft Office Excel 2003 on Windows XP (Microsoft, Tokyo,
Japan). The percentage of Q_of erythrocyte suspension relative to
Q_of saline at 100 mmH20O was used as an index of erythrocyte
filterability. Temperature of the specimens was kept at 25°C by
circulating isothermal water within a water jacket around the
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( \__J:‘
CPU M 4

A/D Converter
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Refrigerated
Isothermobath

Nickel Mesh Filter

A: Scanning electron microscopic photograph of a nickel mesh
filter. Inset shows maghification of a single pore in this filter. B:
Schematic illustration of nickel mesh filtration system. Filtration
pressure (P; mmH20) is converted to the height of the meniscus

i within the vertical tube (h; mm) using the equation h = P/p-g.
Flow rate (Q; ml/min) is calculated using the equation Q =
m{(D/2)2{(Ah/At). D, internal diameter of vertical tube; Ah/At, first
time derivatives of h; g, acceleration of gravity; p, specific gravity
of specimens.
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vertical tube (Fig. 1B). These examinations were performed at room
temperature (22 = 2°C).

An aliquot of the erythrocyte suspension was fixed with isotonic
1.0% glutaraldehyde solution containing 24.5 mM NaCl and 50 mM
phosphate bufler (pH 7.4). Thereafter, the shape of erythrocytes was
observed blindly using a differential interference contrast microscope

(Diaphoto 300, Nikon Co. Ltd., Tokyo, Japan) at 400 x magnification.

Data Analyses

All data are expressed as means = SEM. For statistical analyses,
human sample size was chosen to provide 90% power with an o
error of 0.05. A total of = 310 cases was required provided that the
significant intergroup difference of human erythrocyte filterability
investigated by this technique is 1.0%.” Continuous variables were
compared with unpaired Student’s t test or Mann-Whitney U test.
Erythrocyte filterability (%) was compared by the latter, because
Kolmogorov-Smirnov test confirmed that this was not normally
distributed (p < 0.001). Discrete variables were analyzed by Fisher’s
exact test or Pearson’s x2 test. Linear regression was fitted by the
standard least square method. Significant contributors to erythrocyte
filterability impairment were determined by stepwise multiple
regression analysis. None of the variables with missing data qualified.
The criteria for entering into the regression model were significant
partial correlation coefficient (r) to the filterability, greatest r among
the same category even if it was not significant, or otherwise clinically
meaningful variables. These analyses were performed using Predictive
Analytics Software (PASW) 18.0 version for Windows (SPSS, Inc,,
IBM, Chicago, IL, USA). Differences with two-sided p < 0.05 were

considered significant.
Results

Patients’ Profile

Baseline characteristics of enrolled subjects are detailed in Table
1. Averages of some listed variables had already reached the upper
limit of normal range (systolic blood pressure) or even exceeded the
ranges (HbAlc, fasting serum glucose, triglyceride). None of these
patients had experienced an episode of evident heart failure (NYHA
class 2III). In patients with CAD, 25 patients had a history of old
myocardial infarction and the remaining 23 patients showed stable
angina pectoris. Percutaneous coronary intervention (PCI) was
performed in 38 patients, and coronary artery bypass grafting surgery

IEL[ZEH Baseline Characteristics of Subjects (N = 320)

Variabies Means + SEM Variables Means + SEM
Age (years) 61.5+0.7 LDL cholesterol (mg/dl) 1202
Body weight (kg) 62.6 £ 0.7 Triglyceride (mg/dl) 160+ 8
Fat (%) 27.2+05 WBC (x 102/ul) 60.2+ 1.1
BMI (kg/m2) 242402 RBC (x 104/ul) 442+3
SBP (mmHg) 1401 Hb (g/dl) 141+ 01
DBP (mmHg) 80+1 Ht (%) 409+03
HbAlc (%) 7.0+01 MCH (pg) 31.9+01
FSG (mg/dl) 149+ 3 MCV (fl) 92.7+03
Total Cholesterol (mg/di) 208+ 2 MCHC (g/dI) 344+04
HDL cholesterol (mg/dl) 56+1 Erythrocyte filterability (%) 87.6 £ 0.2

BMI, body mass index; DBP, diastolic blood pressure; FSG, fasting serum glucose; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume; SBP, systolic blood pressure.
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A: Representative P-0 relationships during continuous filtration
| experiment using erythrocyte suspensions and HEPES-buffered
saline. The P-Q relationships with open symbols correspond to
filtrations of saline (open circles) or erythrocyte suspension
obtained from a healthy non-smoker without coronary risk factors
€ (open squares). Closed symbols indicate representative patienis
with diabetes (closed triangles), dyslipidemia (closed diamonds)
and permanent atrial fibrillation (closed squares). Q in patienis
with these diseases (closed symbols) is less than Q in a subject
without them (open squares) at any given P. B: Magnification of
the P-Q curves at filtration pressure around 100 mmH20.

(CABG) was conducted in 21 patients. Medication included Ca
antagonists (n = 46, 14%), statins (n = 34, 11%), angiotensin receptor
blockers (n = 28, 9%), antiplatelet agents (n = 27, 8%), 3-blockers (n
= 18, 6%), angiotensin converting enzyme inhibitors (n = 16, 5%)
and do on.

Representative Filtration Data

Hematologically, there were no remarkable erythrocytes
shape changes observed in the enrolled subjects. Figure 2 shows
representative results of the nickel mesh filtration experiments. The
continuous filtration process yielded P-Q_relationships for control
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= o | B: Magnification of the P-Q curves at filtration pressure around
bl 100 mmH20.
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Factors n Erythrocyte filterability (%) p

Gender male 209 874+0.2
female 111 88.0+03 0.072

Current Smoking (=) 201 87.9+0.2
(+) 119 872+03 0.059

Hypertension -) 213 876 £0.2
(+) 107 878+0.3 0.867

Dyslipidemia =) 217 87.6 0.2
(+) 103 87.7+03 0.841

Atrial fibrillation (=) 287 878+0.2
(+) 33 86.3+0.9 0.308

Diabetes mellitus (—) 100 88.1+0.2
(+) 220 87.4+0.2 0.200

CKD -) 184 87.9+0.2
(+) 136 872+03 0.041

CAD -) 272 882+0.2
(+) 48 875103 0.407

Erythrocyte filterability is expressed as mean + SEM. CAD, coronary artery disease; CKD, chronic
kidney disease;

n, number of subjects in a specific group; p, probability.

saline and erythrocyte suspensions. Reproducibility of the filtration
experiment was confirmed in that P-Q_curves obtained by filtration
of the same specimen were superimposable as in our recent study.*’
Saline demonstrated a linear P-Q_relationship passing through the
origin, which is compatible with Newtonian fluid. P-Q relationships
for the erythrocyte suspensions displayed smooth and upward
concave curves over the low-pressure region. These findings indicate
that erythrocyte suspension shows non-Newtonian behavior, which
is evident under a low-shear-rate condition. Open squares correspond
to erythrocyte suspensions obtained from subjects without any
coronary risk factors. Closed symbols indicate those obtained from
patients with at least one risk factor. Q_of erythrocyte suspensions

Téble'Sé Correlation of Continuous Variables and Erythrocyte Filterability

(N =320)

Variables r P

Age (years) 0.041 0.460
Body weight (kg) -0.130 0.020
BMI (kg/m2) -0.094 0.095
Fat (%) -0.074 0.293
SBP (mmHg) ~0.033 0.557
DBP (mmHg) -0.027 0.639
HbA1c (%) -0.137 0.014
Total cholesterol (mg/dl) ~-0.062 0.271
HDL cholesterol (mg/dl) 0.100 0.076
LDL cholesterol (mg/dl) -0.101 0.073
Triglyceride (mg/dl) -0.159 0.004
MCH (pg) -0.014 0.798
MCV (fl) -0.018 0.742
MCHC (g/dl) 0.003 0.954

.p. probability; r, partial correlation coefficient. Other abbreviations are the same as in Table 1.

obtained from patients with these risk factors were always less than
Q_in patients without them at any given pressure. These findings
indicate that these coronary risk factors impair the human erythrocyte

filterability.

Erythrocyte Filterability and Coronary Risk Factors

Relationships between categorical factors and erythrocyte
filterability are shown in Table 2. CKD alone showed significant
impairment of erythrocyte filterability (p = 0.041). The filterability
in AF patients did not differ from that in the remaining subjects,
and the filterability in permanent AF was equivalent to that in
paroxysmal AF. Correlations of continuous variables and erythrocyte
filterability are demonstrated in Table 3. Body weight, HbAlc
and triglyceride showed significant inverse correlation, whereas
hematological parameters relating to erythrocyte size (mean
corpuscular volume; MCV) and internal density (mean corpuscular
hemoglobin concentration; MCHC) did not show any correlation
with filterability.

Prior to the multiple regression analysis, demographic variables
suitable for inclusion into the regression model were selected. For
categorical variables, CKD was selected for significance (p = 0.041),
current smoking was included as a potent risk of hemorheology,10
and AF was selected as an outcome of overall risk accumulation.6
For continuous variables, body mass index (BMI, p = 0.095) instead
of body weight (p = 0.020) was selected as a surrogate of obesity.
HbAlc (p = 0.014) and triglyceride (p = 0.004) were selected for
respective significance. Although hematological indices were not
significant, MCV was selected for its greatest r.

Multiple regression analysis was performed to identify significant
covariates contributing to the impairment of erythrocyte filterability
with concurrent avoidance of multi-colinearity by monitoring the
variance inflation factors. Table 4 shows five regression models
including selected continuous or categorical variables according to
stepwise reduction. Multiple correlation coefficients were highly
significant in this series of regression models. AF was the greatest
contributor to the impaired erythrocyte filterability in all the listed
models with high significance (p = 0.002 - 0.023).

Erythrocyte filterability of AF patients did not differ from that of
the remaining patients (Table 2). However, AF remained alone as the
greatest contributor to the impaired erythrocyte filterability (Table 4).
Table 5 shows the distribution of AF in patients with coronary risk
factors. AF was prevalent significantly (p < 0.001) in hypertensive
and dyslipidemic patients. Table 6 further indicates the effects of
coronary risk accumulation on the erythrocyte filterability. Multiple
comparison of the filterability under the stepwise accumulation of
coronary risk factors showed highly significance (p < 0.001), i.e.,
the erythrocyte filterability was impaired synergistically during the
accumulation of coronary risk factors in addition to AF. However, the
filterability was not different with respect to the types of CAD (old
myocardial infarction vs. stable angina), modality of treatment (PCI
vs. CABG), and choice of medication (not shown).

Discussion

Main Findings

'The erythrocyte deformability hassignificantimpact on the apparent
blood viscosity, which has profound influence on the coronary blood
flow,2 development of myocardial infarction and the resultant infarct
size."! However, the involvement of abnormal erythrocyte behaviors
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