1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Hypertens Rep. Author manuscript; available in PMC 2019 June 24.

-, HHS Public Access
«

Published in final edited form as:
Curr Hypertens Rep. ; 21(5): 38. doi:10.1007/s11906-019-0942-y.

The Na+*K+-ATPase Inhibitor Marinobufagenin and Early
Cardiovascular Risk in Humans: a Review of Recent Evidence

Michél Strauss!, Wayne Smith12, Olga V. Fedorova3, and Aletta E. Schuttel:2

IHypertension in Africa Research Team (HART), North-West University, Private Bag X1290,
Potchefstroom 2520, South Africa

2MRC Research Unit: Hypertension and Cardiovascular Disease, North-West University,
Potchefstroom, South Africa

3Laboratory of Cardiovascular Science, National Institute on Aging, NIH, Baltimore, MD, USA

Abstract

Purpose of Review—This review synthesizes recent findings in humans pertaining to the
relationships between marinobufagenin (MBG), a steroidal Na*/K*-ATPase inhibitor and salt-
sensitivity biomarker, and early cardiovascular risk markers.

Recent Findings—Twenty-four-hour urinary MBG strongly associates with habitual salt intake
in young healthy adults (aged 20-30 years). Furthermore, in young healthy adults free of detected
cardiovascular disease, MBG associates with increased large artery stiffness and left ventricular
mass independent of blood pressure. These findings in human studies corroborate mechanistic data
from rat studies whereby stimulation of MBG by a high salt intake or MBG infusion increased
vascular fibrosis and cardiac hypertrophy.

Summary—Twenty-four-hour urinary MBG may be a potential biomarker of early
cardiovascular risk. Adverse associations between MBG—which increases with salt consumption
—and early cardiovascular risk markers support the global efforts to reduce population-wide salt
intake in an effort to prevent and control the burden of non-communicable diseases.
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Background and Introduction

There is currently little doubt that high salt intake significantly increases the risk for
hypertension and cardiovascular disease [1]. At present, the global mean salt intake is twice
the amount recommended by the World Health Organization (namely 10 g salt/day [2] vs <
5 g salt/day) [3]. Thus, with 1.65 million cardiovascular-related deaths in 2010 [4] and 2.3
million all-cause related deaths in 2016 [5] being attributed to a high salt diet, reducing
excessive dietary salt intake remains a key priority. Global organizations including the World
Health Organization [6], the United Nations [7, 8], and the Resolve to Save Lives initiative
[9] have taken steps to commit to the initiation and implementation of sodium reduction
strategies, in an effort to reduce the growing burden of non-communicable diseases.

In light of the aforementioned, the importance of understanding underlying mechanisms
whereby salt intake increases cardiovascular risk is vital. This review specifically focuses on
the cardiotonic steroid and Na/K-ATPase inhibitor, marinobufagenin (MBG), as a possible
novel biomarker directly relating to salt intake and implicated in increased cardiovascular
risk [10ee].

The purpose ofthis review is to highlight recent evidence from human studies that supports
previous animal studies demonstrating a link between elevated MBG and cardiovascular
risk. As portrayed in Fig. 1, the subsequent sections will review research on the
physiological functions of MBG and how it relates to measures of cardiovascular risk in
humans.

Endogenous Marinobufagenin

Bufadienolides were firstly recognized as playing a regulatory role in the salt acclimation of
amphibians via its inhibitory function on skin Na*/K*-ATPase [11, 12]. Later, it was found
that one of the compounds of the venom of the Buifo marinustoad, MBG, is structurally and
functionally similar to digitalis-like steroid from mammalian plasma and urine that inhibited
the Na*/K*-ATPase and exhibited vasoconstrictive properties [13-16]. This digitalis-like
steroid was identified as MBG [15, 16] and shown to be stimulated by sodium- induced
volume loading [17]. Fedorova et al. have previously demonstrated MBG synthesis in
adrenal cortical and placental cells under control of the bile acid CYP27A1 enzyme, but
recognize that MBG synthesis may not be limited to these areas [18¢]. It was also
demonstrated that mammalian MBG production is stimulated by angiotensin 11 (ANGII) in
the animal model of salt-sensitive hypertension and in the adrenocortical cell culture [19].

Mammalian MBG has since been extracted from the plasma and urine of humans [10ee, 20e,
21e, 22¢, 230+, 24¢], and we have recently demonstrated the reliability of the non-invasive
measurement of 24-h urinary MBG in the presence of other steroidal hormones, using a
solid-phase dissociation-enhanced lanthanide fluorescent immunoassay, based on a 4G4
anti-MBG mouse monoclonal antibody [10e¢]. In the clinical study with the salt-loaded
subjects [21¢] and in the animal model of salt-sensitive hypertension with an enhanced MBG
production, urine MBG exceeded the concomitant changes in plasma MBG [25, 26e, 27],
though the MBG changes in both biological fluids exhibited a similar profile. Notably, one
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of the studies reported plasma MBG increases in the absence of MBG excretion changes on
a high salt diet [20<], while the other study demonstrated exclusively urine MBG changes in
the presence of high salt intake [28¢]. This discrepancy may be due to the differences in the
experimental designs (sequence of the dietary interventions, amount of sodium chloride in
the diet, habitual style life prior to the study, etc.), and is discussed in detail in the
“Marinobufagenin and blood pressure” section.

Several studies have shown that elevated MBG associates with increased salt intake in
animals [25, 26¢] and humans [10es, 21, 28¢]. The suggested stimulatory pathway was
described in detail by Fedorova et al. [19] Briefly, an increase in salt intake promotes
increased angiotensin 11, aldosterone, and sympathetic activity, which in turn stimulates
adrenocortical MBG synthesis and secretion [19]. In support, we have recently shown in a
human cohort that increased autonomic activity and aldosterone are associated with
increased MBG excretion [29ee].

Physiological Function

In a review by Bagrov et al., the (patho) physiological interaction of MBG with the Na*/K*-
ATPase pump was thoroughly described [30¢], clearly distinguishing between the two
pathways through which MBG acts on the Na*/K*-ATPase pump [30¢] (Fig. 2).

The first, identified as the classic “ionic pathway,” involves the inhibition of membrane-
bound Na*/K*-ATPase and concurrently altered transmembrane ion transport. It is via the
inhibition of the renal Na*/K*-ATPase pump that MBG was described to promote natriuresis
as part of its normal physiological function in response to sodium-induced volume loading
[25,26¢]. This acts as a compensatory mechanism to lower blood pressure. However, MBG
has also been shown to promote vasoconstriction via the inhibition of Na*/K*-ATPase in the
vascular smooth muscle cells [14, 16]—the proposed result of excessive MBG production.
Vascular Na*/K*-ATPase inhibition increases intracellular sodium concentrations and
concurrently reverses the function of the vascular Na*/Ca2*-exchanger. This reversed
functionality results in an influx of calcium ions into the vascular smooth muscle cells that
further stimulates calcium-induced calcium release from the sarcoplasmic reticulum. The
elevated intracellular calcium concentration increases the vascular actin-myocin interactions
thereby promoting vasoconstriction (Fig. 2) [30e, 31].

In contrast, the second pathway namely the “signaling pathway,” involves the binding of
MBG to the Na*/K*-ATPase, which activates several downstream signaling cascades [30¢].
These include the activation of mitogen-activated protein kinases and reactive oxygen
species and the promotion of fibrosis [30e, 32]. It is via these signaling pathways through
which MBG has been shown to promote vascular [32, 33] and cardiac fibrosis [34, 35],
which will be described in more detail further on. The aforementioned, also demonstrated in
Fig. 2, indicates the mechanistic pathways through which excessive MBG production could
promote cardiovascular disease, overriding the normal physiological function thereof.
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Marinobufagenin and Cardiovascular Risk

Investigations into the mechanistic pathways whereby MBG contributes to cardiovascular
disease have been predominantly performed in rats. Increased plasma MBG, either brought
about by salt loading or osmotic pump infusion, was shown to promote pressor responses
[19, 25, 26, 36¢], microvascular alterations [37], vascular [33, 38], renal [39], and cardiac
fibrosis [24e, 34, 35, 40¢].

Indeed, human studies focusing on diseased populations have also observed elevated plasma
levels of MBG in patients with primary aldosteronism [41], heart failure [24¢], renal artery
stenosis [42¢] and chronic kidney disease [43¢, 44+], and elevated urinary MBG in patients
with acute myocardial infarction [15]. However, it remains unclear whether elevated urinary
levels of MBG, specifically 24-h MBG excretion—due to excessive dietary salt intake—in
young healthy populations would already confer increased cardiovascular risk prior to the
onset of disease. If so, MBG may be considered a biomarker of early cardiovascular risk.

We recently investigated in young healthy adults whether urinary MBG is associated with
blood pressure and measures of early cardiovascular risk, including large artery stiffness
[10e<] and increased left ventricular mass (LVM) [22+s]— thereby evaluating MBG’s
potential as a biomarker of early cardiovascular risk.

Marinobufagenin and Blood Pressure

When taking into consideration the well-known relationship between salt, and especially
salt-sensitivity, and blood pressure [45], it is not surprising that elevated MBG is associated
with pressor responses [21e, 23+, 28¢] (Table 1). Indeed, MBG was shown to exhibit both
natriuretic as well as vasoconstrictive properties via the inhibition of renal and vascular Na
*/K*-ATPase [16, 26¢]. Although the relationship between MBG and blood pressure was
originally largely confirmed in rats [19, 25, 26¢, 36¢, 46], recent investigations have been
performed in humans [20e, 21e, 23, 28], with one study including young adults with clinic
blood pressures < 140/90 mmHg [23¢¢].

The first human study investigating the relationship between MBG and blood pressure
included 28 normotensive white women (aged 53 + 1.6 years) who underwent 12 days of
dietary sodium intervention (a 6-day low sodium diet of approximately 2.86 g/day, followed
by a 6-day high sodium diet of 16.32 g salt per day) [21¢]. They demonstrated a 35%
increase in 24-h urinary MBG, from approximately 1.83 to 2.45 nmol/day, when comparing
sodium interventions (Table 1). Only during the high salt diet, did systolic blood pressure
(SBP) inversely correlate with MBG excretion, possibly reflecting the natriuretic function of
MBG in this cohort of the normotensive subjects [21¢]. This study was performed over a
short-time period that might reflect the short-term homeostatic mechanism whereby
increased natriuresis may lower blood pressure as a protective mechanism to excessive salt
intake in the healthy subjects. Nonetheless, we also demonstrated non-significant inverse
relationship between the MBG/ Na* ratio (but not MBG) and SBP measures in young
normotensive white women (aged 25.6 +2.78 years) from the African Prospective study on
the Early Detection and Identification of Cardiovascular disease and Hypertension (African-
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PREDICT) [47¢], consuming approximately 6.68 g of salt per day (/7=112) [23e¢]. The
MBG/Na* ratio was used as an indication of Na* excretion resistance to elevated levels of
urinary MBG [23+¢] and may be reflective of the natriuretic functionality of MBG.

In an intervention study performed by Jablonski et al. in 11 men and women, with SBP
ranging from 130 to 159 mmHg and DBP < 99 mmHg, they also found that MBG was
significantly attenuated (2.04 £0.16 nmol/day) during 5 weeks of low salt intake (mean 3.75
g/day), compared to MBG levels (2.45 £0.17 nmol/day) during a high salt intake (mean 9 g/
day). However, they found that MBG related positively with SBP only during the high salt
diet intervention [28¢]. In contrast to the short-term dietary intervention performed by
Anderson et al. [21¢], the study performed by Jablonski and colleagues may be reflective of
a long-term homeostatic mechanisms where the natriuretic function of MBG to high salt
intake may be overridden by the vasoconstrictive properties of MBG [28¢]. Indeed, the
authors alluded to the vasoconstrictive characteristic of MBG as a possible explanation for
the observed positive association between MBG and blood pressure in their cohort [27].
Additionally, possible kidney dysfunction in these prehypertensive and hypertensive
participants may overbalance and diminish the natriuretic function of MBG, which would
cause an additional stimulation of MBG production and will initiate and feed a vicious circle
of salt-sensitivity.

We also demonstrated a significant positive association between the MBG/Na™* ratio and
central SBP in young black women (n7=74) (aged 24.3 +3.64 years), that was in contrast to
our finding of a borderline negative association between MBG/Na* and SBP in white
women from the African-PREDICT study [23¢]. There was no relationship between the
MBG/Na™ ratio and SBP in either black or white men [23ee].

In contrast to the abovementioned studies, Fedorova et al. found that while both men (7=
20) and women (n7=19) (aged 53 + 11 years) displayed increases in SBP with salt loading,
neither plasma nor urinary MBG levels changed significantly [20+]. In the total group,
however, only plasma MBG was significantly lower during low compared to high salt intake.
While men and women were included into the study based on no-reported history of
hypertension, it was evident that some of the participants did indeed have hypertension with
the mean SBP being 139 + 13.3 mmHg and DBP 86.3 £7.4 mmHg [20¢]. Participants from
this study were firstly examined at baseline so to take into account their habitual salt diet,
after which they participated in a double-blind cross-over study. Participants were placed on
a strict diet containing only 3 g of salt per day, for the entire study period of 8 weeks.
Additionally, participants received 6 g of salt or placebo capsules that were randomly taken
for two periods of 4 weeks each. Thus, each participant consumed a 4-week high salt diet (9
g salt per day) and a 4-week low salt diet (3 g salt per day). Mean baseline 24-h urinary
MBG in men and women were 1.30nmol/day and 1.06 nmol/day (on a habitual diet), and
after 4 weeks of a high salt diet 1.19 nmol/day and 0.97 nmol/day, respectively [20¢]—
noticeably lower compared to normotensive adults from another study [10e]. Twenty-four-
hour urinary MBG was 1.13 nmol/day and 0.98 nmol/day for men and women after 4 weeks
of low sodium intervention. Notably, baseline 24-h urinary sodium as well as MBG was
higher in comparison to urinary sodium and MBG after the high salt intervention. This may
suggest that participants consumed a habitual high salt diet in access of the high sodium
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intervention of 9 g of salt per day. Fedorova et al. found that the changes in the plasma MBG
levels were related to the changes in SBP from a high to a low salt diet, although no
relationship was evident between urinary MBG and SBP [20e].

From the abovementioned studies, it seems that the reported relationships between urinary
MBG and blood pressure in humans are inconsistent. While animal studies have provided
compelling evidence on the functionality of MBG and the effect to increase blood pressure,
more evidence in human studies are needed. Importantly, the differences in the study
designs, population characteristics, and sample sizes of these studies cannot be overlooked
when bearing in mind the discrepancies (Table 1). Still, some intriguing observations on the
contrasting relationships between MBG and blood pressure in specific groups, including
white and black women, support the potential divergent properties of MBG on blood
pressure in humans.

Marinobufagenin and Arterial Stiffness

Several studies have established large artery stiffness as a predictor of increased
cardiovascular risk and mortality [48] in young [49¢], middle-aged, and older populations
[50-53] beyond blood pressure. Salt intake was shown to be associated with arterial stiffness
—not only in hypertensive [54, 55] but also young healthy adults [56¢]. Arterial stiffness
measured as the pulse wave velocity (PWV) within the carotid to femoral (cf) section of the
arterial tree is currently considered as the gold standard measurement of large artery stiffness
[57]. The first human study investigating the relationship between arterial stiffness and MBG
was performed by Jablonski et al. and included 11 participants, namely men (7= 8) and
women (7= 3), aged 62 + 2 years, with high or hypertensive blood pressures [28¢]. They
demonstrated a positive correlation between cfPWV and MBG excretion [28¢]. In support, in
young healthy women (aged 24.8 £3.08 years; A//=415) consuming a habitual high salt diet
(mean 7.27 g/day), we have recently found that cfPWV associated positively with MBG
excretion, independent of salt intake [10e¢]. When performing sensitivity analyses for salt
intake on the relationship between MBG and arterial stiffness, salt intake remained non-
significant [10es]—possibly implying that relationships observed between salt intake and
arterial stiffness [54, 55, 56¢] may be via MBG as opposed to salt in itself. This relationship
was also independent of mean arterial pressure [10+]. Since arterial stiffness may precede
the development of hypertension [58], this relationship in young normotensive healthy
adults, and the possible blood pressure independent effect of MBG on large artery stiffness,
is highlighted [10ee].

Although there are no human studies demonstrating mechanistic links between MBG and
arterial stiffness, MBG was shown to promote vascular fibrosis in rat aortic explants [33]
and increase in collagen production in the cultured rat vascular smooth muscle cells [32]—
which indicate a pressure-independent effect of MBG on vascular fibrosis. Both Fedorova
[33] and Elkareh et al. [35] have described the MBG-dependent signaling pathway in the
promotion of collagen deposition—initiated by MBG binding to Na*K*-ATPase [33, 35].
Findings from these studies indicated a significant downregulation of transcription factor
Friend leukemia integration-1 (Fli-1), in response to MBG, and concurrently increased
collagen-1 synthesis [33, 35]. The scaffolding protein collagen reduces the arterial wall
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elasticity, thereby adversely influences large artery function [59]. In support, recently
published findings from Grigorova et al. demonstrated that increased dietary sodium resulted
in concurrent increased MBG excretion, aortic collagen expression, and arterial stiffness via
TGF-p in normotensive rats [32]. Contrarily, sodium reduction and concurrent attenuation of
MBG excretion resulted in decreased aortic collagen abundance and restored large artery
elasticity [32]. If this applies to humans, it may further strengthen current strategies to
reduce salt intake.

All together, the positive findings from the two studies investigating the relationship between
MBG and arterial stiffness in humans support the role of MBG in the development of arterial
stiffness. However, whether the exact mechanisms shown in rats, whereby MBG may
promote arterial stiffness as a result of vascular fibrosis, holds true in humans, remains to be
investigated.

Marinobufagenin and Structural Cardiac Alterations

Left ventricular mass (LVM) determined by echocardiography is a predictor of increased
cardiovascular risk and mortality [60]. Findings from the Coronary Artery Risk
Development in Young Adults study (CARDIA) indicated that 24-h urinary sodium
associated positively with LVM in young adults (30.1 £3.6 years), although this relationship
was confounded by obesity [61]. We therefore speculated that higher levels of MBG as a
result of increased salt intake would also be associated with increased LVM [22¢¢]. Indeed,
our research group found a significant positive association between MBG and LVM index in
young adults with excessively high MBG levels [22¢¢]. In accordance with international
guidelines, the LVM index takes into account intra-individual body composition and was
normalized for body surface area [62]. The association between LVM index and MBG
excretion was therefore independent of obesity. In addition, the latter relationship was also
independent blood pressure, suggesting alternate mechanisms whereby MBG promotes
cardiac hypertrophy [22e¢]. Although there are no human studies investigating histological
cardiac changes in response to MBG, others have demonstrated increased cardiac myocyte
hypertrophy and fibrosis in response to MBG infusion in Sprague-Dawley rats. These
observations were parallel with an increased cardiac mass in these animals [34, 35].

It is, therefore, likely that excessively high levels of MBG may cause corresponding
histological changes in the cardiac tissue of humans—thereby increasing the cardiac mass.
Although our findings suggest that the structural cardiac changes associated with elevated
MBG may precede cardiac dysfunction at an early age, it is possible that cardiac
functionality may be adversely altered at a later stage.

Marinobufagenin and Ethnicity

It is well known that black ethnicity is associated with increased salt-sensitivity and
abnormal sodium handling [63-65]. It would therefore be important to investigate whether
MBG—a marker of salt sensitivity—is elevated in black populations. Contradictory to
expectations, Anderson et al. indicated that white adults (~7= 40) had higher concentrations
of 24-h urinary MBG (mean 2.7 = 0.2pmol) compared to black adults (7= 40) (mean 2.1
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+ 0.2 pmol) who participated in the Baltimore Longitudinal Study on Aging [66]. A
limitation of this study, however, was that the researchers did not report the salt intake of
participants [66], which highly correlates with 24-h urinary MBG [10ee]. It is therefore not
possible to accurately interpret findings on the observed ethnic differences in 24-h urinary
MBG concentrations.

We have also investigated whether there are ethnic differences in 24-h urinary MBG
excretion between young healthy black and white adults from the African-PREDICT study
while also reporting their estimated salt intake based on 24-h urinary sodium [23e¢]. We
found no significant difference in estimated salt intake or the 24-h urinary MBG excretion
when comparing black and white men and black and white women [23e¢]. Also,
unexpectedly, no interaction of ethnicity was evident on the relationship of MBG with
arterial stiffness [10e¢] or left ventricular mass [22¢¢]. The absences of these interactions
were unforeseen, especially with salt intake shown to be associated with large artery
stiffness in black but not white adults [55, 56¢]. As previously described in detail, we did
however observed a difference in the relationship of the MBG/Na™ ratio and SBP between
black and white women. While the MBG/Na* ratio associated positively with central SBP in
black women, a tendency for a negative association was evident in white women [23e¢].
Future studies may look at relationships between the MBG/Na™ ratio and cardiovascular risk
markers between ethnic groups, especially if the ratio is used as an indication of Na*
excretion resistance to elevated urinary MBG [23+¢]—taking into account the differential
sodium handling between black and white populations [63].

These findings bring rise to the question with regard to salt-sensitivity, MBG-sensitivity, and
black ethnicity. Does salt-sensitivity associated with black ethnicity [64] automatically
imply increased sensitivity to the cardiovascular effects of MBG? Our results suggest that
while increased salt intake may increase cardiovascular risk in blacks, they may not at this
young age be as susceptible to the adverse effects of elevated MBG.

Nonetheless, a phenomenon of increased autonomic activity during stress [67-69] and
cardiovascular sensitivity to sympathetic outflow [70] as observed in black adults may at a
later stage exaggerate MBG production resulting in excessive MBG levels to increase their
cardiovascular risk at an older age. This suggestion is supported by our recent findings of
increased autonomic activity being positively associated with MBG excretion only in black
men and women, but not their white counterparts [29e¢].

Still, there is limited research on MBG in ethnic groups, and at this stage, the young age and
healthy status of the African-PREDICT participants may mask the influence of ethnicity on
MBG levels. More in-depth research is needed to further investigate ethnic differences and
the cardiovascular effects of MBG.

Marinobufagenin and Sex

While reports on the relationship between MBG and blood pressure have been inconsistent
in different sex groups [20s, 21e, 23¢e, 28¢], the relationship between MBG and
cardiovascular risk factors including increased arterial stiffness and left ventricular mass
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seems more prominent in young women [10ee, 22¢¢]. We have previously suggested that
women may likely be more sensitive to the cardiovascular effects of MBG, despite having
lower salt intake and lower MBG levels than men [22¢¢]. In support of this suggestion,
women have been shown to be more salt-sensitive compared to men when consuming
similar amounts of salt [71, 72¢, 73¢], and exhibit greater increases in aldosterone levels, in
response to ANGII infusion [73¢].

Importantly, the possible role of sex hormones cannot be disregarded. While there is no
human study to our knowledge investigating the direct relationship between MBG and sex
hormones, we have demonstrated the possible confounding effect thereof. While exploring
the association between MBG and arterial stiffness in women, we performed a sensitivity
analyses for hormonal contraceptive use and repeated subgroup analyses in women who
made use of hormonal contraceptives (A= 140) and those who did not (AV/=217) [10e]. Our
finding of a positive association between MBG and arterial stiffness remained significant
only in women who did not make use of hormonal contraceptives [10e]. These findings
suggest an interaction between the steroidal hormone, MBG, and other sex hormones, which
exhibit regular cyclic changes, that require further research.

Understanding the underlying mechanisms of MBG and salt-sensitive hypertension, and
particularly the role of sex, is challenging since studies investigating the relationships and
relevant mechanisms of MBG with salt sensitive hypertension [26¢], arterial stiffness [74],
cardiac hypertrophy [34, 40e, 75], and cardiac [34, 40¢], vascular [33], and renal fibrosis [39]
have all been performed in male rats except the studies on the model of preeclampsia [76,
77]. Therefore, none of these studies investigated nor compared the mechanisms whereby
MBG promotes cardiovascular dysfunction in female rats. In the one study including both
male and female rats, the SBP and plasma MBG (and its regulatory enzyme CYP27A1),
were significantly increased after 4 weeks of sodium loading in both sexes [18¢]. However,
consistent with reports of lower 24-h urinary MBG in women [10e¢], female Dahl salt-
sensitive rats had lower levels of plasma MBG and CYP27A1 mRNA expression at the
baseline and after 4 weeks of a high salt diet compared to male rats, despite consuming
similar amounts of salt [18¢].

Taking into consideration the abovementioned, it is unclear why the adverse relationship
between MBG and early markers of cardiovascular risk is predominantly seen in women,
despite their lower MBG. One possible mechanism includes the sensitization of the a.1-Na
*/K*-ATPase to MBG. Indeed, elevated levels of protein kinase C B2 expression have been
found in female rats [78], previously shown to sensitize a1-Na*/K*-ATPase to MBG [27].

In view of the recent findings in women, it would seem that women may be more sensitive
to the cardiovascular effects of steroidal MBG compared to men. The female’s childbearing
function demands disparate requirements to salt handling compared to men, which may be
one of the explanations of the above difference. Normal pregnancy is accompanied by
plasma volume expansion involving retention of sodium ions and fluid [79-81], which
concurrently increases the levels of MBG as a natriuretic factor to control the water/salt
balance. It was found that in women with normal pregnancies, plasma MBG increased up to
twofold compared to non-pregnant age-matched controls [82] with a further dramatic
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elevation (up to eightfold) in preeclampsia [82, 83]. In the rat model of preeclampsia, BP
increase was achieved by an addition of 1.8% NaCl to the drinking water [46, 77] or by a
combination of high NaCl (0.9% in the water) and deoxycorticosterone acetate treatments
for the duration of their pregnancy [76]. In rats, 24-h urinary MBG and BP were higher in
pregnant and non-pregnant animals on a high salt intake in comparison to normal
pregnancies and non-pregnant controls [46, 76, 77]. Similarly to the humans, even normal
pregnancies exhibited significantly higher MBG levels than non-pregnant controls [46, 76,
77]. The exaggerated production of MBG in preeclampsia contributes to BP increase via
direct vasoconstriction [46, 76, 77, 82—84], and to the pathologies associated with the Fli-1-
dependent fibrotic changes in the umbilical arteries [83] and in the placenta [85] (Fig. 2).
The latter would affect fetal blood supply and placentation. MBG impairs the proliferation,
migration, and invasion of the cultured first-trimester human cytotrophoblast cells. This is
done through the activation of Jnk, P38, and Src leading to augmented apoptosis [86, 87],
which provides a mechanistic insight on the impaired placentation. Still, normal pregnancy
is accompanied by an increase in MBG due to the association of normal pregnancy with salt
and water retention [79-81]. It is possible that the sensitivity of Na*/K*-ATPase to MBG
inhibition in normal pregnancies predominantly promotes the normal physiological
natriuretic function of MBG [77]. The rat model of preeclampsia is accompanied by the
increased salt intake, which indicates that the water/salt balance is vulnerable in pregnancy.
This outlines the necessity of dietary salt control during pregnancy in order to ensure
balanced functioning of the renal and cardiovascular systems. Still, there are no clear
answers when it comes to the role of sex, especially female sex, on the functionality of
MBG. Thus, the multifaceted role of MBG in non-pregnancy, pregnancy, and preeclampsia
merits future investigations.

Future Directions and Conclusion

Twenty-four-hour urinary MBG may serve as a potential biomarker of early cardiovascular
risk in young adults who consume a habitual high salt diet. This review highlights recent
findings on the associations between MBG—uwhich markedly increases with increased salt
intake—and established cardiovascular risk factors in young healthy adults, including large
artery stiffness and increased left ventricular mass. These important new findings on the
potential harmful role of MBG in adults with no-detected cardiovascular disease add to a
body of literature indicating elevated levels of MBG in older populations with reported
pathology. These results also support mechanistic studies in rats demonstrating the
pathophysiological mechanisms promoted by increased MBG, including vasoconstriction,
vascular, and cardiac fibrosis as demonstrated in Fig. 2. Evidently, sodium reduction may be
pivotal in reducing the cardiovascular risk associated with elevated MBG.

The most recent body of work investigating MBG and early cardiovascular risk in young
healthy adults forms part of the African-PREDICT study [47¢]. The study enrolled young
black and white men and women (20-30 years of age) with no prior history of
cardiovascular disease, and who were screened to be healthy and clinic normotensive upon
inclusion into the study. The African-PREDICT study is the first longitudinal study that will
measure and track the MBG levels of healthy adults over a time period, providing a unique
insight into the possible prognostic value of MBG [47¢].

Curr Hypertens Rep. Author manuscript; available in PMC 2019 June 24.
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Establishing MBG as an early biomarker of increased cardiovascular risk, furthermore, will
support the efforts of several international legislations to lower salt intake of populations.
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Fig. 1.

Summary of the evidence linking MBG to an increased cardiovascular risk. a Salt intake
stimulates MBG synthesis and secretion via the angiotensinergic-sympatho-excitatory
pathway. b Under normal physiological conditions, MBG acts as a natriuretic hormone to
stimulate natriuresis as a compensation for increased salt intake. ¢ Excessive MBG
production promotes pathophysiological responses including vasoconstriction, vascular,
renal, and cardiac fibrosis. d Evidence from human studies demonstrate that elevated MBG
associates with measures of subclinical target organ damage that may promote the
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development of cardiovascular disease. e Elevated MBG has already been observed in
several overt cardiovascular diseases. AMI, acute myocardial infarction; CKD, chronic
kidney disease; CSF, cerebral spinal fluid; MBG, marinobufagenin
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Fig. 2.

Mgechanisms whereby MBG has been implicated increasing cardiovascular risk. Ca™,
calcium; Fli-1, friend leukemia integration factor-1; K*, potassium; LVM, left ventricular
mass; MBG, marinobufagenin; MAPK, mitogen-activated protein kinase; Na*, sodium;
PKC, protein kinase C; PLC, phospholipase C; ROS, reactive oxygen species; TGF-f,
transforming growth factor beta; P, phosphorylated form of the protein
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