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Wansapura AN, Lasko V, Xie Z, Fedorova OV, Bagrov AY,
Lingrel JB, Lorenz JN. Marinobufagenin enhances cardiac contrac-
tility in mice with ouabain-sensitive o; Na*-K*-ATPase. Am J
Physiol Heart Circ Physiol 296: H1833—-H1839, 2009. First published
April 17, 2009; doi:10.1152/ajpheart.00285.2009.—Endogenous Na™*
pump inhibitors are thought to play important (patho)physiological
roles and occur in two different chemical forms in the mammalian
circulation: cardenolides, such as ouabain, and bufadienolides, such as
marinobufagenin (MBG). Although all « Na*-K*-ATPase isoforms
(a1-4) are sensitive to ouabain in most species, in rats and mice the
ubiquitously expressed a; Na*-K*-ATPase is resistant to ouabain.
We have previously shown that selective modification of the putative
ouabain binding site of either the a; or ax Na*-K*-ATPase subunit
in mice substantially alters the cardiotonic influence of exogenously
applied cardenolides. To determine whether the ouabain binding site
also interacts with MBG and if this interaction plays a functional
role, we evaluated cardiovascular function in «;-resistant/a-resis-
tant (o RRao®R), «;-sensitive/as-resistant (o >Sax®R), and o-
resistant/a,-sensitive mice (a;®Ra,%’S, wild type). Cardiovascular
indexes were evaluated in vivo by cardiac catheterization at baseline
and during graded infusions of MBG. There were no differences in
baseline measurements of targeted mice, indicating normal hemodynam-
ics and cardiac function. MBG at 0.025, 0.05, and 0.1 nmol-min~!-g
body wt™! significantly increased cardiac performance to a greater
extent in a;>Sa,®¥R compared with a;®Ra,®® and wild-type mice.
The increase in LVdP/dfmax in 155 mice was greater at
higher concentrations of MBG compared with both o;®Ra;®/R and
o ®RaySS mice (P < 0.05). These results suggest that MBG
interacts with the ouabain binding site of the a; Na™-K™-ATPase
subunit and can thereby influence cardiac inotropy.

cardiotonic steroids; sodium-potassium-adenosinetriphosphatase iso-
forms

THE NA"-K "-ATPASE is a ubiquitous transmembrane Na™ pump
and a specific receptor for cardiac glycosides such as ouabain
and digoxin, which are used in the management of congestive
heart failure. Cardiotonic steroids (CTS), such as ouabain and
digoxin, bind to and inhibit the a-subunit of the Na*-K*-
ATPase, of which there are four known isoforms (designated
a.4), and thereby increase intracellular Na* concentration.
The resulting elevation in cellular Na* causes a secondary
increase in free intracellular Ca>* concentration via reduction
in Na*/Ca?" exchanger activity, and the increased Ca®* is
responsible for the positive inotropic (therapeutic) effect. In
recent years, a potential role for endogenous CTS has been
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explored, and it has become apparent that such compounds are
elevated and may play an important role in a variety of
physiological and (patho)physiological conditions. For exam-
ple, elevated plasma and urine levels of endogenous CTS have
been reported in chronic renal failure, congestive heart failure,
essential hypertension, myocardial infarction, diabetes, and
preeclampsia, with similar findings in experimental animal
models (3, 5-7, 14-16, 18, 19).

All identified CTS share a common general structure, i.e., an
aglycone moiety composed of the steroid nucleus, a lactone
ring at position 17, and a hydroxyl group at C-14. The lactone
ring at position 17 defines two chemically distinct classes of
CTS, the cardenolides, such as ouabain and digoxin, and
bufadienolides, such as marinobufagenin (MBG) and bufalin,
consisting of five- and six-member lactone rings, respectively
(8). A differential mechanism of action between these two
classes of CTS compounds has been suggested (23) and attrib-
uted to /) differences in the steroid structures that may render
differential binding characteristics; 2) the nature of the steroid
binding site, and 3) cell and species specificity.

In most species, including humans, all « Na*-K"-ATPase
isoforms are sensitive to ouabain (25). In mice and rats,
however, the a; Na™-K™-ATPase has relatively low affinity
for, and is resistant to, the inhibitory effects of ouabain and
other cardiac glycosides (17). It is currently understood that the
effects of cardenolides such as ouabain and digoxin are largely
mediated through a specific binding site on the first extracel-
lular loop of the catalytic Na*-K*-ATPase a-subunit (20-22),
and these binding properties have been used to generate mutant
mice with altered sensitivity to ouabain to explore ligand
binding site interactions. Our previous studies using these mice
have shown that exogenously applied ouabain, and other car-
denolides, can enhance cardiac contractility in mice that ex-
press a sensitive a; or a; Na*-K*-ATPase, but not in mice in
which both the a; and a, Na™-K*-ATPase are resistant to
ouabain. A remaining question is whether the mutation of the
ouabain binding site also alters the sensitivity and binding of
the other class of CTS, namely bufadienolides.

The primary objective of this study, therefore, was to determine
whether the ouabain binding site also interacts with bufadienol-
ides and whether this interaction can have a functional role in the
murine heart. We analyzed the enzyme-inhibitory and car-
diotonic effects of MBG in mice with selective ouabain sen-
sitivity or resistance of the a; and an Na*-K*-ATPase iso-
forms: 7) wild-type mice expressing ouabain-resistant a; and
ouabain-sensitive o, Na"-K"-ATPase subunits (o;%Ra,>’5),
2) single-mutant mice with ouabain-resistant o;- and a,-sub-
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units (o *Ra®®), and 3) double-mutant mice with ouabain-
sensitive o;- and ouabain-resistant ax-subunits (o> S, R).

MATERIALS AND METHODS

Animal models. Animals were obtained from established colonies at
the University of Cincinnati and were on a mixed 129Sv] and Black
Swiss background. The colony of single-mutant mice expressing
ouabain-resistant a; Na™-K"-ATPase subunits (o; ¥Rax®R) was main-
tained by mating heterozygous male and female animals (o;¥Ra,S® X
a1®Ray5R)y (9). The colony of double-mutant mice expressing
ouabain-sensitive a; Na*-K*-ATPase subunits and ouabain-resistant
as Na™-K*-ATPase subunits (a;5Sa,®R) were maintained by mat-
ing homozygous double-mutant animals (10). Breeding pairs were
periodically backcrossed to a parallel subcolony of wild-type mice to
sustain a consistent genetic background between mutant and wild-type
mice. Wild-type animals used in these studies were obtained from
both colonies. Genotypes were confirmed by PCR analysis of DNA
from tail biopsies, as described (9, 10). Experiments were reviewed
and approved by the Institutional Animal Care and Use Committee at
the University of Cincinnati.

Determination of «; Na™-K*-ATPase activity. Kidney samples
from o;5Sax®R and a1®Ra,®S mice were ground in liquid nitrogen,
and microsomes were prepared as described previously (27). ATPase
activity was assayed by the determination of the initial rate of release
of P; from ATP. In a final volume of 1 ml, the reaction mixture for the
assay contained 2 mM [y-**P]ATP, 3 mM MgCl,, 100 mM NaCl, 5
mM KCI, 1 mM EGTA, 5 mM NaNOs3, 50 mM Tris-HCI (pH 7.4), the
indicated amount of enzyme source, and ouabain or MBG when
indicated. Azide was included in the mixture to inhibit mitochondrial
ATPase, and EGTA was included to inhibit Ca>*-dependent ATPase.
For each enzyme sample, the assay was done in the presence of
increasing concentrations of ouabain or MBG and in its absence, the
difference between the two being the Na*-K*-ATPase activity.
Assays were conducted for the indicated periods at 37°C. Each
reaction was terminated by the addition of 1 ml of 8% perchloric acid.
Released 2P; was converted to phosphomolybdate, extracted into
2-methylpropanol, and counted.

Analysis of cardiovascular performance in intact mice. Adult mice,
10-12 wk of age from a;>Sa,®® (n = 6), wild-type a1®¥Ra,5S (n =
7), and a;®*R/a,®R (n = 7) genotypes were used for assessment of
cardiac function. Mice were anesthetized with an intraperitoneal
injection of ketamine (50 pg/g body wt) and Inactin (thiobutabarbital,
100 pg/g body wt; Sigma). A tracheotomy was performed, and body
temperature was monitored and maintained with a feedback-con-
trolled heating table. The right femoral artery and vein were cannu-
lated with polyethylene tubing for the measurement of blood pressure
and for infusion of experimental agents. A high-fidelity, 1.4-Fr
Millar Mikro-Tip transducer (model SPR-671; Millar Instruments,
Houston, TX) was inserted in the right carotid artery and advanced
into the left ventricle (LV) to monitor cardiac performance. Ex-
perimental solutions were delivered as a constant infusion (0.1
wl-min~!-g body wt™1).

Protocol 1. To examine the effects of MBG on cardiac perfor-
mance, MBG was infused in three doses of 0.025, 0.05, and 0.1
nmol-min~'-g body wt™!. Each dose was administered over a 15-min
period. For comparison of peak responses, separate animals were
treated with a bolus infusion of ouabain at 1 nmol/g body wt. In
preliminary experiments, we found that this dose of ouabain produced
maximal inotropic responses and that higher doses were toxic. He-
modynamic variables were collected and analyzed using a PowerLab
system (AD Instruments, Colorado Springs, CO). Average values for
heart rate, arterial pressure, and indexes of left ventricular function
were determined for each animal from at least 50 consecutive beats
during peak response. Maximum dP/dt (dP/dtn.x) and dP/dr at 40
mmHg of developed pressure (dP/dz40) were calculated from the first
derivative of the LV pressure waveforms. At the end of cardiac
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function assessment, 0.5 ml of blood was collected from the femoral
artery. In addition, blood samples were collected from separate groups
of untreated mice from each genotype. Plasma samples were stored at
—80°C for determination of plasma MBG levels.

Protocol 2. To address the possibility of MBG interaction with
cardiac B-adrenergic receptors, we assessed cardiovascular function in
o Sa*R (n = 6) and a;*Rax®R (n = 6) mice in response to
incremental doses of (-adrenergic agonist dobutamine at doses of 2,
8, and 32 ng-min~'-g body wt~! under control conditions and during
infusion of MBG at 0.05 nmol-min~!-g body wt™!.

Determination of plasma MBG levels. MBG immunoassay was
performed as described in previous studies with modifications (14).
The assay is based on competition between immobilized antigen
(MBG-glycoside-thyroglobulin) and steroid within the sample for a
limited number of binding sites on polyclonal rabbit MBG antibody
against MBG-glycoside-BSA (antiserum aMBG-P, 1:40,000). Sec-
ondary (goat anti-rabbit) antibody (200 ng/1 ml) labeled with eu-
ropium was obtained from Perkin Elmer. Cross-reactivity of the MBG
antibody was as follows (%): 100 MBG, 0.1 ouabain, 0.1 digoxin, 3.0
digitoxin, 1.0 bufalin, 1.0 cinobufagin, <0.1 prednisone, <0.1 spi-
ronolactone, <1.0 proscillaridin, and <0.1 progesterone.

MBG was isolated from toad (Bufo marinus) venom as described
previously (4). The isolated MBG was >98% pure based on high-
performance liquid chromatography and mass spectroscopy analysis.

ATPase Inhibition
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Fig. 1. Concentration-response curves of ouabain- (fop)- and marinobufagenin
(MBG; bottom)-induced inhibition of a; Na™-K*-ATPase activity in micro-
somal kidney fractions from «-resistant/as-sensitive (oi®Ra%S; 0) and
a-sensitive/ap-resistant (o >Sax®'R; @) mice. ICso values, as indicated, were
calculated from the sigmoidal (Boltzman) fit of the normalized data. Individual
values are expressed as means * SE of three separate measurements.
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Table 1. Cardiovascular indexes in anesthetized mice

a]l(/l{ azS/S U]R/R/O(2R/R O(IS/S(XZR/R

(n=17) (n=17) (n = 6)

Heart rate, beats/min 406£19 404+28 403*18
MAP, mmHg 82+4 84+4 87+2
SBP, mmHg 99+6 100+4 105£3
Systolic LVP, mmHg 111£9 108£6 108*3
dP/dtmax, mmHg/s 8,269+484 8,265+450 7,558+320
dP/dt40, mmHg/s 7,071+322 7,171+200 7,467 +449

Values are expressed as means * SE; n, no. of mice. a;®Rao%S, -
resistant/oz-sensitive mice; o RRo®R, o -resistant/an-resistant; o 3SaRR
a-sensitive/as-resistant; MAP, mean arterial pressure; SBP, systolic blood
pressure; LVP, left ventricular pressure; dP/dfmax, average maximum value of
first derivative of intraventricular pressure; dP/dt40, average dP/dr at 40 mmHg
of developed pressure. No significant differences were detected between the
genotypes.

Data analysis. Data in Figs. 1-5 and Table 1 are reported as
means = SE. Data were analyzed using a mixed two-way ANOVA
with repeated measures on the second factor, using SigmaStat and
SuperANOVA software. Post hoc analysis was performed by inter-
action-comparisons between two groups and using the Holm-Sidak
test for comparisons between individual means where appropriate.
P values <0.05 were accepted as statistically different.
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RESULTS

Inhibition of Na*-K™*-ATPase activity by ouabain and MBG.
To determine whether mutation of the o; Nat-K*-ATPase
ouabain binding site altered the sensitivity of this subunit to
MBG, as well as to ouabain, we examined enzymatic activity
of the «;-isoform in kidney membrane preparations from
a3, ®R and o MRa,SS (wild-type) mice in the presence of
increasing concentrations of ouabain and MBG (Fig. 1). Kid-
ney tissue is one of the highest expressing tissues of Na-K
ATPase, and since renal tubular cells express only the -
isoform, unlike cardiac tissue which express both «;- and
ap-isoforms, almost all of the measured ATPase activity in
renal tissue can be attributed to the aj-isoform. The data show
that mutation of the o-isoform results in a leftward shift in
both the ouabain and MBG dose-response curves, indicating
greater sensitivity to both steroids compared with the wild-type
ay-isoform. These data also show that the affinity for MBG is
markedly higher than for ouabain in both «;-sensitive mice
(MBG ICsop = 0.2 pM vs. ouabain ICso = 1 pM) and
a-resistant mice (MBG ICsp = 5 pM vs. ouabain ICso = 100
wM). Together these data suggest that both known classes of
CTS, the cardenolides and bufadienolides, interact primarily
with the same binding site of the a Na*-K*-ATPase subunit.

18k -
*
% 16k - + T
i)
JE: 14k 1
E
12k -
5 L
5 / Q*
T 10k - é _—
S /@ Ax
> 8k - & .
- Grp effect: <0.001
ok Trt effect: <0.001
T Grp x Trt: <0.001
0 0.025 0.05 0.1
160 -
140 *
- /Q*
<)
:E: 120 | —4 /
—A&— |
£
~ 1
> 100
o
>
a
80 Grp effect: 0.448
Trt effect: 0.001
60 Grp x Trt: 0.062

0 0.025 0.05 0.1

MBG Dose (nmoles/min/gBW)

Fig. 2. Cardiac contractile and blood pressure in intact aj-resistant/ao-resistant (i ¥Rax®®; n = 7), a;55a®R (n = 6), and a;¥Rax%S (n = 7) mice in response
to increasing doses of MBG. The effect of MBG on the maximum rate of contraction (dP/dt,mx) and on the rate of contraction at 40 mmHg (dP/dt40) are shown
at top; mean arterial pressure (MAP) and left ventricle (LV) systolic pressure (LVPsys) are shown at bottom. Results from the overall ANOVA are shown in each
panel. Post hoc comparisons: *significant effect of MBG for individual genotypes (P < 0.01); fsignificantly different treatment effect (of MBG) compared with
o RRe,RR (P < 0.05). Grp, group; Trt, treatment.
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Left ventricular contractile response to MBG. To determine
whether mutation of the o; Na™-K-ATPase ouabain binding site
altered the contractile response to exogenous MBG, we analyzed
LV performance between genotypes under basal conditions and
during administration of increasing doses of MBG. As shown in
Table 1, there were no significant differences in baseline cardio-
vascular indexes of the o;S0u®R, o;®Ra,>S, and a;RRap?R
mice. These data confirm that alteration of either the a; or oo
ouabain binding site does not compromise normal hemodynamics
and cardiac function of targeted mice. On the other hand, as
shown in Fig. 2, the cardiovascular responses to exogenous MBG
infusion were markedly different between the three genotypes.
Although MBG increased dP/dt,,,., and dP/dz4 in all three groups,
the increase was much greater in the o;%5a,®® mice compared
with a;®Ra>S or a;*Rax®R mice (which were not different
from each other). Interestingly, we also found that both mean
arterial pressure (MAP) and LV systolic pressure increased
in mice with a ouabain-resistant on-isoform (a;%Sa,®¥R and
o MRa,®R) but not in the wild-type mice harboring a ouabain-
sensitive ap-isoform (a;*Ra,5). Although intravenous infusion
of MBG also had a significant dose effect on heart rate in all
groups (P < 0.001, data not shown) no differences were observed
between genotypes. Contractile responses to 1 nmol/g body
wt ouabain were also assessed in o> Sa,RR, o ®Ra,YS, and
o MRa,®R mice. A bolus infusion was given since the long
half-life of ouabain precludes steady-state measurements at con-
stant infusion rates. As with MBG, the a;%S0,®™R mutants dem-
onstrated an enhanced inotropic response to ouabain compared
with o;®Ra,%S and o ®Ra,®R mice (Fig. 3). However, in con-
trast to MBG, MAP increased only in the a;Sa,®R mice in
response to ouabain. These data indicate that mutant mice with a
ouabain-sensitive a; Na*-K*-ATPase have a markedly enhanced
cardiac contractile response to bufadienolides as well as to car-
denolides.

To test whether MBG might influence cardiac function by
interacting with [3-adrenoreceptors, or through other mecha-
nisms that may alter the response to adrenergic agonists, we
compared dobutamine dose-response relationships under base-
line conditions and following MBG treatment in o;%Sa,®/R
and o;FRa,®R mice (Fig. 4). At baseline, dobutamine in-
creased dP/dt4o similarly in the two genotypes, indicating
normal B-adrenergic responsiveness. In o;5Sa,®R mice (Fig.
4, right), MBG treatment enhanced contractile performance
equally at all doses of dobutamine (i.e., no treatment X dose
interaction). In a;*Ra,®’® mice, MBG had no effect at high or
low doses of dobutamine. These data indicated that the inotro-
pic effects of MBG are independent of adrenergic signaling
pathways.

We next sought to determine the threshold plasma concen-
tration for the observed cardiac functional effects of MBG. As
shown in Fig. 5, plasma MBG concentrations of untreated mice
(baseline) were in the subnanomolar range and were similar
between o SaRR, R Ra,’S, and o Rau®R mice. Intrave-
nous infusion of 0.025 nmol-min~'-g body wt~! MBG for 3
min resulted in an ~10-fold increase in the plasma MBG
concentration to ~1-3 nM. This level is noteworthy, since it
corresponds to the effective minimum dose that alters cardiac
function in the o;%5a,®R mutant mice, as shown in Fig. 5, right.
Intravenous infusion of MBG at 0.1 nmol-min~!-g body wt ™! for
15 min increased plasma MBG concentrations to ~50 nM.
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Fig. 3. Cardiovascular responses (LVdP/dtso, MAP) in o RRasS,

o B RaRR and o SRR mice following infusion of ouabain at 1 nmol/g
body wt. Results from the overall ANOVA are shown in each panel. Post
hoc comparisons: *P < 0.05 vs. corresponding baseline value.

DISCUSSION

We have previously demonstrated that genetic alteration of
the so-called ouabain binding site of the Na®-K*-ATPase
a-subunit results in dramatic changes in the physiological
effects of cardenolides such as ouabain and digoxin (9—11).
The primary goal of this study was to ascertain whether these
same genetic mutations similarly influence the actions of bu-
fadienolides such as MBG. We evaluated and compared the
functional effects of MBG and ouabain in mutant mice with
altered ouabain sensitivity of both a; and a; Na*-K*-ATPase
subunits. In our first experiment, we examined the ability of
ouabain and MBG to inhibit Na*-K*-ATPase in isolated
membrane preparations from renal cortex. Compared with
a1 ®Ra,%S, preparations from o;%Sa,®R mice were 100-fold
more sensitive to ouabain and 25-fold more sensitive to MBG.
Furthermore, these activity data confirm that MBG has a
greater affinity for the a; Na*-K*-ATPase than does ouabain
regardless of whether the isoform is “sensitive” (5-fold) or
“resistant” (20-fold), which is consistent with previously pub-
lished data (13). In situ experiments testing the effects of MBG
on heart function also showed that o;3Sa,®R mice were much
more sensitive to MBG than either group of mice with a

ouabain-resistant oj-isoform (o;*Re®® or a®Ra,%). Im-

AJP-Heart Circ Physiol « VOL 296 « JUNE 2009 « www.ajpheart.org

6002 ‘2T AInc uo Bio°ABojoisAyd-uresydle woly papeojumoq



http://ajpheart.physiology.org

MARINOBUFAGENIN INTERACTS WITH THE OUABAIN BINDING SITE

20k alRRg1RR
1 —&— Vehicle
{1 ——mBG A
16k -
—_— 1
» ]
(2]
I |
€
£ . A
12k
K
o ]
©
> 4
-l

| Grp effect: 0.49
Trt effect: <0.001
Grp x Trt effect: 0.07

0 2 8 32

H1837

20k — 1SS qRR

—@— Vehicle
—O— MBG é

15k §

10k C{D
o 6
1 é/ Grp effect: 0.02

- Trt effect: <0.001

Grp x Trt effect: 0.81
Sk T T T T T T T 1

0 2 8 32

Dobutamine (ng/min/gBW)

Fig. 4. Dobutamine dose-response relationships for LV dP/dz4 during vehicle infusion followed by 0.05 nmol-min~!+g body wt™! of MBG in a;*Rao®R (n =
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portantly, there were no differences observed in baseline func-
tion indicating that targeted mutation of the specific ouabain
binding site does not alter the general properties of the sodium
pump. These data provide important evidence that both classes
of CTS, cardenolide and bufadienolides, bind to the same
extracellular binding pocket on the Na™-K™-ATPase. More-
over, our results demonstrate that these mutant mice with
altered Na*-K*-ATPase binding affinities represent a valid
model for evaluating the differential effects of both cardenol-
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ides and bufadienolides. Given recent evidence that the bufa-
dienolide MBG represents an important endogenous CTS in-
fluencing cardiovascular and renal function (1, 24), validation
of these mice as relevant models was essential.

There is a high degree of homology (~87%) between the o;-
and ar-isoforms of the Na*-K*-ATPase, and the sequence
variability includes the first extracellular loop, which contains
the so-called ouabain binding site. Two amino acid substitu-
tions at positions 111 (Leu/Arg/Gln) and 122 (Asn/Asp) are
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Fig. 5. Plasma MBG levels at baseline and following treatment with MBG. MBG levels were measured after 3 min of MBG at 0.025 nmol g body wt™!*min~!,
and after 15 min at 0.1 nmol-g body wt~'-min~!. An illustration of the cardiotonic effects (LV pressure and dP/dr) of the lower dose of MBG in an o;5Sa,®/R
mouse is shown on right. At each dose, there was no statistical difference between the genotypes. *P < 0.001 compared with baseline value in corresponding

genotype.

AJP-Heart Circ Physiol « VOL 296 « JUNE 2009 « www.ajpheart.org

6002 ‘LT Ainc uo Bio'ABojoisAyd-ueaydle woly papeojumoq



http://ajpheart.physiology.org

H1838

sufficient to substantially alter the sensitivity of the enzyme
toward commonly used cardiac glycosides, such as ouabain
and digoxin (11, 21). However, to what extent the nature of the
lactone ring (i.e., 5 or 6 carbon rings) influences the affinity of
CTS for the Na*-K"-ATPase binding pocket has not been
established. Our data indicate that these amino acid substitu-
tions alter the binding properties for bufadienolides, but per-
haps not to the extent of cardenolides. Thus steroid selectivity
appears to depend substantially, but not exclusively, on the
nature of the lactone ring.

One of the central findings of this study was to establish the
concentration range at which MBG might have physiologically
relevant effects. One troublesome issue often cited regarding
the functional role of endogenous ouabain-like factors has been
that they appear to circulate at very low levels and increase to
relevant levels only in response to extreme pathological situ-
ations. Furthermore, the widespread use of rats and mice
expressing a ouabain-resistant «; Na™-K*-ATPase isoform as
a common experimental model has certainly contributed to the
uncertainty regarding the physiological relevance of endoge-
nous CTS. Recent data have identified MBG as a potentially
important endogenous CTS that circulates normally at sub-
nanomolar levels but can increase to ~1 nM in the rat and 10
nM in the dog in response to maneuvers such as salt loading (2,
12). Our experiments provide several indications that these
levels are physiologically meaningful. First, in membrane
preparations of the kidney cortex, which express the o;-subunit
almost exclusively, we found that 10 nM MBG decreased
ATPase activity by ~10% in o;5Sa,®R (see Fig. 1). Previous
studies have shown that therapeutic inotropic effects of cardiac
glycosides occur when pump activity is inhibited by only
10-20% (26). In addition, we observed that infusion of MBG
at 0.025 nmol-min~'+g body wt~! for only 3 min resulted in a
30-40% increase in LV contractile function in the ;SRR
mice (Fig. 5). In separate experiments, we found that this level
of MBG infusion increased plasma MBG levels from ~0.1 to
1-3 nM. These data provide compelling evidence that physi-
ological concentrations of MBG can interact significantly with
a Na™-K"-ATPase a-subunit that is “ouabain-sensitive”.

It is relevant that o;®Roa®R and ¥R, mice exhibited
small, but significant, increases in cardiac contractile perfor-
mance (dP/dfnax and dP/dz4o; Fig. 2). It is not clear whether this
increase is due to a partial effect of MBG on the low-affinity o
ouabain-resistant isoform or to an effect of MBG on the
ap-isoform, which is also expressed in the heart, but at lower
levels than the «,-isoform. The effect may also be mediated by
the as-isoform, expressed in neuronal tissue, through an alter-
ation of sympathetic outflow to the heart. More puzzling
perhaps are the disparate effects of MBG on blood pressure
between the a;*Ra,®S and the o} Ra,®™R or a¥Sa,*/R mice,
also shown in Fig. 2. Both mean arterial blood pressure and LV
systolic pressure were increased by MBG in mice expressing a
ouabain-resistant op-isoform, but not in mice expressing a
ouabain-sensitive as-isoform (i.e., wild type). It is not clear
how MBG would presumably cause vasoconstriction in
a1 ®Ra,RR mice but not in o ®Ra,®S mice, but the response
seems to be unique to MBG, since ouabain infusion did not
elevate blood pressure in the a;®Ra,®® mice (Fig. 3). A
distinctive effect of MBG on vascular function would be an
important finding and would require further studies to elucidate
potential mechanisms.

MARINOBUFAGENIN INTERACTS WITH THE OUABAIN BINDING SITE

In summary, our findings demonstrate that cardenolides and
bufadienolides share a common binding site in the «; Na™-
K™ -ATPase and that binding of either of these classes of CTS
can exert positive inotropy in the murine heart. Our data also
provide compelling evidence that physiologically relevant con-
centrations of circulating endogenous MBG can importantly
influence cardiovascular function. Importantly, these data also
illustrate that mutant mice with altered “ouabain-sensitivity” of
the various a-subunits of the Na™-K™*-ATPase represent useful
models for investigating the (patho)physiological effects of
endogenous caredenolides and bufadienolides and the under-
lying molecular mechanisms that involve specific Na™-K™-
ATPase a-subunits.

GRANTS

This work was supported by National Institutes of Health (NIH) Grants
DK-57552 (J. N. Lorenz), HL-66062, and HL-28573 (J. B. Lingrel) and the by
Intramural Research Program, National Institute of Aging, NIH (A. Y. Bagrov
and O. V. Fedorova).

REFERENCES

1. Bagrov AY, Fedorova OV. Cardenolide and bufadienolide ligands of the
sodium pump. How they work together in NaCl sensitive hypertension.
Front Biosci 10: 2250-2256, 2005.

2. Bagrov AY, Fedorova OV, Dmitrieva RI, French AW, Anderson DE.
Plasma marinobufagenin-like and ouabain-like immunoreactivity during
saline volume expansion in anesthetized dogs. Cardiovasc Res 31: 296—
305, 1996.

3. Bagrov AY, Fedorova OV, Dmitrieva RI, Howald WN, Hunter AP,
Kuznetsova EA, Shpen VM. Characterization of a urinary bufodienolide
Na*,K"-ATPase inhibitor in patients after acute myocardial infarction.
Hypertension 31: 1097-1103, 1998.

4. Bagrov AY, Roukoyatkina NI, Pinaev AG, Dmitrieva RI, Fedorova
OV. Effects of two endogenous Na*,K*-ATPase inhibitors, marinobu-
fagenin and ouabain, on isolated rat aorta. Eur J Pharmacol 274: 151-158,
1995.

5. Bagrov YY, Manusova NB, Egorova IA, Fedorova OV, Bagrov AY.
Endogenous digitalis-like ligands and Na/K-ATPase inhibition in experi-
mental diabetes mellitus. Front Biosci 10: 2257-2262, 2005.

6. Balzan S, Neglia D, Ghione S, D’Urso G, Baldacchino MC, Montali U,
L’Abbate A. Increased circulating levels of ouabain-like factor in patients
with asymptomatic left ventricular dysfunction. Eur J Heart Fail 3:
165-171, 2001.

7. Blaustein MP. Endogenous ouabain: role in the pathogenesis of hyper-
tension. Kidney Int 49: 1748-1753, 1996.

8. de Lannoy IA, Silverman M. The MDR1 gene product, P-glycoprotein,
mediates the transport of the cardiac glycoside, digoxin. Biochem Biophys
Res Commun 189: 551-557, 1992.

9. Dostanic I, Lorenz JN, Schultz Jel J, Grupp IL, Neumann JC, Wani
MA, Lingrel JB. The a2 isoform of Na,K-ATPase mediates ouabain-
induced cardiac inotropy in mice. J Biol Chem 278: 53026-53034, 2003.

10. Dostanic I, Schultz Jel J, Lorenz JN, Lingrel JB. The «l isoform of
Na,K-ATPase regulates cardiac contractility and functionally interacts and
co-localizes with the Na/Ca exchanger in heart. J Biol Chem 279: 54053—
54061, 2004.

11. Dostanic-Larson I, Lorenz JN, Van Huysse JW, Neumann JC, Mose-
ley AE, Lingrel JB. Physiological role of the ;- and az-isoforms of the
Na*-K*-ATPase and biological significance of their cardiac glycoside
binding site. Am J Physiol Regul Integr Comp Physiol 290: R524-R528,
2006.

12. Fedorova OV, Doris PA, Bagrov AY. Endogenous marinobufagenin-like
factor in acute plasma volume expansion. Clin Exp Hypertens 20: 581—
591, 1998.

13. Fedorova OV, Lakatta EG, Bagrov AY. Endogenous Na,K pump
ligands are differentially regulated during acute NaCl loading of Dahl rats.
Circulation 102: 3009-3014, 2000.

14. Fedorova OV, Talan MI, Agalakova NI, Lakatta EG, Bagrov AY.
Endogenous ligand of al sodium pump, marinobufagenin, is a novel
mediator of sodium chloride-dependent hypertension. Circulation 105:
1122-1127, 2002.

AJP-Heart Circ Physiol « VOL 296 « JUNE 2009 « www.ajpheart.org

6002 ‘2T AInc uo Bio ABojoisAyd-reaydle woly papeojumoq



http://ajpheart.physiology.org

15.

17.

18.

19.

MARINOBUFAGENIN INTERACTS WITH THE OUABAIN BINDING SITE

Gottlieb SS, Rogowski AC, Weinberg M, Krichten CM, Hamilton BP,
Hamlyn JM. Elevated concentrations of endogenous ouabain in patients
with congestive heart failure. Circulation 86: 420—425, 1992.

. Hamlyn JM, Ringel R, Schaeffer J, Levinson PD, Hamilton BP, Kowar-

ski AA, Blaustein MP. A circulating inhibitor of (Na™+K™*)ATPase asso-
ciated with essential hypertension. Nature 300: 650—652, 1982.

Jewell EA, Lingrel JB. Comparison of the substrate dependence proper-
ties of the rat Na,K-ATPase al, a2, and o3 isoforms expressed in HeLa
cells. J Biol Chem 266: 16925-16930, 1991.

Kennedy DJ, Elkareh J, Shidyak A, Shapiro AP, Smaili S, Mutgi K,
Gupta S, Tian J, Morgan E, Khouri S, Cooper CJ, Periyasamy SM,
Xie Z, Malhotra D, Fedorova OV, Bagrov AY, Shapiro JI. Partial
nephrectomy as a model for uremic cardiomyopathy in the mouse. Am J
Physiol Renal Physiol 294: F450-F454, 2008.

Kennedy DJ, Vetteth S, Periyasamy SM, Kanj M, Fedorova L, Khouri
S, Kahaleh MB, Xie Z, Malhotra D, Kolodkin NI, Lakatta EG,
Fedorova OV, Bagrov AY, Shapiro JI. Central role for the cardiotonic
steroid marinobufagenin in the pathogenesis of experimental uremic car-
diomyopathy. Hypertension 47: 488—-495, 2006.

20.

21.

22.

23.

24.

25.

26.

217.

H1839

Lingrel JB, Arguello JM, Van Huysse J, Kuntzweiler TA. Cation and
cardiac glycoside binding sites of the Na,K-ATPase. Ann NY Acad Sci
834: 194-206, 1997.

Lingrel JB, Croyle ML, Woo AL, Arguello JM. Ligand binding sites of
Na,K-ATPase. Acta Physiol Scand Suppl 643: 69-77, 1998.

Lingrel JB, Kuntzweiler T. Na-ATPase. J Biol Chem 269: 19659—
19662, 1994.

Manunta P, Ferrandi M. Different effects of marinobufagenin and
endogenous ouabain. J Hypertens 22: 257-259, 2004.

Schoner W, Scheiner-Bobis G. Endogenous and exogenous cardiac
glycosides and their mechanisms of action. Am J Cardiovasc Drugs 7:
173-189, 2007.

Shamraj OI, Melvin D, Lingrel JB. Expression of Na,K-ATPase iso-
forms in human heart. Biochem Biophys Res Commun 179: 14341440,
1991.

Wasserstrom JA, Aistrup GL. Digitalis: new actions for an old drug.
Am J Physiol Heart Circ Physiol 289: H1781-H1793, 2005.

Xie ZJ, Wang YH, Ganjeizadeh M, McGee R Jr, Askari A. Determi-
nation of total (Na*+ K™)-ATPase activity of isolated or cultured cells.
Anal Biochem 183: 215-219, 1989.

AJP-Heart Circ Physiol « VOL 296 « JUNE 2009 « www.ajpheart.org

6002 ‘2T AInc uo Bio ABojoisAyd-reaydle woly papeojumoq



http://ajpheart.physiology.org

