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Acute and long-term effects of modified hemoglobin (HBOC-201) 
in a rat model of hypertension and chronic kidney disease

Chris Baylis

BACKGROUND: The goal was to determine whether 
administration of the oxygen-therapeutic blood substitute 
HBOC-201 had any deleterious effect on renal function 
and/or structure in a rat model of chronic kidney disease 
(CKD).
STUDY DESIGN AND METHODS: Longitudinal studies 
were conducted in the conscious chronically catheterized 
male Sprague-Dawley rat with rapidly progressing CKD 
produced by ablation-infarction of 5/6th of the functional 
renal mass. Experimental rats received a loading dose 
(after acute removal of 10% blood volume) and six 
subsequent daily maintenance doses of HBOC-201 at 
Weeks 4 to 5 after induction of CKD and were studied 
again at 6 weeks. Controls received isoosmotic human 
serum albumin (HSA, 13%) over the same period. Blood 
pressure (BP) and renal function were measured in acute 
experiments at Weeks 4, 5, and 6. Proteinuria and 24-
hour creatinine clearance was measured longitudinally 
and renal pathology was assessed at killing.
RESULTS: There were differences in the acute response 
to the infusions, with rats given HBOC-201 exhibiting an 
increase in BP and renal vascular resistance, whereas 
rats given HSA showed a decrease in BP. These changes 
did not persist, however, because mean BP, glomerular 
filtration rate, level of proteinuria, and glomerular 
pathology were all similar at the end of the study (6 weeks 
after induction of CKD) in rats given HBOC-201 and HSA.
CONCLUSION: In this model of CKD, daily doses of 
HBOC-201 had no long-term damaging effects on renal 
function or structure, compared to rats given the osmotic 
control agent, 13 percent HSA.

odified hemoglobin (Hb) is being developed
as a blood substitute1 and has great thera-
peutic potential, although the acute hyper-
tensive effect, thought to be due in part to

nitric oxide (NO) scavenging,2,3 is a cause for concern.
Although the pressor effect might be considered beneficial
in a hypotensive state such as hemorrhagic shock,4 the
consequent further reduction in tissue perfusion may
impair organ function.5 In particular, additional vasocon-
striction in a patient with existing renal disease and hyper-
tension could have acute or long-term damaging effects.
Furthermore, there have been a number of reports that
some Hb solutions are directly nephrotoxic.6-9 There are
many different Hb formulations in development with
varying toxicity profiles,10 and it is essential to determine
the impact of individual modified Hbs in the presence of
underlying renal disease.

In this study we investigated the impact of both acute
and chronic administration of an ultrapure polymerized
bovine Hb-based oxygen carrier (HBOC-201) in a rat
model of chronic kidney disease (CKD). HBOC-201 is an
isoosmotic solution that contains less than 15 percent
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methemoglobin and less than 0.05 percent EU per mL
endotoxin and contains 100 g per L α- and β-Hb chains.11

We used the 5/6th renal ablation-infarction (A-I) model in
the male Sprague-Dawley rat, which produces a rapidly
progressing form of CKD in the remnant kidney, with
severe systemic hypertension.12,13 In view of a report that
anesthesia blunts the pressor response to infusion of
modified Hb in spontaneously hypertensive rats,14 all
studies were conducted in conscious, chronically cathe-
terized rats.

MATERIALS AND METHODS

Male Sprague-Dawley rats (n = 14) were purchased at 12
weeks of age from Harlan SD (Indianapolis, IN;
Facility 217), and after approximately 1 week of acclimati-
zation, all rats were subjected to surgical preparation of
CKD as follows: functional renal mass was reduced under
short-duration barbiturate (1:1 mixture pentobarbital and
methohexital sodium (Brevital, Eli Lilly, Indianapolis, IN),
32.5 mg per kg pentobarbital and 25 mg per kg Brevital, ip)
anesthesia with full sterile technique. The right kidney was
removed and upper and lower thirds of the left kidney
infarcted, by ligation of 2 of the 3 branches of the renal
artery, with the retroperitoneal approach.12 All rats were
then monitored for 3 weeks and after a 24-hour urine col-
lection (to measure urinary protein excretion) were sub-
jected to chronic catheterization. Under short-duration
barbiturate (Brevital; 50 mg/kg ip; 2-5 mg/kg IV, supple-
mental) general anesthesia and with full sterile technique,
vascular (Tygon, Norton Plastics, Akron, OH) catheters
were placed in the left femoral artery and vein and exteri-
orized at the back of the neck. A catheter was placed in the
urinary bladder. Details of this technique have been pub-
lished by us previously.15,16 Rats were allowed at least
6 days to fully recover from the surgery and/or anesthesia
before any functional measurements were made. Before
catheterization and afterward, all rats were trained and
handled to allow them to become comfortable with the
activities in the laboratory. All animal procedures were
conducted in accordance with Institutional guidelines
and were approved by the West Virginia University Animal
Care and Use Committee.

At the end of Week 4 after induction of CKD, rats were
randomly assigned to either the HBOC-201 (Biopure
Corp., Cambridge, MA) or control, 13 percent human
serum albumin (HSA, Baxter Healthcare Corp., Hyland
Immuno, Glendale, CA), protocols, as described in Table 1.
All rats were studied for baseline renal function measure-
ments (glomerular filtration rate [GFR] and renal plasma
flow [RPF]) and arterial blood pressure (BP). A blood sam-
ple was also taken for creatinine measurement. Both
groups were then hemorrhaged by 10 percent removal
of blood volume (over 5 minutes). Group 1 (n = 7) then
received IV HBOC-201 at a loading dose of 2 g per kg at the
rate of 1.5 mL per 100 g of body weight (BW), given over a
60-minute period. The purpose of the hemorrhage was to
prevent an acute volume overload in an already volume
expanded model, from confounding the data. After
20 minutes of equilibration, two additional clearance
measurements were made to determine the acute effect of
HBOC-201 on renal hemodynamics in rats with compro-
mised renal function. Group 2 rats (n = 7) were subjected
to an identical protocol except they received HSA in a
13 percent solution instead of HBOC-201, to control for
the colloid osmotic effects of a concentrated protein solu-
tion, and 50 percent of the red blood cells (RBCs) removed
during the hemorrhage were reconstituted in an equal
volume of 13 percent HSA and restored to the rat at the
end of the HSA infusion. We restored 50 percent of the
RBCs in these rats to prevent a severe anemia and to
match the fact that due to the short t1/2 of the HBOC-201
(approx. 30 hour)17 Group 1 rats also have a chronic Hb
deficit. The volume of 13 percent HSA necessary to recon-
stitute the RBCs was subtracted from the volume given
over the infusion period.

All catheters were then primed and plugged and rats
were placed in metabolic cages for 24-hour urine collec-
tion and then returned to their home cages. For the next
6 days after the first renal function experiment, rats were
returned to the restraining cage and received daily IV infu-
sion of 0.5 g per kg (HBOC-201) or equal volumes of
13 percent HSA. On the 7th day of infusions, a blood sam-
ple was taken for creatinine measurement, and clearance
studies were conducted before (for baseline) and after
HBOC-201 (0.5 g/kg, at 0.4 mL/100 g BW given over a 15-

TABLE 1. Outline of the longitudinal observations made in rats with CKD due to 5/6th renal A-I

Weeks after 5/6 A-I

End Week 3
catheterization

surgery End Week 4 End Week 5 End Week 6
HBOC or HSA administration None 1 dose during RF

experiment
Daily doses None

24-hr urine collection Before catheterization After renal function
experiment

After renal function
experiment

After renal function
experiment

Renal function experiment None Baseline and during
acute HBOC-201

After 7 days of
HBOC-201

After 7 days of HBOC-201
washout
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minute period), or equivalent 13 percent HSA, to deter-
mine GFR and RPF. Rats were then placed in metabolic
cages for determination of 24-hour urine protein excre-
tion and allowed a 7-day washout period in which no
measurements were made or HBOC-201 or HSA adminis-
tered. An additional renal clearance study and 24-hour
urine collection were made at Week 6 after induction of
CKD, and rats were then killed, and blood and kidney
tissue was harvested for chemistry and histology,
respectively.

Renal function experiments involved measurement
of renal hemodynamics and electrolyte excretion. Rats
were placed in a restraining cage to which they had been
acclimated, vascular catheters were unplugged, and the
arterial line was connected to a pressure transducer, via
three-way stopcock, to allow for continual monitoring of
arterial BP (MacLab, AD Instruments Pty Ltd, Castle Hill,
Australia) and occasional withdrawal of an arterial blood
sample. The venous line was connected to a syringe con-
taining 0.9 g-percent NaCl solution with tritiated inulin (1-
2 µCi/mL) and PAH (0.33 g% PAH), infused at the rate of
50 µL per 100 g BW per minute. The bladder catheter was
also unplugged and the bladder was irrigated with sterile
NaCl to check for complete recovery. After equilibration of
IV infusion (80 minutes), renal function measurements
were begun with 20-minute urine collections each with a
midpoint blood sample. Urine volume was measured
gravimetrically, and blood and urine inulin, PAH, and
sodium concentrations were measured for calculation of
GFR, RPF, renal vascular resistance (RVR) and fractional
and absolute sodium excretion. Details of analyses and
calculations have been given in our earlier publica-
tions.15,16 For the metabolic cage urine samples, total uri-
nary protein concentration was measured by the Bradford
assay as reported previously18 and creatinine was mea-
sured with a commercial kit (Kit 555, Sigma, St. Louis,
MO). Plasma creatinine was also measured by with this
Sigma kit and blood urea nitrogen was measured with
Sigma Kit 640.

For histology the kidney remnant was weighed,
bisected longitudinally, fixed in 10 percent formalin, and
blocked in paraffin wax, and 5-µm-thick sections were cut.
Sections were stained with periodic acid Schiff with hema-
toxylin-eosin counterstain and examined, blind, for the
level of glomerular sclerosis and tubulointerstitial injury.

Glomerular injury was assessed with a 0 to 4+ scale on 100
cortical glomeruli per section: 0 = no glomerular damage;
1+ = less than 25 percent glomerular sclerosis; 2+ = 25 to
50 percent injury; 3+ = 50 to 75 percent injury; and
4+ = global sclerosis as described previously.17 The overall
injury score gives an index of both total number of sclero-
sed glomeruli and severity of injury.19

Throughout, all data are expressed as means ± stan-
dard error. All functional data are analyzed by either
unpaired or paired t test, and nonparametric (morpho-
logic) data are analyzed by Kruskal-Wallis and U test. A p
value of less than 0.05 is taken to indicate significance. The
number of 7 per group was chosen based on our previous
experience with this model and the power of the longitu-
dinal design. We use multiple endpoints to assess injury
and test the null hypothesis, which protects against
Type II error.

RESULTS

This model has already been extensively characterized
with regard to functional and structural changes12,13 and
there were therefore no sham animals included in the
present study. At the end of Week 3 after 5/6 A-I, all rats
had significant and similar proteinuria (131 ± 53 and
137 ± 56 mg/24 hours, Groups 1 and 2, respectively). As
shown in Table 2, despite randomization, at Week 4 in the
first renal function study (RF1), the baseline GFR was
slightly lower in rats that entered the HBOC-201 study
(Group 1) versus Group 2 rats (HSA controls). All other
baseline values (BP, RVR, filtration fraction, arterial hema-
tocrit [Hct]), however, were similar. This suggests that the
small initial difference in GFR was not biologically sig-
nificant, particularly because the treatment group (plus
HBOC) started with a slightly lower GFR than HSA con-
trols. Furthermore, there were no differences in baseline
values of plasma electrolytes, urine flow (V), excretion of
sodium or potassium (UNaV and UKV), or the fractional
excretion of Na+ (FENa+) between the two groups (Table 3).

After completion of baseline measurements, rats were
acutely hemorrhaged (10% reduction in estimated blood
volume over 5 minutes) and then received the loading
dose of HBOC-201 or HSA. There was a striking difference
between the groups in the BP and RVR response in RF1,
with a mild acute pressor and moderate renal vasocon-

TABLE 2. Week 4 after A-I: baseline renal hemodynamics in Groups 1 and 2

Group BW (g) BP (mmHg)
GFR (mL/min/

100 g BW)
RPF (mL/min/

100 g BW)
Filtration
fraction

RVR (mmHg/ 
(mL/min)) Hct (%)

1. HBOC 334 ± 6 202 ± 6 0.18 ± 0.01 0.71 ± 0.1 0.26 ± 0.01 50 ± 4 41 ± 1
2. HSA 357 ± 10 184 ± 6 0.26 ± 0.03 0.92 ± 0.1 0.28 ± 0.01 38 ± 7 40 ± 1

p Value NS NS < 0.05 NS NS NS NS
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strictor response to HBOC-201 (Group 1 rats), whereas
HSA was moderately antihypertensive and had no effect
on RVR (Fig. 1). The BP and RVR changes in each group
tended to cancel each other out; hence, there were no net
changes in GFR or RPF in either group (Fig. 2).

Rats then received daily maintenance doses (25% of
loading dose) and a second renal function experiment
(RF2) was conducted with baseline measurements before,
as well as measurements after the sixth maintenance dose.
A slight acute increase in BP was seen with HBOC-201,
whereas a moderate fall was seen with HSA (Fig. 1). RVR
increased moderately with HBOC-201 and did not change
with HSA (Fig. 1), and there were no effects on GFR with
the acute infusion in either group (Fig. 2) although a small
decrease in RPF occurred with HBOC-201 and a small
increase with HSA (Fig. 2).

An equivalent decrease in Hct occurred (due to hem-
orrhage and the hemodilution effect of the cell-free infu-

sions) in Groups 1 and 2 in RF1, with similar but smaller
declines in RF2 (Fig. 3). Despite the hemorrhage, there
was a marked natriuretic response to HBOC-201, and this
was even more pronounced with HSA in RF1 due to
increased fractional excretion of Na+ (FENa+) and accom-
panied by a diuresis. In RF2 only, the HSA produced a
significant natriuretic and diuretic response (Fig. 4).

Rats were studied again after a 1-week “washout”
period in a third renal function experiment in which only
baseline measurements were made. As shown in Fig. 5
(which gives BP and renal hemodynamic data from con-
trol measurements of each renal function experiment),
despite the acute pressor effect, in the long term HBOC-
201 did not raise BP (Fig. 5, top panel). The BP was stable
over the 3-week observation period in both groups so that
at Week 6 after induction of CKD, BPs were similar. As
shown in the bottom panels, other than the lower value
for GFR in Group 1 (HBOC-201) rats in RF1, there were no
differences between the groups over the 3-week observa-
tion period. The 24-hour creatinine clearances give a sep-
arate index of GFR and show the same trends as the
acutely measured inulin clearances; that is, creatinine
clearance is stable over the 3-week period in Group 1 rats

TABLE 3. Week 4 after A-I: baseline plasma and urinary electrolyte data in Groups 1 and 2
Group P Na (meq/L) P K (meq/L) V (µL/min) UNaV (µeq/min) FENa (%) UKV (µeq/min)
1. HBOC 139 ± 1 4.2 ± 0.1 33 ± 5 0.96 ± 0.28 1.2 ± 0.4 2.8 ± 0.2
2. HSA 138 ± 1 4.2 ± 0.1 42 ± 9 2.69 ± 0.79 2.2 ± 0.6 3.6 + 0.6

p Value NS NS NS NS NS NS

Fig. 1. Mean arterial BP (top) and RVR (bottom) measured 

at baseline (before intervention; open columns) and after 

10 percent hemorrhage and subsequent iv infusion (after inter-

vention; hatched columns) of either HBOC-201 (shaded col-

umns) or HSA (clear columns). RF1 refers to the first renal 

function experiment at Week 4 after induction of CKD in which 

a loading dose of infusate (1.5 mL/100 g BW, given over a 60-min 

period) was given after a 10 percent hemorrhage. RF2 refers to 

the second renal function experiment (Week 5 of CKD) con-

ducted after the loading dose and 6 consecutive days of daily 

maintenance infusions (0.4 mL/100 g BW given over a 15-min 

period). *Significant difference (p < 0.05) between the baseline 

(preinfusion) and postinfusion value.
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(2.5 ± 0.3, 2.5 ± 0.3, and 2.4 ± 0.4 mL/min) and in Group 2
(3.3 ± 0.4, 3.0 ± 0.4, and 2.8 ± 0.5 mL/min).

The time course of the urine protein excretion is
shown in Fig. 6, with a steady increase from Weeks 1
through 3 after 5/6 renal A-I for induction of CKD. In
Group 1 rats (given HBOC-201), there was no additional
increase in proteinuria, whereas urinary protein excretion
increased further in Group 2 rats given HSA but returned
by Week 6 to the similar value seen in rats given HBOC-
201. According to the pathology, the level of glomerular
injury was similar at Week 6 of CKD with the overall glom-
erular injury score of 72 ± 17 in Group 1 (HBOC-201) ver-
sus 105 ± 16 in Group 2 (HSA). The individual level of
severity of injury was also similar between the groups,
as shown in Fig. 7. There was no difference between the
number of tubular casts and/or kidney in rats given
HBOC-201 (12 ± 4) versus rats given HAS (21 ±6).

At the end of the study (Week 6 of CKD), the BW was
similar in both groups (349 ± 6 and 370 ± 1 g, NS) as was
arterial Hct (37 ± 1 and 40 ± 1 vol%, NS), plasma Na+ and
K+, and UNaV and UKV (data not shown).

DISCUSSION

The main finding of this study is that the acute hyperten-
sive and renal vasoconstrictor effect caused by HBOC-201
had no other adverse short-term consequence in rats with
chronic hypertension and CKD and did not result in even
transient further falls in GFR. Importantly, the HBOC-201-

induced hypertension and renal vasoconstriction did not
persist during the chronic dosing regime, and at Week 6
after induction of CKD, after the 7-day washout period, BP
and renal function were similar in rats treated with HBOC-
201 and those receiving the osmotic control, HSA. The rate
of development of the CKD was also unaffected by HBOC-
201 administration.

Modified Hbs have great potential as a blood supple-
ment in response to acute hemorrhage although the vas-
oconstrictor effect is a limitation because this produces
hypertension due to widespread vasoconstriction and can
impair organ perfusion, of particular concern during
blood loss. A number of factors have been implicated in
this vasoconstriction, including release of thromboxane7

and autoregulatory vasoconstriction of the microvascula-
ture in response to increased oxygen delivery and low
viscosity.5 In addition, NO scavenging effects have been
widely reported and this is the focus of the present discus-
sion, given the evidence that a state of NO deficiency
already occurs in CKD (see below). A number of workers
have reported that L-arginine supplementation (which

Fig. 3. Mean arterial Hct measured at baseline (before interven-

tion; open columns) and after IV infusion (after intervention; 

hatched columns) of either HBOC-201 (shaded columns) or 

HSA (clear columns). All abbreviations are as in Fig. 1. *Signifi-

cant difference (p < 0.05) between the baseline (preinfusion) 

and postinfusion value.
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boosts endogenous NO production) is a helpful adjunct
during resuscitation from hemorrhage20,21 and that con-
comitant NOS inhibition reduces survival.22 Alternatively,
raising the BP may be helpful in maintaining organ perfu-
sion, at least when hypotension is present (as in hemor-
rhage). Indeed, there have also been reports that NO
scavenging or NOS inhibition is beneficial during recovery
from hemorrhage.23,24 Lieberthal and colleagues23 found
that acute systemic NOS inhibition produced a blunted
hypertensive and renal vasoconstrictor response in rats
with hemorrhagic hypotension versus normals and that
GFR was actually elevated by NOS inhibition in hypoten-
sive rats while being reduced in normotensive rats. As sug-
gested by these workers, this is likely a matter of balancing
adequate perfusion pressure with adequate arteriolar
vasodilation and tissue perfusion, because while low-dose
systemic NOS inhibition was protective, high-dose NOS
inhibition caused severe hypertension and increased
organ damage within a few hours after hemorrhage.25

Additionally, some Hb solutions have been reported
to cause renal dysfunction in man and animals with nor-
mal kidneys, particularly the early formulations. There
have been reports of renal vasoconstriction due to NO
scavenging and thromboxane release as well as tubular
damage and even acute renal failure with permanent and
complete loss of kidney function.6-9 HBOC-201 is an ultra-
pure glutaraldeyde-polymerized bovine Hb without sig-

Fig. 5. Mean arterial BP, RVR, GFR, and RPF measured in the 

baseline state over a 3-week period (renal function experi-

ments, RF1-RF3) at Weeks 4 through 6 after induction of CKD. 

The solid symbols denote data obtained in rats given HBOC-201 

and the open symbols denote data from rats given HSA. *Signif-

icant difference (p < 0.05) between rats given HBOC-201 and 

those given HSA.
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nificant renal toxicity when administered to rats with
normal renal function. With top-load infusions of HBOC-
201 that increased blood volume acutely by 10 to
25 percent there were no acute or chronic changes in BP,
serum creatinine, inulin clearance, or renal ATP content
although massive expansions of 50 to 75 percent caused
dose dependent, reversible declines in GFR.8,26 At very
high (75%) expansion a focal, nonischemic tubular injury
was observed at 24 hours after infusion and appeared to
be resolving at 48 hours.8 During isovolemic hemodilution
in normal dogs, no acute changes were seen in kidney
structure at the light or electron microscope level.27 In an
endotoxin-induced model of septic shock in the rat, where
high levels of endogenous NO are pathogenic, HBOC-201
was equally effective with NO synthesis inhibition in
restoring BP and also restored renal perfusion to baseline,
whereas NO synthesis inhibition markedly increased RVR
and lowered RPF.28 There have been no investigations into
the impact of HBOC-201 in states of CKD, where chronic
NO deficiency and endothelial dysfunction occur.26,29,30,31

In the 5/6 renal A-I animal model of CKD, there is systemic
and intrarenal NO deficiency that contributes to the pro-
gression of the disease.13,32-34 Based on the NO scavenging
effects of Hb solutions, it is possible that preexisting states
of NO deficiency may be particularly vulnerable to dam-
age if further NO loss occurs, particularly during recovery
from hemorrhage.

For these reasons we conducted the current study,
with the rapidly progressing rat model of CKD produced
by 5/6 renal A-I, to determine whether seven daily admin-
istrations of HBOC-201 had any adverse impact on BP
and/or renal function and/or structure. This model has
been extensively characterized previously and exhibits a
predictable, time-dependent proteinuria and glomerular
sclerosis.12,13 For this study we chose to examine Weeks 4
to 6 after 5/6 renal A-I, a time with substantial damage and
reduced function, but before end stage.

Our findings were reassuring in that the renal hemo-
dynamics, and most importantly the GFR, were not
impaired by chronic HBOC-201 administration after a
10 percent blood loss and in fact GFR was maintained
acutely, despite transient increase in RVR. The injury indi-
ces of proteinuria and structural damage (assessed by
histology) were not exacerbated by chronic HBOC-201
administration and, in fact, the injury measures were
often nonsignificantly better at killing in those rats receiv-
ing HBOC-201 compared to HAS-treated rats. Further, the
level of hypertension was similar at the end of the study
between groups receiving HBOC-201 and HSA.

Overall, this study demonstrates that acute adminis-
tration of HBOC-201 to rats with renal disease and with
moderate acute hemorrhage causes an acute peripheral
and renal vasoconstriction. Despite this, chronic admin-
istration of HBOC-201 to rats with progressive renal dis-
ease has no long-term deleterious effects on the natural

course of the CKD and does not have a chronic effect to
exacerbate the hypertension.
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