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INTRODUCTION
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The purpose of the present study was to investigate the pharmacokinetics of PEG-hemoglobin
SB1, a modified bovine hemoglobin with polyethylene glycol, after its single and multiple
administration in beagle dogs. For this purpose, the analytical method of free hemoglobin in
the plasma was developed and validated. Excellent linearity (r>=0.999) was observed in the
calibration curve data, with the limit of quantification of 0.005 g/dL. The precision and the devi-
ation of the theoretical values for accuracy were always within £15% in both the between- and
the within-day results. The method was tested by measuring the plasma concentrations follow-
ing intravenous administration to beagle dogs and was shown to be suitable for pharmacoki-
netic studies. In a single dose study, the plasma half-life (t,;,) increased and the total body
clearance (CL;) decreased with the dose (i.e., 0.017 to 0.75 gHb/kg as PEG-hemoglobin SB1)
in both sexes. The volume of distribution at steady-state (Vd,;) showed no difference with the
dose. In contrast, the values of ti,, CL,and the area under the plasma concentration-time
curve (AUC) after the multiple dose were significantly different from those of the single dose
administration. The values of t,, in the multiple administration were about two times higher
than that of the single dose. As a result, t;, of hemoglobin after the administration of PEG-
hemoglobin SB1 was about 15-30 h, indicating the PEG modification of the hemoglobin lead to
a prolongation of plasma concentration of the protein. Therefore, these observations sug-
gested that the PEG modification of hemogiobin is potentially applicable in the hemoglobin-
based therapeutics.
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under development by a number of pharmaceutical com-
panies (Reah et al., 1997; Gould et al., 1998; Przybelski

Hemoglobin is responsible for the transport of oxygen
from the lungs to other tissues in the body (Winslow ef al.,
1995). Thus, hemoglobins and its variants from humans
have been studied extensively (Suzuki et al., 1989; Fago
et al., 1997; Hardison et al., 1998). The crystal structures of
a number of different hemoglobins have been determined
and their function in transport of oxygen, carbon dioxide
and nitric oxide has been elucidated (Sharma et al., 1987;
Brunori et al., 1966).

A number of hemoglobin-based therapeutics are currently
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et al., 1996; Kasper et al., 1996). Hemoglobin therapeutics
have been designed as oxygen-carrying fluids useful as a
blood replacement during surgery and in trauma, enhancers
of radiation therapy, and scavengers of nitric oxide (Hess
19963a; Scott et al., 1997). Once removed from the red
blood cell, hemoglobin cannot be used for these thera-
peutic indications without modification due to renal toxicity
(Savitsky et al.,, 1978). In addition, the plasma half-life of
unmodified hemoglobin is short and the affinity with the
oxygen in plasma is apparently poor for an efficient delivery
of oxygen (Hess, 1996b; Sakai et al., 2000; Phillips et al.,
1999). A number of modifications have been proposed for
hemoglobin to circumvent the limitation of the native
human oxygen carrier [e.g., crosslinking o, § dimers; poly-
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merizing hemoglobin; or binding polymers to the surface
of hemoglobin (lwashita et al., 1988; Kluger et al., 1992;
Chatterjee et al., 1986; Ritchie et al., 2000)).

One such product, PEG-hemoglobin SB1 is currently in
clinical trials for treatment as a blood replacement agent.
PEG-hemoglobin SB1 is a modified bovine hemoglobin with
polyethylene glycol (PEG). PEG is a nontoxic, amphiphilic
polyether that is heavily hydrated in agueous solution.
Polymer modified hemoglobin with PEG is apparently free
of renal toxicity or vasoconstriction activity (Gould et al.,
1998), indicating that the modified protein may be practically
applicable. Moreover, the use of PEG-modification is an
attractive means of avercoming problems with short half-
life for the protein. In the present study, therefore, the
pharmacokinetics of PEG-hemoglobin SB1 were investi-
gated after its single and multiple administration in beagle
dogs. Our findings indicate that the modification leads to a
prolongation of plasma level of the hemoglobin and that
the PEG maodification of the protein is potentially applicable
in the hemoglobin-based therapeutics.

MATERIALS AND METHODS

Materials

PEG-hemoglobin SB1 was obtained from SunBio Co.
Ltd. (Korea). Dipotassium hydrogenphosphate and potas-
sium dihydrogenphosphate was purchased from Showa
Chemical Industries (Tokyo, Japan). All other reagents
were commercial products and of analytical grade. Male
and female beagle dogs (Sam Tac, Kyunggi-Do, Korea)
aged 5 months on a normal laboratory diet were used
throughout the study.

Analysis of free hemoglobin in plasma

The analytical method of plasma free hemoglobin was
developed and validated. The concentration of free
hemoglobin was calculated by the following procedures,
using UV/Vis spectrophotometer (Jasco Co., Ltd., V-530,
Japan).

Eight working standards covering the concentration
range of PEG-hemoglobin SB1 (0.005-3.0 g/dL), by ap-
propriate dilution of the stock solution in pH 7.5 phos-
phate buffer. The optical absorbances of the working
standards were first measured at 560, 576 and 592 nm,
and corrected absorbance, 2y — (x + z) (viz, x, y and z
were absorbances at 560, 576 and 592 nm, respectively),
calculated. Then, the corrected absorbance was plotted
against the hemoglobin concentration and calibration
curve constructed. For the determination of hemoglobin
concentration in plasma samples, the corrected absor-
bance [i.e, 2y —(x + z)] was calculated and the concen-
tration of free hemoglobin estimated by the use of the
calibration curve.
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Validation criteria
Linearity

The linearity of the assay was assessed by preparing
concentration of PEG-hemoglobin SB1 (0.005-3.0 g/dL)
and by plotting the corrected absorbance versus measured
concentration.

Precision and accuracy

The precision and accuracy of the method were deter-
mined by the analysis of three quality control samples for
each concentration (0.005-3.0 g/dL} during the same day
(repeatability) and on three consecutive days (repro-
ducibility). The accuracy of the assay was determined by
preparing known concentrations of PEG-hemoglobin SB1
and then the determination of the concentration for the
samples.

Stability

Stability of the assay was assessed in samples of PEG-
hemoglobin SB1 (0.005-3.0 g/dL) in dog plasma. The
concentration of the sample was evaluated at 1, 2, 15, 18,
24, 48, and 72 h of the preparation.

Pharmacokinetic study

PEG-hemoglobin SB1 was administered intravenously
at the dose of 2.5 mi/kg, 5.0 ml/kg, and 10 ml/kg of
dosing solution (0.7 gHb/10 mL) in both sexes, male and
female beagle dogs.

In a single dose study, blood samples were collected
immediately before the administration and up to 48 h after
the dose (2.5-10 mL/kg of 0.7 gHb/10 mL solution). In a
multiple dosing study, the animal were given intravenously
at the dose of 2.5-10 mL/kg every 2 days for 2 weeks. In
both experimental designs, plasma was obtained by
centrifugation (10,000 g for 2 min) of blood samples and
immediately frozen at -70°C until analysis.

Pharmacokinetic analysis

Non-compartmental methods were used to determine
pharmacokinetic parameters. Computer-based calculations
were carried out using WinNonLin. The elimination rate
constant (k) was calculated from the semi-log regression
on the terminal phase of the plasma concentration-time
curve. Plasma half-life (t,) was calculated using the
euqation of t,, = 0.693/k. Area under the plasma concen-
tration-time curve from time zero to infinity (AUC) was
calculated from the equation AUC = AUC, + C/k, where C;
is the last quantifiable concentration. Area under the
plasma concentration-time curve from zero to time of last
guantifiable concentration (AUC;) was calculated using
linear trapezoidal approximation. In addition, the parameters
such as the steady-state volume of distribution (Vd;), the
total plasma clearance (CL), the mean residence time
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(MRT) were calculated by standard methods.

Statistical analysis

Comparison between two means was performed using
the unpaired Student's t-test. One-way analysis of variance
was used to test for significant difference between groups.
Statistical significance was defined as p<0.05.

RESULTS AND DISCUSSION

Validation of analysis method

Fig. 1 illustrates the calibration curve of PEG-hemoglobin
SB1 in plasma samples. Excellent linearity ((function)=
0.064 x (concentration) + 0.0001, r* = 0.999) was observed
between the corrected absorbance [i.e., 2y — (x + z); X, ¥
and z represent absorbances at 560, 576 and 592 nm,
respectively] and the concentrations. The calibration curve
data obtained throughout the validation study are sum-
marized in Table |. According to these results, the limit of
quantification was 0.005 g/dL..

The between-day results (reproducibility) of quality con-
trol are given in Table |. For each level, the imprecision did
not exceed 15% (min: 0.01%, max: 2.21%) and the mean
values were always within +15% deviation of the theoretical
values for accuracy (min: 1.06%, max: 11.1%). The ac-
ceptance criteria were also fulfiled for the within-day
results (repeatability).

PEG-hemoglobin SB1 samples, prepared in plasma of
beagle dogs, was proved to be stable within 3-day period
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Fig. 1. Calibration curve of hemoglobin in plasma. Linearity (y = 0.064x
+0.0001, r? = 0.999) was observed between the corrected absorbance
[ie., 2y—(x+2); x, y and z represent absorbances at 560, 576 and
592 nm, respectively] and the hemoglobin concentrations.
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Table 1. Validation results of precision and accuracy of the analysis
of free hemoglobin in plasma samples

Concentration Precision (CV%) Inaccuracy (%)
(/ML) |ntra-day®Inter-day’ Mean® Inira-day®Inter-day® Mean?
0.005 0.01 0.01 0.01 6.25 467 6.54
0.01 8.66 0.01 5.97 417 110 6.44
0.05 3.86 0.01 258 2.08 1.59 1.35
0.1 2.53 0.91 3.38 573 1.06 3.43
0.5 1.09 207 2.06 3.12 751 415
1.0 247 2.21 227 240 571 29
30 1.00 207 1.51 0.24 1.06 0.45

®Each value was calculated from the different three experiments.
*The values were calculated from the data of both intra- and inter-day
{n=6).

at 4°C. No significant degradation was observed, indicating
the storage condition provided a reasonable stability within
3-day period. The storage condition was used throughout
the study and the sample always assayed in 3-day of the
collection.

Pharmacokinetics after the single dose

Fig. 2 shows the plasma concentration of hemoglobin-
time profiles after the intravenous administration of PEG-
hemoglobin SB1 at the dose of 0.175 gHb/kg, 0.35 gHb/
kg and 0.7 gHb/kg, respectively, in male beagle dogs. Non-
compartmental methods were used to evaluate pharma-
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Fig. 2. Plasma concentration of hemoglobin-time profiles after the
single intravenous administration of PEG-hemoglobin SB1 at the dose
of 0.175 gHb/kg (), 0.35 gHb/kg (O) and 0.7 gHb/kg (@), re-
spectively, in male beagle dogs. Each point represents the MeanzS.E.
of three male dogs.
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Table Il. Pharmacokinetic parameters of hemoglobin after the
intravenous administration of PEG-hemoglobin SB1 after the single
intravenous dose in male beagle dogs®®

0.-S. Kwon et al.

Table lif. Pharmacokinetic parameters of hemogiobin after the
intravenous administration of PEG-hemoglobin SB1 at the single
intravenous dose in female beagle dogs®®

Dose (gHb/kg) Dose (gHbrkg)
Parameter Parameter
0.175 035 0.70 0.175 0.35 0.70

K(h™ 0.093£0.010 0.072+0.0012 0.043+0.0073 K (" 012 +0.016  0.080 £ 0.0064 0.048 +0.0027
tiz (h) 7.69 +0.92 968 +£017 17.04 £297 tie (h) 6.19 +1.01 883 073 1443 +082
AUC (ghdL™) 556 +088 1170 +147 3543 +597 AUC (ghdl™) 509 £1.12 1401 £064 3258 +127
MRT (h) 16.77 £328 1581 +£1.74 3349 +578 MRT (h) 16.93 £758 2207 £020 2660 +£2.14
Viss (dL/kg) 0.671+0.04 0611 £0.012  0.852 £ 0.063 Vs (dL/kg) 0.682 £0.160  0.711 £0.029° 0622 +0.146
CL, (dUh/kg) 0.042+0.0058 0.040 £0.005  0.027 £ 0.004 CL, (dL/h/kg) 0049 £0010 0.032+0.002  0.023 £0.004

“Mean + S.E. (n=3). bg/dL

cokinetic parameters (Table II) such as the elimination
rate constant (k), the plasma half-life (t,,), the steady-state
volume of distribution (Vy), the total plasma clearance
(CL), the mean residence time (MRT) and the area under
the curve (AUC). The mean terminal plasma half-life (t,,)
of the hemoglobin at the dose of 0.175 and 0.35 gHb/kg
were 7.69 and 9.68 h, respectively, indicating no signifi-
cant difference between two doses. However, the half-life
(i.e., 17.0 h) at the highest dose (i.e., 0.75 gHb/kg) was
approximately twice the half-lives found in the lower
doses. Accordingly, the values of CL,decreased by about
60% with the dose from 0.017 to 0.75 gHb/kg. The values
of Vs showed no difference with the dose.

In the case of female beagle dogs (Fig. 3, Table Ill), the
pharmacokinetic parameters after the intravenous admin-
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Fig. 3. Plasma concentration of hemoglobin-time profiles after the
single intravenous administration of PEG-hemoglobin SB1 at the dose
of 0.175 gHblkg (¥), 0.35 gHb/kg (O) and 0.7 gHblkg (@), re-
spectively, in female beagle dogs. Each point represents the Mean
1+S.E. of three female dogs.

#Mean + S.E. (n=3). g/dL.
* Significantly different from the male dogs (Table Il) (p < 0.05).

istration of PEG-hemoglobin SB1 were comparable with
those of male beagle dogs (Table II). That is, the value of
ty2 increased by two times whereas CL, decreased by
about 50% with an increase in the dose from 0.017 to
0.75 gHb/kg. Similarly, the V. did not show any statistical
difference with respect to the dose.

Pharmacokinetics after the multiple dose

Fig. 4 shows the plasma concentration of hemoglobin-
time profiles after the multiple administration every 2 days
for 2 weeks at the dose of 0.175 gHb/kg, 0.35 gHb/kg and
0.7 gHb/kg of PEG-hemoglobin SB1, respectively, in male
beagle dogs. The plasma concentrations were declined
multi-exponentially in a similar manner of the single ad-

10.0
3
2 —
c \0\.\.‘*\
i) 3 0
< '\'\ T o\l
g o1 Y~
§ \i\iy
o -
©
£ 00
[723
5
a

0.0 .

0 12 24 36 48 60 72 84 96
Time (h)

Fig. 4. Plasma concentration of hemoglobin-time profites after the

multiple intravenous administration every 2 days for 2 weeks at the

dose of 0.175 gHblkg ('), 0.35 gHb/kg (O) and 0.7 gHb/kg (@) of

PEG-hemoglobin SB1, respectively, in male beagle dogs. Each point

represents the MeanS.E. of three male dogs.
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ministration (Fig. 2). The pharmacokinetic parameters after
the multiple administration of PEG-hemoglobin SB1 in male
beagle dogs were summarized in Table IV. The plasma
half-life (t,,) of hemoglobin was elevated by about two
times whereas the values of CL; decreased by about 50%
with the dose. In addition, the values of t,,, CL,and AUC
after the multiple administration were significantly different
from those of the single dose in male beagle dogs (Table
). The values of ty, in the multiple administration were
about two times higher than that of the single dose.

In the case of the multiple administration of PEG-hemo-
globin SB1 in female beagle dogs (Fig. 5, Table V), the
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Fig. 5. Plasma concentration of hemoglobin-time profiles after the
multiple intravenous administration every 2 days for 2 weeks at the
dose of 0.175 gHbrkg ('), 0.35 gHb/kg (O) and 0.7 gHblkg (@) of
PEG-hemogtobin SB1, respectively, in female beagle dogs. Each point
represents the MeanS.E. of three female dogs.

Table IV. Pharmacokinetic parameters of hemoglobin after the
intravenous administration of PEG-hemoglobin SB1 at the multiEie
intravenous dose every 2 days for 2 weeks in male beagle dogs®

Dose (gHbrkg)
Parameter
0.175 0.35 0.70
K(h™ 0.043 + 0.0059% 0.024 +£0.0018" 0.018 + 0.0007*
tz (h) 1672 + 265° 2912 +208% 3798 145"
AUC (ghdL™) 1137 + 132" 3275 +243% 9914 +3.05%
MRT (h) 5960 +1720 3875 +188% 7911 568"
Vss (dLIkg) 1.137 £ 0207 0.535+0.016" 0717 £0.037
CL, (dL/hikg)  0.020 £ 0.003* 0.014 £0.001*  0.009 + 0.0003*

®Mean + S.E. (n=3). °g/dL

*Significantly different from the single dose in male dogs (Table Il) (p <
0.05). ®Significantly different from the single dose in male dogs (Table
Ih) (p < 0.01).
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Table V. Pharmacokinetic parameters of hemoglobin after the
intravenous administration of PEG-hemoglobin SB1 at the multiple
intravenous dose every 2 days for 2 weeks in female beagle dogs®”

Dose (gHb/kg)
Parameter
0.175 0.35 0.70
K (h™) 0.039 + 0.0014" 0.023£ 0.0009% 0.025 + 0.0019™
tiz (h) 1769 +0.61% 3031 £1.18% 2855 +218%
AUC (ghdL™) 1471 £190* 3592 +1.15% 6510 +3.72"#
MRT (h) 5107 +957* 5815 +556™ 5541 +3.76%
Vs (dL/kg) 0789+0.120  0.734+£0.094  0.765+0.013
CL (dLvkg)  0.016£0.002°  0.013+0.0004% 0.014 = 0.0008"

®Mean + S.E. (n=3). *g/dL

*Significantly different from the muitiple dose in male dogs (Table Vi)
(p<0.05). **Significantly different from the multiple dose in male dogs
(Table V1) {p<0.01).

*Significantly different from the single dose in female dogs (Table Iil)
(p<0.05). #Significantly different from the single dose in female dogs
(Table 1l (p<0.01).

pharmacokinetic parameters were comparable with those
of male beagle dogs (Table IV). The value of t,,, increased
by two times whereas CL, decreased by about 50% with
the dose. Moreover, the values of t,,, CL,and AUC after
the multiple administration were significantly different from
those of the single dose in female beagle dogs (Table 1li).
The plasma concentrations after the multiple dose were
maintained for the long periods compared with the single
dose. The values of t;;in the multiple administration were
about two times higher than that of the single dose.

In summary, the plasma half-life {t;;) of hemoglobin were
about 15-30 h after the single and multiple administration
of PEG-hemoglobin SB1. The prolongation of plasma half
life for PEG modified hemoglobin after the multiple-dosing
situation was particularly noted in this study. Since the
short half life was one of the limitation in the hemoglobin-
based therapeutics, the prolongation of half life of the
protein by PEG modification suggests that the modification
may have a practical application.

CONCLUSION

The simple and convenient analytical method of free
hemoglobin in plasma was developed and validated. The
coefficient of variation for all the criteria of validation were
less than 15%, indicating that the assay is valid for
pharmacokinetic study with the protein. The sample was
found to be very stable upon storage in 4°C.

The value of t,, increased by two times whereas CL,
decreased by about 50% with the dose after both the
single and the multiple administration of PEG-hemoglobin
SB1. The plasma half-life (t;,) of hemoglobin after the
administration of PEG-hemoglobin SB1 was about 15-30
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h. These findings indicated that the plasma concentration
of hemoglobin could be maintained for the long periods
with PEG modifications and the prolongation by PEG
modification may be clinically relevant.
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