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which is coencapsulated in the vesicles (27, 28). As a
result, the functional half-life of the Hb-vesicles is
doubled by coencapsulation of the DL-homocysteine and
active oxygen scavengers (27, 29). To retard metHb
formation, bioconjugation of enzymes such as catalase or
superoxide dismutase (SOD) (30) and coencapsulation of
RBC enzymes including the metHb reductase system,
carbonic anhydrase, SOD, or catalase (29, 31) have also
been reported.

To restore the O binding property of HbV, we tested
utilization of the photoreduction system: the indirect
excitation of an externally added electron mediator (32),
or the direct excitation of metHb absorption in the UV
region (7). In this study, we have made significant efforts
to find out a condition that facilitates metHb reduction
by a photoreduced flavin mononucleotide (FMN), because
this system was well characterized by Everse (32), and
the advantages of this system are visible light irradiation
and high quantum yield (9, 10). We analyzed the influ-
ence of electron donors to FMN, dissolved gases, etc., to
find the facilitating condition and elucidate the mecha-
nism for the facilitation of the metHb photoreduction in
the HbV nanoparticles, a structure similar to that in red
blood cells (RBCs), and this may also help understand
the underlying mechanism of the reaction of NADPH-
flavin reductase and metHb in RBCs.

EXPERIMENTAL PROCEDURES

Preparation of metHb. Carbonylhemoglobin (HbCO)
was purified from outdated donated blood offered by the
Hokkaido Red Cross Blood Center as previously reported
(33, 34). MetHb was prepared by reacting HbCO with
an excess amount of potassium ferricyanide. The unre-
acted ions and ferrocyanide ions were removed twice by
stirring with a mixed bed ion-exchange resin (Bio Rad
AG 501-X8), and the solution was then permeated
through 0.22 um-filters (Advantec Co.). The metHb
conversion was 99.8% measured by the cyanomethemo-
globin method.

Chemicals. Amino acids (Met, Gln, Arg, Glu, Phe, Lys,
Tyr, and Trp) were purchased from the Kanto Chem. Co
(Tokyo). Peptides (Met-Met and Met-Gly) were from
Sigma, and saccharides (mannitol, maltotriose, dextran,
glucoseamine, glucron amide), methanol, citric acid so-
dium salt, ethylenediamine tetraacetic acid (EDTA), and
diethylenetriamine pentaacetic acid (DTPA) were from
the Kanto Chem. Co. All the chemicals were used without
purification.

Photoreduction of FMN in the Presence of an
Electron Donor. Three milliliters of phosphate-buffered
saline (10 mM PBS, pH 7.4) with an electron donor (e.g.,
amino acids, peptides, sugars, as listed above, 20 mM)
was sealed in a cuvette (2 mm width) with a butyl rubber
cap. The solution was bubbled with N for 30 min. A stock
solution of FMN prepared in the dark was added at a
concentration of 10 uM. The light source was a super
high-pressure mercury lamp (USH-250D, 250W, Ushio
Co., Tokyo) with a cutoff filter (L-42 and HA-50, Hoya
Co., Tokyo) to obtain a single beam with the maximum
wavelength of about 435 nm, which is close to Ay of
FMN (450 nm). The cuvette was located 2.5 cm away
from the light source, and the light intensity was 221
mW/cm? that was measured with a power meter (PSV-
3102, Gentec Co.). The conversion of the reduction, FMN
to FMNH,, was calculated from the reduction of absor-
bance at 450 nm, measured with an UV/vis spectropho-
tometer (V-560, Jasco, Tokyo).

Photoreduction of metHb in the Presence of FMN
and an Electron Donor. Three milliliters of phosphate-
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buffered saline (10 mM PBS, pH 7.4) with an electron
donor and FMN was sealed in a cuvette (2 mm width)
with a butyl rubber cap. The solution was bubbled with
N gas for 30 min. A concentrated metHb stock solution
deaerated by a gentle N; flowing in another bottle (about
3 mM, 10 ul) was injected into the cuvette. This
procedure avoided bubbling of a metHb solution that
might induce foaming and metHb denaturation. The final
concentration of heme was 0.1 mM. The cuvette was
exposed to the same visible light (435 nm) as described
above. The conversion of the metHb reduction was
calculated from the ratio of the Soret band absorption at
405 nm (Amax of metHb) versus 430 nm (deoxyHb) or 415
nm (HbOz).

A laser flash photolysis system (Tokyo Instr. Co.) was
used for the transient spectrum measurement of the
reduction of FMN and the succeeding metHb (7). The
sample solutions were excited at 450 nm with a Pulsed
Nd:YAG laser (SL803G-10, Spectron Laser Systems, Ltd.)
equipped with an optical parametric oscillator. One
irradiation time was 5—8 ns (fwhm) and the interval was
100 ms. A total of 100 accumulations were collected to
get an acceptable signal-to-noise ratio. The transient
spectra were recorded between 350 and 550 nm using a
spectrophotometer (MS257, Oliel Instr. Co.) equipped
with an ICCD detector (DH520—18F—~WR, ANDOR
Technol. Co.). A sample solution was placed in a 10 mm
quartz cuvette and purged with Nz, The fastest time point
of the measurements was 30 ns. A solution of FMN
(100 uM)/Met (20 mM) in a 10 mM phosphate-buffered
saline (pH 7.4), and a solution of FMN (5 uM)/Met
(20 mM)/metHb (fheme] = 10 uM) in the phosphate-
buffered saline were tested.

Quantum Yield Measurement. The ferroioxalate
actinometer of K3[Fe(C204)3]-3H;0 was used to measure
the quantum yield (P} of metHb photoreduction (7, 35,
36). In the actinometer, ® of the photoreduction of Fe3*
to Fe?* was assumed to be 1.11 {35), and this value was
used to calculate the total photons absorbed by the
sample solution and ® of the metHb photoreductions.

Isoelectric Focusing (IEF) and Native Polyacryl-
aminde Gel Electrophoresis (Native-PAGE). IEF
and native-PAGE were performed on PhastGel IEF 3—9
(pH 3—-9) and PhastGel Gradient 8—25 (PAGE content,
8—25%) (Amersham Pharmacia Biotech), respectively,
with the PhastSystem (Pharmacia). The photoreduced
Hbs in N and air in the presence of FMN/EDTA was
compared with metHb and the purified HbOs.

IEF. Forty microliters of sample (1 mg/mL) per one
lane was applied on the gel. This was focused and then
stained with PhastGel Blue R (Coomassie brilliant blue)
in the development unit of the PhastSystem. The marker
was the p/ calibration kit 3—10 (Pharmacia).

Native-PAGE. The samples were applied on the gel and
the electrophoresis was automatically performed. The gel
was stained with PhastGel Blue R. The marker was
HMW Kit E (Parmacia).

Restoration of Oxygen Binding Property. The
photoreduced deoxyHb solution (fheme] = 20 mM,
[FMN] = 5 uM, [EDTA] = 10 mM) in an Ar atmosphere
was bubbled with oxygen, and the UV/vis spectroscopy
was measured. The photoreduced Hb solution was per-
meated through a column of Sephadex G-25 (Pharmacia)
to remove FMN, the oxygen equilibrium curve of the
obtained Hb solution was obtained at 37 °C with a Hemox
Analyzer (TCS Products Inc)), and the oxygen affinity
(Pso) and Hill number were measured. The Hb samples
were diluted in a Hemox phosphate buffer (TCS Products
Inc).
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Preparation of Hb-Vesicles Coencapsulating FMN
and EDTA, and the Photoreduction of metHb. HbVs
were prepared as previously reported (24, 34, 37). The
purified HbO; solution (35 g/dL, [heme] = 21.7 mM)
contained FMN (5, 10, or 50 mM) and EDTA (10, 20, 30,
50, or 200 mM), this was mixed with the lipid mixtures,
and the resulting multilamellar vesicles were extruded
through filters to regulate the vesicular size. The lipid
bilayer was composed of a mixture of 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), cholesterol, and
1,5-O-dihexadecyl- M-succinyl-L-glutamate (DHSG) at the
molar ratio of 5/5/1 (Nippon Fine Chem. Co., Osaka), and
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine- V-
PEGsoe (PEG-DSPE, NOF Co., Tokyo) (38). Thus the
vesicular surface was covered with PEG chains. The
molar composition of the DPPC/cholestero/DHSG/PEG-
DSPE was 5/5/1/0.033. HbVs were suspended in a physi-
ologic salt solution at [Hb] = 10 g/dL. The suspension
was incubated in the dark at 40 °C for 48 h to facilitate
the metHb formation and to prepare metHbV. The
concentrations of FMN, EDTA, and heme of Hb in HbV,
expressed as [FMNly, [EDTA}y, and [hemely,, respec-
tively, are assumed to be identical to the fed concentra-
tions for the HbV preparation.

Photoreduction of metHbV was performed in the same
manner with a metHb solution in a relatively diluted
condition ([heme] = 10 yM) in a 2 mm quartz cuvette.
At a higher concentration ([heme] = 5 mM) under aerobic
condition, the suspension of metHbV was sandwiched
between two glass plates. The optical path length was
10 ym.

Measurement of H,0; in the metHb Photoreduc-
tion. The reaction of p-hydroxyphenyl acetic acid (PHA)
and Hz0; to generate a fluorescent dimer, 6,6"-dihydroxy
(1,1"-biphenyl)-3,3-diacetic acid (DBDA), was used to
detect H;O; generated during the metHb photoreduction
in the metHbV and metHb solutions. During the pho-
toreduction of metHb or metHbV (fheme] = 20 uM in a
cuvette) in the presence of FMN (5 uM)EDTA (50 xM),
1 mL of sample was pipetted out and immediately mixed
with horseradish peroxidase (Sigma, 3.7 uM), and PHA
(5.8 mM). The mixture was ultracentrifuged in a tube
with a filter (Cut off Mw. 30 kDa, Ultrafree, Amicon) at
12 000 rpm for 20 min to remove Hb or HbV and to obtain
the filtrate solution. The fluorescence of the filtrate was
measured with a fluorometer (JASCO, Ex: 317 nm, Em;
404 nm). The calibration curve was obtained by analysis
of a diluted standard H,0; solution (Kanto Chem., Co).

RESULTS

Photoreduction of FMN with an Electron Donor.
Figure 1 shows the time course of the conversion of FMN
to FMNH, by irradiation of visible light (435 nm). FMN
primarily converts to the photoexcited triplet FMN* and
this reacts with two electron donors (D) to generate
FMNH;. The reduction can be confirmed by the decrease
in the absorption of the characteristics peaks at 370 and
450 nm, Without an addition of an electron donor,
photoreduction gradually proceeds {(baseline, initial re-
duction rate = 12 uM/min) (Table 1). A ribityl group in a
FMN molecule of itself can be an electron donor. How-
ever, further irradiation should induce decomposition
that was evident from the phenomena that the spectro-
scopic curves did not coincide at the isosbestic point. A
significantly fast reduction was observed by the addition
of EDTA and DTPA that were 88 and 84 times faster
than the condition without the addition of an electron
donor. Among the amino acids, Met showed the fastest
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Figure 1. (A) Time course of the spectral changes during the
conversion of FMN to FMNHj in the presence of EDTA (20 mM)
by visible light irradiation (435 nm). The characteristic two
peaks disappeared with the photoreduction conversion. (B) Time
course of the conversion of FMN to FMNH; with various electron
donors. EDTA and Met showed fast photoreduction rate. On
the other hand, Met-Met and Met-Glu retarded the reaction.
[FMN] = 100 M, [electron donor] = 20 mM, pH = 7.4, in N,
atmosphere.

Table 1. Initial Rates of the Photoreduction of FMN to
FMNH: with Various Electron Donors (10 mM)

initial
reduction comparison
rate with
electron donor mw (uM/min) baseline

EDTA 292 1056 88
DTPA 393 1008 84
Met 149 140 11.7
Met-Met (10 mM) . 280 5 0.2
Met-Met (20 mM) 280 10 0.8
Met-Glu 278 7 0.6
Arg 174 124 10.3
Phe 165 118 9.8
Lys 146 104 8.7
Gln 146 58 4.8
Glu 147 46 38
mannitol 182 45 3.8
maltotricse (10 unit mM) 504 47 39
dextran (10 unit mM) 5 x 108 45 3.6
glucoseamine 216 100 8.3
glucron amide 193 72 6.0
methanol 32 42 35
citric acid sodium salt 294 40 33
hydrogen 2 82 6.8
none (paseline) --- 12 1.0

reduction rate (140 uM/min, 12 times faster than the
baseline), while Arg, Phe, Lys, Glu, and Gln showed
moderate facilitation. On the other hand, Tyr and Trp
showed slower rates of photoreduction. Unexpectedly,
Met-Met and Met-Glu lowered the reduction rate. As for
the saccharides, mannitol, maltotriose, dextran, glu-
cosamine, and glucron amide showed similar facilitation
at the same glucose units. However, they are much
slower than Met and EDTA. The presence of H; gas
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Figure 2. Influence of the concentrations of FMN and EDTA on the rate of metHb reduction. The time course of the level of
photoreduction and the initial reaction rates are summarized. (A, B): Influence of the FMN concentration at a constant [EDTA]
(20 mM). [FMN] was at 0.1, 1.0, 2.0, or 10 mM. (C, D): Influence of [EDTA] at the constant [FMN] (1.0 mM). [EDTA] was at 0.78,
1.6, 5.0, 10, or 40 mM. The data for the Met addition were inserted as a reference. [heme] = 3.1 mM.

slightly facilitated the reduction. Citric acid and metha-
nol showed a slight facilitation. From these results,
EDTA and Met were mainly studied as electron donors.

Reduction of metHb by the Photoreduced FM-
NH;. The reduction of metHb by the photoreduced
FMNH; was evident from the spectroscopic change of Amax
in the Soret and Q-bands. The influence of the concentra-
tion of FMN was examined at constant concentrations
of metHb (5 g/dL., [heme] = 3.1 mM) and EDTA (20 mM)
(Figure 2A). The presence of 100 uM FMN showed 50%
reduction of metHb at 20 min; however, 1 mM FMN
completed the reduction at 15 min. The influence of the
EDTA concentration was examined at constant concen-
trations of metHb ([heme] = 3.1 mM) and FMN (1.0 mM)
(Figure 2B). Without EDTA, the metHb photoreduction
proceeded since a ribityl group of FMN and probably
globin of Hb can be an electron donor. When the EDTA
concentration was less than that of the heme concentra-
tion, the reduction rate was very slow, and the reduction
could not be completed. However, 5 mM EDTA and
higher showed a faster rate and the reduction was
completed within 15 min. Similar results were obtained
with Met; however, the initial rates were much slower
than with EDTA.

The transient spectrum of the photoreduction of FMN
in the presence of Met after laser flash irradiation showed
the reduction of the absorbances at 445 and 373 nm at
30 ns, and the spectral profile was the same at 5 ms (data
not shown here). Therefore, the photoreduction of FMN
to FMINH; was completed within 30 ns. In the presence
of metHb, a total of 30 ns was enough to observe the
reduced deoxyHb (Amax = 430 nm) and the spectrum was
the same for 5 ms.

The influence of the presence of O; was examined
(Figure 3). The metHb photoreduction in the presence of
EDTA and FMN in the N; atmosphere completed the
reduction within 15 min. The metHb photoreduction
under the aerobic conditions became slightly slower, and
the level of reduction reached 95% and then showed a
plateau. In the case of the addition of Met, the reduction
was completed within 40 min in the Nz atmosphere that
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Figure 3. The influence of the presence of O; on the rate of
photoreduction of metHb ([heme] = 3.1 mM) with FMN (1.0 mM)
and an electron donor (20 mM) at pH 7.4. The data for Met
addition (1.0 mM) were also inserted as a reference. The
presence of O; retarded the metHb photoreduction.

was much slower in comparison with the EDTA addition.
Under the aerobic condition, the reduction in the pres-
ence of Met was significantly slow and did not reach 80%
at 60 min.

Native-PAGE of the photoreduced Hb both in the N,
and aerobic atmospheres showed identical bands with the
normal oxyHb and meHb (Figure 4A). Even though the
Mw of Hb is 64.5 kDa, it showed a higher relative Mw
than albumin (67 kDa) as one of the markers in the
Native-PAGE in the absence of sodium dodecyl sulfate,
SDS, because the surface charge of the protein directly
affect on the traveling distance during the electrophore-
sis. IEF of the photoreduced Hbs showed the presence of
HbO; at p/ = 7.0 as a dense band and a weak band at
pl/=17.2 of a partially reduced Hb (Figure 4B). There was
no band at 7.4 that corresponds to metHb.

The oxygen dissociation curve of the photoreduced Hb
was identical with that of the normal HbO, (Data not
shown here). The Psy and Hill number of the photore-
duced Hb were 10.5 Torr and 1.8, respectively, and they
were almost identical with the normal HbO; (11 Torr and
1.7, respectively).
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Figure 4. Native-PAGE (A) and IEF (B) of the photoreduced
Hb in the presence of EDTA and FMN both in N and aerobic
atmospheres: (a) photoreduced Hb in Np, (b) photoreduced Hb
in air, (c) oxyHb, {d) metHb. In A, there was no change in the
molecular weight of the Hb subunits. Since Native-PAGE does
not include sodium dodecyl sulfate, the surface property of the
protein directly affect on the traveling distance during electro-
phoresis. Therefore, Mw of Hb (Mw = 64.5 kDa) seemed much
larger than albumin marker (Mw = 67 kDa). In B, the band at
7.4, which corresponded to metHb, almost disappeared in lanes
a and b. No other bands were observed.
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Figure 5. Influence of the concentrations of FMN and EDTA
inside HbV on the initial rate of metHb reduction. (A) Influence
of [FMN]i, at the constant [EDTA]y, = 20 mM. (B) Influence of
IEDTA]in at the constant [FMN];, = 5 mM. [heme] = 10 uM in
the cuvette, [hemelin = 21.7 mM. When [EDTA];, was higher
than [hemel]i,, the initial rate of metHb reduction was plateau.

Reduction of metHb in Hb-Vesicles. At first a
diluted metHbV suspension ((heme] = 10 4uM in a cuvette;
[hemeli, = 21.7 mM) was tested for photoreduction to
analyze the kinetics. The initial rate of metHb reduction
increased with increasing [FMN];, at a constant [EDTA];,
(20 mM); however, the initial rate at [FMN];, = 10 mM
was lower than twice that at [FMN};, = 5 mM (Figure
5A). At a constant [FMN]i, (6 mM), increasing the
[EDTA];, significantly facilitated the metHb photoreduc-
tion, however, the photoreduction rate did not increase
above 20 mM (Figure 5B). This critical concentration is
almost identical to [hemel;, (21.7 mM). From these
results, the rate-determining step of this system should
be the electron transfer from an electron donor to the
photoexcited FMN.
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Figure 6. UV-visible spectra of HbV before irradiation
(metHb), after photoreduction (deoxyHb), and its oxygenated
form (HbOy). [EDTA};, = 50 mM, [FMN];, = 5 mM, [heme];, =
21.7 mM. These spectra indicate the successful restoration of
Oz-binding property of HbV.

The absorption spectra of the metHbV and the pho-
toreduced HbV (Amax = 430 nm) are shown in Figure 6.
Due to the light scattering effect of the HbV particles,
the turbidity was higher at a lower wavelength (39).
Bubbling with an O, gas in a photoreduced HbV sclution
reversibly converted deoxyHb to HbO; with a character-
istic shift of Ayax from 430 to 415 nm, indicating that the
oxygen binding ability was successfully restored.

The concentration of [heme] in an HbV suspension for
the intravenous infusion should be estimated to about
3—6 mM, which is significantly higher in comparison
with 10 #uM in a cuvette for the absorption spectral
analysis. To test the photoreduction at a practical Hb
concentration, a metHbV suspension ([heme] = 5.0 mM)
was sandwiched between two glass plates and irradiated
with visible light. The photoreduction proceeded quite
promptly (Figure 7). Due to the thin liquid layer (ca. 10
um in thickness), the effect of light scattering seen in
Figure 6 is minimized. At the constant [FMN];, (5 mM)
condition, the [EDTA};, of 10 and 20 mM were not enough
to complete the reduction. At [EDTA];, = 50 mM, the
photoreduction was significantly fast and the reaction
was completed within 20 s with the characteristic Amax
of deoxyHb (430 nm). At [FMNly, = 100 mM and
[EDTA]i, = 20 mM, the initial reduction rate was the
fastest; however, the reduction was not completed which
was evident from the fact that the absorption at 430 nm
in the Soret band was not high enough. The value of
[EDTAl]y, should at least be higher than [heme]s,
(21.7 mM).

Quantum Yield of the Photoreduction Reactions.
Table 2 summarizes the quantum yield, ®, of various
photoreduction conditions. The combination of metHb/
FMN/EDTA showed the highest value (0.17) in an Ar
atmosphere at [heme] = 0.1 mM. This was about 28 times
higher than that for the photoreduction by the direct
excitation of the N-band irradiating by near UV light (365
nm, ® == 0.003-0.006) (7), and 4 times higher than the
condition without an electron donor (0.04). In the case of
HbV that coencapsulates FMN and EDTA, the concen-
trations of the components in the cuvette were much
smaller, however, the concentrations in the nanoparticles
(HbV) are much higher and the ® for HbV was also very
high (0.09—-0.11). Probably due to the light scattering
effect of HbV, @ for HbV is slightly lower than that for
the homogeneous Hb solution, but significantly higher
than that for the N-band excitation (0.003-0.006).

Measurement of H;0; in the metHb Photoreduc-
tion. Visible light irradiation to metHb({heme] = 20 uM)/
FMN(G uM)/EDTA(BO M) under aerobic conditions



1042 Bioconjugate Chem., Vol. 15, No. 5, 2004

Sakai et al.

Time (sec) (A)
0
¢ 60
180

300 IFMNf;, 5mM

600 [EDTA}L, 10 mM

Time (sec) (B)

0
10
20
30
o [FMN],, 5mM
[EDTA],, 20 mM

Absorbance (a.u.)

Time (sec) ©

0

10

20
[FMN], 5mM
[EDTA],, 50 mM

Time (sec) (D)
0
10
30

60 [FMN], 100 mM

[EDTA], 20 mM

1 )

Wavelength (nm)

L
400 500 600 700

| I o
500 600 700
Wavelength (nm)

!
400
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Table 2. Quantum Yield (®) of Photoreduction of metHb and metHbV

heme (mM) FMN (mM) electron donor (mM) condition Aex (nm) 0]
metHb 0.1 0.01 EDTA (20) in Ar 435 0.17
0.1 0.01 Met (20) in Ar 435 0.11
0.1 0.01 no addition in Ar 435 0.04
metHbV 0.01 (21.7)2 2.3 x 1073(5)2 EDTA (9.2 x 1073) (20)2 in Ar 435 0.09
0.01 (21.7) 46 x 1073 (100)2 EDTA (9.2 x 1079 (20)2 in Ar 435 0.11
metHb 0.01 - Trp (1.0) in Ar 365 0.006%
0.01 - mannitol (100) in CO 365 0.006%
0.01 - no addition in CO 365 0.003%

a Concentrations of the components inside HbV; [heme}in, [FMN]in, [EDTA]in. ¢ Data from ref 7.

produced H>O, and the fluorescent intensity of DBDA
(Aew = 404 nm) significantly increased (Figure 8a). The
amount of HyO; reached 40 uM at 120 s (Figure 8b).
Irradiation to FMN alone produced 100 4uM H;0; for 120
s without any formation of FMNH,;. We confirmed that
the irradiation to metHb alone did not produce H,O,
(data not shown here). The level of metHb photoreduction
was less than 20% at 120 s (Figure 8c). A significant
suppression of H>0; generation was confirmed for the
irradiation to metHbV and the H;O; generation de-
creased to less than 20 uM, and the level of metHb
photoreduction reached 50% at 120 s. A further increase
in the level of photoreduction to 80% was confirmed when
the partial oxygen pressure in the cuvette was regulated
to 40 Torr; however, the amount of H;O; could not be
significantly reduced.

DISCUSSION

We found for the first time that the coencapsulation
of concentrated Hb solution and the FMN/EDTA system
in phospholipid vesicles (HbV) significantly facilitated the
reduction of metHb by visible light irradiation (435 nm).
This was evident from the P of the reaction, i.e., 0.17 for
the Hb solution and 0.10 for the HbV suspension. The
lowered @ for HbV in comparison with that for a Hb
solution is probably due to the light scattering of the
illuminated visible light due to the particle of HbV
(diameter, 250 nm) (39). However, they are much higher
than that for the metHb photoreduction via direct pho-
toexcitation of the N-band of the porphyrin ring in the

UVA region (® = 0.006) (7). Even though the concentra-
tions of the components in the cuvette were much lower
for HbV than for the homogeneous Hb solution as shown
in Table 2, the concentrations inside HbV were signifi-
cantly higher and this condition facilitated the desired
reactions (photoreduction of FMN and metHb) and sup-
pressed the unwanted side reactions (generation of active
oxygen species).

The reaction mechanism is that the photoexcited triplet
FMN* rapidly receives an electron from the donor
molecule, EDTA, to transform to the semiquinone fol-
lowed by disproportionation to the two electron reduced
form, FMNH;. They are effective reducing agent to offer
an electron to metHb. According to Yubisui et al., FMNH;
reduces metHb with the rate constant of 5.5 x 108 M~!
s71 (22), which is significantly faster than do glutathione
(rate constant = 2.5 x 1073 M~! s71) (27) and ascorbic
acid (3.0 x 1073 M~! s71) (22). The transient spectrum of
the reduction of metHb by the photoreduced form of FMN
demonstrated the completion of the reaction at 30 ns. Our
result may be plausible because it is reported that a
flavocytochrome showed complete photoreduction within
100 ns (/4), measured by a laser flash-induced transient
absorption difference spectra. The externally added FMN
should more freely access to the protoporphyrin IX (heme)
in the Hb molecule and would show a faster electron
transfer. It is reported that the direct chemical conjuga-
tion of flavin to the propionic acid residue of heme
significantly facilitates the electron transfer from flavin
to heme in a reconstituted myoglobin (40, 41). Therefore,
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Figure 8. Detection of H;Oz using the fluorescence of DBDA
during the photoreduction of Hb and HbV in the presence of
FMN and EDTA. (A) An example of the fluorescence spectros-
copy of the DBDA. The fluorescence intensity {(lem = 404 nm)
increased with time during the photoreduction of metHb solu-
tion under aerobic conditions (pOz= 150 Torr). (B) Time course
of the generation of Hz20z during the photoreduction of Hb and
HbV under aerobic conditions (pOz= 150 Torr), and HbV at
pO:z = 40 Torr. Irradiation to FMN alone was also tested as a
reference (top curve) that produced 100 4M HzO; for 120 s.
Liberation of HzO; from HbV was significantly suppressed in
comparison with Hb solution. (C) The levels of metHb photore-
duction during the measurement of Hz0; generation. The
concentrations of heme (20 #M), FMN (5 uM), and EDTA
(50 M) in the cuvette were identical between the metHb
solution and HbV suspension. For HbV, [heme];, = 21.6 mM,
[FMN]in = 5 mM, and [EDTA]i, = 50 mM.

two propionic acid groups of a heme that directly face
the outer aqueous phase of an Hb molecule should
contribute to the electron transfer from the externally
added FMN to the heme.

The side reaction of FMNHj; is the reaction with O, to
generate singlet O ('O3) or H20; (11, 42), due to the low
redox potential of reduced flavin (E, = —209 mV).
However, according to the quantitative measurement of
H>0;, photoreduction of metHbV significantly reduced
the side reaction in comparison with the metHb solution.
This effect is due to the highly concentrated condition
inside metHbV: the photoexcited FMN™* readily reacts
with EDTA to generate FMNHg, and it also readily reacts
with concentrated metHb inside the HbV nanoparticle.
However, for the complete removal of H;O3 further
coencapsulation of catalase would be effective (29) in the
presence of O,. Of course, in the absence of O, only the
metHb reduction proceeds.

We tried to find other optimal electron donors instead
of EDTA, because it has been reported that the oxidized
and decomposed EDTA elements contain acetaldehyde

Bioconjugate Chem., Vol. 15, No. 5, 2004 1043

that might react with the lysine residues on a protein
molecule (10), and EDTA is a strong chelator of Ca?" as
an anticoagulant and may require caution when using a
large dosage. We confirmed that Met was effective
secondary to EDTA, as reported by other researchers
(9, 32). Arg was also effective, but it was not stable
against oxidation during incubation under aerobic condi-
tions at 37 °C for 3 days. Met was stable against
oxidation. However, the small amino acid, Met (Mw =
149), gradually leaks out from the HbV across the
phospholipid bilayer membrane (data not shown). To
minimize the leakage of an electron donor, larger mol-
ecules, Met-Met and Met-Glu, were tested. Unexpectedly,
they did not show any contribution as an electron donor
and retarded the reduction of FMN. The ribityl phosphate
group in the FMN molecule can be an electron donor,
because the photoreduction of FMN proceeds without the
addition of an electron donor. The retardation by the
peptides should be probably due to some interaction of
these peptides with the ribityl phosphate group that may
hinder the electron transfer to the isoalloxazine ring.
Other amino acids such as Phe and Lys, and saccharides
such as mannitol or maltotoriose, are effective as an
electron donor; however, their reduction rates of FMN
were much lower in comparison with EDTA. Interest-
ingly, methanol and gaseous H; also showed facilitation.
DTPA, a structure similar to EDTA, showed an effective-
ness comparable with EDTA. EDTA is a well-known
electron donor, and its larger size (Mw = 292) and four
negative charges prevent leakage from the vesicles. We
could not find a more effective electron donor in our
study, but confirmed that IEF and native-PAGE did not
demonstrate any change in the chemical modification of
the photoreduced Hb in the presence of EDTA/FMN, and
the O, binding property was successfully restored. There-
fore, we tested coencapsulation of FMN/EDTA in HbV
for the other studies.

When HbV is intravenously infused for the substitution
of blood, the concentrations of Hb and the heme of HbV
in plasma should reach 5 g/dL. and 3.1 mM, respectively,
or higher (43). These are much higher than the experi-
mental conditions in Figures 1—4, and it is impossible
to test such a highly concentrated solution in a cuvette
because of the strong light scattering by the particles and
absorption by Hbs. We thus tested sandwiching the
solution with two glass plates, thus making a thin liquid
layer between the glass plates. The thickness of the liquid
membrane is approximately 10 um, about twice the
capillary diameter in in vivo peripheral tissues. Irradia-
tion of visible light onto the liquid membrane of HbV
coencapsulating FMN and EDTA showed significantly
fast rates for the metHb photoreduction. Especially, the
coencapsulation of FMN (5 mM) and EDTA (50 mM)
completed the metHb photoreduction within only 20 s.
This significantly fast photoreduction system would be
applicable to the transcutaneous irradiation of visible
light to the body for the rejuvenation of HbV when the
metHb content increased after the infusion of HbV.

In our study we established an efficient photoreduction
system in a nanoparticle as shown in Figure 9. The
illuminated visible light excites FMN to convert it to
FMN*, and this reacts with an electron donor and
transforms to FMINHj, that subsequently reduces ferric
metHb to its ferrous form. The reduced Hb can then
reversibly bind O,. Irrespective of the blood substitutes,
one advantage of coencapsulation in a nanoparticle is
that the concentrations of the components in the vesicles
(nancenvironment) are very high. Accordingly, the de-
sired reactions are significantly accelerated and the
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Figure 9. MetHb photoreduction system in a nanoparticle
(HbV) using FMN and an electron donor (D), and recovery of
the Oz-binding property.

unwanted side reaction is minimized in comparison with
the homogeneous solution. To completely eliminate the
side reaction of FMNH; and O3, photoreduction under
anaerobic conditions or coencapsulation of a radical
scavenger, such as catalase, would be effective (29, 30).
RBC contains NADPH-flavin reductase to reduce metHb
{(21), and the reduced form of flavin is susceptible to react
with O; as a side reaction. However, our results imply
that the highly concentrated condition in RBCs and well-
organized radical scavenging system should contribute
to the effective metHb reduction in RBCs.
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Hemorrhagic Shock Resuscitation With an Artificial Oxygen
Carrier, Hemoglobin Vesicle, Maintains Intestinal Perfusion
and Suppresses the Increase in Plasma Tumor Necrosis
Factor-«
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It is known that damage to the intestinal mucosa followed by
systemic inflammatory response is one of the leading causes
of shock related morbidity and mortality. In this study, we
examined the ability of an artificial oxygen carrier hemoglo-
bin vesicle (HbV) to sustain systemic and intestinal perfusion
during hemorrhagic shock. In rabbits, hemorrhagic shock
(40% of the estimated blood volume) was resuscitated with
5% albumin (alb group), HbV suspended in 5% albumin
(HbValb group), or washed red blood cells suspended in 5%
albumin (RBCalb group). Plasma tumor necrosis factor
(TNF)-a level was measured in rats under the same experi-
mental protocol. No significant intergroup differences were
seen in systemic hemodynamics. In contrast, parameters of
intestinal perfusion significantly deteriorated in the alb group
but were equally well sustained in the HbValb and RBCalb
groups. Also, a significant increase in plasma TNF-a level was
seen in the alb group but not in the RBCalb or HbValb groups.
These results indicate the proficient oxygen transporting ca-
pability of HbV and its potential efficacy in shock
resuscitation. ASAIO Journal 2004; 50:458-463.

B lood replacement is the basic therapeutic modality when a
considerable amount of blood is lost because of trauma or
major surgery. Despite the recent progress in transfusion med-
icine, enormous investments are still necessary to establish and
sustain the systems from blood donation to transfusion. Do-
nated blood inspections to avoid the side effects of homolo-
gous blood transfusion, such as transfusion associated infec-
tious disease, alloimmunization, and graft versus host diseases
are still essential.’2 To overcome these problems associated
with transfusion, development of artificial blood substitutes is
important. To this end, we have developed several types of
artificial oxygen carriers and have evaluated the efficacy of
these compounds in various animal models.! Among these
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compounds, hemoglobin vesicle (HbV), a form of liposome
encapsulated hemoglobin, is rapidly approaching clinical tri-
als. The cellular structure of HbV, similar to red blood cells,
shields all of the physiologic effects of acellular Hb solu-
tions.?-5 We have studied the oxygen transporting capabilities
of MbV, using several exchange transfusion and hemorrhagic
shock models.6-10 In these studies, we have shown that HbV
effectively restores the systemic circulation in hemorrhagic
shock.

It is known that gastrointestinal perfusion is compromised at
a relatively early stage in hypovolemic shock to sustain the
systemic circulation to other vital organs.'' This, however,
causes damage to the intestinal mucosa followed by systemic
inflammatory response syndrome (SIRS) or sepsis, which is one
of the leading causes of shock related morbidity and mortali-
ty.12.13 In the present study, we examine the ability of HbV to
sustain not only systemic but also intestinal perfusion to further
evaluate the efficacy of HbV in hemorrhagic shock.

Materials and Methods
Animal Care

The experimental protocol was fully approved by the Lab-
oratory Animal Care and Use Committee of Keio University,
School of Medicine. It also complies with Guidelines for the
Care and Use of Laboratory Animals of Keio University, School
of Medicine. All rabbits and rats were housed in groups of two
in standard cages and were provided with food and water in a
temperature controlled room on a 12 hour dark/light cycle.

Preparation of Hemoglobin Vesicle Suspended in 5%
Albumin

HbV suspension was prepared in a similar manner as pre-
viously reported in the literature.'* 15 In brief, a purified and
concentrated human hemoglobin solution (40 g/dl) was ob-
tained from outdated red blood cells.’6 Added to this purified
hemoglobin solution were pyridoxal 5'-phosphate (18 mM,
Merck Co., Frankfurter, Germany) as an allosteric effector and
homocysteine (Aldrich Co., Milwaukee, WI) as a reductant of
methemoglobin. The lipid bilayer of HbV was composed of
Presome PPG-I (Nippon Fine Chem. Co. Osaka, )apan)
containing 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine,
(DPPC), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-phos-



HEMOGLOBIN VESICLE IN SHOCK RESUSCITATION 459

Table 1. Physicochemical Properties of PEG Modified HbV
Suspended in Human Serum Albumin

Hb (g/dl) 10
Lipid (g/d}) 6.2
Hb/lipid (g/g) 1.61
Diameter (nm) 251 = 87
Pj, (torr) 32
Hill number 2.2
Viscosity (cP at 358 s7%) 3.7
HbCO (%) 2
MetHb (%) 3
PEG,.

phatidylglycerol (DPPG), which were purchased from Nippon
Fine Chem. Co. (Osaka, Japan), and a-tocopherol was added
to these at the composition so that the molar ratios for DPPC:
cholesterol:DPPG: o-tocopherol became 5:5:1:0.1. The sur-
face of the HbV was modified with poly(ethylene glycol) (Mw:
5 kDa, 0.3 mol% of the lipids in the outer surface of vesicles)
using 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-
N-poly(ethylene glycol) (Sunbright DSPE-50H, H-form, NOF
Co., Tokyo, Japan). HbVs were suspended in 5% human serum
albumin (alb) containing 160 mEg/L sodium and 107 mEg/L
chloride (Albumin 5%-cutter, Bayer) and filtered through ster-
ilizable filters (Dismic, Toyo Roshi Co., Tokyo, Japan, pore
size: 0.45 micrometer). The whole procedure was performed
at temperatures below 10°C in a sterile environment.

The properties of HbV suspended in alb (HbValb) are sum-
marized in Table 1. The amount of oxygen release was calcu-
lated to be 6.2/100 ml. This is close to 7.0/100 ml of human
blood (hemoglobin concentration 15 g/dl) because of, theoret-
ically, the increased oxygen transporting efficiency (the differ-
ence in oxygen saturation between 40 and 110 mm Hg PO,) of
HbV compared with human red blood cells (37% to 28%,
respectively).

Preparation of Washed Rabbit (Rat) Red Blood Cells
Suspended in 5% Albumin

Blood samples were withdrawn from rabbits/rats into hepa-
rinized syringes and centrifuged to obtain a red blood cell
concentrate. This was washed twice to remove plasma com-
ponents and buffy coat by resuspension in 5% human serum
albumin and centrifugation (4,300 rpm, 10 min). The hemo-
globin concentration was adjusted to 10 g/dl, equivalent to
that of HbValb.

Hemorrhagic Shock Resuscitation

Animal preparation was performed as follows (Figure 1).
Male Japanese white rabbits (3.0 = 0.4 kg) were anesthetized
with intramuscular injection of ketamine hydrochloride (50
mg/kg) and intravenous injection of pentobarbital sodium (20
mg/kg) through the marginal ear vein. The body temperatures
of the animals were maintained between 36 and 37°C by a
heating lamp during the experiment.

Tracheostomy tubes were placed to secure the airway. The
animals breathed spontaneously during the experiment. A
polyethylene tube (outer diameter 1.7 mm, ATOM Japan) was
introduced into the right carotid artery for blood withdrawal
and connected to a pressure transducer (Polygraph System,

Ear vein

Tracheostomy Carotid artery

e SMA flow probe

Tonometer

~ Tissue O2
electrode

Figure 1. Schematic representation of the shock resuscitation
experiment in the rabbit is shown. SMA, superior mesenteric artery;
SMV, superior mesenteric vein.

Nihon Koden, Tokyo Japan) for continuous mean arterial pres-
sure (MAP) monitoring. A median abdominal incision was
made, and the superior mesenteric artery (SMA) was identified
and dissected from surrounding tissue close to its origin from
the aorta. A 2 mm ultrasonic flow probe (20 MHz, Crystal
Biotech, Hopkinton, MA) was placed around the root of SMA
and connected to a blood flow meter for measurement of SMA
flow and heart rate. A small vein in the mesentery was ligated
distally and cannulated with polyethylene catheter (PE-20).
The catheter was advanced 5-10 cm proximally until the tip
was located in the superior mesentric vein (SMV) for sampling
of venous blood. For arterial and venous blood gas measure-
ments, Corning 170 pH/blood gas analyzer (Corning Medical,
Medfield, MA) was used. Hemoglobin concentration was de-
termined by hemoglobin analyzer, Sysmex E-400 (Toa Medical
Electronics Co, LTD, Kobe, Japan).

A sigmoid tonometor (Tonomiter Tonometorics) was posi-
tioned in the duodenum 2-3 cm from the pylorus for intestinal
mucosal pH (pHi) measurements. The pHi was determined
from partial carbon dioxide pressure (PCO,) in the tonometer
saline, the bicarbonate concentration, and the Henderson-
Hasselbalch equation (I):

A needle type polarographic oxygen electrode (Intermedi-
cal, Tokyo, Japan) was inserted into the submucosa of the
small intestine for continuous intestinal submucosal tissue ox-
ygen tension measurements.

Approximately 20 minutes was allowed for MAP, SMA
blood flow, and tissue oxygen tension measurements to stabi-
lize. Hemorrhagic shock was induced by withdrawal of 40%
of the estimated total blood volume of the rabbit from the right
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carotid artery at a rate of 10 ml/min (3 ml/kg/min). Approxi-
mately 10 minutes after bleeding, they were infused with the
lost volume via the marginal ear vein at the same rate with 5%
albumin (alb group, n = 6), HbValb (HbValb group, n = 6), or
washed rabbit red blood cell (RBCalb group, n = 6). This
procedure was repeated twice. Arterial (carotid artery) and
SMV blood samples were drawn before bleeding (BASAL),
after first bleeding (BL1), after first infusion (IN1), after second
bleeding (BL2), after second infusion (IN2), and at 30 min after
the second infusion (AFTER30); pHi was measured at BASAL,
BL2, IN2, and AFTER30.

Histologic Examination

After completion of the experiment, the animals were killed
by pentobarbital overdose. The heart, lung, kidney, liver,
spleen, and small intestine were removed and fixed in 10%
formalin. The tissues were embedded in paraffin, and the
sections were stained with hematoxylin and eosin for light
microscopic examinations.

Tumor Necrosis Factor-a Measurements

Male Wistar rats (364 = 15 g) were used for the experiment.
They were anesthetized with intraperitoneal injections of pen-
tobarbital (50 mg/kg). A longitudinal midline ventral cervical
incision was made, and catheters (PE-20 tubing, outer diame-
ter 0.8 mm, inner diameter 0.5 mm) were introduced into the
right jugular vein for infusion and into the right common
carotid artery for blood withdrawal. Shock resuscitation was
performed following the protocol in the rabbit. Forty percent of
the estimated total blood volume was drawn from the right
carotid artery at a rate of 1T ml/min (3 ml/kg/min). After bleed-
ing, they were infused via the jugular vein with the same rate
and volume of 5% albumin (n = 6), HbValb (n = 6), or washed
rat red blood cell (n = 6). This procedure was repeated twice.
Thirty minutes after the second infusion, corresponding to
AFTER30, blood was sampled from the carotid artery. After
centrifuging the blood at 4,300 rpm for 10 minutes, the plasma
component was separated and stored at —~80°C until measure-
ment. TNF-a was measured by enzyme linked immunosolvent
assay (ELISA) using Genzyme-Technic rat TNF-a determina-
tion kit.

Data Analysis

Data are shown as mean * SD, as percentage changes or
differences from basal values. The error bars in the figures
indicate SD. Data were compared between groups at corre-
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Figure 2. Changes in hematocrit in rabbits. Time points: before
bleeding (BASAL), after first bleeding (BL 1), after first infusion (IN1),
after second bleeding (BL2), after second infusion (IN2), and at 30
min after the second infusion (AFTER30). Triangle, alb group; circle,
HbValb group; square, RBCalb group.

sponding time points by Mann-Whitney U test (StatView, In-
stitute Inc., Cary, NC). The level of confidence was placed at
95% for all experiments.

Results
Hemorrhagic Shock Resuscitation

Hemodynamic, blood gas, and intestinal measurements
were performed in rabbits. After IN2, the hematocrit (Hct)
(Figure 2) decreased from approximately 40% to 10% in both
alb and HbValb groups. This indicated that approximately
40% of the circulating blood volume was actually replaced
twice.

In Table 2, values at BASAL are shown for parameters rep-
resenting hemodynamics, arterial blood gas, and intestinal
perfusion. No significant intergroup differences were observed
regarding these parameters. Therefore, the subsequent data
changes are shown as percentage changes or differences from
values at BASAL.

Mean arterial pressure (MAP) (Figure 3a) declined sharply
after bleeding but rapidly recovered after infusion. There were
no significant differences between groups. Heart rate (HR)
(Figure 3b) tended to decrease slightly during the course of the
experiment, but there were no significant differences between
groups. Superior mesenteric aortic (SMA) blood flow (Figure
3¢) declined sharply after bleeding but rapidly recovered after

Table 2. Basal Values of Measured Parameters

Basal Values Alb Group HbValb Group RBCalb Group

Mean arterial pressure (mm Hg) 120 = 13 110 = 21 132 =19

Heart rate (beats/min) 233 =23 250 = 33 240 * 45

Pa0, (Torr) 97.1 =11.0 923 7.8 99.0 x 9.7
PaCO, (Torr) 31.0 +47 301 =29 304 =26
Arterial base excess (mmol/L) —-3.2+3.6 —2.9+42 ~4.8+2.0
Superior mesenteric arterial flow (ml/min/kg) 22.0 =10.0 322 £11.2 36.9 =211
Intestinal mucosal pH 7.4 =041 7.4 =03 74 =041

Intestinal tissue PO, (Torr) 214 =34 18.4 = 4.8 19.8 = 6.0
Superior mesenteric venous PO, (Torr) 45.8 = 3.1 422 +9.4 51.4 = 8.9
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Figure 3. Changes in hemodynamic parameters from basal values in rabbits. Time points: before bleeding (BASAL), after first bleeding
(BL1), after first infusion (IN1), after second bleeding (BL2), after second infusion (IN2), and at 30 min after the second infusion (AFTER30).

Triangle, alb group; circle, HbValb group; square, RBCalb group.

infusion. There were no significant differences between
groups.

Arterial oxygen tension (PaO,) (Figure 4a) tended to in-
crease slightly during bleeding and infusion in all the groups.
There were no significant differences between groups. Arterial
carbon dioxide tension (PaCO,) (Figure 4b) remained stable
throughout the study in all the groups. Systemic base excess
(BE) (Figure 4c) declined significantly in the alb group com-
pared with the RBCalb group at BL2. At IN2 and AFTER30, BE
in the alb group was significantly lower compared with both
HbValb and RBCalb groups.

In the alb group, pHi (Figure 5a) declined significantly com-
pared with both HbValb and RBCalb groups beyond BL2.
Intestinal tissue oxygen tension (Figure 5b) declined after
bleeding but recovered to baseline by infusion in the HbValb
and RBCalb groups but not in the alb group. The differences
were significant beyond IN2. Superior mesenteric venous
(SMV) oxygen tension (Figure 5¢) declined sharply after bleed-
ing but rapidly recovered close to baseline after infusion in all
the groups. However, at AFTER30, it significantly increased in
the alb group compared with both HbValb and RBCalb groups.

Histologic Examination

No significant abnormalities or differences among groups
were observed in any of the organs examined in the rabbits.

Plasma Level of Tumor Necrosis Factor-a

In the rats, TNF-a concentration in plasma (pg/ml) was
increased approximately 40-fold in the alb group (4,634 =
4,276) compared with the HbValb group (124 =+ 65). In the
RBCalb group, it was below detection limit (<25).

Discussion

Peripheral tissue perfusion is controlled in response to
changes in systemic hemodynamics. Intestinal perfusion is
known to be one of the first to decline in hemorrhagic shock
when the redistribution of systemic blood flow occurs to other
vital organs such as the heart and the brain. However, it is also
known that the loss of adequate intestinal function caused by
insufficient perfusion leads to serious complications such as
bacterial translocation and cytokine production,!” which can
eventually lead to mortality even when other vital organs are
initially well sustained. It has been shown that indices such as
intestinal mucosal pH are valid in assessing the severity of
shock, as well as predicting prognosis.!8 To this end, in this
study, we observed parameters of intestinal perfusion in addi-
tion to systemic hemodynamic parameters to evaluate the
applicability of HbV in hemorrhagic shock resuscitation.

In the present study, in the rabbits, shock resuscitation with
albumin satisfactorily restored parameters such as MAP and
HR. Lung function was also maintained as shown by the
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Figure 4. Changes in arterial blood gas parameters from basal values in rabbits. Time points: before bleeding (BASAL), after first bleeding
(BL1), after first infusion (IN1), after second bleeding (BL2), after second infusion (IN2), and at 30 min after the second infusion (AFTER30).
Triangle, alb group; circle, HbValb group; square, RBCalb group. *o < 0.05 vs. HbValb and RBCalb groups; **p < 0.05 vs. RBCalb group.

systemic oxygen and carbon dioxide tension. However, sys-
temic base excess significantly declined in the alb group indi-
cating peripheral hypoperfusion, and our data show that one
such organ is the intestine. Even though SMA blood flow was
maintained, lack of peripheral perfusion in the alb group was
depicted by the significant decline in pHi and intestinal tissue
oxygen tension. The subsequent significant increase in SMV
oxygen tension was most likely brought about by the shutdown
of peripheral circulation leading to shunting of SMA blood. We
consider that all of these changes resulted from the impairment
in cardiac function caused by decreased oxygen content in the
alb group, which subsequently limited the oxygen delivery to
the cardiac muscles. It is likely that a longer observation period
was required for these changes to become morphologically
apparent on histology. However, most of the animals in the alb
group could not survive beyond 30 minutes after the second
infusion in this study design.

TNF-a is believed to be an important mediator of SIRS. 1t has
been reported that the intestine is a major source of TNF-a
production during hemorrhagic shock.'® We used rats for the
measurement of plasma TNF-a. Ideally, the assay for TNF-a
should have been performed in rabbits. However, we were not
able to find an appropriate TNF-a antibody to perform ELISA in
rabbits. On the other hand, we had previously performed
TNF-a assay in the rat, and the assay technique was well
established. In our preliminary shock resuscitation experi-
ments in rats, we found that withdrawal of 40% of estimated

circulating blood volume reduced MAP to approximately 40%
of baseline (data not shown). Also, we have previously re-
ported that withdrawal of 50% of estimated circulating blood
volume in rats reduced MAP to approximately 20% of base-
line, and base excess declined from 0 to approximately —6.9
From these data, we extrapolated that the hemodynamic
changes would be similar in rats compared with rabbits under
the same shock resuscitation protocol. Therefore, we decided
to perform the TNF-a measurements in rats. Under the same
experimental protocol, we saw a significant increase in the
plasma levels of TNF-a in the alb group. This was effectively
suppressed in the HbValb group, although not quite to the
level of RBCalb group. In this particular experiment, there is no
evidence to show that the hemodynamic changes or the
changes in the intestinal parameters were the same in the rats
compared with the rabbits. However, we believe that the
substantial intergroup differences in TNF-« in the rats, al-
though not directly, provide support that intestinal, and possi-
bly other organ damage, was reduced by shock resuscitation
with HbV.

These data show that significant covert damage to the intes-
tine is present in the alb group despite seemingly adequate
systemic hemodynamics. This was because of the deficiency of
blood oxygen content despite sufficient volume. In contrast,
systemic, as well as intestinal, perfusion in the HbValb group
were well sustained and were comparable with the RBCalb
group. Plasma TNF-a level was also effectively reduced in the
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Figure 5. Parameters representing intestinal perfusion are shown
as percentage changes or difference from basal values in rabbits.
Time points: before bleeding (BASAL), after first bleeding (BL1),
after first infusion (IN1), after second bleeding (BL2), after second
infusion (IN2), and at 30 min after the second infusion (AFTER30).
Triangle, alb group; circle, HbValb group; square, RBCalb group. *p
< 0.05 vs. HbValb and RBCalb groups.

HbValb group, close to the RBCalb group. These data collec-
tively indicate the proficient oxygen transporting capability of
HbV and its potential efficacy in shock resuscitation. One of
the powerful advantages of HbV is that its properties, such as
oxygen binding and release, viscosity, and colloid osmotic
pressure, can be manipulated by changing the amount of
allosteric effector in HbV and the plasma expander in which to
suspend HbV. We believe that currently ongoing optimization

of these properties will further improve the efficacy of HbV in
shock resuscitation.
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Abstract

Phospholipid vesicles encapsulating Hb (Hb-vesicles: HbV) have been developed for use as artificial O, carriers (250 nm ¢). As one
of the safety evaluations, we analyzed the influence of HbV on the organ functions by laboratory tests of plasma on a total of 29
analytes. The HbV suspension ((Hb] =10 g/dl) was intravenously infused into male Wistar rats (20 ml/kg; whole blood = 56 ml/kg).
The blood was withdrawn at 8 h, and 1, 2, 3, and 7 days after infusion, and the plasma was ultracentrifuged to remove HbV in order
to avoid its interference effect on the analytes. Enzyme concentrations, AST, ALT, ALP, and LAP showed significant, but minor
changes, and did not show a sign of a deteriorative damage to the liver that was one of the main organs for the HbV entrapment and
the succeeding metabolism. The amylase and lipase activities showed reversible changes, however, there was no morphological
changes in pancreas. Plasma bilirubin and iron did not increase in spite of the fact that a large amount of Hb was metabolized in the
macrophages. Cholesterols, phospholipids, and g-lipoprotein transiently increased showing the maximum at 1 or 2 days, and
returned to the control level at 7 days. They should be derived from the membrane components of HbV that are liberated from
macrophages entrapping HbV. Together with the previous report of the prompt metabolism of HbV in the reticuloendothelial
system by histopathological examination, it can be concluded that HbV infusion transiently modified the values of the analytes

without any irreversible damage to the corresponding organs at the bolus infusion rate of 20 ml/kg.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Liposomes or phospholipid vesicles have been exten-
sively studied for the application of drug delivery
system, and some are now approved for a clinical use
as antifungal or anticancer therapies [1]. Another
promising application is to use vesicles for encapsulating
a concentrated human Hb. The resulting Hb-vesicle
(HbV) can serve as an O, carrier with ability compar-
able to red blood cells (RBC) [2-4]. The advantages of
the Hb-based O, carriers (HBOCs) are the absence of
blood-type antigens and transmission of known and
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unknown blood-borne disease, the possibility to im-
prove the rheological properties of blood flow according
to the needs of patients, and stability for long-term
storage. These characteristics will make it possible to use
the HBOCs both in elective and emergency situations
[5,6]. In this sense, the infusion of HBOCs becomes
superior to the conventional blood transfusion that still
has the potential of mismatching, infection such as HIV
and hepatitis virus, and the problems of only 2-3 week
preservation period. The acellular Hb modifications
including polymerized Hb and polymer-conjugated Hb
are now undergoing the final stages of clinical trials
[7,8]. However, the cellular structure of HbV (particle
diameter, ca. 250 nm) most closely mimics the char-
acteristics of natural RBC such as the cell membrane
function of physically preventing direct contact of Hb
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with the components of blood and vasculature during
circulation [9]. In comparison with some acellular Hb
modifications, the Hb encapsulation in vesicles sup-
presses hypertension induced by vasoconstriction, a
theory that is suggested to be due to the high affinity of
Hb with nitric oxide and carbon monoxide as vasor-
elaxation factors [10,11]. Moreover, the surface mod-
ification of HbV with polyethylene glycol (PEG) chains

not only prolongs the circulation half-life [12] but also

prevents the intervesicular aggregation and guarantees
the homogeneous dispersion in the plasma phase that
provides a prompt blood flow in the microcirculation
and the resulting sufficient tissue oxygenation [13,14].

According to the clinical conditions HbVs are
supposed to be applied for, the organism is faced with
the metabolism of a large amount of both Hb and lipids,
because the dose rate of HbV is significantly large. The
HbV particles, as well as phospholipid vesicles, infused
in the blood stream are finally captured by phagocytes in
the reticuloendothelial system (RES, or mononuclear
phagocytic system, MPS) [4,15]. In a previous report, we
clarified by the histopathological studies of rats receiv-
ing 20ml/kg of HbLV infusion that the HbV particles
were captured and metabolized within 7 days in RES
mainly in the spleen and liver [16]. Transmission
electron microscopy provided a clear image of the
HbYV particles in the phagosomes 1 day after infusion,
but they disappeared within 7 days. Staining with the
anti-human Hb antibody, Berlin blue, and hematoxylin/
eosin showed prompt metabolism of Hb molecules with
no morphological changes in the liver and spleen. The
phagocytic activity decreased and then transiently
increased, but tended to return to the original level.
From these studies, we did not see any irreversible
damage to the organs.

Serum laboratory tests are the most common
diagnostic tools to monitor organ functions clinically.
However, both the PEG-modified HbV particles and the
chemically modified Hb solutions remained in the
plasma even after usual centrifugation to remove
RBC, showing significant interference effects due to
the light absorption by Hb and light scattering by the
particles. These interference effects hindered the accu-
rate evaluation of plasma laboratory tests and have been
regarded as a serious issue for the development of
HBOCs [17,18]. However, quite recently we have
clarified by an in vitro experiment that the simple
removal of PEG-modified HbV as a precipitate by
ultracentrifugation (50,000 g, 20 min) or by conventional
centrifugation in the presence of a high-molecular-
weight dextran diminished most of the interference
effects [19). Using this simple procedure, we aimed to
evaluate the safety of HbV by the laboratory tests of
plasma after bolus intravenous infusion of HbV at a rate
of 20ml/kg, the same experimental model as in the
previous study [16].

2. Materials and methods
2.1, Preparation of PEG-modified HbV

The PEG-modified HbV was prepared in a sterile
condition as previously reported in the literature [10,
20-22]. Hb was purified from outdated donated blood
provided by the Hokkaido Red Cross Blood Center
(Sapporo, Japan) and the Society of Red Cross, Japan
(Tokyo, Japan). The encapsulated purified Hb (38 g/dl)
contained 14.7mm of pyridoxal 5-phosphate (PLP,
Sigma) as an allosteric effector at a molar ratio of
PLP/Hb=2.5. The lipid bilayer was composed of a
mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
choline, cholesterol, and 1,5-bis-O-hexadecyl-N-succi-
nyl-L-glutamate at a molar ratio of 5/5/1 (Nippon Fine
Chem. Co., Osaka, Japan), and 1,2-distearoyl-su-gly-
cero-3-phosphatidylethanolamine-N-poly(ethylene gly-
col) (NOF Co., Tokyo, Japan, 0.3mol% of the total
lipid). The HbCO solution and the lipid powder were
mixed and stirred for 12h at 4°C. The resulting
multilamellar vesicles were extruded through mem-
brane filters with a final filter pore size of 0.22pum.
Thus prepared PEG-modified HbV was suspended
in saline at the Hb concentration of 10g/dl, and
filtrated (pore size: 0.45um). The physicochemi-
cal parameters of the HbV are as follows: particle
diameter, 251480 nm; [Hb], 10g/dl; [metHb], <3%,;
[HbCO], <2%; phospholipids, 4.0g/dl; cholesterol,
1.7g/dl; and oxygen affinity (Pso), 30 Torr. The endo-
toxin content was precisely measured by modified
Limulus Amebocyte lysate gel-clotting analysis that has
been developed by our group recently, and confirmed
that the endotoxin content was less than 0.1 endotoxin
unit/ml [23].

2.2. HbV infusion and procedure for the plasma
laboratory tests

All animal studies were approved by the Animal
Subject Committee of Keio University School of
Medicine and performed according to NIH guidelines
for the care and use of laboratory animals (NIH
publication #85-23 Rev. 1985). The experiments were
carried out using 40 male Wistar rats (200-210g,
Saitama Experimental Animals, Kawagoe, Japan). They
were anesthetized with diethylether inhalation, and the
HbV suspension was infused into the tail vein at a dose
rate of 20ml/kg (n = 5 for every time point). Ten rats
were used to obtain the control values. All the rats were
housed in cages and provided with food and water ad
libitum in a temperature controlled room on a 12 h dark/
light cycle.

After 8h, and 1, 2, 3, and 7 days, the rats were
anesthetized with 1.5% sevoflurene inhalation (Maruishi
Pharm. Co., Osaka, Japan) using a vaporizer (Model
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TK-4 Biomachinery, Kimura Med., Tokyo). Polyethy-
lene tubes (PE-50, Natsume Co., Tokyo) were implanted
in the carotid artery for withdrawing blood into
heparinized syringes for the Hct, HbV concentration,
and plasma laboratory tests. The animals were finally
laparotomized and sacrificed with acute bleeding
from the abdominal aorta and the liver and spleen
were obtained for weight measurements. The
control rats received the same procedure for the
measurements.

A part of the withdrawn blood (6 ml) was centrifuged
to obtain plasma which was turbid and red/brown
colored due to the presence of PEG-modified HbV
particles especially in the samples taken at 8h, 1 and 2
days after infusion. The plasma was ultracentrifuged
(50,000 g, 20min) to remove the HbV particles. The
obtained transparent plasma specimens were stored at
—80°C until the laboratory tests at BML, Inc. (Kawa-
goe, Japan). The selected analytes were total protein,
albumin, total bilirubin, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehy-
drogenase (LDH), y -glutamyltransferase (y-GTP) alka-
line phosphatase (ALP), cholinesterase (ChE), leucin
amino peptidase (LAP), creatine phosphokinase (CPK),
amylase, lipase, total cholesterol (Total-Chol.), choles-
teryl ester (Chol.Ester), free cholesterol (Free-Chol.),
HDL-cholesterol (HDL-Chol.), -lipoprotein, triglycer-
ide (TG), free fatty acid (FFA), phospholipids, total
lipids, uric acid (UA), blood urea nitrogen (BUN),
creatinine (CRE), K™, Ca®", inorganic phosphate (IP),
and Fe*™. In our previous study, it was confirmed that
the concentrations of the plasma components in terms
of the above analytes did not change after the
ultracentrifugation at 50,000g for 20min [19]. Since
rat albumin is slightly insensitive to the bromcresol
green method, the values were corrected according to
Takano et al. [24].

2.3. Histopathological examination of pancreas

After sacrificing the animals by acute bleeding
from the abdominal aorta, the pancreas was resected
for a histopathological study. The organs were fixed
in a 10% formalin neutral buffer solution (Wako
Chem. Co., Tokyo) immediately after the resection,
and the paraffin sections were stained with hematoxylin/
eosin.

2.4. Data analysis

Differences between the control and a treatment
group were analyzed using a one-way ANOVA followed
by Fisher’s protected least-significant difference (PLSD)
test. The changes were considered statistically significant
if p<0.05.

3. Results

All the rats receiving the bolus infusion of HbV at a
dose rate of 20 ml/kg tolerated the infusion and survived
until intentional sacrifice. There was no noticeable
change in appearance such as piloerection.

3.1. Het and circulation persistence of HbV

The control Het was 42+1%, and it decreased
slightly to 404+1% at 1 day after HbV infusion. The
estimated Hb concentration of HbV in plasma just after
infusion was about 6 g/dl, and it gradually decreased to
4.440.3g/dl at 8h, 1.94-0.2g/dl at 1 day, 1.3+0.1 g/dl
at 2 days, and 0.84+0.01g/dl at 3 days (Fig. 1). At 7
days, HbV was not detected at all in the plasma phase.

3.2. Spleen and liver weights

The changes in the spleen and liver weights were
expressed as percents of the body weight (Fig. 1). The
liver weight ratio (control, 4.81+0.17%) showed a
significant increase 1 day after the infusion
(52940.27%, p<0.01), and then it returned to the
original level at 2 days. Spleen weight ratio significantly
increased from 0.32+0.05% to 0.66-+0.06% 3 days
after the infusion (p <0.01), however, it was reduced to
0.41+0.02% at 7 days.

3.3. Plasma laboratory tests

The plasma fraction after centrifugation of the blood
sample for 3 days after the HbV infusion was turbid due
to the presence of PEG-modified HbV. However,
ultracentrifugation of the plasma produced transparent
and light-yellow plasma phase and PEG-modified HbV
was precipitated at the bottom in a tube. There was no
sign of the presence of Hb in the supernatant, indicating
that there was no hemolysis of both RBC and HbV.

As for the analytes that reflect the liver function, the
total protein (control, 5.240.1g/dl) and albumin
(2.46+0.06 g/dl) slightly decreased to, e.g., 4.940.2
and 2.11+0.10g/dl, respectively, with statistically sig-
nificant differences (p <0.01) for 3 days after the HbV
infusion (Fig. 2). They tended to return to its original
level at 7 days (p<0.05). AST (control, 6047 U/I)
decreased to 464-3 U/l (p<0.05) and returned to the
original level at 7 days. ALT (control, 324+ 5U/l) only
slightly increased to 404+8U/l 1 day after the HbV
infusion (p<0.01), but it returned to its original level 2
days after the infusion. LDH (control, 150+ 60 U/1) did
not change significantly. ALP (control, 1265+231 U/l)
decreased at 2 days (812+£149U/) and 3 days
(872498 U/D) (p<0.01), but it returned to the control
level at 7 days. y-GPT (control, 1.6U/[) and LAP
(314+1U/1) showed significant but minimal reductions
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Fig. 1. Changes in hematocrit, concentration of HbV in plasma, and spleen and liver weights after infusion of HbV (20 ml/kg). The values are
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(<0.05). ChE (control, 76+ 18 U/l) did not show a
noticeable change. Plasma total bilirubin (<0.1 mg/dl)
and Fe** showed some reductions but were maintained
at a low level for 7 days in spite of the metabolism of a
large amount of Hb.

CRE (control, 0.3mg/dl) was maintained at a low
level for 7 days. BUN (control, 1643 mg/dl) showed a
slight increase at 7 days (214-3mg/dl) (Fig. 3). UA
(control, 0.4740.19 mg/dl) increased to 0.704+0.16 mg/
dl at 3 days, however, it returned to a non significant
level at 7 days. Amylase (control, 1613+74U/])
significantly decreased for 3 days after the infusion
(p<0.01), but returned to its original level at 7 days.
Lipase (control, 941 U/l) showed significant increases
(»<0.01) after the HbV infusion, and it tended to
decrease after 3 days, and was reduced to a non-
significant level at 7 days. CPK (control, 3044116 U/l)
decreased at 7 days (p<0.05), but did not show a
noticeable increase during the experiment. As for the
electrolyte concentrations, K+, Ca?*, and IP did not
show any significant changes.

The most consistent changes were seen in the lipid
components (Fig. 4). Total-Chol. (control, 73 +7 mg/dl),
Free-Chol. (18 +-2 mg/dl), Chol.Ester (59 4-8 mg/dl), and
HDL-Chol. (32+4mg/dl) showed significant increases
and maximum values at 2 days (p<0.01). Free-Chol.
increased to 3944 mg/dl, about twice the control value.
However, it tended to decrease at 3 days, and returned
to its control level at 7 days. B-Lipoprotein (control,
110+ 42 mg/d]) slightly increased at 1 day (160433 mg/
dl), but returned to its original level at 3 days. TG
(control, 64.4mg/dl) significantly decreased to 12.4 mg/
dl at 2 days (p<0.01), but tended to increase to its

original level at 7 days. Phospholipid (control,
132+ 8 mg/dl) significantly increased to 15049 mg/dl
at 1 day (p <0.01), and then returned to the original level
at 3 days.

3.4. Histopathological examination of pancreas

The histology of pancreatic tissue 2 days after the
infusion of HbV is shown in Fig. 5. There was no
significant morphological change in spite of the incre-
ment of the pancreatic lipase activity.

4. Discuassion

The clinical indications for the use of the HbV
suspension as an artificial O, carrying fluid are estimated
to be mainly preoperative or perioperative hemodilu-
tion, or resuscitation from hemorrhagic shock in
emergency situations [25], both of which result in
exchanging more than 20% of the original blood with
the HbV suspension. Thus, the dose amount is extremely
greater than that of stealth liposomes for drug delivery
systems. HbV particles in the blood stream are finally
captured by RES in the same manner as the conven-
tional phospholipid vesicles [15]. In a previous study, we
confirmed by the histopathological examination in a rat
model that HbV particles were captured in the phago-
somes of liver Kupffer cells and spleen macrophages
without tissue damage, and they had completely
disappeared within 7 days [16]. The transient splenome-
galy and hepatomegaly in Fig. I seemed associated with
the entrapment of HbV. The total weight change of
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Fig. 2. Plasma laboratory tests representing the liver function and metabolism of Hb after infusion of HbV (20 ml/kg). The values are mean + SD.
*p<0.01; ¥p<0.05 vs. control values. Abbreviations: aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH), y-glutamyltransferase (y-GTP) alkaline phosphatase (ALP), leucin amino peptidase (LAP), cholinesterase (ChE).

these organs is 0.8% of the body weight (1600 mg for
200g body weight), which should correspond to not
only the accumulated HbV (635mg for 20 ml/kg) but
also to the increased amount of phagocytic or parench-
ymal cells and/or RBC. The organ weight ratios tended
to return to their original levels as HbV disappeared
from the blood stream, and there was no deteriorative
sign of morphological change in the main organs such as
the liver, spleen, lung, kidney, and heart. To confirm the
safety more in detail, we analyzed for the first time, the
plasma laboratory tests on 29 analytes without any
interference effect of the PEG-modified HbV simply by
removing it from plasma by ultracentrifugation [19].
Our results indicated no irreversible sign of organ
damage after the bolus infusion of HbV at a dose rate of
20ml/kg (cf. whole blood = 56 ml/kg). Especially, liver is

one of the main organs of the trapping and metabolism
of HbV. However, we did not see an increase in the
physiological meaning of the parameters representing
the liver function. As for the parameters representing the
renal function, there were slight changes in CRE, BUN,
and UA without any physiological meanings. CPK did
not significantly change, indicating that the intactness of
the cardiac function and skeletal muscular function
should be preserved.

Amylase and lipase that represent pancreatic function
showed slight changes. The amylase activity slightly
decreased while the lipase activity significantly increased
from 94 11U/l at control to 304+91U/1 at 2 days. The
lipase activity was measured by an enzymatic method
that was specific for pancreatic lipase. Therefore, the
increment should not be attributed to the hepatic or
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lipoprotein lipase. However, this level of increment was
significantly smaller than the reported value for the
Wistar rats of pancreatitis. Hofbauer et al. [26] reported
that acute necrotising pancreatitis increased lipase
activity from 10 to 475-5430IU/l. It was reported that
the injection of liposome amphotericin B raised the
serum lipase activity, and one possible reason was
speculated to be the enzyme induction in the pancreas
by the presence of a large amount of lipids from the
liposomes [27], because pancreatic lipase hydrolyze not
only TG but also phosphatidylcholine [28]. This
speculation was also supported by our results that the
profiles of the transient increases in the lipid compo-
nents coincided with that of lipase, but not with
amylase. The cause of this modification is not clear at
the present time. Histopathological analysis showed no
significant pathological change in the pancreas. How-
ever, the pancreatic function should carefully be
monitored in the ongoing safety studies.

Significant and consistent increases were seen in the
lipid components with maximum at 1 or 2 days. They
should be derived from the HbV particles because they
contain a large amount of cholesterol (ca. 1200 mg/dl)
and DPPC (1840mg/dl) in the infused suspension

([Hb]= 10g/dl). The gradual increases in cholesterols
by 2 days after infusion and no Hb release from HbV in
the plasma indicate that they should be liberated from
RES after HbV are captured by RES and destroyed in
the phagosomes. This is also supported by the fact that
the maximum concentrations were seen at 2 days when
the HbV in the plasma had mostly disappeared from the
blood. It has been reported that the infused lipid
components of the phospholipid vesicles are trapped in
the Kupffer cells, and diacylphosphatidylcholine is
metabolized and reused as a component of the cell
membrane, or excreted in the bile and in the exhaled air
[29-31]. Cholesterol is finally catabolized as bile acids in
the parenchymal hepatocytes. There should be no direct
contact of FIbV and the hepatocytes because HbV is so
large that it cannot diffuse across the fenestrated
endothelium into the space of Disse [11]. Cholesterol
from HbV should reappear in the blood mainly as
lipoprotein cholesterol after entrapment in the Kupffer
cells [32], and then excreted in the bile after entrap-
ment of the corresponding lipoprotein by the hepato-
cytes [33]. We speculate that the main components
of the lipid bilayer membrane of HbV, the phospho-
lipids and cholesterol, would gradually be redistributed



