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1. ABSTRACT

Dysregulation of the Na/K-ATPase (NKA) in the
kidney, cardiovascular system, and peripheral nervous
system is believed to contribute to pathogenesis of diabetes
mellitus (DM) and its complications. Recently we
demonstrated that, in addition to endogenous ouabain (EO),
mammalian tissues contain another NKA inhibitor, a
bufadienolide marinobufagenin (MBG). In vitro MBG, a
natriuretic and a vasoconstrictor, acts as a selective
inhibitor of alpha-1 NKA, the main isoform of the sodium
pump in renal tubules and vascular smooth muscle. To
determine whether digitalis-like NKA inhibitors are linked
to NKA dysregulation in DM, we studied changes in renal
excretion and plasma levels of MBG and EO and the
activity of erythrocyte NKA in male Wistar rats with type 1
DM and type 2 DM. Rats with type 1 DM were studied
four weeks following a single intraperitoneal injection of
65 mg/kg streptozotocin (STZ)(n = 12), and rats with type
2 DM were studied 10 weeks after intraperitoneal injection
of STZ during the neonatal period (n = 12). Renal excretion

and plasma levels of EO did not change in rats with both
types of DM as compared to that in the control groups.
Renal excretion (57.5 ± 9.4 pmol/kg/ 3 hours vs. 12.6 ± 2.1
pmol/kg/ 3 hours; P < 0.01) and plasma levels (2.23 ± 0.82
nmol/L vs. 0.29 ± 0.07 nmol/L; P < 0.01) of MBG
increased, and NKA activity in erythrocytes was inhibited
by 50% in rats with type 1 DM as compared to controls. In
rats with type 2 DM, plasma levels (1.48 ± 0.09 nmol/L vs.
0.46 ± 0.02 nmol/L; P < 0.01) and renal excretion (21.3 ±
3.2 pmol/kg/ 3 hours vs. 13.1 ± 2.1 pmol/kg/ 3 hours) of
MBG also became elevated, but less than in the animals
with type 1 DM. Accordingly, activity of NKA in
erythrocytes from rats with type 2 DM was inhibited by 35%.
In vitro treatment of erythrocytes from rats with type 1 and
type 2 DM with anti-MBG antibody reversed the DM induced
inhibition of the NKA. These results suggest that digitalis-like
factors are involved in the pathogenesis of DM, and that MBG,
rather than EO, is responsible for DM-induced NKA
inhibition.
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2. INTRODUCTION

According to the “Concept of Natriuretic
Hormone” which evolved from the studies of Dahl,
deWardener, Blaustein and others, endogenous digitalis-
like sodium pump ligands (SPL) play a role in sodium
homeostasis and in the regulation of plasma volume and
contribute to pathogenesis of NaCl-sensitive hypertension
(1-3).  In NaCl-sensitive hypertension, SPL are produced
with the primarily adaptive aim of promoting natriuresis via
inhibition of the sodium pump in renal tubules.  Heightened
SPL levels, however, exhibit a maladaptive effect, and
contribute to hypertension via inhibition of the Na/K-
ATPase in cardiovascular tissues (2).  Similar to its
receptor sites, isoforms of the alpha-subunit of the Na/K-
ATPase, SPLs represent a heterogenic family of
compounds which include a cardenolide, endogenous
ouabain (EO)(4) and bufadienolides, marinobufagenin
(MBG)(5), and bufalin and its analogs (6,7).  Likewise,
digitalis-like SPL exert differential affinity towards alpha-
isoforms of the Na/K-ATPase. Thus, ouabain has high
affinity to alpha-2/alpha-3 sodium pump isoforms, while
MBG exhibits selectivity towards alpha-1 Na/K-ATPase,
an exclusive isoform in the renal tubules and major isoform
in the vascular smooth muscle (8,9).

NaCl-sensitivity of the blood pressure is
frequently associated with insulin resistance and high NaCl
intake was shown to induce insulin signaling in various
tissues (10,11).  Accordingly, patients with NaCl-sensitive
hypertension are prone to development of diabetes mellitus
(DM)(12). Patients with DM, in turn, frequently develop
NaCl-sensitive volume-dependent hypertension (13).
Therefore, one can expect the increased amounts of SPL to
be elaborated in the diabetics.

Dysregulation of many cellular regulatory
systems, including Na/K-ATPase, are implicated in the
pathogenesis of DM and its complications (14-16).  Altered
expression and functions of the Na/K-ATPase and/or
enhanced levels of SPL have been reported in patients with
both type 1 and type 2 DM, as well as in rats with
streptozotocin induced DM (17-20).  However, the nature
of SPL(s) implicated in pathogenesis of experimental DM,
and whether the inhibition of the Na/K-ATPase observed in
the individuals with DM is related to the changes in SPL
levels, remains unknown.

The goals of the present study were to compare
renal excretion and plasma levels of EO and MBG in rats
with streptozotocin (STZ)-induced type1 and type 2 DM,
and to find out which SPL is responsible for DM-induced
Na/K-ATPase inhibition.

3. MATERIALS AND METHODS

3.1. Induction of DM in rats
The protocol of the study has been approved by

the Research Council of Sechenov Institute of Evolutionary
Physiology and Biochemistry, St. Petersburg, Russia in
accordance with the rules and regulations of the National
Institutes of Health. Two rat DM models were used in our

experiments. Male Wistar rats were obtained from the
colony of Sechenov Institute of Evolutionary Physiology
and Biochemistry (Russian Academy of Science, St.
Petersburg). Type 1 DM was induced via a single
intraperitoneal injection of 65 mg/kg STZ to five-week-old
rats (n = 12)(120-150 grams). Twelve control animals
received an intraperitoneal injection of the vehicle, a
citrate-buffered saline (pH 5.5). STZ-treated rats which
exhibited glucosuria were kept for further study and were
sacrificed 4 weeks following STZ administration.

Type 2 (non-insulin-dependent) DM was
produced by a single subcutaneous injection of 65 mg/kg
STZ to neonatal male Wistar rats (n = 12) as described
previously (21). The control rats (n = 12) received a single
intraperitoneal injection of a citrate-buffered saline (pH
5.5). The rats were bred in the laboratory and fed ad
libitum. Ten weeks following administration of STZ or
vehicle, animals were sacrificed. Rats with type 2 DM
exhibited moderate elevation of plasma glucose levels and
substantial increases in the plasma levels of insulin
(Results).

On the last day of experiment, rats with both
types of DM were placed in metabolic chambers, and
samples of urine were collected for three hours under
conditions of water diuresis (22). As reported previously
(22), intragastric administration of 5% body weight water
evokes a stable diuretic response in rats for three hours. Then,
animals were anesthetized with 50 mg/kg ketamine and
sacrificed by bleeding from the abdominal aorta. Plasma
samples were collected for measurements of MBG, EO,
glucose and insulin.

3.2. Na/K-ATPase
Activity of Na/K-ATPase in erythrocytes was

determined, as reported previously in detail, in the presence
and in absence of rabbit polyclonal anti-MBG antibody at
concentration which in vitro blocks the IC50 for the inhibition
of rat kidney Na/K-ATPase (23). Erythrocytes were
preincubated with Tween-20 (0.5%) in sucrose (250 mmol/L)
and Tris buffer (20 mmol/L; pH 7.4, 37°C) for 30 minutes,
and were incubated for 30 minutes in the medium (mmol/L):
Na 100, K 10, MgCl2 3, EDTA 0.5, Tris 50, ATP 2 (pH 7.4,
37°C) in the final dilution 1:40. The reaction was stopped by
the addition of trichloracetic acid to final concentration 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 in the absence of 5 mmol/L ouabain. Chemicals
used were obtained from Sigma Chemicals (St. Louis, MO).

3.3. Immunoassays
The MBG immunoassay was performed as recently
described (5,20,23). The assay is based on competition
between immobilized antigen (MBG-glycoside-RNAase)
and SPL within the sample for a limited amount of binding
sites on polyclonal rabbit anti-MBG antibody (aMBG-P)
raised against MBG-glycoside-BSA (1:30,000). Secondary
europium-labeled goat anti-rabbit antibody was obtained
from Perkin-Elmer, Boston, MA. The cross-reactivity of
MBG antibody was (%): MBG -
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Figure 1. A - Body weights, B - plasma levels of glucose, and C – plasma levels of insulin in controls rats (C) and in rats with
STZ-induced type 1 DM (DM1) and type 2 DM (DM2). Each bar represents means ± S.E.M from 12 observations. A: * - P<0.05,
** - P<0.01 vs. control values, two-tailed t-test. B and C: * - P<0.05, ** - P<0.01 vs. control values, repeated one-way ANOVA
followed by Newman-Keuls test.

100, ouabain - 0.1, digoxin - 1.0, digitoxin - 3.0, bufalin - 1.0,
cinobufagin - 1.0, prednisone - < 0.1, spironolactone - < 0.1,
proscillaridin < 1.0, progesterone < 0.1, mixture of
bufodienolides from Bufo marinus venom except MBG- <
5%. The EO assay was based on a similar principle utilizing
an ouabain-ovalbumin conjugate and rabbit ouabain
antibody (1:150,000, Chemicon International Inc,
Temecula, CA). The cross-reactivity of ouabain antibody is
(%): ouabain – 100, digitoxin - 7.4, progesterone < 0.01, 5-
beta cholanic acid, prednisone, and canrenoic acid < 0.01,
proscillaridin - 0.2, MBG-free mixture of bufodienolides
from Bufo marinus toad venom  - 0.26, bufalin - 0.03,
aldosterone - 0.09, MBG- 0.5%. Plasma levels of insulin
were determined using Insulin enzyme immunoassay
(Crystal Chem Inc., Chicago, IL).

3.4. Statistical analysis
Data are presented as means ± S.E.M. Statistical

analyses utilized one-way ANOVA followed by multiple
comparisons Newman-Keuls test or by two-tailed t-test,
where appropriate (GraphPad Instat and GraphPad Prism,
GraphPad Software Inc., San Diego, CA). P values < 0.05
were considered significant.

4. RESULTS

Figure 1 presents body weights and plasma levels
of glucose and insulin in the control animals and in rats
with both types of DM.  Development of both types of DM
was associated with a significant reduction in the body
weight as compared to that in the control groups.
Development of insulin-sensitive type 1 DM was
associated with substantially elevated plasma levels of
glucose and with a decrease in plasma concentration of
insulin.  Conversely, following STZ administration to rats
during the neonatal period, animals exhibited symptoms of
type 2 DM, i.e., moderate but significant elevation of
plasma glucose levels and substantial elevation of plasma
concentration of immunoreactive insulin.

Figure 2 illustrates changes in renal SPL
excretion and plasma levels of MBG and EO in control and

diabetic rats.  Development of both types of DM was
associated with marked increase in renal MBG excretion,
although this increase was much more pronounced in the
animals with type 1 DM.  Thus, in rats with type 1 DM
renal MBG excretion increased 4-fold versus the control
levels, while in type 2 DM renal excretion of MBG
exhibited a 60% increase only.  As compared to both
control groups, renal excretion of EO did not significantly
change in animals with both types of DM (Figure 2 A,B).
As demonstrated in Figure 2 C and D, in rats with type 1
DM plasma MBG levels rose 7-fold as compared to that in
the control group, while in type 2 DM plasma MBG
concentration exhibited a 3-fold increase only. Similar to
renal EO excretion, plasma levels of ouabain-like
immunoreactivity did not change in rats with both types of
DM.

Changes in the activity of erythrocyte Na/K-
ATPase are illustrated in Figure 3.  Development of both
types of DM was accompanied by substantial inhibition of
the red blood cell Na/K-ATPase. In rats with type 1 DM in
which plasma MBG levels increased 7-fold versus control
group, activity of Na/K-ATPase was inhibited by 50%
(Figure 3A). At the same time, in rats with type 2 DM, in
the presence of a lesser than in DM1 increase in MBG
levels, activity of the Na/K-ATPase was inhibited by 30%
only (Figure 3B). In rats with both types of DM the in vitro
incubation of erythrocytes in the presence of anti-MBG
antibody resulted in the restoration of Na/K-ATPase
activity to the control levels. At the same time, anti-MBG
antibody did not affect the activity of the Na/K-ATPase in
the erythrocytes from both control groups (data not shown).

5. DISCUSSION

The main finding of the present experiment is
that development of experimental type 1 and type 2 DM in
rats is accompanied by enhanced renal excretion and
plasma levels of an endogenous bufadienolide Na/K-
ATPase inhibitor, MBG, but not that of EO. In rats with
both types of DM, heightened MBG levels were
accompanied by a substantial inhibition of the Na/K-
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Figure 2. Renal excretion (A and B) and plasma levels (C
and D) of MBG and EO in control rats (C) and rats with
STZ-induced type 1 DM (DM1) and type 2 DM (DM2).
Each bar represents means ± S.E.M from 12 observations. *
- P<0.01 vs. control values, two-tailed t-test (A) and Mann-
Whitney test (C).

Figure 3. Activity of Na/K-ATPase in erythrocytes from
control rats (C) and rats with STZ induced type 1 DM
(DM1) and type 2 DM (DM2); ab(-) – in the absence of
anti-MBG antibody; ab(+) – in the presence of anti-MBG
antibody. By one-way ANOVA followed by Newman-
Keuls test: * - P < 0.01 vs. C, # - P< 0.01 vs. ab(-).

TPase in the erythrocytes. Since the in vitro pretreatment of
erythrocytes from diabetic rats with specific anti-MBG
antibody resulted in the restoration of enzyme activity,
MBG appears to be one of the factors responsible for DM-
induced inhibition of the Na/K-ATPase. The relevance of
our present observations to pathogenesis of human DM
remains to be proven.

DM is associated with renal sodium retention and
diabetics are prone to NaCl-sensitive hypertension (11,12).
Previous studies showed that development of STZ-
dependent DM in rats is associated with heightened levels
of endogenous digoxin-like Na/K-ATPase inhibitors
(20,24). Chen, et al. (20) and Martinka, et al. (25)
hypothesized that in rats with STZ-induced DM, digoxin-

like SPL is elaborated in order to override renal sodium
retention and plasma volume expansion. Considering that
MBG has high affinity to renal sodium pump (9) and
exhibits natriuretic properties in vivo (23), we expected that
MBG, an inhibitor of renal alpha-1 Na/K-ATPase, rather
than EO, would become elevated in the diabetic rats. Since
insulin-resistant subjects are prone to hypertension and
exhibit greater salt-sensitivity and retain sodium more than
insulin-sensitive individuals (12,13), we hypothesized that
MBG levels would be higher in rats with type 2 rather than
type1 DM.  However, in our present experiment, levels of
MBG and the degree of Na/K-ATPase inhibition were
greater in the animals with type 1 DM as compared to that
in rats with type 2 DM. Our present observations are
consistent with the results of Dufayet De La Tour, et al.
(26) who demonstrated that the activity of red blood cell
Na/K-ATPase was lower in type 1 DM than in patients with
type 2 DM. Accordingly, in the same study erythrocyte
Na/K-ATPase activity exhibited positive linear correlation
with plasma levels of C-peptide, one of the markers of
insulin resistance (26).

Activation of sodium pump in the renotubular
epithelium results in renal sodium retention (27).  In type 2
DM renal sodium retention may result from the direct
effects of insulin on epithelial sodium transport and on the
levels expression of renal Na/K-ATPase (28).
Additionally, two other factors implicated in pathogenesis
of type 2 DM, leptin, which inhibits the sodium pump (29),
and C-peptide, which activates the Na/K-ATPase (30), may
be expected to further impair the natriuretic function. The
type 2 DM-induced dysregulation of leptin-induced
signaling in renotubular epithelium may lead to a further
reduction in renal sodium excretion resulting from
activation of the sodium pump (29). Thus, in obese Zucker
rats, natriuretic activity of leptin is impaired as compared to
that in Sprague-Dawley and lean Zucker rats (31).
Similarly, dietary-induced obesity in rats was reported to
reduce the in vivo natriuretic effect of leptin (32).
Furthermore, enhanced levels of C-peptide occurring in
type 2 DM may contribute further to renal Na/K-ATPase
activation and sodium retention (30).  Since the above
mechanisms are relevant to the pathogenesis of type 2,
rather than type 1 DM, one would expect that endogenous
levels of SPL would be greater in rats with type 2 DM.
Nevertheless, in the present experiment, rats with type 1
DM and low plasma insulin levels exhibited greater
increases in MBG and greater Na/K-ATPase inhibition than
rats with type 2 DM and high plasma insulin concentration.
It may be argued that in the present experiment rats with
type 1 DM were studied rather late when they begun to
exhibit insulin resistance. However, the fact that rats with
type 1 DM exhibited substantial increases in renal MBG
excretion within one week following STZ administration
(33) argues against such a possibility. Thus, sodium
retention is unlikely to be a single stimulus for SPL
elaboration in rats with STZ-induced DM.

Although two types of DM, insulin-sensitive and
insulin-resistant, exhibit substantial differences in their
pathogenesis, hyperglycemia is a common factor for type 1
and type 2 DM. Since in the present experiment, blood
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levels of glucose, as the levels of MBG, were higher in rats
with type 1 DM as compared to the animals with type 2
DM, a question arises whether elaboration of SPL may be
related to regulation of glucose metabolism.

For several decades it has been know that
inhibition of the Na/K-ATPase in a live cell is associated
with activation of another enzyme, glucose-6phosphate
dehydrogenase (G6PD)(34). In several earlier studies of
digitalis-like natriuretic hormone, Na/K-ATPase inhibitory
activity of putative SPLs was based on the estimation of
their ability to stimulate G6PD (35,36). Hyperglycemia is
known to trigger the pentose-phosphate pathway of glucose
metabolism. The first step of this pathway is catalyzation of
glucose-6-phosphate by G6PD (37).  Previously, G6PD
deficiency has been described in  diabetics (38), and
subjects deficient in G6PD were reported to abnormally
respond to oral glucose tolerance tests (39).  Activation of
G6PD, on the contrary, was shown to accompany beneficial
effects of vanadate treatment in non-obese diabetic mice
(40).  Since both digitalis and endogenous digitalis-like
material were shown to rapidly and reversibly stimulate
G6PD (34), regulation of glucose metabolism may become
one of the new functions of endogenous digitalis-like
factors.
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