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Abstract

Background. Previous reports demonstrated that digitalis-
like cardiotonic steroids (CTS) contribute to the pathogen-
esis of end-stage renal disease. The goal of the present
study was to define the nature of CTS in patients with
chronic kidney disease (CKD) and in partially nephrectom-
ized (PNXx) rats.

Methods. In patients with CKD and in healthy controls, we
determined plasma levels of marinobufagenin (MBG) and
endogenous ouabain (EO) and erythrocyte Na/K-ATPase
activity in the absence and in the presence of 3E9 anti-
MBG monoclonal antibody (mAb) and Digibind. Levels
of MBG and EO were also determined in sham-operated
Sprague—Dawley rats and in rats following 4 weeks of PNx.
Results. In 25 patients with CKD plasma, MBG but not EO
was increased (0.86 = 0.07 versus 0.28 = 0.02 nmol/L,
P < 0.01) and erythrocyte Na/K-ATPase was inhibited (1.24
* 0.10 versus 2.80 = 0.09 umol Pi/mL/h, P < 0.01) as
compared to that in 19 healthy subjects. Ex vivo, 3E9 mAb
restored Na/K-ATPase in erythrocytes from patients with
CKD but did not affect Na/K-ATPase from control sub-
jects. Following chromatographic fractionation of uremic
versus normal plasma, a competitive immunoassay based
on anti-MBG mAb detected a 3-fold increase in the level of
endogenous material having retention time similar to that
seen with MBG. A similar pattern of CTS changes was
observed in uremic rats. As compared to sham-operated
animals, PNx rats exhibited 3-fold elevated levels of
MBG but not that of EO.

Conclusions. In chronic renal failure, elevated levels of a
bufadienolide CTS, MBG, contribute to Na/K-ATPase in-
hibition and may represent a potential target for therapy.

Keywords: chronic renal failure; marinobufagenin; monoclonal
antibody; Na/K-ATPase; ouabain

Introduction

One of the factors implicated in the pathogenesis of chronic
renal failure is the increased circulating concentration of
endogenous cardiotonic steroids (CTS), i.e. endogenous
ligands of the Na/K-ATPase [1, 2]. CTS, belonging to
classes of cardenolides [e.g. endogenous ouabain (EO)]
and bufadienolides [e.g. marinobufagenin (MBG) and
telocinobufagin], act as physiological regulators of sodium
pump activity and are implicated in regulation of natriuresis
and vascular tone [2]. More recently, CTS have been
shown to contribute to pro-hypertrophic and pro-fibrotic
cell signaling [3]. We demonstrated that in partially neph-
rectomized (PNx) rats, diastolic dysfunction and cardiac
fibrosis are accompanied by elevated plasma levels of
MBG; we also noted increased cardiac and plasma levels
of oxidative stress markers as well as other evidence for
signaling through the Na/K-ATPase such as activation of
Src and MAPK [4-6]. In these studies, chronic administra-
tion of MBG to normotensive rats to achieve similar plasma
concentrations of MBG as seen with PNx produced a very
similar cardiac phenotype as seen with PNx. Conversely,
active immunization of PNx rats against MBG dramatically
reduced cardiac hypertrophy and fibrosis, as well as evi-
dence of Na/K-ATPase signaling including reduced left
ventricular and systemic levels of oxidative stress [4—6].
The above findings suggest that immunoneutralization of
CTS may hold promise for the treatment of chronic kidney
disease (CKD) and of uremic cardiomyopathy. Since data
on the nature of CTS implicated in chronic renal failure are
conflicting [6-9], our goal was to define whether EO, MBG
or both become elevated in uremia. To answer this ques-
tion, we determined plasma levels of CTS in patients with
CKD and in PNx rats using MBG immunoassay based on a
monoclonal antibody (mAb) and two EO assays based
on antibodies with different cross-reactivities, as well
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as an assay utilizing Digibind as the primary antibody.
Previously, Digibind™ (the Fab fragments of ovine digoxin
antibody) has been demonstrated to both bind endogenous
CTS and lower blood pressure in patients with pre-
eclampsia, a syndrome associated with elevated CTS levels
[10-12]. We also compared the ability of anti-MBG and
anti-ouabain antibodies to interact with CTS material from
human uremic plasma following its fractionation on
reverse-phase high-performance liquid chromatography
(HPLC) columns.

Methods

Human studies

The protocol for the human study was approved by the Research Council
of Mechnikov Medical Academy, St. Petersburg, Russia, and by the In-
stitutional Review Board of Medstar Research Institute, Washington, DC.
Twenty-five patients with CKD on chronic dialysis treatment at the
Chronic Dialysis Division, Mechnikov Medical Academy, St. Petersburg,
Russia, and 19 healthy volunteers (Mechnikov Medical Academy, St.
Petersburg, Russia) were included in this study. Of the patients, 20 were
on hemodialysis (HD) and 5 on chronic ambulatory peritoneal dialysis
(CAPD). The cause of CKD was chronic glomerulonephritis (12 patients),
pyelonephritis (4 patients), polycystic kidney disease (4 patients), congen-
ital renal dysplasia (1 patient), diabetes mellitus (3 patients) and amyloi-
dosis (1 patient). Patients on HD were treated three times weekly with
standard bicarbonate dialysis with synthetic membranes. Patients on
CAPD were all on a four exchanges per day schedule with standard 2 L
peritoneal dialysate containing varying amounts of dextrose (1.5, 2.5 or
4.25%) depending on their volume status. Twelve patients were on
treatment with erythropoietin, and 16 were taking antihypertensive
drugs (angiotensin-converting enzyme inhibitors, calcium channel block-
ers, alpha- and beta-blockers). None of the subjects studied had ever been
administered digitalis drugs. The clinical characteristics of the patients and
control subjects are summarized in Table 1.

Erythrocyte Na/K-ATPase activity

Activity of Na/K-ATPase in the whole erythrocytes of patients with
CKD and control subjects was determined as reported previously
[13]. The in vitro effects of anti-MBG 3E9 mAb and Digibind (Glaxo
SmithKline) on erythrocyte Na/K-ATPase were studied in red blood
cells from patients with CKD. Anti-MBG 3E9 mAbs were used at
concentration 50 pg/L, which, in vitro, reversed the MBG-induced
75% inhibition of rat kidney Na/K-ATPase (a-1 isoform) and in vivo
reduced blood pressure in hypertensive Dahl-S rats [14]. Digibind was
used at concentration 10 pg/mL, which, is in the same range as doses of
Digibind previously used to treat patients with preeclampsia [10—-12].
Aliquots of the whole blood (0.5 mL) were preincubated at room tem-
perature for 30 min in the presence and absence of 3E9 mAb or Dig-

Table 1. Characteristics of study subjects®

Control CKD

(n=19) (n=25)
Age (years) 46.5 =24 52.8 £3.7
Sex (male/female) 9/10 14/11
Body weight (kg) 68 =3 71 +£2
HD/CAPD n.a. 20/5
Serum creatinine (pmol/L) 86 =2 848 + 45%
Serum Na (mmol/L) 141 = 1 139 = 1
Serum K (mmol/L) 43 *+0.1 53 *+0.1*
Systolic blood pressure (mmHg) 125 £2 127 £ 4
Diastolic blood pressure (mmHg) 76 = 1 81 =3
Hypertension (yes/no) 0/19 16/9

“Means = SEM.
*P < 0.001 versus healthy subjects, two-tailed #-test. n.a, not applicable.
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ibind. Erythrocytes were washed three times in an isotonic medium
(145 mmol/L NaCl in 20 mmol/L Tris buffer; pH 7.6 at 4°C), and
activity of Na/K-ATPase was determined. Erythrocytes were preincu-
bated with Tween-20 (0.5%) in sucrose (250 mmol/L) and Tris buffer
(20 mmol/L, pH 7.4, 37°C) for 30 min and were incubated for 30 min in
the medium containing (in mmol/L) NaCl 100, KCI 10, MgCl, 3,
EDTA 0.5, Tris 50 and ATP 2 (pH 7.4, 37°C) in the final dilution
1:40. The reaction was stopped by the addition of trichloroacetic acid
to a final concentration of 7%. Total ATPase activity was measured by
the production of inorganic phosphate (Pi), and Na/K-ATPase activity
was estimated as the difference between ATPase activity in the presence
and absence of 5 mmol/L ouabain.

Animal studies

All animal experimentation described in this article was conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals under protocols approved by the Uni-
versity of Toledo Institutional Animal Care and Use Committee. Male
Sprague—Dawley rats (250-300 g) were used for these studies. Eight
sham-nephrectomized rats comprised the control group. In 18 rats, PNx
was performed as we have previously described [4]. This maneuver
produces sustained hypertension within 2 weeks. At 5 weeks following
PNXx, these rats were sacrificed. Plasma samples were stored at —80°C
for determination of CTS. Blood pressure was determined using the tail
cuff method by IITC, Inc. (Amplifier model 229, Monitor model 31, Test
chamber Model 306; IITC Life Science, Woodland Hills, CA).

Creatinine measurement

Plasma creatinine was measured with a colorimetric method using a com-
mercial kit from Teco Diagnostics (Cat# C515-480; Anaheim, CA). Crea-
tinine standards or plasma samples were mixed with the picric acid reagent
and creatinine buffer reagent provided with the kit. The OD value at 510
nm was measured immediately after and at 15 min. The differences be-
tween the two time points were used to calculate the creatinine
concentrations.

Oxidative stress markers

Total protein carbonyl concentration in plasma and left ventricular homo-
genate as a marker of oxidative stress [15] was determined by enzyme-
linked immunosorbent assay using the BIOCELL PC Test kit (Northwest
Life Science Specialties).

CTS immunoassays

For measurement of CTS, plasma samples were extracted using C18 Sep-
Pak cartridges (Waters Inc., Cambridge, MA) [16]. Cartridges were acti-
vated with 10 mL acetonitrile and washed with 10 mL water. Then, 0.5 mL
plasma samples were applied to the cartridges and consecutively eluted with
7 mL 20% acetonitrile followed by 7 mL 80% acetonitrile in the same vial,
which provides elution of material with lower and higher polarity, respec-
tively, and permits measurement of various CTS in the sample [16]. Follow-
ing elution, samples were vacuum dried and kept at —50°C. Before
immunoassays, samples were reconstituted in the initial volume of assay
buffer. MBG was measured using a fluoroimmunoassay [association-
enhanced fluoroimmunoassay (DELFIA)] based on a murine anti-MBG
4G4 mAb recently described in detail [14]. This assay is based on competi-
tion between immobilized antigen (MBG-glycoside-thyroglobulin) and
MBG, other cross-reactants, or endogenous CTS within the sample for a
limited number of binding sites on an anti-MBG mAbs. Secondary (goat
anti-mouse) antibody labeled with nonradioactive europium was obtained
from Perkin-Elmer (Waltham, MA). The EO assays were based on a similar
principle utilizing an ouabain—ovalbumin conjugate and two ouabain anti-
serums (anti-OU-S, 1:100 000 and anti-OU-M, 1:20 000) obtained from
rabbits immunized with ouabain—bovine serum albumin (BSA) conjugate
(anti-OU-S) or with a mixture of ouabain—BSA and ouabain—-RNAase con-
jugates (anti-OU-M). Plasma levels of digoxin-like immunoreactivity were
determined using a competitive immunoassay based on Digibind [14].
Since levels of ‘digoxin immunoreactivity’ in the individual (nonconcen-
trated), samples in this assay are beyond its sensitivity, levels of digoxin-
like immunoreactive material in plasma of patients with CKD and PNx rats
were determined in the samples which were pooled (n = 6), extracted of C18
cartridges and concentrated 10-fold. For this digoxin immunoassay, we
labeled the primary antibody (Digibind; Glaxo SmithKline, King of Prussia,
PA) using a europium-labeling kit (Perkin-Elmer). The assay was based on a
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competition between the CTS in the sample and digoxin—BSA conjugate
immobilized on the bottom of immunoprecipitation strips for a limited
number of binding sites of the Digibind (0.125 pg/well). The sensitivity
of Digibind immunoassay for digoxin was 0.01 nmol/L. In a separate ex-
periment, we pooled 50-uL aliquots of control plasma samples, spiked 0.25
mL samples of pooled plasma with increasing concentrations of MBG
(0.125-2 nmol/L), extracted samples of on C18 SepPak cartridges as de-
scribed above and determined levels of MBG and of ouabain-like immu-
noreactivity using assays based on anti-ouabain antibodies ‘S’ and ‘M’.

Data on cross-reactivity of each assay and calibration curves from
immunoassays illustrating cross-reactivity of each antibody with MBG,
ouabain and digoxin are presented in Table 2 and Figure 1, respectively.
MBG and telocinobufagin (>98% HPLC pure) were purified from secre-
tions from parotid glands of Bufo marinus toads as reported previously
[13]. Bufalin, cinobufagin, cinobufatalin and ouabain were purchased
from Sigma Chemicals (St. Louis, MO). Proscillaridin A and resibufage-
nin were obtained from Axxora LLC (San Diego, CA), and marinobufo-
toxin was a generous gift by Dr. Vincent P. Butler, Department of
Medicine, College of Physicians and Surgeons, Columbia University,
New York, NY.

High-performance liquid chromatography

The 50-pL alliquotes of uremic or control plasma samples were pooled.
Pooled normal or uremic plasma (0.5 mL) was extracted on C18 SepPak
cartridges, as described above, dried in a vacuum centrifuge and fractio-
nated on an Agilent 1100 series liquid chromatographic system. Specifi-
cally, this involved the use of an Agilent Zorbax Eclipse XDB-C18
(Agilent Technologies, Palo Alto, CA), 4.6_150mm, 5-pm particle size,
80A° column, a flow rate of 1 mL/min and a linear (10-85.5%) gradient of
acetonitrile against 0.1% trifluoroacetic (TFA) for 45 min. Thirty 1.5-min
fractions were collected and analyzed for MBG and ouabain
immunoreactivity.

Statistical analyses

The results are presented as means + SEM. Data were analyzed using one-
way analysis of variance followed by Newman—Keuls test and by two-
tailed #-test (when applicable) (GraphPad Prism software, San Diego, CA).
A two-sided P-value of <0.05 was considered to be statistically
significant.

Results

Patients with CKD did not differ significantly from the
control group with respect to age, gender and body mass
(Table 1). As presented in Figure 2, patients with CKD had
3.5-fold greater plasma levels of MBG as compared to that
in the control group. When EO concentrations were deter-

Table 2. Cross-immunoreactivity of anti-MBG and anti-ouabain antibodies

E.V. Kolmakova et al.

mined by an assay based on anti-ouabain antibody M, lev-
els of this hormone in patients with CKD were not different
from control values but the assay based on antibody S,
which exhibits cross-immunoreactivity with bufadieno-
lides, detected an almost 2-fold elevation of EO in patients
with chronic renal failure. The assay based on Digibind did
not detect immunoreactivity in individual samples of
plasma from both CKD and control groups (data not
shown). When samples from each group were pooled
and concentrated 10-fold, levels of CTS measured by
Digibind fluoroimmunoassay in patients with CKD were
increased 4-fold versus that in control group, which was
proportional to the observed increase in the plasma levels
of MBG seen in these patients (Figure 2D). In order to
confirm that anti-ouabain antibody S indeed exhibits
greater cross-reactivity with MBG as compared to anti-
ouabain antibody M, we pooled aliquots of control plasma,
spiked it with MBG (Figure 2E), extracted them on C18
SepPak cartridges and determined levels of MBG and
ouabain-like immunoreactivity using both anti-ouabain
antibodies. As presented in Figure 2F, anti-ouabain anti-
body S detected elevation in the levels of MBG much better
than anti-ouabain antibody M.

Figure 3A and C demonstrate the elution of endogenous
MBG-immunoreactive material from control plasma from
the Agilent Zorbax Eclipse XDB-C18 HPLC column.
Standard of MBG eluted in fraction 16, as indicated on
the graphs by an arrow. Endogenous MBG-immunoreac-
tive material from normal, determined using both 4G4 and
3E9 anti-MBG mAbs, eluted in fractions 9-29 with a
distinctive peak of immunoreactivity eluting in fraction
16, which coincided with the elution time of MBG stand-
ard. Following HPLC fractionation of uremic plasma lev-
els of MBG, immunoreactivity eluting in fraction 16
exhibited a substantial increase versus that in control
plasma (Figure 3B and D). The magnitude of this increase
was proportional to the magnitude in the elevation in
plasma MBG levels in CKD patients.

As presented in Figure 3E and G, the maximum of en-
dogenous ouabain-immunoreactive material detected by
both S and M anti-ouabain antibodies eluted from HPLC

Cross-immunoreactivity of antibodies (%)

Cross-reactants Anti-MBG 4G4 mAb Anti-MBG 3E9 mAb Digibind Anti-ouabain serum S Anti-ouabain serum M
Marinobufagenin 100 100 0.2 7 0.05
Marinobufotoxin 43 4 0.5 1.6 0.06
Telocinobufagin 14 7 0.9 2 0.02
Cinobufotalin 40 44 43 0.3 0.02
Cinobufagin 0.07 1.4 0.02 0.5 0.02
Resibufagenin 0.5 0.5 0.8 7 0.15
Bufalin 0.08 0.3 2.7 6 0.1
Proscillaridin A <0.001 3 1.3 0.2 0.03
Ouabain 0.005 0.02 0.4 100 100
Ouabagenin <0.001 <0.001 0.1 25 52
Digoxin 0.03 1.8 100 0.1 1.5
Digitoxin <0.01 0.7 1.2 1.5 0.47
Aldosterone <0.01 <0.01 <0.01 0.01 0.04
Progesterone <0.01 <0.01 <0.01 0.08 0.002
Prednisone <0.001  <0.001 <0.01 0.07 0.001
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Fig. 1. Displacement of binding of anti-MBG 4G4 (A) and 3E9 (B) mAbs, anti-ouabain S antiserum (C), anti-ouabain M antiserum (D) and Digibind (E)
to conjugated antigens by cardiotonic steroids in a competitive fluoroimmunoassays.

A MBG (4G4 Mab) B EO (antiserum M)
1.00 0.5
P<0.001
0.75- 084 NS
- = 0.3
S 0.50 2 —
£ £ o2
——
0.25- o
0.00 0.0
Ctrl CKD Ctrl CKD

MBG in spiked control plasma

O anti-MBG 4G4 mAb

MBG immunoreactivity
(nmoliL)

n T T T T
0.0 0.5 1.0 1.5 2.0

MBG added (nmollL)

Cc

nmol/L

(Digibind assay)

CKD

EO (antiserum S) D Digoxin-like material
0.25
0:54 P=0.003 - P<0.001
0.4 4 ’
0.34 % 0.15
£
02d ——— £ 0.10
0.1
0.0
Cctrl CKD Ctrl
F Ouabain-immunoreactivity
in MBG-spiked samples

£ o064 antioU AL 'S
5 I anti-OU Ab "M"
Q
’gg 0.4-

[=]
£
EE
c 0.2
'S
Q
@
3
© o0 T r . r

0.0 0.5 1.0 1.5 2.0

MBG added (nmoliL)

Fig. 2. Plasma levels of MBG measured using 4G4 anti-MBG mAb (A) and of EO measured using anti-ouabain antiserums M (B) and S (C) in healthy
controls (Ctrl) and in patients with CKD. (D) Determination of levels of CTS in pooled samples of plasma from Ctrl and CKD using competitive
fluoroimmunoassay based on Digibind. Means = SEM. Two-tailed #-test. Determination of MBG immunoreactivity (4G4 mAb) (E) and of ouabain
immunoreactivity determined using anti-ouabain antiserums M and S (F) in pooled plasma samples from healthy controls spiked with MBG (0.125, 0.25,

0.5, 1.0 and 2 nmol/L).

column in fraction 6, which corresponds to the elution tome
ouabain standard. Following HPLC fractionation of uremic
plasma, both anti-ouabain antibodies did not detect an in-
crease in the levels of EO in HPLC fraction eluting in
fraction 6. Anti-ouabain antibody M detected a modest

increase in the ouabain-immunoreactivity eluting in frac-
tions 9—16, while antibody S detected a substantial increase
in ouabain immunoreactivity eluting in fractions 11-17
(Figure 3F and H), which overlaps with the elution time
of MBG and other bufadienolide CTS (telocinobufagin,
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Fig. 3. Pattern of elution of endogenous MBG and ouabain immunoreactivity following fractionation of extracts of normal human plasma (A, C, E and
G) and of human uremic plasma (B, D, F and H) on reverse-phase HPLC column in the linear gradient of acetonitrile (dotted line). The retention times of

MBG and ouabain (OU) standards are indicated by arrows.

fraction 14; MBG, fraction 16; cinobufatalin, fraction 16
and bufalin, fraction 17).

As presented in Figure 4A, in patients with CKD activity
of the Na/K-ATPase in erythrocytes was inhibited by 56% as
compared to that in the control group and was negatively

correlated with plasma concentrations of MBG (Figure 4B)
but not EO (r = 0.34, P = 0.30 for EO measured with anti-
body M and » = 045, P = 0.16 for EO measured with
antibody S). The ex vivo treatment of erythrocytes from pa-
tients with CKD with 3E9 anti-MBG mAb and with Digibind
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Fig. 4. (A) Erythrocyte Na/K-ATPase in healthy control subjects and in patients with CKD in the absence and in the presence of Digibind and 3E9 anti-
MBG mAb. Means = SEM. One-way analysis of variance followed by Newman—Keuls test. (B) Correlation between plasma levels of MBG and activity

of Na/K-ATPase in erythrocytes in patients with CKD. Two-tailed #-test.

produced a partial but significant restoration of Na/K-ATPase
activity (Figure 4A). Notably, the ex vivo treatment with 3E9
antibody did not significantly alter the activity of the
Na/K-ATPase in erythrocytes from control subjects.

In order to define whether in PNx rats changes in CTS
mimic those observed in patients with CKD, we next de-
termined levels of MBG, EO and digoxin immunoreactiv-
ity in intact Sprague—Dawley rats in the animals with renal
failure. In Sprague-Dawley rats, PNx led to marked in-
creases in plasma creatinine, development of hypertension
and oxidative stress assessed by plasma and cardiac levels
of carbonylated protein (Table 3). As illustrated in Figure 5,
patterns of changes in plasma levels of CTS in PNx rats
were identical to those observed in patients with CKD. In
Sprague—Dawley rats, PNx was accompanied by signifi-
cant elevations of MBG measured by 4G4 mAb and EO
determined using antiserum S but not antiserum M. DEL-
FIA digoxin assay based on Digibind detected elevated
levels of CTS in pooled 10-fold concentrated samples of
plasma from PNx versus control rats. Similar to that in
patients with CKD, in PNx rats, the magnitude of elevation
of plasma CTS determined using Digibind was propor-
tional to that determined using assay based on anti-MBG
4G4 mAD.

Discussion

The major findings of the present study are that levels of
CTS in patients and in experimental rats with chronic renal
failure exhibit a similar pattern of changes and that MBG
rather than EO becomes elevated and contributes to Na/K-
ATPase inhibition in CKD. Since in chronic renal failure
CTS represent potentially important therapeutic targets, the
importance of determination of the nature of CTS impli-
cated in pathogenesis of CKD is obvious. Elevations of
CTS in uremic subjects [17] and in PNx rats [18, 19] have
been found long ago, and detection of false-positive
digitalis immunoreactivity in uremic serum was among
the first findings indicating the importance of endogenous
digitalis-like CTS in volume-expanded hypertension and
renal failure [17]. Data on the nature of CTS implicated
in chronic renal failure are controversial. Naruse et al. [7]
reported  increased plasma levels of ouabain

Table 3. Physiological measurements after PNx®

Sham PNx
Variable (n=23) (n=06)
Plasma creatinine, mg/dL 0.35 = 0.07 0.64 = 0.03*
Systolic blood}aressure 110 £5 189 * 14*
HW/BW, X10 0.26 = 0.03 0.36 = 0.03*
Left ventricular carbonylated 319 £7 514 * 20*
protein, pmol/mg protein
Plasma carbonylated protein, 171+ 9 320 = 20*

pmol/mg protein

2Systolic blood pressure measured in conscious animals with a tail cuff at
the indicated time points 4 weeks post surgery. BW, body weight; HW,
heart weight determined at the time of euthanasia.

*P < 0.01 versus Sham.

A MBG (4G4 mAb) B EO (antiserum M)
0.4
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=
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Sham PNx - Sham PNx
Digoxin-like material
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EO (antiserum S) (Digibind assay)
T P<0.001
0.75- P=0.03 -
o 1 0.02-
3 D.SD- —— ;6
E £ e —
0.254 < 0.01
0.00
Sham PNx S PNx

Fig. 5. CTS in rats with renal failure. Plasma levels of MBG measured
using 4G4 anti-MBG mAD (A) and of EO measured using antiserums M
(B) and S (C) in sham-operated (Sham) and PNx rats. (D) Determination
of levels of CTS in pooled samples of plasma from Sham and PNx using
competitive fluoroimmunoassay based on Digibind. Means = SEM. Two-
tailed #-test.
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immunoreactivity in uremic subjects. Recently, Stella et al.
[9] demonstrated that levels of EO in plasma of patients
with CKD substantially exceeded those observed in nor-
motensive subjects in the other studies. Schoner et al. [20],
however, demonstrated that ouabain-like CTS which be-
comes elevated in uremic plasma is more hydrophobic than
ouabain which is consistent with the profile of elution
of MBG from reverse-phase HPLC columns in our present
(Figure 3) and previous [14, 16] studies. Accordingly, Tao
et al. [21] demonstrated that CTS purified from peritoneal
dialysate of patients with chronic renal failure exhibits
heightened affinity to o-1 rather that to o2/a-3 isoforms
of the Na/K-ATPase, which is similar to profile of inhib-
ition of Na/K-ATPase isoforms by MBG [22, 23]. Subse-
quently, using assays based on polyclonal antibodies, we
demonstrated that levels of MBG rather than EO are ele-
vated in the plasma of patients with CKD [8].

In the present study, using a competitive immunoassay
based on a monoclonal antibody, which is highly specific to
bufadienolide CTS, we demonstrate that levels of MBG are
markedly increased in both patients with CKD and in rats
following subtotal nephrectomy. In the present study, both
anti-MBG mAbs used for measurement of CTS and for
ex vivo CTS immunoneutralization exhibited extremely
low cross-reactivity with ouabain, and the pattern of
uremia-induced changes in the levels of CTS was identical
in both patients with CKD and rats subjected to PNx. In our
study, for determination of EO, we used two anti-ouabain
antibodies, an antiserum S, which exhibits a substantial
cross-immunoreactivity with bufadienolide CTS including
MBG, and antiserum M, which does not cross-react with
the bufadienolides (Table 1). We found that in both uremic
patients and PNx rats, elevations of EO were detected by
antibody S but not by antibody M. Notably, following
HPLC fractionation of uremic plasma, anti-ouabain anti-
body M cross reacted with the material coeluting with
authentic ouabain, while anti-ouabain antibody S in addi-
tion to less polar material, which coeluted with ouabain,
also reacted with more polar HPLC fractions, which over-
lapped with the fractions containing high levels of MBG
immunoreactivity. These observations do not agree with
the previous finding of elevated EO levels in patients with
CKD [7, 9] and suggest that it is MBG, rather than EO,
which becomes elevated with renal failure. Ergo, we be-
lieve it is MBG that represents the more logical therapeutic
target in this condition, especially considering that in PNx
rats active immunization against MBG reduced levels of
cardiac oxidative stress and fibrosis [5], the hallmarks of
uremic cardiomyopathy [24, 25]. It should be noted that in
previous studies demonstrating elevated EO levels in pa-
tients with CKD and in PNXx rats, data on cross-reactivity of
anti-ouabain antibody with bufadienolide CTS were not re-
ported [7, 9, 20]. Considering substantial variability in
plasma levels of EO reported by various groups [26], the
standardization of the ‘in-house’ CTS assays and develop-
ment of reliable commercial immunoassays preferably based
on monoclonal antibodies will be essential for subsequent
clinical studies of endogenous sodium pump ligands.

Previously, we demonstrated that in patients with
preeclampsia-elevated plasma, MBG levels were associ-
ated with the inhibition of erythrocyte Na/K-ATPase which

E.V. Kolmakova et al.

was reversible by both 3E9 mAb and Digibind [14] and that
in preeclamptic placentae, bufadienolide CTS, including
MBG, rather than EO, represents a target for Digibind
[27]. In the present study, both 3E9 mAb and Digibind
ex vivo restored activity of Na/K-ATPase in erythrocytes
from patients with CKD. Furthermore, in the present study,
plasma levels of MBG exhibited a negative correlation with
Na/K-ATPase, indicating on a causative link between
elevated levels of MBG and inhibited Na/K-ATPase in
patients with CKD. These observations agree with the re-
sults of several previous studies in which activity of
erythrocyte Na/K-ATPase was shown to reflect plasma
levels of endogenous [13, 14, 28, 29] and exogenous
[30-32] CTS and in which ex vivo incubation of plasma
in the presence of CTS-neutralizing antibodies reversed
CTS-induced inhibition of Na/K-ATPase in the erythro-
cytes from newborns [28], from human subjects during
voluntary hypoventilation [13] and from NaCl-loaded
Dahl-S rats [33]. Our present and previous observations
that Digibind detects elevated levels of CTS in plasma from
patients with CKD, reverses CTS-induced Na/K-ATPase
inhibition and reduces blood pressure in experimental
NaCl-induced hypertension [14] suggest that Digibind
could be used clinically for immunoneutralization of
heightened CTS levels in these patients.
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