‘Resibufogenin Corrects Hypertension in a
Rat Model of Human Preeclampsia
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The study of the pathogenesis of preeclampsia has been
hampered by a relative dearth of animal models. We developed
a rat model of preeclampsia in which the excretion of a
circulating inhibitor of Na/K ATPase, marinobufagenin (MBG),
is elevated. These animals develop hypertension, proteinuria,
and intrauterine growth restriction. The administration of a
congener of MBG, resibufogenin (RBG), reduces blood pressure
to normal in these animals, as is the case when given to
Pregnant animals rendered hypertensive by the administration
of MBG. Studies of Na/K ATPase inhibition by MBG and RBG
reveal that these agents are equally effective as inhibitors of the
enzyme. Exp Biol Med 231:215-220, 2006
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reeclampsia affects from 3%-10% of all pregnancies
P(l, 2). Hypertensive disorders in pregnancy represent
the second leading cause of fetal wastage and maternal
morbidity and mortality (3-5). The examination of the
pathogenesis of this disorder has been hampered by the fact
that there is a dearth of animal models (6, 7). This is
particularly true of models that investigate and reproduce
early events in the pathogenesis of the syndrome. The very
recent work of Karumanchi et al., in which an inhibitor of
vascular endothelial growth factor was injected into rats,
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results in a florid, aggressive form of a syndrome that
resembles severe human preeclampsia (8). The authors
developed a model of preeclampsia in the rat, which is
related to the imposition of excessive volume expansion (9).
This model has many of the phenotypic characteristics of
human preeclampsia, including hypertension, proteinuria,
and intrauterine growth restriction (IUGR). The possibility
that a circulating substance with vasoactive properties is
involved in the pathogenesis of preeclampsia has been
suggested (10, 11).

Dahl originally pointed out the possibility that the
release of a humoral factor could be involved in the
pathogenesis of “salt-sensitive” hypertension (12). This
thesis was further elaborated on by de Wardener (13, 14)
and by Blaustein, Hamlyn and their colleagues (15-17).
These investigators provided evidence for the view that
circulating substances with properties and structures resem-
bling ouabain and/or digoxin could be involved in the
pathogenesis of hypertension (18, 19). According to this
thesis, these circulating inhibitors of Na/K ATPase have
vasoconstrictive and inotropic as well as natriuretic proper-
ties. However, because of a defect in sodium transport,
patients with salt-sensitive hypertension or volume expan-
sion—mediated hypertension are unable to excrete sodium
normally. This defect prevents them from restoring the
extracellular fluid (ECF) volume to normal. As a result, the
persistent volume expansion leads to continued elaboration
of a circulating factor(s), causing an elevation in cellular
calcium, which results in vasoconstriction, with consequent
hypertension (18, 19).

We have recently determined that the excretion of the
steroid bufadienolide, marinobufagenin (MBG; Ref. 20), a
member of a group of compounds similar to the cardeno-
lides, ouabain and digoxin, is elevated in this rat model of
preeclampsia (21). Similar to the cardenolides, the bufadie-
nolides have the ability to inhibit Na/K ATPase (20).
Furthermore, the excretion of MBG in this rat model
increases before hypertension develops (21). In addition,
MBG administered to pregnant animals results in the
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development of hypertension. Importantly, antibodies to
MBG correct the hypertension (21, 22).

Resibufogenin (RBG) is a congener of MBG that
differs from MBG only in the absence of a 5-f hydroxyl
group (Fig. 1). MBG is a potent inhibitor of the a-1 isoform
of Na/K ATPase (23, 24). It is a member of the bufalin
family. These steroids act as cardiac inotropes and
natriuretic agents, and have vasoconstrictive properties
(20). We reasoned that it might be possible to antagonize
the effects of MBG by administering a compound that is
structurally similar to MBG but has no effect on angio-
genesis. RBG is such a compound (25), although, in some in
vitro and in vivo studies, it has been reported to have
cardiotoxic effects (26, 27). A vasopressor effect has been
reported (28). However, in the latter studies, the dose
administrated was several orders of magnitude higher than
that used in the current study. Based on modeling studies,
we determined that RBG might be a reasonable candidate.
To examine the mechanism of the antagonism of the action
of MBG by RBG, we evaluated the actions of these two
compounds on Na/K ATPase inhibition singly and in
combination.

Materials and Methods

Animal Preparation. Female CD rats (250-300 g;
Charles River, Wilmington, MA) were allowed free access
to standard rat chow and tap water. They were maintained

Marinobufagenin

Figure 1. Structural formulas for MBG and RBG.

on a 12:12-hr light:dark cycle and acclimatized for 1 week
before being studied. Animal care was conducted in
accordance with institutional guidelines. The animals were
mated with male CD rats weighing 275-300 g. Pregnancy
was confirmed by the presence of vaginal plugs or by
examination of vaginal smears. The pregnant females were
isolated from the males. Systolic blood pressure (BP) was
measured by a tail-cuff method (LifeScience Instruments,
model 59; IITC Inc., Woodland Hills, CA).

To determine BP, the animals were placed in a plastic
restraining cage with the tail protruding. They were warmed
to 37°C. BP measurements were taken sequentially until
stability of the measurements was obtained. We then
recorded three to five consecutive measurements. The mean
value of these measurements was recorded and used. The
mean (* standard error) of these values per animal were
used for the periods designated in Figure 2. Measurements
of BP were performed at the same time of day (the morning)
on each occasion. Hypertension was considered to have
been established when the animals demonstrated at least a
30 mm Hg increase in BP over their baseline values.

The animals were randomly divided into three groups.
Group I: pregnant + desoxycorticosterone acetate (DOCA)
+ saline animals (n = 5) were injected initially with 12.5 mg
of DOCA intraperitoneally in a depot form, followed by 6.5-
mg injections of DOCA on a weekly basis. In these animals,
drinking water was replaced with 0.9% saline. After
hypertension was established, BP was measured daily via
the tail-cuff method, as described in the previous paragraph.
RBG was then injected in a dose of 1.53 pg/100 g animal
weight daily in this group. Group II: normal pregnant
animals (n = 6) were given daily injections of MBG in a
dose of 0.765 pg/100 g animal weight. When hypertension
was established, these animals were also given RBG in a
daily dose of 1.53 pg/100 g body weight while the daily
administration of MBG continued. BP was measured daily.
Group III: control normal pregnant rats (n = 7) were given a
daily injection of the vehicle (dimethylsulfoxide [DMSO],
in which both the MBG and RBG were solubilized) only.
BP was also measured in these animals.

Western Analysis. The protein concentration was
determined by the Pierce bicinchoninic acid (BCA) protein
assay (Woburn, MA). using bovine serum albumin as a
standard. Aliquots containing 1-10 pg of membrane protein
were resolved by 7% sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGE) run under
reducing conditions, according to the method of Laemmli
(29) and transferred to nitrocellulose for Western analysis.
The nitrocellulose membranes were blocked with 1% instant
nonfat dry milk in Tris-buffered saline, pH 7.4, containing
0.1% Triton X-100 and equilibrated with antibodies to Na/K
ATPase al (1:2000), o2 (1:1000), or a3 (1:1000) for 1 hr at
room temperature. The primary antibody was detected by
anti-mouse or anti-rabbit IgG conjugated to horseradish
peroxidase and visualized using the SuperSignal West Pico
kit available from Pierce. Chemiluminescence was captured
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on a FluorChem 8900 camera and converted to an 8-bit Tiff
image. Resident software was used for spot densitometry of
the Na/K ATPase. Each density measurement of the Na/K
ATPase was corrected by a paired blank control of an
identical spot placed immediately below the immunoreac-
tive band.

ATPase Analysis. Na/K ATPase activity was meas-
ured in canine kidney obtained from Sigma Chemical Co.
(St. Louis, MO) or rat membranes prepared by the method
of Jorgensen (30). In each case, Na/K ATPase was
measured using the malachite green assay of Lancetta
(31). Typically, a 30~100 ng aliquot of the Na/K ATPase
preparation was pre-equilibrated with inhibitor for 5 mins at
37°C and assayed in 0.1 ml of the ATPase reaction buffer
containing 110 mM NaCl, 10 mM KCl, 2.6 mM MgCl,, 1.3
mM ethyleneglycoltetraacetic acid, and 51 mM HEPES, pH
7.4. The ATPase reaction was started by the addition of 1
mM ATP, then incubated at 37°C for 30 mins and stopped
by sequential 45-ul additions of malachite green and citrate
buffer reagents. Inorganic phosphate (P;) was measured at
570 nm using a Molecular Devices VERSAmax multiwell
plate reader. The 50% inhibitory concentration (ICsy) for
reagent inhibition was calculated from the combined data of
two experiments by fitting to the equation v = (Vpa)/(1 +
10tinh = 108IC30ly 4 ngh. The Vinax for the ouabain specific
activity of the canine preparation is 80-97 pmol/mg/hr and
typically accounts for 89%-95% of the ATPase in this
preparation. The Na/K ATPase of the DOCA-treated rat
preparation was 295 * 7 pmol/mg/hr.

Statistical analyses of the in vivo data were performed
using one-way analysis of variance (ANOVA; Fig. 2a, b)
and Student’s ¢ test for dependent variables (Fig. 2c).

Results

The results of these studies are provided in Figure 2.
Mean BP increased from 108 = 410 133 = 3mm Hg (P <
0.05) in the animals that received saline plus DOCA (Fig.
2a). The superimposition of RBG reduced BP to control
levels (109 = 6 mm Hg; P < 0.05). In those animals
rendered hypertensive by the administration of MBG, BP
rose from baseline values of 108 == 4 mm Hg to 122 £ 4
mm Hg (P < 0.01; Fig. 2b). The daily injection of RBG
resulted in a return of the BP to normotensive levels (110 *
3 mm Hg; P < 0.01). Thus, antagonism of the effects of
MBG led to a return of BP to normal levels in both groups
of animals. There were no changes in BP in animals
administered the vehicle only (DMSO). Initial BP readings
of 104 = 5 mm Hg did not differ from those obtained after
14-21 days of gestation (104 + 4 mm Hg; P =0.2; Fig. 2¢).

NA/K ATPase Isoform Expression. Samples of
the Na/K ATPase from canine and rat preparations were
probed with isoform-specific Na/K ATPase antibodies.
Figures 3A and B provide a typical Western analysis of a
1-pg aliquot of the canine and rat preparation, respectively.
The isoform expression is similar in the canine (Fig. 3A)

E‘ 120.0
110.0
t

217

a PDS + RBG

140.0

130.0

100.0 et

90_0 i - . - s
T-0 T-1 T

b MBG + RBG

140.0 4

130.0

1200 A

110.0 ——

mmHg

l—v

100.0 | —

90.0 +—
T-0 T-1 T-
c DMSO control

140.0

130.0 +——— —

120.0

110.0 rd L e ___
T |
o e O |

mmHg

100.0 +— 1E SR

90.0 il Sl L
T-0 T-2

Figure 2. (a) Effects on BP (in mm Hg) of the administration of RBG
to animals rendered “preeclamptic” by the replacement of their
drinking water with saline and the administration of DOCA in a depot
form on a weekly basis. To = baseline studies; Ty = 7-10 days of
gestation; and T, = 7—10 days after the daily injection of RBG. Values
are means * SE. (b) Effects on BP of the daily injection of RBG in
animals rendered hypertensive by the daily administration of MBG.
To=baseline studies; T, =7-10 days of gestation, during which MBG
was injected intraperitoneally daily; T» =mean BP after 7-10 days of
daily administration of RBG while MBG injections continued. (c)
DMSO control.

i

and rat (Fig. 3B) preparations, in which each preparation is
strongly immunoreactive to the Na/K-a1 antibody but not to
the Na/K-02 and Na/K-a3 isoforms. With sample over-
exposure, a faint immunoreactive band to the Na/K-a3
antibody (but not the Na/K-o2 antibody [data not shown])
was visible in the canine Na/K ATPase preparation.
Densitometric analysis of this area for each isoform revealed
that faintly immunoreactive bands were present for both the
Na/K-o2 and Na/K-a3 isoforms. The densitometric ratio of
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Figure 3. Isoform analysis of Na/K ATPase membrane preparation.
One-microgram aliquots of the Na/K ATPase preparation or 10 ug of
Na/K ATPase isoform standards were resolved by 7% SDS-PAGE
and probed with isoform-specific antibodies to the Na/K ATPase. (A)
Canine Na/K ATPase antibodies: Na/K-a1 (lanes 2 and 3), Na/K-a2
(lanes 4 and 5), or Na/K-a3 (lanes 6 and 7). Lane 1: molecuiar weight
standard; Lanes 2, 4, and 6: canine Na/K ATPase; Lane 3: Na/K-a1
standard; Lane 5: Na/K-a2 standard; and Lane 7: Na/K-o3 standard.
(B) Rat kidney Na/K ATPase. Lane 1: molecular weight standard;

Lane 2: Na/K-a1 antibody; Lane 3: Na/K-02 antibody; and Lane 4:
Na/K-a3 antibody.

4

the Na/K ATPase preparation to the standard protein was
0.74, 0.07, and 0.09 for the Na/K-al, Na/K-o2, and Na/K-
a3 isoforms, respectively. The minority Na/K-02 and Na/K-
a3 isoforms were not detected in the rat Na/K ATPase
shown in Figure 3B. Overall, the strong predominance of
the Na/K-ol in these preparations make it unlikely that
either the Na/K-o2 or Na/K-a3 isoform contributes
significantly to the measured Na/K ATPase activity.
Inhibitor Specificity. The inhibitor sensitivity of the
Na/K ATPase is shown in Figure 4. As indicated in Figure
4A~C, the renal canine Na/K ATPase activity is inhibited by

(B)
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ATPase (pmol/mg/hr)
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{log RBG]

Figure 4. Inhibition of the Na/K ATPase by ouabain, MBG, and RBG.
Na/K ATPase activity was measured at 37°C in the presence of the
indicated inhibitor. Each tracing is a nonlinear best fit to: v =V .,/(1 +
10 ~ 109 1C50)) | ngh, (A-C): Canine Na/K ATPase. (A-C): QOCA-
treated rat membranes. (A) Ouabain inhibition. (B) MBG inhibition.
(C) RBG inhibition. (D) RBG inhibition in the presence of P, 0 uM
MBG; >, 0.3 pM MBG; and 7.0 uM MBG. )

ouabain, MBG, or RBG alone. The concentration depen-
dence for each inhibitor listed in Table 1 indicates that the
potency of each antagonist for the canine Na/K ATPase was
similar, with an ICsq of 0.41 X 107° M, 0.59 X 107° M, and
0.23 X 1075 M for ouabain, MBG, and RBG, respectively.
This lowered apparent affinity is likely species or prepara-
tion dependent and is not attributed to the DOCA treatment
because the 95% confidence interval for the ICs, for
ouabain inhibition of the rat Na/K ATPase prepared from
saline-treated control animals overlapped that of prepara-
tions prepared from the DOCA-treated rats (data not
shown). Although the data in Table 1 show a lower
apparent affinity for each antagonist for the rat Na/K
ATPase, this preparation was also more discriminant of the
antagonists, MBG and RBG. The table shows that the ICsp
for ouabain was 215 X 107% M, whereas the ICsg for MBG
and RBG was decreased to 33.1 X 107 M and 56.6 X 107°
M, respectively. Overall, the data are consistent, in that each
of the bufalins acts as an antagonist of the Na/K ATPase.
Because little is known of the mechanism of inhibition by
RBG, a second type of experiment was initiated to measure
the Na/K ATPase activity in canine preparations pre-
equilibrated at RBG concentrations sufficient to inhibit
30% or 86% of the control activity. The inhibition kinetics
in the presence of both RBG and MBG could provide
evidence of a mechanism dependent on homogeneous or
heterogeneous effects of inhibitor binding. Figure 4D shows
that the residual Na/K ATPase in the presence of RBG is
inhibited by MBG at all RBG concentrations. There is a
modest increase in the ICso for MBG with preincubation in
increasing RBG concentrations, in which the ICs, increases
from 0.23 uM (0 pM RBG) to 12.4 uM (7 uM RBG).

Discussion

Preeclampsia most likely represents a group of diseases
with similar phenotypic characteristics, rather than a single
disorder (32, 33). This may explain why some preeclamptic
patients deliver large babies rather than demonstrating
IUGR (34). This may also be the explanation, for example,
for why some patients seem to have a rather benign course,
whereas others demonstrate a rapid and aggressive pro-
gression, resulting in premature birth, fetal demise, and, on
occasion, unfortunately, maternal mortality. Considerable
attention has been directed to the postulate that the “final
common pathway” in the pathogenetic process is hypo-
perfusion of the maternal-fetal unit (35). In preeclampsia,
the cytotrophoblastic cells fail to convert the spiral artery
and its tributaries from narrow-bore, high-resistance chan-
nels into large-bore, low-resistance vessels (2). Because of
the vasoconstrictive properties of MBG (20), and our
discovery that its excretion is elevated before the develop-
ment of hypertension in our animal model of preeclampsia
(21), we postulated that it might have an important
pathogenetic role in the generation of this syndrome.
Furthermore, the administration of MBG to pregnant rats
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Table 1. Antagonism of the Na/K ATPase by Ouabain-Like Steroids
Inhibitor ICsq 95% confidence interval
Canine Ouabain 0.41 x 107 0.36-0.46 x 108
DOCA rat Ouabain 215 X 107° 101-456 x 10°®
Canine MBG 0.59 X 107© 0.49-0.70 x 10°
DOCA rat MBG 33.1 X 107© 18.3-59.7 x 10°
Canine RBG 0.23 x 1076 0.21-0.26 x 108
DOCA rat RBG 56.6 X 10762 14.6-219 x 108

“ Fit was constrained to nsb = 0.

results in hypertension, which is corrected by the injection
of antibodies to MBG (21, 22).

The data from the Western blot analysis using isoform-
Specific antibodies indicates that both canine and rat
membrane preparations are highly enriched in the Na/K
ATPase ol isoform. This is consistent with the account of
Lucking er al., in which measurements using quantitative
polymerase chain reaction indicate that the o2 and o3
isoforms account for less than 1% of the Na/K ATPase in
this preparation (36). The shape of the inhibition curve for
ouabain, MBG, and RBG were consistent with the binding
for ouabain, MBG, or RBG associated with the saturation of
a single class of sites. Although there are species differences
between canine and rat evident in the calculated ICsy and
antagonist selectivity, the data established that MBG or
RBG alone are both effective inhibitors of the Na/K
ATPase. MBG inhibition of the Na/K ATPase is additive
to RBG inhibition and does not restore activity to the RBG-
inhibited Na/K ATPase. Thus, the mechanism of RBG-
dependent recovery from MBG-associated hypertension is
not easily reconciled to mechanisms involving the com-
petitive antagonism of MBG by RBG from an inhibitory site
of the Na/K ATPase or involving the interaction of the
inhibitors at separate domains accessible from a common
site for MBG and RBG.

In conclusion, the physiologic data are consistent with
an important role for MBG in the creation of a syndrome we
induced in the rat, which resembles human preeclampsia.
The biochemical data seem to rule out simple explanations
of the effects of MBG and RBG on the al isoform of the
Na/K ATPase that would account for the correlation of
hypertension and increased MBG noted in the rat model of
preeclampsia and its physiologic reversal associated with
RBG. It is not currently known whether these experimental
results in the rat have relevance for the human condition. It
is clear that there is a group of preeclamptic patients with a
syndrome, which mimics that which we have described in
our rat model (37). Accordingly, further studies to delineate
the mechanism by which RBG returns the BP to normal in
“preeclamptic” rats seem appropriate, and such studies are
underway. Additionally, should data accrue that verify this
hypothesis, Phase I and II human studies of RBG would
seem to be warranted. Should they prove successful, a
carefully crafted, safe clinical trial of this agent should be

entertained, in our opinion. Such studies would provide the
first evidence in support of a successful method for the
treatment of preeclampsia short of placental and fetal
delivery.

We thank Mrs. Ida Hennington for the production of this manuscript.
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