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ABSTRACT

Hemoglobin (Hb) solutions have been proposed as potential substitutes for erythrocytes to maintain oxygen-
carrying capacity in situations in which blood is not available. This study investigated systemic and microvas-
cular hemodynamics as well as tissue oxygenation and viability after an 80% exchange transfusion with an
oxygen-carrying blood substitute based on polymerized bovine hemoglobin (PBH). Studies were carried in
unanesthetized hamsters prepared with a window-chamber model for microcirculation evaluation. Heme
iron-mediated injury to the tissue was analyzed by using deferoxamine (an iron chelator), which reduces free
iron toxicity. Exchange transfusion led to a significant decrease in hematocrit (Hct) and an increase in plasma
Hb, in addition to a significant decrease of arteriolar and venular diameters, flow velocity, and, therefore, mi-
crovascular blood flow. Capillary perfusion was severely compromised after exchange, but tissue pO, in-
creased above baseline, and oxygen extraction was reduced. Apoptotic and necrotic cells increased signifi-
cantly after the exchange; however, this effect was only partially due to the toxicity of free iron. Iron therapy
decreased the microvascular and oxygenation changes but did not fully reverse the adverse effects. Assess-
ment of tissue viability after exchange suggests that chelation treatment in cases of large exchange transfu-

sions with acellular Hb could be potentially beneficial. Antioxid. Redox Signal. 8,375-384.

INTRODUCTION

MOLECULAR HEMOGLOBIN (HB)-BASED OXYGEN CARRIERS
(HBOCs) are being developed as blood substitutes
and tested in clinical trails (38). In general, HBOCs present
potential advantages over erythrocytes for transfusion, in-
cluding a prolonged shelf life, a lower risk of transfusion re-
actions, and a faster oxygen uptake (38). However, long-term
complications related to the breakdown of the Hb are not well
understood. Cell-free Hb binds nitric oxide (NO), causing hy-
pertension after the infusion of most molecular Hb solutions.
A consequence of this reaction with NO and other radicals is
that Hb is oxidized to methemoglobin (metHb), which is gen-
erally more toxic than reduced Hb (3). MetHb, for instance,
can release free heme to the endothelium and tissues, sensi-
tizing them to an oxidative reaction via the catalytic proper-
ties of the heme, aggravating vascular damage (2).

Metabolism of HBOCs is identical to that of native Hb re-
leased when red blood cells (RBCs) are acutely or chronically
destroyed (hemolytic anemia, sickle cell anemia, thalassemia,
and malaria) (38). Investigators have reported that mild RBC
hemolysis after cardiopulmonary bypass saturates transferrin
iron-binding capacity, produces iron overload, and compro-
mises endothelial integrity (21, 25). Elevation of total plasma
iron has also been correlated with nonsurvival of patients,
suggesting that an increased iron mobilization in a deprived
transferrin condition (hemodilution) decreases the ability to
protect against iron-catalyzed oxidative stress (26). The re-
lease of iron from intracellular storage sites, even in small
quantities, followed by introduction of molecular oxygen,
promotes iron—oxygen interaction, setting the stage for free-
radical formation. Earlier experimental studies of ischemia
and reoxygenation showed that deferoxamine (DFO) conju-
gates reduce microvascular injury, suggesting that chelation
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of iron during volume expansion may provide vascular pro-
tection (9). Although the literature on iron chelation is exten-
sive, the concept of co-administrating iron chelators at the
time of fluid exchange or resuscitation with HBOCs has not
been explored.

The variety of HBOC formulations leads to disparate
claims about efficacy and ability to oxygenate tissues (7, 36,
38). The first material to gain veterinary approval from the
Food and Drug Administration (FDA) in early 1998 was the
veterinary product Oxyglobin (Biopure Corporation, Cam-
bridge, MA, U.S.A.). Oxyglobin (polymerized bovine hemo-
globin, PBH) is a highly purified bovine Hb, inter- and in-
tramolecularly cross-linked with glutaraldehyde. It is
commercially available for oxygen-therapy use in anemic
dogs. PBH consists of a heterogeneous mixture of polymeric
(~95%) and nonpolymeric (~5%) species ranging in size from
32 to 500 kDa (20). Polymerization with glutaraldehyde is
known to alter the oxygen affinity, redox potential, and autox-
idation kinetics of human and bovine Hb (1, 13).

The objective of the present study was to understand the
potential injury resulting from the breakdown of PBH. It was
designed to document, at the microvascular level, the poten-
tial damage due to the use of PBH as an HBOC after a large
volume-exchange transfusion (80% of the blood volume).
The metal chelator DFO was used to evidence the iron-related
toxicity and to correlate this to changes in microvascular per-
fusion.

METHODS

Materials

All chemicals were of analytic grade. DFO was purchased
from Sigma Chemical Company (St. Louis, MO). A stock so-
lution was made by dissolving DFO in isotonic saline, purged
with an inert gas (N,), and stored at 4°C. Further dilutions of
the stock solution were made before performing the experi-
ments (10 mg/ml). PBH, commercial name Oxyglobin (13.1
g,,/dl, polymerized bovine hemoglobin in a modified lac-
tated Ringer’s solution), was purchased from Biopure Corp.
(Boston, MA). PBH solution was stored in deoxygenated
conditions at —70°C. Table 1 lists the physical characteristics
of the test solutions.

Animal preparation

Investigations were performed by using Golden Syrian
hamsters. The hamster window-chamber model is widely
used for microvascular studies in the unanesthetized state.
The complete surgical technique is described in detail else-
where (10). The animals were given at least 2 days to recover
from window implantation, and then they were anesthetized,
and arterial and venous catheters (PE-50; Intramedic,
Franklin Lakes, NJ) were implanted in the carotid artery and
jugular vein (10, 34). The experiment was performed after at
least 24 h but within 48 h of catheter implantation. Animal
handling and care were provided by following the procedures
outlined in the Guide for the Care and Use of Laboratory An-
imals (National Research Council, 1996). The study was ap-
proved by the local Animal Subjects Committee.
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TABLE 1. PHYSICAL CHARACTERISTICS OF THE SOLUTION
PBH
Solution
Mean molecular mass (kDa) 180p
(32-500 kDa)
COP (mm Hg) 38.7%%
Viscosity (cP) 1.8*f
Hb (g/dL) 13.1f
p50 (mm Hg) 54.2F
n50 1.17%
Hb saturation in room air (%) 72.1 (Ref. 22)
Methemoglobin (%) <5%t
Endotoxin (endotoxin units/mL) <0.05%
pH 7.81

*Shear rate of 160 s—! at 37°C; COP, colloid osmotic pres-
sure at 27°C. p50, pO, where 50% of Hb is saturated with O,.
n50, Hill coefficient at 50% saturation.

Measured parameter. {Information from package insert.

Inclusion criteria

Animals were suitable for the experiments if (a) systemic
parameters were within normal range, namely heart rate
(HR), 340-460 beats/min; mean arterial blood pressure
(MAP), 80—120 mm Hg; systemic Hct, 45-52%; and arterial
oxygen partial pressure (p,0,), 50-72 mm Hg (12); and (b)
microscopic examination of the tissue in the chamber ob-
served under X650 magnification did not reveal signs of
edema or bleeding.

Systemic parameters

MAP and HR were recorded continuously (MP 150;
Biopac System, Santa Barbara, CA), except during the actual
blood exchange. Hct was measured from centrifuged arterial
blood samples taken in heparinized capillary tubes (Readacrit;
Becton-Dickinson, Parsippany, NJ). Hb content was deter-
mined spectrophotometrically from a single drop of blood (B-
Hemoglobin; Hemocue, Stockholm, Sweden).

Blood chemistry

Arterial blood was collected in heparinized glass capillar-
ies (0.05 ml) and immediately analyzed for arterial oxygen
tension (p,0,), arterial carbon dioxide tension (p,CO,), and
pH (Blood Chemistry Analyzer 248; Bayer, Norwood, MA).
Whole blood lactate concentration was measured from 25-ul
samples (YSI 1500 SPORT Lactate Analyzer; YSI Incorpo-
rated, Yellow Springs, OH).

Measurement of cell-free methemoglobin

Plasma Hb was collected from microhematocrit tubes 2
min after centrifugation, and approximately 50 ul of the
RBC-free solution was used. MetHb was determined accord-
ing to Winterbourn (39). Calibration was ensured by using
standard levels at 5.2%, 2.6%, and 1.2% metHb (RNA Med-
ical, CO-Oximeter Control; Bayer Diagnostics, Medfield,
MA). In normal conditions, the concentration of cell-free Hb
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in the hamster is lower than 0.08 g/dl, and cell-free metHb
can not be detected.

Functional capillary density (FCD)

Functional capillaries, defined as those capillary segments
that have RBC transit of at least a single RBC in a 30-s pe-
riod, were assessed in 10 successive microscopic fields, total-
ing a region of 0.46 mm?2. Observation of the fields was done
systematically by displacing the microscopic field of view by
a field width in 10 successive steps in the lateral direction.
The first field was chosen by a distinctive anatomic land-
mark, easily and quickly to reestablish the same fields at each
observation time point. Each field had between five and 10
capillary segments with RBC flow. FCD (cm~1), total length
of RBC perfused capillaries divided by the area of the micro-
scopic field of view, was evaluated by measuring and adding
the length of capillaries that had RBC transit in the field of
view. The relative change in FCD from baseline levels after
intervention is indicative of the extent of capillary perfusion.

Microhemodynamics

Arteriolar and venular blood-flow velocities were mea-
sured online by using the photodiode cross-correlation
method (19) (Photo Diode/Velocity Tracker Model 102B;
Vista Electronics, San Diego, CA). The measured centerline
velocity (V) was corrected according to vessel size to obtain
the mean RBC velocity. A video image-shearing method was
used to measure vessel diameter D (16). Blood flow O was
calculated from the measured values as Q = V' X w(D/2)2.
Changes in arteriolar and venular diameter from baseline
were used as indicators of a change in vascular tone.

Microvascular pO, Distribution

High-resolution microvascular pO, measurements were
made by using phosphorescence-quenching microscopy
(PQM) (32). This method for measuring oxygen levels is
based on the oxygen-dependent quenching of phosphores-
cence emitted by albumin-bound metalloporphyrin complex
after pulsed-light excitation. The phosphorescence decay
curves were converted to oxygen tensions by using a fluores-
cence decay curve fitter (model 802; Vista Electronics, Ra-
mona, CA) (18). Animals received a slow intravenous injec-
tion of 15 mg/kg body weight at a concentration of 10.1
mg/ml of a palladium-meso-tetra(4-carboxyphenyl) por-
phyrin (PdTCPP; Porphyrin Products, Inc., Logan, UT). The
dye was allowed to circulate for 10 min before pO, measure-
ments (18, 32).

In our system, intravascular measurements are made by
placing an optical rectangular window (5 x 15 um) within the
vessel of interest, with the longest side of the rectangle slit
positioned parallel to the vessel wall. Tissue pO, is measured
in regions void of large vessels within intercapillary spaces
(10 x 10 pm) (33).

Oxygen delivery and extraction

Calculations of oxygen delivery, O, delivery® and extraction,

(0] (6), are made by using equations 1 and 2:

2 extraction
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o, delivery = [(RBC,, v S, %)+ (PBH,, v &#348; %)+
(I = Het) « pO,,] O[1]
O, euiraction = URBCyy vy S, %) + (PBH,,, v &#348;, , %) +

(I = Het) a p0O,, ] Q2]

where RBC,, and PBH,;, are the Hb in RBCs and PBH, v is
the oigygen-carrying capacity of Hb (1.34 ml O,/g,,), S,%
and S% are the arteriolar oxygen saturation for RBC and
PBH, (I — Hct) is the blood fraction of plasma, « is the solu-
bility of oxygen in plasma (3.14 X 10-3 ml O,/dl X mm Hg),
pO,, is the arteriolar partial pressure of oxygen, O is the mi-
crovascular flow relative to baseline, and the subscript A-V
indicates the difference between arterioles and venules.

Visualization of cell death in vivo

Equal volumes of annexin V (Alexafluor 488 conjugate,
catalog no. A-13201; Molecular Probes, Eugene, OR) and
propidium iodide (0.2 mg/ml; Molecular Probes) were
mixed, and 140 pl of the mixture was injected 30 min before
visualization by intravital microscopy (40). Imaging of la-
beled cells was performed at 8 h after the exchange transfu-
sion. Microscopic images were obtained with a low-light
video camera (ORCA 9247; Hamamatsu, Tokyo, Japan) and
recorded at 5 frames per second and1,344 X 1,024 pixels per
frame. Single- and double-labeled cells were counted in the
skin-fold window, and the percentages of cells labeled with
annexin V and/or propidium iodide were calculated at differ-
ent time points. Data are given as the average of fluorescent
cells counted in 40 selected visual fields (210 X 160 pm) of
tissue and endothelial vessel wall. Sebaceous glands and hair
follicles were identified and excluded from the cell counts
because of their consistently high necrosis and apoptosis
rates.

TUNEL tissue viability

The occurrence of apoptosis was assessed with the termi-
nal transferase—mediated dUTP nick end-labeling (TUNEL)
assay (In Situ Cell Death Detection Kit, TMR fluorescein;
Roche Diagnostics, Alameda, CA). All steps were performed
according to the supplier’s instructions. Sections of green-la-
beled cells (excitation wavelength, 450-500 nm; detection,
515-565 nm) were immediately examined with a fluores-
cence microscope (BX51WI; Olympus, New Hyde Park, NY;
objectives, X40, X60 LUMPFL-WIR; numerical aperture,
0.8; Olympus).

Acute isovolemic hemodilution

Progressive hemodilution was accomplished by a single-
step isovolemic exchange. In brief, the volume of the ex-
change transfusion was calculated as a percentage of the
blood volume, estimated as 7% of body weight. PBH was in-
fused into the jugular vein catheter passing through an in-line
0.2-um syringe filter (rate of 100 ul/min). Blood was simulta-
neously withdrawn by a dual-syringe pump (“33” syringe
pump; Harvard Apparatus, Inc., Holliston, MA) at the same
rate from the carotid artery catheter. This slow rate of ex-
change provided a stable cardiac output, heart rate, and MAP
during the procedure.
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Deferoxamine treatment

Deferoxamine (DFO, Desferal) at a dose of 150 pmol/kg,
i.v., was given 5 min before and 10 min after the PBH ex-
change transfusion, and 1 h later, the dose was repeated.

Experimental groups

Animals were randomly divided into two experimental
groups by sorting a set of numbers produced in a random-
ordering scheme. Groups were labeled PBH (n = 10, animal
exchange with PBH without DFO therapy) and PBH-DFO
(n =10, animal exchange with PBH with DFO therapy). Each
study group was divided into two for the analysis of (a) mi-
crohemodynamics/tissue oxygenation (n = 5), and (b) tissue-
viability studies (n =5). This division was used to reduce arti-
facts induced by the phosphorescence quenching technique
used to measure oxygen (11). A group that did not undergo
the hemodilution protocol served as control for this study.

Experimental setup and procedure

The unanesthetized animal was placed in a restraining
tube with a longitudinal slit from which the window chamber
protruded. Animals were given 30 min to adjust to the tube
environment before baseline parameters were measured. The
conscious animal was secured to the microscope stage of a
transillumination intravital microscope (BX51WI; Olympus).
The tissue image was projected onto a charge-coupled device
camera (COHU 4815; San Diego, CA). Measurements were
carried out by using a X40 (LUMPFL-WIR, numerical aper-
ture 0.8, Olympus) water-immersion objective. Detection of
RBC passage was enhanced by increasing contrast between
RBCs and tissue by using a 420-nm bandpass filter.

Fields of observation and vessels were chosen for study at
locations in the tissue where the vessels were in sharp focus.
Detailed mappings were made of the chamber vasculature to
record the vessel location and ensure that the same microves-
sels were studied throughout the experiment. Systemic and
microcirculatory parameters were studied in each animal at
baseline as well as 1, 6, and 8 h after isovolemic hemodilution
with PBH. Microvascular pO, distribution was measured at 1
and 6 h after isovolemic hemodilution with PBH. Tissue via-
bility was assessed 8 h after isovolemic hemodilution with
PBH.

Data analysis

Results are presented as mean =+ standard deviation. Data
within each group were analyzed by using analysis of vari-
ance for repeated measurements (ANOVA, Kruskal-Wallis
test). When appropriate, post hoc analyses were performed
with the Dunn multiple comparison test. Microhemodynamic
measurements were compared with baseline levels obtained
before the experimental procedure. Microhemodynamic data
are presented as absolute values and ratios relative to baseline
values. A ratio of 1.0 signifies no change from baseline,
whereas lower and higher ratios are indicative of changes pro-
portionately lower and higher than baseline (i.e., 1.5 would
mean a 50% increase from the baseline level). The same ves-
sels and functional capillary fields were followed so that di-
rect comparisons with their baseline levels could be per-
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formed, allowing more robust statistics for small sample pop-
ulations. All statistics were calculated by using GraphPad
Prism 4.01 (GraphPad Software, Inc., San Diego, CA).
Changes were considered statistically significant if p < 0.05.

RESULTS

Studies were completed in 24 preparations; four animals
did not undergo the hemodilution protocol and were used to
establish control levels for apoptosis/necrosis. Twenty ani-
mals (55-65 g) were used (exchange transfusion, PBH, n =10
and PBH-DFO, n =10) to characterize microvascular and sys-
temic events at each time point after exchange transfusion (1,
6, and 8 h). Each animal was studied at baseline (BL) and at
the specified time point (1, 6, and 8 h). Oxygen measure-
ments were performed on five of the animals in each group at
1 and 6 h, by using a single dose of porphyrin for each time
point. In animals not used for oxygen measurements, tissue
viability was assessed at 8 h after exchange (tissue viability
subgroup, PBH, n = 5, and PBH-DFO, n = 5). Animals were
placed in their normal environment with available food and
water between observation time points.

Systemic and blood gas parameters

Systemic, blood gas parameters, Hct, and Hb for each
group are presented in Table 2. Heart rate at 1 h after ex-
change transfusion with PBH was not different from baseline
and did not change after 6 and 8 h. MAP was statistically
higher at 1, 6, and 8 h after exchange transfusion. The com-
paratively low p O, and high p,CO, values of these animals
are a consequence of their adaptation to a fossorial environ-
ment. p,CO, remained statistically significantly decreased
from baseline throughout the experimental procedure, al-
though no evidence was found of changes in the breathing
pattern. A statistical increase in pO, was noted 1 and 6 h after
exchange with PBH, but it was not different from baseline at
8 h. Blood pH was not statistically changed. Lactate levels
showed a statistically significant increase after exchange
transfusion, except after 6 and 8 h in the DFO-treated group.

The concentration of HCO, was not determined because
the gas analyzer (Blood Chemistry Analyzer 248; Bayer, Nor-
wood, MA, U.S.A.) used in this study uses pH, pO,, and pCO,
values to calculate BE and HCO,. The Henderson-Hasselbach
equation is then used to calculate HCO, values. However, this
calculation does not take into account pertinent experimental
conditions, particularly the large amount of cell-free Hb,
which acts as a buffer, uncoupling the calculated parameters
from their actual value. In view of this problem, we do not re-
port calculated parameters such as HCO, and BE.

Microhemodynamics

At 1 h after exchange, arteriolar (A) and venular (V) di-
ameters were statistically different from baseline in the
PBH and PBH-DFO groups. Arteriolar diameters did not
fully recover at 6 or 8 h, but venular diameters recovered
after 6 and 8§ h. Combining diameter and flow-velocity data
allowed us to calculate arteriolar and venular flows, as
shown in Fig. 1, indicating that at 1 h after exchange, arte-
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TABLE 2. LABORATORY PARAMETERS BEFORE AND AFTER BLOOD EXCHANGE
After exchange
PBH PBH-DFO
Baseline 1h 6h 8h 1h 6h 8h

Hct (%) 489+ 0.8 18.7 £0.7F 20.1 £0.67 20.7 £ 0.8 19.0 £ 0.8 20.4 £0.7F 20.3 £0.9f
Hb (g/dl)

Whole Blood 14.8 £0.6 11.2 +£0.3F 10.6 + 0.4F 10.1 +0.6F 11.4 +0.3f 10.8 £ 0.3 10.2 £ 0.57

Plasma 6.2+04 4.6+0.38 4..0+£0.48 6.3+0.3 4.6+0.28 4.2+0.4%
Plasma MetHb, % 9+3 6+ 2§ 5+28 T+2 542 4 £28
MAP (mm Hg) 104 + 8 121 + 5% 119 + 7% 120 + 9% 120 + 61 117 + 61 115+ 7%
Heart Rate 419 £+ 30 388 +£35 399 £ 26 405 + 34 397433 409 + 28 401 + 36
paO, (mm Hg) 60+5 72 £ 7% 68 + 57 66+ 8 75 + 6F 72 + 57* 70 £ 71
paCO, (mm Hg) 56 +£6 48 £+ 67 44 + 5t 47 + 6t 47 + 51 44 + 6f 48 £ 71
Arterial pH 7.36 £0.02 7.38+0.03 7.37+0.03 7.38 £0.02 7.37+£0.04 7.38+£0.03 7.37+0.03
Lactate (mmol) 19+03 3.1+0.5% 2.8+0.67 2.7+0.7% 2.9 +0.5% 23+0.6 20+04

Values are means + SD. Baseline included all the animals in the study. No significant differences were detected between the
Baseline values of each group. Hct, systemic hematocrit (normal range 45-52%); Hb, hemoglobin content of blood (normal range
12-16 g/dl); MAP, mean arterial blood pressure (normal range 80-120 mm Hg); paO,, arterial partial O, pressure (50-72 mm
Hg); paCO,, arterial partial CO, pressure (48-62 mm Hg); lactate (normal range 1.5-2.5 mmol). ip <0.05 compared to baseline;
§p < 0.05 compared to 1h within the group; *p < 0.05 compared to time point between groups.

riolar and venular flows were reduced from baseline. Flows
were lower at 6 h after exchange and remained lower at 8 h.
Microcirculation parameters were improved in the group of
animals treated with DFO, but the differences were not sta-
tically significant at any time point (p value in the range
0.12-0.21).

FIG. 1. Relative changes to baseline in arterio- 13
lar and venular hemodynamics at 1, 6, and 8 h
after exchange transfusion with PBH. Black ~o 12

(PBH), untreated with DFO; Gray, (DFO-PBH),
treated with DFO (f, p < 0.05 compared with
baseline). Diameters (um, mean + SD) in each an-
imal group were as follows: Baseline (arterioles
(A): 54.5£5.1,n=100, venules (V): 57.4 £ 6.4,
n=98); 1 h after exchange (PBH, A: 42.6 £ 6.8, n
=50,V:489 + 8.1, n=49; DFO-PBH, A: 43.5 +
5.5, n=>50,V:49.4 £ 6.4, n = 49); 6 h after ex-
change (PBH, A: 45.1 £ 7.2, V: 53.1 + 7.1; DFO-
PBH, A: 46.7 + 7.4, V: 54.2 = 7.9); 8 h after ex-
change (PBH, A: 47.6 £ 7.0, V: 50.6 £ 6.6;
DFO-PBH, A: 47.9 £ 7.2, V: 51.3 £ 6.5). n, Num-
ber of vessels studied. RBC velocities (mm/s,
mean + SD) in each animal group were as follows:
Baseline (A: 4.8 + 1.8, V: 3.2 £0.7); 1 h after ex-
change (PBH, A: 4.2 £ 2.8, V: 2.8 £ 1.2; DFO-
PBH, A: 5.4 £ 2.3, V: 2.7 £ 0.9); 6 h after ex-

-
o

Diameter.
relative to baseline
o -
© o

e 9o
N ©

Flow,
relative to baseline

change (PBH, A: 54 + 2.5, V: 3.1 £ 1.0;
DFO-PBH, A: 5.6 £2.0,V: 3.2+ 0.9); 8 h after ex-
change (PBH, A: 5.3 £ 2.2, V: 3.4 + 1.5; DFO-
PBH, A: 5.2 £ 2.1, V: 3.6 £ 1.2). Flow (nl/s, mean
+ SD) in each animal group were as follows: base-

Functional capillary density

FCD was reduced at 1, 6, and 8 h after exchange transfu-
sion for PBH (1 h: 0.68 + 0.09; 6 h: 0.69 + 0.08; 8 h: 0.71 +
0.09 relative to baseline; p < 0.05) and PBH-DFO (1 h: 0.64 +
0.11; 6 h: 0.73 £0.07; 8 h: 0. 0.81 + 0.08 relative to baseline;
p <0.05). At 8 h after exchange transfusion, PBH FCD was
significantly lower than PBH-DFO (p < 0.05).

[CJPBH
BPBH-DFO

Ven Art

Art Ven Art

Ven
1 hour 6 hours 8 hours
Time after exchange

line (A: 12.2 £3.8, V: 8.7 + 2.6); 1 h after exchange (PBH, A: 5.1 £3.3,V: 49 +£2.5; DFO-PBH, A: 6.9 £3.0,V: 5.1 £2.0); 6 h
after exchange (PBH, A: 8.4 £4.1, V: 3.7 £2.6; DFO-PBH, A: 9.0 £ 3.8, V: 3.4 &+ 2.6); 8 h after exchange (PBH, A: 9.0 +4.0, V:

6.7 +2.8; DFO-PBH, A: 9.3 4.0, V: 7.5+ 2.7).
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Microvascular oxygen distribution

Arteriolar oxygen tensions after exchange transfusion at 1
and 6 h were not significantly different from baseline (Fig. 2).
Venular pO, for PBH was maintained at 1 h after exchange
and decreased at 6 h. Venular pO, for PBH-DFO after 1 and 6
h was significantly lower than baseline. Tissue pO, for PBH
at 1 h after the exchange was significantly higher than base-
line. Tissue pO, for PBH at 6 h and for PBH-DFO at 1 and 6 h
were no different from baseline.

Arteriolar wall gradients were determined from the differ-
ence between intravascular and perivascular po, measure-
ments performed across the vessel walls. This parameter has
been shown to be directly related to the rate of oxygen con-
sumption of the vessel wall (33). The vessel-wall gradient in
arterioles at baseline conditions was 16 + 2 mm Hg (n = 22).
This value decreased 1 h after exchange to 10 + 3 mm Hg (n =
22; p <0.05) for PBH and to 15 £ 3 mm Hg (n=22; p=0.12)
for PBH-DFO, remained reduced at 6 h for PBH to 12 + 3
mm Hg (n =22; p <0.05), and increased for PBH-DFO to 18
+ 2 mm Hg (n =22; p <0.05), respectively.

Cell-free methemoglobin

MetHb in the PBH solution before injection was 2 + 1%, n
= 5. At 1 h after exchange, oxidation cell-free Hb increased
significantly, and metHb was 9 + 3% for PBH and 7 + 2% for
PBH-DFO. Six hours after exchange transfusion, metHb de-
creased to 6 + 2% for PBH and 5 + 2% for PBH-DFO, and
was 5 £ 2% for PBH and 4 + 2% for PBH-DFO at 8 h after the
exchange transfusion.

Tissue oxygen delivery and extraction

Calculations of oxygen delivery showed that the lowest
oxygen delivery and extraction was at 1 h after exchange for
the PBH and remained low after 6 h (Fig. 3). For PBH-DFO,
oxygen delivery was statistically significantly lower than
baseline at 1 and 6 h, and no different from PBH. Oxygen ex-
traction for PBH-DFO was not different from baseline and
significantly higher than PBH at 1 h. Baseline oxygen deliv-
ery and extraction were 7.0 = 1.2 ml O,/dl,, , and 3.2 + 0.8
ml O,/dl,, ;. respectively, with an extraction ratio of 42%,
which matches previous reports for the hamster window
model (6, 34).

BPBH-DFO

Ven
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FIG. 2. Intravascular and tissue partial oxygen
pressure at 1 and 6 h after exchange transfusion.
White, baseline (Control); black (PBH), untreated
with DFO; gray, (DFO-PBH), treated with DFO. (f, p
< 0.05 compared with baseline). Tissue pO, attained
at 1 h after exchange for PBH was statistically greater
than baseline. Intravascular pO, (mm Hg, mean +
SD) values for control (no exchange transfusion,
baseline conditions) were as follows: arterioles: 51.5
+4.3, n=232; venules: 34.7 + 3.4, n = 38; tissue: 22.3
+3.2,n=134).
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FIG. 3. Arterial oxygen delivery and extraction at baseline,
1 and 8 h after exchange transfusion. Black (PBH), un-
treated with DFO; gray, (DFO-PBH), treated with DFO. (}, p <
0.05 compared with baseline). Calculations of global oxygen
transport are not directly measurable in our model; however,
the changes relative to baseline can be calculated by using the
measured parameters. These calculations can be identified as
those presented without standard deviations to focus on their
tendencies rather than on the variability of the measurement.
Extraction ratio 1 h after for PBH was 28% and for DFO-PBH
was 47%; 6 h after the extraction ratio for PBH was 53% and
for DFO-PBH was 58%.



HEMOGLOBIN-BASED BLOOD SUBSTITUTES AND CELL INJURY

381

FIG. 4. In vivo labeled cells with
annexin V and/or propidium io-
dide (PI) in the hamster window
model. Cell membranes were
stained with annexin V, and nuclei
were stained with PI. (A-D) Im-
ages of stained fields 8 h after ex-
change transfusion with PBH. (A)

An equal distribution of apoptotic,
early apoptotic and necrotic tissue.
[Green stain (presented as light
gray) is annexin V, and red (pre-
sented as dark gray) is PI.] (B)
High number of necrotic cells and
ischemic zones as a consequence
of vasoconstriction. (C) Highly
apoptotic area. (D) Apoptotic en-
dothelial cells.

Tissue viability

Annexin V and PI staining for apoptosis and necrosis
were assessed by intravital microscopy (Fig. 4). Annexin V
labels only the cell membrane, whereas PI stains the nu-
cleus. Labeled cells by annexin V or PI at control (non-
hemodiluted) were <2% of the observed cells. The majority
of control labeled cells were necrotic, probably as a conse-
quence of the surgical procedure required for window im-
plantation (Fig. 4). Cells stained only with annexin V (an-
nexin V*; PI-; early apoptotic) and those stained with both
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FIG. 5. (A) Total amount of labeled cells in the hamster window.

annexin V and PI (annexin V*; PI*, apoptotic) were occa-
sionally observed in the control group. PBH at 8 h after ex-
change caused a significant increase in the total of labeled
cells relative to baseline, which were mostly apoptotic (an-
nexin V*; PI*) and early apoptotic (annexin V*; PI-;
necrotic cells). In the PBH-DFO group at 8 h after the ex-
change, the total of labeled cells was increased signifi-
cantly from control, but was significantly lower than with
the PBH group. PBH-DFO produced an almost even distri-
bution of apoptotic, early apoptotic, and necrotic cells (Fig.
5). Ex vivo TUNEL staining on the hamster window tissue
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(B) Distribution of labeled cells. Five hamster windows

were used in each group, 40 fields in each window (reported numbers are for the hamster window). *p <0.05 compared with con-
trol; tp < 0.05. Control group did not undergo exchange transfusion. PBH and PBH-DFO (with iron chelation therapy) were ex-
change transfused 80% of the BV with Oxyglobin (Biopure Corporation, Cambridge, MA, U.S.A.). Cells stained only with an-
nexin V (annexin V*/PI-; early apoptotic) and stained with both annexin V and PI (annexin V*/PI*; apoptotic) were occasionally
observed in the control group (annexin V, 27.8 = 12.3; PI, 37.2 + 19.6). After exchange transfusion with PBH, the total number of
labeled cells increased, for the DFO-treated group (PBH-DFO, annexin V, 128.0 & 26.3; P1, 138.2 + 32.0) and untreated (PBH, an-

nexin'V, 249.5 + 34.1; PI, 155.2 £ 36.7).
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at 8 h confirmed the result obtained in vivo with annexin V
and PI.

DISCUSSION

The principal finding of this study is that exchange trans-
fusion with PBH to maintain oxygen-carrying capacity
causes a significant loss of tissue viability, as shown by the
increase in apoptotic and necrotic cells. The significant num-
ber of dead cells should be the cause of the high tissue oxy-
gen levels because the tissue metabolic rate is reduced. DFO
treatment partially lowered the extent of cell death, suggest-
ing that other factors are involved, such as loss in microvascu-
lar perfusion; thus, cell death should be only partially due to
the toxicity of free iron. Tissue viability appeared to be com-
promised after exchange with PBH, independent of DFO
treatment. These phenomena are probably due to oxidative
stress, which induces cellular responses ranging from tempo-
rary arrest and adaptation to permanent arrest, as shown by
the apoptosis and necrosis found in the present study. DFO
treatment reduced, but did not eliminate, tissue damage. Our
data suggest that PBH may induce some direct or indirect
DNA damage, whereas the possibility remains that intracellu-
lar oxidative stress induces cell-cycle arrest (8).

The 80% exchange transfusion used in this study is an un-
usual intervention that, in practice, may occur only as a con-
sequence of uncontrollable bleeding. It is possible that lesser
levels of exchange may reduce the toxicity; however, no evi-
dence exists for the existence of a mechanism that becomes
inactivated by the high dosage of PBH, causing this to be be-
come toxic only after a specific dosage threshold is reached.
More likely, the toxicity effects are gradual and proportional
to the concentration of PBH in blood. Therefore, these results
suggest that an upper limit may exist to the concentration of
PBH that can be safely tolerated in blood.

The massive exchange of blood with PBH may cause
metabolic disturbances such as metabolic acidosis. However,
pH does not change significantly, and, therefore, the mea-
sured changes in pCO, and lactate may be due to inherent
noise in the data from the large concentration of cell free Hb
in blood.

Double staining (annexin V, PI) provided real-time images
of the apoptotic and necrotic cells. Apoptosis is an ongoing
process, so that cells stained with annexin V should not be
kept for a prolonged time before measurement. Cells that still
maintain membrane integrity for longer incubation times may
become positive for PI, because this dye will slowly enter in-
tact cells. Analysis of cells was performed 10-15 min after
incubation.

Our findings are consistent with the possibility that the
presence of PBH in the circulation causes a significant de-
crease in oxygen consumption, which results in more oxygen
being available in the tissue, leading to higher tissue pO,. The
latter could, in part, be due to the low affinity of PBH, which
favors oxygen unloading, as shown by Page et al. (24). How-
ever, other factors must be present because the total amount
of oxygen delivered and consumed is decreased. The parame-
ter that characterizes oxygen consumption by the microvascu-
lar wall is the oxygen gradient measured across this structure
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(33, 35). If only vessel-wall oxygen metabolism was affected
by molecular Hb, oxygen requirements would be ~70% lower.
However, our results show that tissue oxygen release was re-
duced to 30% of baseline, indicating a reduction of oxygen
consumption by the parenchyma.

Deferoxamine (DFO) has remained the only effective and
safe treatment of iron overload (28), which reduces the organ-
ism’s iron burden and thus iron-related morbidity and mortal-
ity (15). A number of studies have used DFO to examine the
role of transition metals such as free ferric iron (not heme-
bound forms) in the mechanism of oxidative stress. DFO is
able to bind transition metals, reducing and/or inhibiting their
catalytic activity, which lowers the effects due to oxidative
stress. Oxidative stress can be initiated by free iron, and
under such circumstances, DFO is an effective inhibitor;
however, DFO can also directly affect oxidative reactions. For
example, DFO can act as a substrate for peroxidases and a
scavenger of radicals (22). It can also act as an electron donor
(37) and inhibit the enhanced pro-oxidant activity of myoglo-
bin and most likely Hb (27). Hamster models have been used
to study DFO because of the similarities between human and
hamster iron metabolism in terms of plasma stability and
metabolites formed (31).

The present study shows that PBH causes apoptotic cell
death and that a partial reduction of the phenomenon occurs
after the administration of DFO, whose iron-binding capacity
gives it a considerable antioxidant potential to inhibit oxygen
radical formation driven by iron (14). The origin of the
chelatable iron present in our experiments should be entirely
due to Hb released from PBH, an effect magnified when PBH
turns into MetHb, in which heme is more likely to be released
(4, 5, 17). It should be noted that iron released from Hb re-
sults from spontaneous and chemically (hydrogen peroxide)
induced oxidation of Hb, which ultimately results in heme
degradation. PBH has been shown to be more resistant to ox-
idative damage caused by these reactions than are other
HBOCs, and it produces consequently far less heme degrada-
tion products and iron (23).

Even though PBH caused significantly lower levels of tis-
sue oxygen consumption 1 h after exchange, we did not find
any evidence for global tissue hypoxia when compared with
conditions before exchange transfusion. Arterial lactate val-
ues were increased but remained within the physiologic range
for hamsters. The combined analysis of pH and lactate indi-
cates that lactic acidosis may be present because of the de-
crease in perfusion and oxygen delivery resulting from the
exchange with PBH. PBH is a vasoactive material that scav-
enges, and the disruption of the NO balance could also affect
mitochondria respiration, enzymes, and permeability

The decrease in oxygen delivery is not attributable to a
deficit in oxygen-carrying capacity, because the same amount
of Hb in RBCs, in the absence of PBH, provides for normal
tissue oxygen delivery and tissue pO,. Human and bovine
Hbs should have the same intrinsic oxygen-carrying capacity
because they have the same heme concentration; however,
this may be functionally different because of the difference in
p50 between Hbs. Studies by Standl er al. (29, 30) showed
that tissue pO, was increased by using PBH in an extreme he-
modilution protocol when RBCs were substituted with PBH
as an oxygen carrier. These discrepancies can, in part, be ex-
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plained by our findings. The initial introduction of PBH in
the circulation appears to have a direct effect on microvascu-
lar and tissue oxygen metabolism, which is significantly re-
duced. This reduction is notable because, in some instances
(i.e., in our study, and Standl et al. (29, 30), tissue pO, in-
creased even though oxygen delivery decreased due to vaso-
constriction. These effects subside in time. Therefore, analy-
sis of the oxygen-carrying capacity and delivery of HBOCs
with characteristics similar to PBH are dependant, to some
extent, on the time at which the organism is studied.

In conclusion, these findings indicate that exchange transfu-
sion with PBH to maintain blood oxygen-carrying capacity
leads to a significant decrease in oxygen delivery to the micro-
circulation of the hamster window chamber model. Paradoxi-
cally, this effect results in a significant increase in tissue pO,.
Exchange with PBH led to compromised tissue viability evi-
denced by increased apoptosis, coupled with microcirculatory
oxygen imbalance and a significant reduction of tissue oxygen
consumption. These effects could be due to changes in mito-
chondrial oxygen use, oxidative damage and iron saturation. Al-
though decrease in apoptosis and oxygenation imbalance were
lowered by treatment with deferoxamine but not eliminated, our
results indicate that chelation treatment in cases of large ex-
change transfusions with molecular Hb solutions is beneficial.
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