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Monitoring of tissue hypoxia and therapeutic potential
of intestinal perfusion with oxygen substitutes
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Original paper

Free iron induced oxygen radicals
in Pyridoxalated Hemoglobin-Polyoxyethylene conjugate

Kaori Yamaji, Yuji Iwashita

Contents of free iron in Pyridoxalated Hemoglobin-Polyoxyethylene conjugate (PHP) were quantified according

to Gutteridge's method. The average free iron content of the six consecutive batches was 0.620.1 ppm of the

reconstituted solution (hemoglobin concentration: 8 g/dL). Effects of the free iron in PHP was evaluated with

occlusion-reperfusion experiments of isolated rat hearts in Langendorff mode. The free iron over 100 uM in PHP

deteriorated functions of the isolated hearts such as the heart rate and the coronary outflow and induced arrythmia.

At the 100 UM free iron level creatinine phosphokinase in the outflow perfusate also increased twice compared

with that of the neat PHP. Peroxidated products in heart tissues also increased in the same manner. The 5 uM free

iron in Krebs-Henseleit solution (used as a control solution of PHP) showed the same degree toxicity as the 100

UM free iron in PHP did. Key words; Free iron, Isolated heart, Pyridoxalated Hemoglobin-Polyoxyethylene

conjugate, Arrythmia, Oxygen radicals, Hemoglobin-based blood substitute.

Introduction

We have been studying the relationship between the structure and
bioactivities of Pyridoxalated Hemoglobin-Polyoxyethylene conjugate
(PHP) as an oxygen carrier (1). Hemoglobins and their breakdown
compounds such as hemin and free iron are reported as the source of
various oxygen radicals in vitro(2, 3). Particularly free iron has been
known as a catalyst of Harber-Weiss reaction, through which hydroxyl
radical is formed. From the viewpoint of safety, effects of the free iron
are one of concerns about hemoglobin-based blood substitutes.

In this paper, the determination of the free iron in the finished product
of PHP was carried out by the Gutteridge's method (4) and the
physiological effects of the free iron and methemealbumin were studied
with the occlusion and reperfusion of isolated rat hearts in Langendorff

mode.

Method and materials

Quantitication of the free iron content in PHP : Free iron contents in
the consecutive six lots of PHP finished product were determined
according to Gutteridge's method (4). This method is based on the fact
that iron-bleomysin complex quantitatively degradates DNA. All the
reagents except for samples under test were treated with Chelex 100
(Biorad Richmond, USA). Bleomysin, desferrioxamine mesylate
(DFO), hemin, ascorbic acid, DNA, ADP, EDTA, magnesium
dichloride and thiobarbituric acid were purchased from Sigma Chem.
Co., (St. Louis, MO, USA) and Koso Chemicals (Tokyo, Japan). All
reagents were dissolved with distilled water of injection in Falcon tubes

(Becton Dickinson Co., Lincoln Park, USA) and shaken with a mixed
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bed resin, Chelex 100 (Bio-rad, Richmond, USA). The ascorbic acid
solution was freshly prepared by dissolving 350 mg in 5 mL distilled
water, shaking with 200 mg of Chelex, centrifuging to remove the
Chelex, and then diluting 1:50 with Chelex treated distilled water. A
solution containing 1 mg/mL bleomysin sulfate was purified by adding
50 mg Chelex resin and centrifuging it. The DNA solution contained 1
mg/mL calf thymus DNA. The DNA solution was mixed with 0.4 g
Chelex, left at 4 °C overnight, and then spun at 2000 x g to remove the
resin. The supernatant was used as the DNA substrate.

The reaction mixture contained the following reagents, added in the
order stated, to a Falcon tube using pipette tips: 0.5 mL of DNA
solution, 0.05 mL of bleomysin solution, 0.1 mL of 150 mM
magnesium dichloride, 0.1 mL of sample, 0.05 mL of 100 mM HCI, 0.1
mL of distilled water, and 0.1 mL of ascorbic acid solution. Tubes were
mixed before and after the addition of 0.1mL ascorbate and then
incubated at 37°C for 2 hours with shaking. After 1 mL of 0.1 M EDTA
was added to stop the reaction, the contents were transfered to glass
tubes and mixed with 1 mL of 0.8% thiobarbituric acid in 50 mM NaOH
and 1mL of 25% HCI. The solutions were heated at 100 °C for 15 min,

Table 1. Components of perfusates

Krebs-Henseleit PHP (SHb) solution

Hemoglobin (g/dL) 0 4
NaCl (mM) 120 120
NaHCO3 (mM) 24.9 249
KH2PO4 (mM) 0.9 0.9
MgS0Os(mM) 1.2 1.2
KCI (mM) 35 35
CaCl2 (mM) 29 2.9
Glucose (mM) 11.1 11.1
Viscosit (cp) 1.0 2.0

ANLM# Vol 3,No. 1, 1995
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Fig. 1. Time course for perfusion of isolated heart in Langendorff
mode and sampling timing.

cooled, and the chromogen was measured by its absorbance at 532 nm
(5). A calibration curve for the free iron determination was prepared
with Ciba-Merck Fe standard solutions, (Japan Indutrial Standard).
Six consecutive lots of PHP88 (Lot number; 28952, 28953, 28973,
289z1, 28922 and 289z3) were assayed. Each reconstituted PHP88
solution was filtered by centrifugation at 5000 rpm (Ultrafree C3LGC,
Millipore Corp., Bedford, USA). The filtrate was used for the assay.
The optimal pH for the reaction was between 7.1 and 7.4, and the
amount of added HCl solution was varied to achieve this range.

The effects of the free iron of PHP on isolated hearts : Effects of the
free irons in PHP finished product were evaluated with isolated rat
hearts in Langendorff mode. Perfusates were PHP solution and FeCl,-
ADP fortified PHP solutions (0.1, 0.5, 5 and 100 uM FeCl,). Krebs-
Henseleit (KH) solution and FeCl3-ADP fortified KH solutions were

employed as control solutions. In order to investigate the effects of

y=1.6855e-3+0.76981x
R*2=0.988

Optical Density
T

-

0-¢ v T
0 1 2 3
Fe3* (ppm)

Fig. 2. Calibration curve for free iron analysis.
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hemin-albumin complex, methemealbumin was prepared by the
reaction of hemin with human albumin at 4 °C in the dark and added to
the KH solution and PHP. Fundamental components of the perfusates
are shown in Table 1. Osmolality and pH were adjusted at 300 mOsm
and 7.4, respectively. The solutions were oxygenated with oxygen and
the temperature was kept at 37°C.

Six groups of male Wistar rats (Charles-River Japan, 6 weeks old,
n=6 each) were used. Thirty minutes prior to killing the animals, 300
unit heparin was infused into the peritoneal cavity. Animals were killed
by a blow on the head and their hearts were removed. The hearts were
mounted on a Langendorff perfusion system and perfused at a constant
perfusion pressure of 80 mmHg. Occlusion was done by applying
negative pressure (200 mmHg) to the left anterior descending coronary
artery (6). The epicardial electrocardiogram was monitored. The
coronary outflow was measured by timed collection of the dropped
perfusate from the heart. Biochemical analysis of escaped enzymes in
the perfusates was carried out with an automatic analyser (JCA-VX-
100, Japan Electon Co.). Samples for the analysis were collected in
predetermined schedule shown in Fig. 1. Peroxidated products in tissues
were extracted from homogenated hearts with SDS and acetic acid and
determined with thiobarbituric acid (4). Pathological examination of
perfused hearts were optically and electron microscopically done.

Statistical Analysis : Results are shown as meantSEM. Paired t-test,
Student's t-test, and Aspin-Welch t-test were applied for coronary
outflow, heart rate, and escaped enzymes. Unpaired t-test was used for
analysis of peroxidated products.

Results
1. Free iron contents in PHP final product

A calibration curve for free iron determination is shown in Figure 2.
Reliability of this method was confirmed by changing the date of
analysis and by recovery test of the added predetermined iron to the
sample solution. The free iron contents in the six consecutive batches of
PHP were shown in Table 2. Average content of the free iron in PHP
was 0.6 ppm per dose. The results indicated that the amount of free iron
is not so high (below 1 ppm per 8 g PHP) and consistent among batches.

2. Effects of free iron on isolated heart
Hemoglobin-based oxygen carriers contain free iron as a degradated

Table 2. Free iron contents in PHP solutions (hemoglobin 8 g/dL)

Lot No. Free iron (ppm)
28952 0.52

28953 0.64

28973 0.64

289z1 0.83

28922 0.60

289z3 0.53

Average (SD) 0.63 (0.11)
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Fig. 4. Changes of coronary outflow during perfusion.

product of hemoglobin but the content is not so high. Nonetheless there
remained questions whether the free iron of this level is injurious or not.
In order to know the effects of the free iron in PHP, extra free iron was
added to perfusates for the perfusion experiments.

The perfusion experiment was carried out according to the time
course shown in Fig. 1. Clear changes with the various free iron
concentrations in the perfusates in heart rate and coronary outflow were
observed more frequently during the reperfusion than during the
occlusion. And also more serious effects of the free iron on the isolated
hearts were observed in the use of KH solution compared with in the use
of PHP solution. The largest decrease of the heart rate and coronary
outflow occurred during the perfusion at 5 and 100 uM free iron in the
KH solutions. At 100 uM free iron level of the KH solution, all the
functions of perfused hearts stopped at 3 minute after the beginning of
perfusion. On the other hand perfusion with PHP containing 100 uM

15

free iron induced a moderate decrease of the heart rate as shown in Fig.
3.

Perfusions with an iron-free PHP solution , which was prepared by
treatment with desferrioxamine and the untreated PHP afford about the
same heart rate. The free iron below 1ppm in PHP therefore would not
affect the heart rate. Also the 100 uM free iron in PHP induced the same
degree of arrythmias as 5 pM free iron in the KH solution did.

The coronary outflow rapidly decreased during the occlusion but a
small outflow remained due to collateral flow. At the beginning of
reperfusion, an immediate recovery of the outflow was observed except
5 and 100 uM free iron contained KH solutions. The 100 uM free iron in
PHP moderately recovered the coronary outflow but SuM free iron in
PHP did not affect the recovery as shown in Fig. 4.

Biochemical analysis showed that CPK in the perfusate gradually
increased as the free iron content in the perfusate including PHP

ATLI#E Vol 3, No. 1, 1995
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Fig. 5. Changes of creatinine phosphokinase (CPK) during perfusion. *p<0.05, *p<0.01 compared with PHP.
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Fig. 6. Contents of peroxidated products in perfused hearts. * * p<0.01 when compared each other.
p p

increased from zero (DFO-treated) to 100 UM as illustrated in Fig. 5.
Contrally CPK in the perfusate increased even at S UM free iron of the
KH solution.

Peroxidated products including malonaldehyde in the hearts after the
perfusion were extracted and analyzed with TBA method. The results
were illustrated in Fig. 6. No difference between peroxidated products
in the hearts treated with PHP and those with DFO-PHP. The 100 uM
free iron in PHP clearly increased the content of the peroxidated
products in the heart and also methemealbumin in PHP increased the
peroxide. The SuM free iron in KH solution resulted twice to the
increase of the peroxidated products.

Pathological examination indicated that there were some edemas
around small artery in PHP group and also in control groups. Vacuoles
were observed in the heart muscle cells treated with the PHP containing
100 uM free iron.

The reason why the activity of the free irons in PHP were lower than

ARTIFICIAL BLOOD Vol. 3, No. 1, 1995

that in KH solution could not be clarified yet but chelating ability of
hemoglobin and polyoxyethylene moieties with free iron should be
considered. Considering the difference of viscocity between both
perfusates following conclusion was obtained.

Conclusions

1. PHP, which originally contained 0.6 ppm free iron, did not induce
any noted effects on the functions of isolated hearts.

2. The free iron in the KH solution showed stronger effects on the
isolated hearts than that in PHP did.

3. One of target organs of iron-induced free radicals was blood vessel
system.
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Influence of polymerizable phospholipid vesicles encapsulated
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hemoglobin on the immune system in murine.

Kazuya Morizawa, Koji Awai, Kazuhiro Akama, Saori Endoh, Yoshihiro Yano, Satoru Tokuyama

Tadashi Satoh

BAMY VIREEAERS L TH ARV - LINESOE Y ENA S L ATHREERE (ARC) 2B
IE 5OV B BRI S L, SUEBRENRBIE T, I—FKr 27077 ARBRUIL F M+
L UHRRE T, MHNREERICRIZTEEL Y CRET L7, ARCOBEHER (2,000mg/ke)
2BV, B 1B =K 279 MEIIXBEORH 6 5 %ITET L7225 3 HZIZIZOEME
FAARSON, WMBECG L TEEENED N7, —F, TV F M3 VEFERERTIE, &5
BOTHOHBEIIBWTH 5 0 BHRFBEITEH - KB L THAEERA > o7z ARCEREIZLD
—FE ISR O B AR ISR 24, FFRORMLERIZIZILACREEZT 2VnEEZEZLND.
F72, REMRE BT, MEREGRITEEL T, MEFHRTIBECEREICBVTHE,
%5 1 B#EHA VI3 AR T CIIETOEMIBEINHE H 7205, WTRIEGNHO—B
HOELT, FHEHIFICHEE R2RLEEFER LR,

We examined the effect of polymerized phospholipid vesicles encapsulated hemoglobin (ARCs) on the
phagocytic ability of reticuloendothelial systern in hemorrhage model murine by measuring carbon clearance
rate, and vital resistance to LPS after a single intravenous treatment with ARCs. We also investigated the
hematological and biochemical influences. One day after dosing, carbon clearance rate was significantly
reduced against control in high dosing group, but it recovered to control level at 3 days after. On the other hand,
there was no significant changes in vital resistance to LPS. Even in high dose, there was no changes in LD5o0 at
any time after dosing. In hematological and biological tests, WBC, HCT and HGB values were disturbed within
8 hours after treatment, but it recovered at 24 hours. GOT, GPT, BUN and T-CH changed in a early period after
dosing. Other values revealed slight or no changes. These results indicate that ARCs do not induce so significant
influences on murine reticulo endothelial system. —Key Words: Polymerizable phospholipid, Encapsulated

hemoglobin, Reticuloendothelial system.
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Table 1. Characteristics of ARC

Particle size (nm) 264.3£50.7
Hemoglobin (g/dL) 5.06
Methemoglobin (%) <1

Pso (mmHg) 28

Hill coefficient (n value) 2.79

OTE (%) 27

Oncotic pressure (mOsm) 314
Viscosity (mPa-s, 10 rpm) 2.71

Endotoxin (EU/mL) Not detected
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Table 2. Effect of ARC on vital resistance to LPS (lipopolysaccharide B4:0111) toxicity in hemorrhage model mice.

Dose of LPS (mg/kg) LDso Relative
10 15 25 30 43 50 65 80 10 16 (mgfke)  potency
3 days after administration
Control 0% O 0 - 0 20 50 50 70 100 7.47 1.00
ARC 0 0 0 0 20 20 40 - 70 100 7.15 1.05
7 days afetr administration
Control 0 0 10 - 30 40 60 50 70 90 6.49 1.00
ARC 0 10 O 10 20 20 60 - 90 100 5.96 1.09
14 days after administration
Control 0 0 0 - 30 40 50 80 100 100 5.54 1.00
ARC 0 0 0 - 20 40 50 60 80 100 6.35 0.87

Each number represents per cent death (n=10 in each).
Washed autologous RBC suspension was used as control.

LPSOLDso, B & FARCOMxs N E/RL A, HE3HERT
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Fig. 1. Relative phagocytic index after a single intravenous treatment
with ARC (Lot. AR-05SH63DP) in hemorrhage model rats. * p <
0.05, ** p < 0.01, significantly different from the control.
MeantSD, n=6.
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Fig. 2. Carbon uptake into liver and spleen after a single
intravenous treatment with ARC (Lot. AR-05H63DP,
@) or washed autologous RBC suspension (O) in
hemorrhage model rats. * p < 0.05, ** p < 0.01,
meantSD, n=6.
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Fig. 3. Body weight changes after a single intravenous treatment with
ARC (Lot. AR-05H63DP, @) or washed autologous RBC
suspension (O) in hemorrhage model rats. * p < 0.05, ** p <
0.01, meantSD, n=6.
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Fig. 4. Hematological findings after a single intravenous treatment with ARC (Lot. AR-05H63DP, @) or washed
autologous RBC suspension (O) in hemorrhage model rats. * p < 0.05, ** p < 0.01, meantSD, n=5.
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Fig. 5. Biochemical findings after a single intravenous treatment with ARC (Lot. AR-05H63DP, @) or
washed autologous RBC suspension (O) in hemorrhage model rats. * p < 0.05, ** p < 0.01, meantSD,

n=5.
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Table 3. Changes of blood clotting time after a single intravenous treatment with ARC or RBC in rats.

Samples Time after treatment PT (sec) APTT (sec) TT (sec)
Control I hr 10.5+0.3 18.3+1.7 192.2+42.0
4 hrs 10.4+0.2 19.7£1.0 187.1+13.8
8 hrs 10.1£0.2 18.5%1.1 215.3%13.2
1 day 10.410.2 18.61£0.8 192.8+7.7
3 days 10.610.4 19.010.7 190.418.5
14 days 10.5£0.3 19.4+0.5 191.6£10.2
ARC 1 hr 10.4£0.3 18.8+£0.7 189.8+2.4
(2,000 mg/kg) 4 hrs 10.5£0.3 20.8t1.5 203.6%10.1
8 hrs 9.840.2 27.4+11.2 225.4%12.0
1 day 10.1£0.1 18.16x0.5 210.7£20.8
3 days 10.310.1 17.7£1.1 222.4+12.1
14 days 10.5£0.3 19.0+0.4 190.8+12.3
Mean£SD, n=5.
Washed autologous RBC suspension was used as control.
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Fig. 6. Relative organ weights after a single intravenous treatment with ARC (Lot. AR-0SH63DP, @) or washed autologous
RBC suspension (O) in hemorrhage model rats. R, right; L, left. * p < 0.05, ** p < 0.01, meantSD, n=5.
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Blood substitutes are awaited with great interest in the field of
veterinary medicine
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