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Abstract: The endogenous Na+/K+-ATPase inhibitor, marinobufagenin (MBG), strongly associates
with salt intake and a greater left ventricular mass index (LVMi) in humans and was shown to
promote cardiac fibrosis and hypertrophy in animals. The adverse effects of MBG on cardiac
remodeling may be exacerbated with obesity, due to an increased sensitivity of Na+/K+-ATPase to
MBG. This study determined whether MBG is related to the change in LVMi over time in adults with a
body mass index (BMI)≥30 kg/m2 (obese) and <30 kg/m2 (non-obese). The study followed 275 healthy
participants (aged 20–30 years) from the African-Prospective study on the Early Detection and
Identification of Cardiovascular disease and Hypertension (African-PREDICT) study over 4.5 years.
At baseline, we measured 24 h urine MBG excretion. MBG levels were positively associated with salt
intake. LVMi was determined by two-dimensional echocardiography at baseline and after >4.5 years.
With multivariate adjusted analyses in obese adults (N = 56), we found a positive association of
follow-up LVMi (Adjusted (Adj.) R2 = 0.35; Std. β = 0.311; p = 0.007) and percentage change in LVMi
(Adj. R2 = 0.40; Std. β = 0.336; p = 0.003) with baseline MBG excretion. No association of LVMi
(Adj. R2 = 0.37; p = 0.85) or percentage change in LVMi (Adj. R2 = 0.19; p = 0.68) with MBG excretion
was evident in normal weight adults (N = 123). These findings suggest that obese adults may be
more sensitive to the adverse cardiac effects of MBG and provide new insight into the potential role
of dietary salt, by way of MBG, in the pathogenesis of cardiac remodeling in obese individuals.

Keywords: body mass index; cardiotonic steroids; left ventricular mass; marinobufagenin; obesity;
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1. Introduction

Obesity affects 671 million adults globally [1] and contributes significantly to the pathogenesis
of cardiovascular disease (CVD) [2]. Obesity is associated with hypertension [3], left ventricular
hypertrophy [4], and an overall greater risk of incident CVD [5]. Adipose tissue exerts an array
of effects on the cardiovascular system through adipokines and low-grade inflammation [2] but
also hemodynamically through volume loading [6]. Increased sodium retention observed in obese
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individuals [7] promotes extracellular volume expansion and concurrently causes a rightward shift
in the renal function curve, ultimately elevating mean arterial pressure [6]. The latter mechanism is
proposed to contribute to the development of hypertension [6] and cardiac remodeling [8] associated
with obesity.

Obese individuals are also more likely to have poor dietary habits, such as higher caloric intake
accompanied by excessive salt intake, which is the leading dietary risk factors associated with
cardiovascular and all-cause mortality [9]. While the adverse effects of excess salt intake on the
cardiovascular system is well known [10], more attention has been brought to the role of cardiotonic
steroids, which are associated with increased salt intake in the development of CVD. This includes the
biomarker marinobufagenin (MBG) [11], which is synthesized and secreted by the adrenal cortex in
response to sodium loading [12]. Indeed, our group has previously demonstrated a strong positive
correlation between MBG and estimated salt intake in young healthy adults [13].

MBG is an endogenous sodium-potassium adenosine triphosphatase (Na+/K+-ATPase) inhibitor
that primarily promotes natriuresis in response to volume loading, acting as a compensatory mechanism
to lower blood pressure [14]. However, during sustained periods of high salt intake, MBG levels
continue to increase so that it ultimately evokes a pathophysiological response in the cardiovascular
system. The latter occurs via the MBG inhibition of cardiovascular Na+/K+-ATPase [14]. Elevated
MBG promotes cardiac fibrosis and hypertrophy in animals by way of the Na+/K+-ATPase-Src and/or
Na+/K+-ATPase-SMAD-transforming growth factor beta (TGFβ) signaling cascades [15–17], which
may involve oxidative stress initiated via Na+/K+-ATPase [18]. In humans with excessive MBG
excretion, an independent cross-sectional association of MBG with increased left ventricular mass
index (LVMi) [19] was demonstrated, but it is unknown whether obesity would further exacerbate
this relationship.

In animal studies, obese rats were previously shown to have attenuated cardiac Na+/K+-ATPase
expression when compared to lean controls [20]. In non-obese Na/K-ATPase α1 heterozygote knock-out
mice (α1+/−) (displaying suppressed Na+/K+-ATPase expression), the effects of MBG were potentiated
as shown by increased myocyte apoptosis and left ventricular dilation compared to wild-type mice
in response to MBG infusion [21]. This may suggest that an attenuated expression of cardiomyocyte
Na+/K+-ATPase with obesity [20] could increase the sensitivity of cardiac tissue to the pathological
effects of MBG [22]. Therefore, it is likely that elevated MBG in obese individuals with a high habitual
dietary salt intake may contribute to early cardiac remodeling. The female sex hormone estradiol
has been shown to restore Na+/K+-ATPase activity in obese male Wistar rats, and it may play a
cardioprotective role with obesity [20].

The aim of this study was to determine whether MBG is related to changes in LVMi over time
in obese compared to non-obese individuals, and whether MBG predicts an increase in LVMi over
time. The 4.5-year baseline and follow-up data of 275 young adults, aged 20–30 years at baseline,
with no previous history of diagnosed CVD was analyzed. We hypothesize that obese participants
will demonstrate an adverse association of MBG with follow-up LVMi as well as with the change in
LVMi over 4.5 years. These associations were not expected to be seen in participants with a healthy
body composition.

2. Results

Table 1 presents the basic characteristics of 275 participants at baseline (mean age 25.4 ± 3.16) and
follow-up (mean age 30.0 ± 3.21), with an even distribution between sex and black and white ethnic
groups (black: 50.2% and men 45.5%). The median time from baseline to follow-up was 1639 days
(4.49 years). There was a marked increase in the body weight, body mass index (BMI), and waist/height
ratio (WHtR) (all p < 0.001) from baseline to follow-up. In addition, there was an increase in the number
of participants who were classified as obese using BMI (N baseline = 60 to N follow-up = 82) or a composite
obesity score of BMI, waist circumference (WC), and WHtR criteria (N baseline = 55 to N follow-up =

74) (p < 0.001). Participants’ systolic blood pressure (SBP) (p < 0.001) and left ventricular mass index
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(LVMi, p < 0.001) increased significantly from baseline to follow-up, while the end diastolic volume
index (EDVi) and stroke volume index (SVi) decreased (p < 0.001). There were 26 obese participants at
baseline that had masked hypertension. When comparing the baseline characteristics of participants
followed up in this sub-study (N = 275) with those not yet followed up (N = 927), the ethnic and
sex distributions, blood pressure (BP), 24 h MBG excretion, and estimated salt intake were similar
(Table S1). However, the sub-group included in this study had higher BMI (0.99 kg/m2 mean difference)
but lower LVMi (2.93 kg/m2 mean difference).

Table 1. Characteristics of 275 participants followed over 4.5 years.

Baseline Follow-Up Difference p

Men, N (%) 125 (45.5) 125 (45.5)
Black, N (%) 138 (50.2) 138 (50.2)
Age (years) 25.4 ± 3.16 30.0 ± 3.21 4.60 (4.49; 4.70) <0.001
Anthropometric measurements
Height (m) 1.68 ± 0.09 1.68 ± 0.09 0.00 (−0.001; 0.001) 0.68
Weight (kg) 73.3 ± 18.3 77.9 ± 20.2 4.64 (3.51; 5.77) <0.001
Waist circumference (cm) 81.5 ± 14.2 83.2 ± 14.5 1.66 (0.91; 2.41) <0.001
BMI (kg/m2) 25.8 ± 5.79 27.3 ± 6.57 1.51 (1.21; 1.82) <0.001
WHtR 0.48 ± 0.08 0.49 ± 0.09 0.01 (0.01; 0.01) <0.001
Frequency of obesity based on:
BMI, N (%) 60 (21.8) 82 (29.8) 22 (36.7) <0.001
WC, N (%) 95 (34.5) 109 (39.6) 14 (14.7) 0.014
WHtR, N (%) 94 (34.2) 103 (37.5) 9 (0.9) 0.11
Composite obesity criteria, N (%) * 55 (20.0) 74 (26.9) 19 (34.5) <0.001
Blood pressure
Clinic SBP (mmHg) 120 ± 12.4 116 ± 12.7 −3.76 (−4.97; −2.55) <0.001
Clinic DBP (mmHg) 78.9 ± 8.07 79.3 ± 9.45 0.30 (−0.63; 1.24) 0.52
Central SBP (mmHg) 109 ± 9.48 110 ± 10.4 0.87 (−0.12; 1.86) 0.085
Hypertension, N (%) # 39 (14.2) 42 (15.3) 3 (7) 0.76
Hypertension medication, N (%) 0 (0.0) 3 (1.0) 0.25
Echocardiography
LVMi (g/m2) 70.7 ± 15.7 77.8 ± 18.7 7.02 (5.03; 9.00) <0.001
IVSd (cm/m) 0.47 ± 0.10 0.53 ± 0.09 0.06 (0.05; 0.08) <0.001
LVIDd (cm/m) 2.84 ± 0.25 2.78 ± 0.24 −0.07 (−0.09; −0.04) <0.001
PWTd (cm/m) 0.50 ± 0.09 0.54 ± 0.01 0.05 (0.03; 0.06) <0.001
EDVi (mL/m) 64.0 ± 13.7 60.3 ± 13.0 −3.70 (−4.94; −2.46) <0.001
SVi (ml/m2.04) 25.1 ± 5.52 23.1 ± 4.96 −2.03 (−2.61; −1.45) <0.001
Urinary profile
eGFR (ml/min/1.73 m2) 111 ± 16.4 108 ± 16.6 −3.15 (−4.90; −1.39) <0.001
24 h MBG excretion (nmol/day) 3.38 (1.12; 9.13) -
Estimated salt intake (g/day)
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LDL-C (mmol/L) 2.80 ± 0.92 2.66 ± 0.91 −0.14 (−0.22; −0.06) 0.001
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Data presented as mean ± SD and geometric mean (5th and 95th percentiles). Difference from baseline to follow-up
represented as mean (95% Confidence intervals (CI)) for normally distributed data and median (Inter quartile range
(IQR)) for non-parametric data. * Obesity: BMI > 30 kg/m2 [23] and WC > 94 cm for white men; >81.2 cm for black
men; >80 cm for white women and >81 cm for black women [24] and WHtR >0.5 [23] # Hypertension: Clinic SBP
≥ 140 mmHg and/or DBP ≥ 90 mmHg
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Baseline and follow-up characteristics of participants were compared, with participants stratified
as non-obese (BMI < 30 kg/m2) and obese (BMI ≥ 30 kg/m2) (Table S2A,B). In both non-obese (p < 0.001)
and obese (p = 0.029) participants, clinic SBP decreased significantly from baseline to follow-up,
although central SBP (cSBP) increased only in obese adults (mean diff. 2.58 mmHg, 95%CI 0.17; 4.99)
(p = 0.037). Non-obese and obese adults had an increase in LVMi and a decrease in EDVi and SVi
(p < 0.001). Still, obese adults had a significantly greater increase in LVMi when compared to non-obese
adults (mean diff. 5.81 g/m2, 95% CI 3.67; 7.95 vs. mean diff. 11.3 g/m2, 95%CI 6.43; 16.2; p = 0.024).

When comparing the LVMi of participants within different BMI categories at baseline,
only underweight adults had a significantly smaller LVMi when compared to obese participants (p = 0.033).
However, obese adults had significantly greater EDVi (71.8 mL/m) when compared to underweight
(57.4 mL/m), normal weight (60.8 mL/m), and overweight participants (64.7 mL/m) at baseline (p < 0.001).
At follow-up, we found that participants who were obese at baseline had a significantly greater percentage
change in LVMi over time as well as follow-up LVMi when compared to participants with a normal
BMI (p = 0.001), when adjusting for sex, ethnicity, age, and baseline LVMi (Figure 1A,B). However,
follow-up EDVi in obese adults (61.4 mL/m) was similar to that of normal weight (59.6 mL/m) (p = 1.00)
and overweight participants (61.7 mL/m) (p = 1.00), when adjusting for sex, ethnicity, age, and baseline
EDVi. There were no significant differences in the estimated salt intake of obese adults (8.17 g/day) when
compared to overweight (7.93 g/day) (p = 0.77), normal weight (7.64 g/day) (p = 0.45), or underweight
participants (6.04 g/day) (p = 0.070). Despite no significant difference in the baseline estimated salt
intake of participants between different BMI categories (p = 0.32) (Figure 1C), underweight adults had a
lower MBG excretion when compared to overweight (p = 0.037) or obese adults (p = 0.024) (Figure 1D).
MBG correlated positively with estimated salt intake (underweight: r = 0.494, p = 0.061; normal weight:
r = 0.553, p < 0.001; overweight: r = 0.514, p < 0.001; obese: r = 0.470, p < 0.001).

2.1. Pearson, Partial, and Multiple Regression Analyses

Pearson correlations were performed between follow-up LVMi as well as the percentage change
in LVMi with MBG excretion within non-obese and obese participants at baseline (Figure 2A,B).
In non-obese adults, a positive correlation was found between follow-up LVMi and MBG excretion at
baseline (r = 0.166; p = 0.015) and a negative correlation between percentage change in LVMi and MBG
excretion (r = −0.139; p = 0.042), but these relationships lost significance with multivariate adjusted
analysis (p > 0.05). In addition, when the non-obese group was additionally stratified as normal weight
and overweight (Table S3), there was no association between LVMi or the percentage change in LVMi
and MBG excretion (all p > 0.05). However, in obese adults, follow-up LVMi (r = 0.392; p = 0.002),
as well as the percentage change in LVMi (r = 0.352; p = 0.006) correlated positively with baseline MBG
excretion. The association of LVMi (Adj. R2 = 0.35; Std. β = 0.311: p = 0.007) and percentage change in
LVMi (Adj. R2 = 0.40; Std. β = 0.336: p = 0.003) with MBG excretion in obese participants remained
significant after multivariate adjusted analyses (Table 2). The present results remained robust when
repeating analyses in a sub-group (N = 51) with stringently defined obesity based on three composite
criteria (BMI ≥ 30 kg/m2 and WC > 94 cm for white men; >81.2 cm for black men; >80 cm for white
women; and >81 cm for black women and WHtR >0.5; LVMi: Adj. R2 = 0.36; Std. β = 0.310: p = 0.009;
percentage change in LVMi: Adj. R2 = 0.37; Std. β = 0.350: p = 0.003; see Table S4).



Nutrients 2020, 12, 3185 5 of 15

Table 2. Multiple regression analyses with follow-up LVMi and percentage change in LVMi as
dependent variables and baseline MBG excretion as the main independent variable.

MBG Excretion (nmol/Day)

Non-Obese 18.6–29.9 kg/m2 N = 211 Obese BMI > 30 kg/m2 N = 56

Dependent Variable Adj R2 Std. β p Adj R2 Std. β p

LVMi (g/m2) 0.39 NS 0.35 0.311 0.007

% ∆ LVMi 0.21 NS 0.4 0.336 0.003

Sensitivity analysis additionally adjusted for estimated salt intake

LVMi (g/m2) 0.39 NS 0.35 0.311 0.008

% ∆ LVMi 0.21 NS 0.4 0.337 0.003

Sensitivity analysis additionally adjusted for estradiol

LVMi (g/m2) 0.39 NS 0.47 0.305 0.007

% ∆ LVMi 0.21 NS 0.5 0.344 0.002

Adjusted for sex, ethnicity, age, clinic SBP, eGFR, glucose, HDL, c-reactive protein (CRP), gamma-glutamyl transferase
(GGT), and baseline LVMi. NS refers to p > 0.05.
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Figure 1. Comparison of (A) LVMi, (B) percentage change in LVMi, (C) baseline estimated salt
intake, and (D) baseline MBG excretion levels of participants with different BMI categories at baseline.
Adjusted for sex, ethnicity, and age (follow-up LVMi and percentage change in LVMi additionally
adjusted for baseline LVMi). a,b,c Indicate significant difference between BMI categories, where data
points or bars with the same superscript letter differ significantly (p < 0.05).
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2.2. Sensitivity Analyses

2.2.1. Estimated Salt Intake

We additionally adjusted for estimated salt intake to determine whether salt intake influences
the relationship between LVMi and MBG excretion. The relationship with both LVMi and percentage
change in LVMi remained robust in obese participants (Adj. R2 = 0.35; Std. β = 0.311: p = 0.008;
Adj. R2 = 0.40; Std. β = 0.337: p = 0.003; see Table 2). When performing backward stepwise regression
analysis with salt as the main independent variable (Table S5), there was no association between
estimated salt intake and LVMi.
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2.2.2. Estradiol

Estradiol was previously reported to increase Na+/K+-ATPase activity in obese animals [20], and it
is suggested to play a cardiac protective role in obesity [22]. As expected, women from this study had
higher levels of estradiol when compared to men (54.3 pg/mL vs. 37.0 pg/mL; p < 0.001; see Table S6).
Pearson correlations were performed to demonstrate the correlation of estradiol and the percentage
change in LVMi in men and women (Table S7). When performing multiple regression analyses with
the additional adjustment for estradiol (Table 2), LVMi was negatively associated with estradiol in
obese adults (Adj. R2 = 0.47; Std. β = −0.220: p = 0.045). Nonetheless, the positive relationship of
LVMi and MBG excretion remained robust (Adj. R2 = 0.47; Std. β = 0.305: p = 0.007). In the non-obese
group, the association of LVMi and percentage change in LVMi with MBG was not significant (p > 0.05).
When analyses were repeated in normal weight and overweight adults, respectively, a significant
negative association between MBG and percentage change in LVMi was evident in overweight adults
(Adj. R2 = 0.32; Std. β = −0.221: p = 0.035; Table S3).

3. Discussion

This is the first study to our knowledge that investigated the relationship of the cardiotonic steroid,
MBG, with longitudinal cardiovascular data in a young human population with no previous history of
CVD. The main finding from the present study was that baseline MBG excretion levels were associated
with increased LVMi over 4.5 years in obese but not in normal weight individuals. These results
support the hypothesis that the adverse effects of MBG in cardiac remodeling may be potentiated in
obese adults, despite having similar MBG excretion levels when compared to normal weight adults.

A positive association of follow-up LVMi with MBG excretion in obese but not underweight,
normal weight, or overweight adults supports the notion that an increased sensitivity of cardiotonic
steroids may play a role in the pathogenesis of CVD in individuals with obesity [22]. A recent
review by Obradovic et al. highlighted the potential adverse role of reduced Na+/K+-ATPase in the
development of CVD with obesity [22], which is associated with the downregulation of Na+/K+-ATPase
in animals [20] and humans [25]. The attenuated levels of Na+/K+-ATPase likely contribute to the
deleterious effect of MBG on the heart. Indeed, non-obese α1-Na+/K+-ATPase knockout mice (α1+/−)
with lower Na+/K+-ATPase levels (−38% lower Na+/K+-ATPase) were shown to have an increased
myocardial Na+/K+-ATPase sensitivity to MBG infusion when compared to wild-type mice [21]. It is
via the inhibition of cardiac Na+/K+-ATPase and the concurrent downward Src signaling cascade that
MBG promotes cardiac remodeling [15,16]. Similarly, in the Dahl-S model of salt-sensitive hypertension,
MBG-activated cardiovascular TGF-β pro-fibrotic signaling via Na+/K+-ATPase resulted in an increase
in LVMi while also promoting the development of fibrosis and cardiac remodeling [17].

In contrast with our findings in obese adults, a negative association was observed between
percentage change in LVMi and MBG excretion in overweight adults when including estradiol into the
model. Estradiol can activate Na/K-ATPase in the cardiovascular system [20,26] and counterbalance
an inhibitory effect of MBG on the cardiovascular Na/K-ATPase enzymatic activity. In addition,
estradiol may exhibit its cardiac protective effect by means of attenuated vasoconstriction and tissue
fibrosis by binding to other estrogen receptors (ER), including, ER-α, ER-β, and GPR−30 [27]. It is
also known that estradiol, i.e., estrogen, can activate atrial natriuretic peptide (ANP) receptors and
increase ANP levels [28,29]. It was demonstrated that ANP can counterbalance the pro-fibrotic
and pro-hypertensive effects of MBG in the cardiovascular system and exhibit a synergistic effect
with MBG on renal natriuretic function [30]. It might only be with the shift from an overweight to
an obese phenotype that this natriuretic function of MBG is overridden by the pathophysiological
effects thereof. The beneficial effect of estradiol in association with MBG in subjects with normal
weight and moderately overweight subjects is an important observation and will merit further
investigation. It is likely that in the obese subjects, the positive impact of estradiol is similar to the
observation made in age-associated salt sensitivity in the animal model [30]. In addition, the increased
sensitivity of Na+/K+-ATPase to MBG can underlie the pathophysiological function of MBG, as it was
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previously demonstrated in Dahl-S rats, which exhibited an increased sensitivity of the cardiovascular
Na+/K+-ATPase to MBG [31,32]. Acute salt loading of the normotensive Sprague–Dawley rats and
salt-sensitive Dahl-S rats was accompanied by a similar stimulation of MBG in both strains and by the
inhibition of an aortic Na pump in Dahl-S rats only [32], which was likely due to the higher sensitivity of
cardiovascular Na+/K+-ATPase to cardiotonic steroids in Dahl-S rats. Dahl-S rats on a high salt intake
also developed left ventricular hypertrophy, which was accompanied by an increased sensitivity of
cardiac Na+/K+-ATPase to MBG [31]. An increased sensitivity of cardiovascular Na+/K+-ATPase to the
endogenous inhibitors may contribute to the exaggerated effect of MBG on the Na+/K+-ATPase-initiated
down-stream pro-fibrotic signaling [15,17].

Taken together, the activation of the Na+/K+-ATPase-Src signaling cascade may be promoted with
obesity and contribute to early cardiac remodeling. The inhibition of cardiac Na+/K+-ATPase as a result
of MBG is associated with oxidative stress [33], cardiac myocyte apoptosis [21], collagen synthesis [15,17],
and cardiac myocyte hypertrophy [17], which are all factors of overall structural cardiac changes.
Meanwhile, the endocytosis of Na+/K+-ATPase with obesity is proposed to play an important role in
promoting a pro-inflammatory environment [34]; further studies are needed to investigate the role of
MBG on macrophage adhesion and cytokines activation in the cardiac remodeling of obese individuals.

While young obese adults had a similar LVMi to normal weight or overweight adults at baseline,
the greater LVMi at follow-up in obese participants of this study, when compared to underweight
and normal weight adults, is in accordance with previous reports [4]. In addition, the greater EDVi
observed in obese adults at baseline suggests a volume-loading phenotype in this population associated
with obesity [35]. Since this study made use of LVM indexed to body surface area (BSA), the present
findings are independent of cardiac structural changes as a result of increased body weight with
obesity [36]. Considering the young age of this study population, the findings of the present study
highlight the importance of creating a greater awareness regarding the substantial impact of modifiable
risk factors, such as obesity and diet, on cardiovascular health. Indeed, the estimated salt intake of this
study population (7.73 g/day) exceeded the daily recommendation of the World Health Organization
(5 g/day) [37]. In the present study, behavioral lifestyle choices such as high salt intake from a young
age in the obese condition is already associated with changes in cardiac structure.

In a recent review by He et al., the authors highlighted the diverse mechanisms whereby a high
dietary salt intake may contribute to a greater risk of CVD [10]. Eminently, of the 10 million CVD-related
deaths attributed to dietary risk factors in 2017, a high dietary salt intake was the leading risk factor [9].
However, excessive dietary salt intake may also indirectly contribute to early CVD development
as a result of elevated MBG [11], which is strongly related to estimated salt intake [13]. MBG was
firstly described as a natriuretic hormone; it increased with sodium-induced volume loading [38].
Subsequent investigations into the pathophysiological role of MBG have yielded strong evidence of an
adverse effect of excessive MBG on the cardiovascular system. In animal and experimental studies,
MBG was shown to promote cardiac myocyte apoptosis [21], cardiovascular fibrosis, and cardiac
hypertrophy [15–17,39]. While in humans, MBG was found to be associated with autonomic activity [40],
microvascular dysfunction [41], arterial stiffness [13,42], and increased LVMi [19]. Given that obesity is
known to be associated with left ventricular hypertrophy [4], these findings may help reiterate the
importance of lowering salt intake in obese individuals who are already more susceptible to early CVD
development due to a harmful cardiometabolic profile.

In animals [20,25] and humans [25], hyperinsulinemia, which is associated with obesity, has been
implicated in the downregulation of Na+/K+-ATPase. Additionally, insulin resistance in Dahl-S animals
consuming a high salt intake [43] may increase the sensitivity of Na+/K+-ATPase to CTS. Obesity is one
of the facets of metabolic syndrome, and it is often accompanied by insulin resistance [2]. This creates
an “ideal” condition for MBG, which can activate the vicious pro-fibrotic circle without being elevated
to a pathologic level. Therefore, obese individuals may be predisposed to early cardiac remodeling
due to insulin resistance, which sensitizes cardiovascular Na+/K+-ATPase to CTS. The estimation of
the insulin sensitivity and its association with cardiovascular parameters and cardiovascular markers
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in young obese and non-obese individuals merits future investigation. Furthermore, a high-fat diet
has also been shown to stimulate MBG synthesis in hyperlipidemic states [34]. Further studies are also
necessary to determine the role of a habitual high dietary intake of sugar and trans fats in the adverse
effects of MBG on the heart and vasculature of obese adults.

4. Strengths and Limitations

A major strength of the present study was the inclusion of longitudinal data of young black and
white adults, free of CVD at baseline with complete baseline data on 24-h MBG and sodium excretion.
However, the study included volunteers without random selection. The main limitation of this study
was the small group of obese adults included in the analyses. Given that the present study only
included N = 275 from the larger African-PREDICT study population (N = 1202), it is possible that
selection bias may have contributed to the findings. The follow-up studies, which will be performed in
a larger sample to substantiate these results, will merit future investigation. The small sample size was
a limitation factor in performing sex-specific analyses, which is recommended for future studies.

5. Materials and Methods

5.1. Study Design and Methodology

This study included the data of the first 275 (50% black; 44% men) participants from the
African-Prospective study on the Early Detection and Identification of Cardiovascular disease and
Hypertension (African-PREDICT) with baseline MBG excretion and follow-up LVMi data.

The African-PREDICT study is a longitudinal study that aims to track and monitor the
cardiovascular health profile of young black and white adults. Details on the study design, recruitment,
and baseline measurements were previously published [44]. Participant recruitment for the study
started in 2012 and was conducted in communities living in proximity to the Potchefstroom area in
the northwest province of South Africa. Apparently healthy volunteers were screened at baseline
for eligibility to be included into the study based on the following criteria: black or white ethnicity;
aged 20–30 years; clinic blood pressure (BP) < 140/90; HIV uninfected; had no previous diagnosis of
chronic illness (self-reported) or using any chronic medications; not pregnant or lactating.

Ultimately, N = 1202 (606 black and 596 white) eligible participants were enrolled in the baseline
phase of the African-PREDICT study (February 2013 to November 2017). Follow-up data collection
started in February 2018 and remains ongoing. This analysis made use of the follow-up data collected
between 2018 and 2019. At the point of statistical analyses for this study, 430 participants had been
successfully contacted and participated in follow-up measurements. Of the 430 participants who had
taken part in follow-up measurements, we excluded 88 participants with missing MBG data and a
further 67 with missing follow-up echocardiography data. Therefore, this study analyzed the data of
275 participants. Baseline and follow-up data collection were performed under controlled conditions,
using good clinical practice at the Hypertension Research and Training Clinic at North-West University.

Written informed consent was obtained from all participants at baseline and follow-up, and all
procedures adhered to Institutional Guidelines and the Declaration of Helsinki of 1975, which were
revised in 2013. The African-PREDICT study was approved by the Health Research Ethics
Committee of the North-West University, South Africa (NWU-00001-12-A1). The study is registered at
ClinicalTrials.gov (identifier: NCT03292094). Assignable to the informed consent given by participants,
the data for this study, which is centrally managed by the data manager using REDCap, can be obtained
by means of the necessary arrangements with Prof Aletta E Schutte or Prof Carina Mels from the
Hypertension in Africa Research Team (HART) [44]. Potential collaborators are invited to contact the
principal investigator of African-PREDICT for further information.
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5.2. Questionnaire and Anthropometric Data

Participants completed a General Health and Demographic Questionnaire at baseline and follow-up
to obtain detailed information (self-reported) on demographics (age, sex, ethnicity, and socio-economic
status) and medical history (medication use).

Anthropometric measurements including weight (kg; SECA 813 Electronic Scales), height
(m; SECA 213 Portable Stadiometer; SECA, Hamburg, Germany), and WC (cm) (Lufkin Steel
Anthropometric Tape; W606PM; Lufkin, Apex, NC, USA) were measured in triplicate, according to the
guidelines of the International Society for the Advancement of Kinanthropometry. We subsequently
calculated the BMI (weight (kg)/height (m2)), BSA (

√
height (cm)×weight (kg)/3600), and WHtR

of participants. Participants were classified as underweight (BMI < 18.5 kg/m2), normal weight
(BMI 18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), or obese (BMI ≥ 30 kg/m2) according to baseline
BMI [23]. As a sensitivity measure, we additionally identified participants who would be classified
as obese based on baseline BMI > 30 kg/m2, WC (WC > 94 cm for white men; >81.2 cm for black
men; >80 cm for white women, and >81 cm for black women) [23,24] and WHtR cut points (>0.5) [45]
(i.e., participants who met all three criteria for obesity—BMI, WC, and WHtR—were classified as
being obese).

5.3. Cardiovascular Measurements

The Dinamap Procare 100 Vital Signs Monitor (GE Medical Systems, Milwaukee, WI, USA) was
used to measure SBP and diastolic (DBP) BP with an appropriately sized brachial blood pressure
cuff. Participants were seated with their arm rested at heart level. Measurements were performed in
duplicate on the left and right arm (with a five-minute resting period between measures). The mean
SBP and DBP from the right arm was calculated [46]. Hypertension was defined as SBP ≥ 140 mmHg
and or DBP ≥ 90 mmHg [47]. We made use of the SphygmoCor XCEL device (AtCor Medical Pty. Ltd.,
Sydney, Australia) to measure cSBP in duplicate by means of pulse wave analysis, while participants
lay rested in a supine position with an appropriately sized brachial BP cuff fitted to the right upper
arm. cSBP is determined using a general transfer function.

Two-dimensional echocardiography was done using the General Electric Healthcare Vivid E9
device (GE Vingmed Ultrasound A/S, Horten, Norway), a 2.5 to 3.5 MHz transducer, and a single
electrocardiogram (ECG) lead. A medical clinical technician performed echocardiographic imaging
according to standardized procedures outlined by the American Society of Echocardiography [36].
Left ventricular mass was calculated from dimensions using the Devereaux “cube” formula (LVM =

0.8 × 1.04 ((IVSd + LVIDd + PWTd)3
− LVIDd3) + 0.6 g), where IVS is the interventricular septum

at end diastole, LVID is the LV internal diameter at end diastole, and PWT is the inferolateral wall
thickness at end diastole. Left ventricular mass and LV volumes were determined using the biplane
method. Since LVM is strongly influenced by body size, LVMi was indexed to BSA to minimize
obesity-related changes in LVM. Reporting LVM indexed to BSA is recommended by the American
Society of Echocardiography [36]. Stroke volume was indexed for height to the power 2.04 (SVi) and
end diastolic volume (EDV) (calculated using the Teichholz formula) was indexed to height.

5.4. Biochemical Sampling and Biochemical Analyses

Participants were instructed to refrain from eating or drinking (except water) from at least 22:00 the
night before measurements took place. A trained research nurse performed early morning biological
sampling (before 09:30) using a sterile winged infusion set and syringes. Samples were immediately
moved to an onsite laboratory, centrifuged, and aliquoted into cryovials. A detailed description on
sample preparation was published elsewhere [19]. All biological samples were stored in onsite bio
freezers at −80 ◦C.
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Then, 24 h urine sampling was performed in accordance with protocols of the Pan American
Health Organization/World Health Organization (PAHO/WHO), with participants being given
instructions on how to ensure accurate collection [48]. All participants had a urinary volume >300
mL. Baseline MBG was analyzed from 24 h urine samples using a solid-phase Dissociation-Enhanced
Lanthanide Fluorescent Immunoassay, which was based on a 4G4 anti-MBG mouse monoclonal
antibody described in detail by Fedorova et al. [49]. Twenty-four-hour urinary sodium excretion
was measured (Cobas Integra 400plus, Roche, Basel Switzerland) to calculate estimated salt intake.
Estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology
Collaboration Equation (CKD-EPI) no race equation [50].

From serum samples, total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), creatinine, C-reactive protein (CRP), and γ-glutamyl transferase (GGT)
were measured (Cobas Integra 400plus, Roche, Basel Switzerland). Glucose was determined from
sodium fluoride plasma (Cobas Integra 400plus, Roche, Switzerland).

5.5. Statistical Analyses

Statistical analyses were performed using SPSS version 26 (IBM; Armonk, New York, NY, USA)
and created figures using GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA).
Data following a normal distribution were presented as the arithmetic mean ± standard deviation,
and variables with a non-Gaussian distribution were logarithmically transformed and presented as
geometric mean (5th and 95th percentiles). Differences in the basic characteristics of participants
from baseline to follow-up were determined using a paired t-test or Wilcoxon Signed-Ranks Test
for parametric or non-parametric continuous variables, and McNemar tests for categorical variables.
Baseline estimated salt intake and MBG excretion of participants were compared within different
BMI statuses (underweight, normal weight, overweight, and obese) using ANCOVA, adjusting for
sex, ethnicity, and age. Scatterplots demonstrating Pearson correlations between LVMi as well as
the percentage change in LVMi overtime and MBG excretion are shown for different BMI statuses.
The relationship of LVMi and the percentage change LVMi with MBG excretion was further explored
using backward stepwise multiple regression analyses, considering the limited number of participants
who were classified as obese and having follow-up LVMi data (N = 56). Backward stepwise regression
models were adjusted for sex, ethnicity, age, clinic SBP, eGFR, glucose, HDL-C, CRP, GGT, and baseline
LVMi. Sensitivity analyses were performed for estimated salt intake and estradiol to determine whether
the latter had an influence on the relationship between MBG and LVMi. Backward stepwise regression
analyses were repeated, whereby obesity was stringently defined as not only having a BMI >30 kg/m2

but also according to WC (WC > 94 cm for white men; >81.2 cm for black men; >80 cm for white
women; and >81 cm for black women) [23,24] and WHtR cut points (>0.5) [45] (i.e., participants who
met all three criteria for obesity—BMI, WC, and WHtR—were classified as being obese N = 51).

6. Conclusions

The findings from the present study indicate that obese adults may be more vulnerable to the
adverse cardiac effects of excessive salt intake by means of increased MBG sensitivity. This was
demonstrated by an independent positive association between follow-up LVMi and MBG excretion
in obese adults only. An increased sensitivity to MBG may exacerbate the vulnerability of obese
adults to the harmful effects of excessive salt intake on cardiac remodeling, besides volume loading.
These findings encourage cardioprotective strategies such as the targeting of modifiable risk factors
(a healthy diet, low salt intake, weight reduction).
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LDL Low density lipoprotein
MBG Marinobufagenin
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WC Waist circumference

http://www.mdpi.com/2072-6643/12/10/3185/s1


Nutrients 2020, 12, 3185 13 of 15

References

1. Non-communicable Disease Risk Factor Collaboration. Worldwide trends in body-mass index, underweight,
overweight, and obesity from 1975 to 2016: A pooled analysis of 2416 population-based measurement studies
in 128·9 million children, adolescents, and adults. Lancet 2017, 390, 2627–2642. [CrossRef]

2. Koliaki, C.; Liatis, S.; Kokkinos, A. Obesity and cardiovascular disease: Revisiting an old relationship.
Metab. Clin. Exp. 2019, 92, 98–107. [CrossRef] [PubMed]

3. Kotsis, V.; Stabouli, S.; Bouldin, M.; Low, A.; Toumanidis, S.; Zakopoulos, N. Impact of obesity on 24-hour
ambulatory blood pressure and hypertension. Hypertension 2005, 45, 602–607. [CrossRef] [PubMed]

4. Ahmad, M.I.; Li, Y.; Soliman, E.Z. Association of obesity phenotypes with electrocardiographic left ventricular
hypertrophy in the general population. J. Electrocardiol. 2018, 51, 1125–1130. [CrossRef]

5. Khan, S.S.; Ning, H.; Wilkins, J.T.; Allen, N.; Carnethon, M.; Berry, J.D.; Sweis, R.N.; Lloyd-Jones, D.M.
Association of body mass index with lifetime risk of cardiovascular disease and compression of morbidity.
JAMA Cardiol 2018, 3, 280–287. [CrossRef] [PubMed]

6. Hall, M.; Carmo, J.; Silva, A.; Juncos, L.; Wang, Z.; Hall, J. Obesity, hypertension, and chronic kidney disease.
Int. J. Nephrol. Renovasc. Dis. 2014, 7, 75–88. [CrossRef]

7. Strazzullo, P.; Barbato, A.; Galletti, F.; Barba, G.; Siani, A.; Iacone, R.; D’Elia, L.; Russo, O.; Versiero, M.;
Farinaro, E.; et al. Abnormalities of renal sodium handling in the metabolic syndrome. Results of the Olivetti
Heart study. J. Hypertens. 2006, 24, 1633–1639. [CrossRef]

8. Aurigemma, G.P.; Simone, G.D.; Fitzgibbons, T.P. Cardiac remodeling in obesity. Circ. Cardiovasc. Imaging
2013, 6, 142–152. [CrossRef]

9. Afshin, A.; Sur, P.J.; Fay, K.A.; Cornaby, L.; Ferrara, G.; Salama, J.S.; Mullany, E.C.; Abate, K.H.; Abbafati, C.;
Abebe, Z.; et al. Health effects of dietary risks in 195 countries, 1990–2017: A systematic analysis for the
Global Burden of Disease study 2017. Lancet 2019, 393, 1958–1972. [CrossRef]

10. He, F.J.; Tan, M.; Ma, Y.; MacGregor, G.A. Salt reduction to prevent hypertension and cardiovascular disease:
JACC state-of-the-art review. J. Am. Coll. Cardiol. 2020, 75, 632–647. [CrossRef]

11. Strauss, M.; Smith, W.; Fedorova, O.V.; Schutte, A.E. The Na(+)K(+)-ATPase inhibitor marinobufagenin
and early cardiovascular risk in humans: A review of recent evidence. Curr. Hypertens. Rep. 2019, 21, 38.
[CrossRef] [PubMed]

12. Fedorova, O.V.; Zernetkina, V.I.; Shilova, V.Y.; Grigorova, Y.N.; Juhasz, O.; Wei, W.; Marshall, C.A.;
Lakatta, E.G.; Bagrov, A.Y. Synthesis of an endogenous steroidal Na pump inhibitor marinobufagenin,
implicated in human cardiovascular diseases, is initiated by CYP27A1 via bile acid pathway. Circ. Cardiovasc.
Genet. 2015, 8, 736–745. [CrossRef]

13. Strauss, M.; Smith, W.; Wei, W.; Bagrov, A.Y.; Fedorova, O.V.; Schutte, A.E. Large artery stiffness is associated
with marinobufagenin in young adults: The African-PREDICT study. J. Hypertens. 2018, 36, 2333. [CrossRef]
[PubMed]

14. Fedorova, O.V.; Talan, M.I.; Agalakova, N.I.; Lakatta, E.G.; Bagrov, A.Y. Endogenous ligand of α1 sodium
pump, marinobufagenin, is a novel mediator of sodium chloride–dependent hypertension. Circulation 2002,
105, 1122–1127. [CrossRef]

15. Elkareh, J.; Kennedy, D.J.; Yashaswi, B.; Vetteth, S.; Shidyak, A.; Kim, E.G.R.; Smaili, S.; Periyasamy, S.M.;
Hariri, I.M.; Fedorova, L.; et al. Marinobufagenin stimulates fibroblast collagen production and causes
fibrosis in experimental uremic cardiomyopathy. Hypertension 2007, 49, 215–224. [CrossRef] [PubMed]

16. Elkareh, J.; Periyasamy, S.M.; Shidyak, A.; Vetteth, S.; Schroeder, J.; Raju, V.; Hariri, I.M.; El-Okdi, N.;
Gupta, S.; Fedorova, L. Marinobufagenin induces increases in procollagen expression in a process involving
protein kinase c and fli-1: Implications for uremic cardiomyopathy. Am. J. Physiol. Renal Physiol. 2009, 296,
F1219–F1226. [CrossRef]

17. Zhang, Y.; Wei, W.; Shilova, V.; Petrashevskaya, N.N.; Zernetkina, V.I.; Grigorova, Y.N.; Marshall, C.A.;
Fenner, R.C.; Lehrmann, E.; Wood, W.H.; et al. Monoclonal antibody to marinobufagenin downregulates
TGFβ; profibrotic signaling in left ventricle and kidney and reduces tissue remodeling in salt-sensitive
hypertension. JAHA 2019, 8, e012138. [CrossRef] [PubMed]

18. Pratt, R.D.; Brickman, C.; Nawab, A.; Cottrill, C.; Snoad, B.; Lakhani, H.V.; Jelcick, A.; Henderson, B.;
Bhardwaj, N.N.; Sanabria, J.R.; et al. The adipocyte Na/K-ATPase oxidant amplification loop is the central
regulator of western diet-induced obesity and associated comorbidities. Sci. Rep. 2019, 9, 7927. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(17)32129-3
http://dx.doi.org/10.1016/j.metabol.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30399375
http://dx.doi.org/10.1161/01.HYP.0000158261.86674.8e
http://www.ncbi.nlm.nih.gov/pubmed/15723966
http://dx.doi.org/10.1016/j.jelectrocard.2018.10.085
http://dx.doi.org/10.1001/jamacardio.2018.0022
http://www.ncbi.nlm.nih.gov/pubmed/29490333
http://dx.doi.org/10.2147/IJNRD.S39739
http://dx.doi.org/10.1097/01.hjh.0000239300.48130.07
http://dx.doi.org/10.1161/CIRCIMAGING.111.964627
http://dx.doi.org/10.1016/S0140-6736(19)30041-8
http://dx.doi.org/10.1016/j.jacc.2019.11.055
http://dx.doi.org/10.1007/s11906-019-0942-y
http://www.ncbi.nlm.nih.gov/pubmed/30980225
http://dx.doi.org/10.1161/CIRCGENETICS.115.001217
http://dx.doi.org/10.1097/HJH.0000000000001866
http://www.ncbi.nlm.nih.gov/pubmed/30382957
http://dx.doi.org/10.1161/hc0902.104710
http://dx.doi.org/10.1161/01.HYP.0000252409.36927.05
http://www.ncbi.nlm.nih.gov/pubmed/17145984
http://dx.doi.org/10.1152/ajprenal.90710.2008
http://dx.doi.org/10.1161/JAHA.119.012138
http://www.ncbi.nlm.nih.gov/pubmed/31576777
http://dx.doi.org/10.1038/s41598-019-44350-9


Nutrients 2020, 12, 3185 14 of 15

19. Strauss, M.; Smith, W.; Kruger, R.; Wei, W.; Fedorova, O.V.; Schutte, A.E. Marinobufagenin and left ventricular
mass in young adults: The african-PREDICT study. Eur. J. Prev. Cardiol. 2018, 25, 1587–1595. [CrossRef]

20. Obradovic, M.; Zafirovic, S.; Jovanovic, A.; Milovanovic, E.S.; Mousa, S.A.; Labudovic-Borovic, M.;
Isenovic, E.R. Effects of 17β-estradiol on cardiac Na+/K+-ATPase in high fat diet fed rats. Mol. Cell. Endocrinol.
2015, 416, 46–56. [CrossRef]

21. Liu, C.; Bai, Y.; Chen, Y.; Wang, Y.; Sottejeau, Y.; Liu, L.; Li, X.; Lingrel, J.B.; Malhotra, D.; Cooper, C.J.
Reduction of na/k-atpase potentiates marinobufagenin-induced cardiac dysfunction and myocyte apoptosis.
J. Biol. Chem. 2012, 287, 16390–16398. [CrossRef] [PubMed]

22. Obradovic, M.; Bjelogrlic, P.; Rizzo, M.; Katsiki, N.; Haidara, M.; Stewart, A.J.; Jovanovic, A.; Isenovic, E.R.
Effects of obesity and estradiol on Na+/K+-ATPase and their relevance to cardiovascular diseases. J. Endocrinol.
2013, 218, R13–R23. [CrossRef] [PubMed]

23. World Health Organization. Obesity: Preventing and Managing the Global Epidemic; World Health Organization:
Geneva, Switzerland, 2000; p. 9. ISBN 9241208945.

24. Ekoru, K.; Murphy, G.; Young, E.; Delisle, H.; Jerome, C.; Assah, F.; Longo-Mbenza, B.; Nzambi, J.; On’Kin, J.;
Buntix, F.; et al. Deriving an optimal threshold of waist circumference for detecting cardiometabolic risk in
Sub-Saharan Africa. Int. J. Obes. 2017, 42. [CrossRef]

25. Iannello, S.; Milazzo, P.; Belfiore, F. Animal and human tissue Na, K-ATPase in obesity and diabetes: A new
proposed enzyme regulation. Am. J. Med. Sci. 2007, 333, 1–9. [CrossRef]

26. Dzurba, A.; Ziegelhöffer, A.; Vrbjar, N.; Styk, J.; Slezák, J. Estradiol modulates the sodium pump in the heart
sarcolemma. Mol. Cell. Biochem. 1997, 176, 113–118. [CrossRef] [PubMed]

27. Aryan, L.; Younessi, D.; Zargari, M.; Banerjee, S.; Agopian, J.; Rahman, S.; Borna, R.; Ruffenach, G.; Umar, S.;
Eghbali, M. The role of estrogen receptors in cardiovascular disease. Int. J. Mol. Sci. 2020, 21, 4314. [CrossRef]
[PubMed]

28. Belo, N.; Sairam, M.; Reis, A. Impairment of the natriuretic peptide system in follitropin receptor knockout
mice and reversal by estradiol: Implications for obesity-associated hypertension in menopause. Endocrinology
2008, 149, 1399–1406. [CrossRef]

29. Jankowski, M.; Rachelska, G.; Donghao, W.; McCann, S.M.; Gutkowska, J. Estrogen receptors activate atrial
natriuretic peptide in the rat heart. Proc. Natl. Acad. Sci. USA 2001, 98, 11765–11770. [CrossRef]

30. Fedorova, O.V.; Kashkin, V.A.; Zakharova, I.O.; Lakatta, E.G.; Bagrov, A.Y. Age-associated increase in
salt sensitivity is accompanied by a shift in the atrial natriuretic peptide modulation of the effect of
marinobufagenin on renal and vascular sodium pump. J. Hypertens. 2012, 30, 1817. [CrossRef]

31. Fedorova, O.V.; Talan, M.I.; Agalakova, N.I.; Lakatta, E.G.; Bagrov, A.Y. Coordinated shifts in Na/K-ATPase
isoforms and their endogenous ligands during cardiac hypertrophy and failure in NaCl-sensitive hypertension.
J. Hypertens. 2004, 22, 389–397. [CrossRef]

32. Bagrov, A.Y.; Agalakova, N.I.; Kashkin, V.A.; Fedorova, O.V. Endogenous cardiotonic steroids and differential
patterns of sodium pump inhibition in NaCl-loaded salt-sensitive and normotensive rats. Am. J. Hypertens.
2009, 22, 559–563. [CrossRef] [PubMed]

33. Kennedy, D.J.; Shrestha, K.; Sheehey, B.; Li, X.S.; Guggilam, A.; Wu, Y.; Finucan, M.; Gabi, A.; Medert, C.M.;
Westfall, K.; et al. Elevated plasma marinobufagenin, an endogenous cardiotonic steroid, is associated with
right ventricular dysfunction and nitrative stress in heart failure. Circ. Heart. Fail. 2015, 8, 1068–1076.
[CrossRef] [PubMed]

34. Kennedy, D.J.; Chen, Y.; Huang, W.; Viterna, J.; Liu, J.; Westfall, K.; Tian, J.; Bartlett, D.J.; Tang, W.H.; Xie, Z.;
et al. CD36 and Na/K-ATPase-α1 form a proinflammatory signaling loop in kidney. Hypertension 2013, 61,
216–224. [CrossRef]

35. Vasan, R.S. Cardiac function and obesity. Heart 2003, 89, 1127–1129. [CrossRef]
36. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.;

Foster, E.; Goldstein, S.A.; Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by
echocardiography in adults: An update from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 233–271. [CrossRef]
[PubMed]

37. World Health Organization. Guideline: Sodium Intake for Adults and Children; World Health Organization:
Geneva, Switzerland, 2012; ISBN 9789241504836.

http://dx.doi.org/10.1177/2047487318788140
http://dx.doi.org/10.1016/j.mce.2015.08.020
http://dx.doi.org/10.1074/jbc.M111.304451
http://www.ncbi.nlm.nih.gov/pubmed/22451662
http://dx.doi.org/10.1530/JOE-13-0144
http://www.ncbi.nlm.nih.gov/pubmed/23785175
http://dx.doi.org/10.1038/ijo.2017.240
http://dx.doi.org/10.1097/00000441-200701000-00001
http://dx.doi.org/10.1023/A:1006835214312
http://www.ncbi.nlm.nih.gov/pubmed/9406152
http://dx.doi.org/10.3390/ijms21124314
http://www.ncbi.nlm.nih.gov/pubmed/32560398
http://dx.doi.org/10.1210/en.2007-0572
http://dx.doi.org/10.1073/pnas.201394198
http://dx.doi.org/10.1097/HJH.0b013e328356399b
http://dx.doi.org/10.1097/00004872-200402000-00025
http://dx.doi.org/10.1038/ajh.2009.22
http://www.ncbi.nlm.nih.gov/pubmed/19229192
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001976
http://www.ncbi.nlm.nih.gov/pubmed/26276886
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198770
http://dx.doi.org/10.1136/heart.89.10.1127
http://dx.doi.org/10.1093/ehjci/jev014
http://www.ncbi.nlm.nih.gov/pubmed/25712077


Nutrients 2020, 12, 3185 15 of 15

38. Fedorova, O.; Doris, P.; Bagrov, A. Endogenous marinobufagenin-like factor in acute plasma volume
expansion. Clin. Exp. Hypertens. 1998, 20, 581–591. [CrossRef]

39. Grigorova, Y.N.; Wei, W.; Petrashevskaya, N.; Zernetkina, V.; Juhasz, O.; Fenner, R.; Gilbert, C.; Lakatta, E.G.;
Shapiro, J.I.; Bagrov, A.Y. Dietary sodium restriction reduces arterial stiffness, vascular TGF-β-dependent
fibrosis and marinobufagenin in young normotensive rats. Int. J. Mol. Sci. 2018, 19, 3168. [CrossRef]

40. Strauss, M.; Smith, W.; Wei, W.; Fedorova, O.V.; Schutte, A.E. Autonomic activity and its relationship with
the endogenous cardiotonic steroid marinobufagenin: The african-PREDICT study. Nutr. Neurosci. 2019,
1–11. [CrossRef]

41. Strauss-Kruger, M.; Smith, W.; Wei, W.; Bagrov, A.Y.; Fedorova, O.V.; Schutte, A.E. Microvascular
function in non-dippers: Potential involvement of the salt sensitivity biomarker, marinobufagenin—The
african-PREDICT study. J. Clin. Hypertens. 2020, 22, 86–94. [CrossRef]

42. Jablonski, K.L.; Fedorova, O.V.; Racine, M.L.; Geolfos, C.J.; Gates, P.E.; Chonchol, M.; Fleenor, B.S.;
Lakatta, E.G.; Bagrov, A.Y.; Seals, D.R. Dietary sodium restriction and association with urinary
marinobufagenin, blood pressure, and aortic stiffness. Clin. J. Am. Soc. Nephrol. 2013, 8, 1952–1959.
[CrossRef]

43. Ogihara, T.; Asano, T.; Ando, K.; Sakoda, H.; Anai, M.; Shojima, N.; Ono, H.; Onishi, Y.; Fujishiro, M.; Abe, M.;
et al. High-salt diet enhances insulin signaling and induces insulin resistance in dahl salt-sensitive rats.
Hypertension 2002, 40, 83–89. [CrossRef]

44. Schutte, A.E.; Gona, P.N.; Delles, C.; Uys, A.S.; Burger, A.; Mels, C.M.; Kruger, R.; Smith, W.; Fourie, C.M.;
Botha, S.; et al. The African Prospective study on the Early Detection and Identification of Cardiovascular
Disease and Hypertension (African-PREDICT): Design, recruitment and initial examination. Eur. J.
Prev. Cardiol. 2019, 26, 458–470. [CrossRef] [PubMed]

45. Ashwell, M.; Gunn, P.; Gibson, S. Waist-to-height ratio is a better screening tool than waist circumference
and bmi for adult cardiometabolic risk factors: Systematic review and meta-analysis. Obes. Rev. 2012, 13,
275–286. [CrossRef] [PubMed]

46. Muntner, P.; Einhorn, P.T.; Cushman, W.C.; Whelton, P.K.; Bello, N.A.; Drawz, P.E.; Green, B.B.; Jones, D.W.;
Juraschek, S.P.; Margolis, K.L.; et al. Blood pressure assessment in adults in clinical practice and clinic-based
research: JACC scientific expert panel. J. Am. Coll. Cardiol. 2019, 73, 317–335. [CrossRef] [PubMed]

47. Unger, T.; Borghi, C.; Charchar, F.; Khan, N.A.; Poulter, N.R.; Prabhakaran, D.; Ramirez, A.; Schlaich, M.;
Stergiou, G.S.; Tomaszewski, M.; et al. 2020 international society of hypertension global hypertension practice
guidelines. Hypertension 2020, 75, 1334–1357. [CrossRef] [PubMed]

48. World Health Organization and the Pan American Health Organization Group for Cardiovascular Disease
Prevention through Population-Wide Dietary Salt Reduction. Protocol for Population Level Sodium
Determination in 24-h Urine Samples. 2010. Available online: https://www.paho.org/hq/dmdocuments/2013/

24h-urine-Protocol-eng.pdf (accessed on 10 September 2020).
49. Fedorova, O.V.; Simbirtsev, A.S.; Kolodkin, N.I.; Kotov, A.Y.; Agalakova, N.I.; Kashkin, V.A.; Tapilskaya, N.I.;

Bzhelyansky, A.; Reznik, V.A.; Frolova, E.V. Monoclonal antibody to an endogenous bufadienolide,
marinobufagenin, reverses preeclampsia-induced Na/K-ATPase inhibition and lowers blood pressure
in NaCl-sensitive hypertension. J. Hypertens. 2008, 26, 2414. [CrossRef]

50. Stevens, L.A.; Claybon, M.A.; Schmid, C.H.; Chen, J.; Horio, M.; Imai, E.; Nelson, R.G.; Van Deventer, M.;
Wang, H.-Y.; Zuo, L.; et al. Evaluation of the chronic kidney disease epidemiology collaboration equation for
estimating the glomerular filtration rate in multiple ethnicities. Kidney Int. 2011, 79, 555–562. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3109/10641969809053236
http://dx.doi.org/10.3390/ijms19103168
http://dx.doi.org/10.1080/1028415X.2018.1564985
http://dx.doi.org/10.1111/jch.13767
http://dx.doi.org/10.2215/CJN.00900113
http://dx.doi.org/10.1161/01.HYP.0000022880.45113.C9
http://dx.doi.org/10.1177/2047487318822354
http://www.ncbi.nlm.nih.gov/pubmed/30681377
http://dx.doi.org/10.1111/j.1467-789X.2011.00952.x
http://www.ncbi.nlm.nih.gov/pubmed/22106927
http://dx.doi.org/10.1016/j.jacc.2018.10.069
http://www.ncbi.nlm.nih.gov/pubmed/30678763
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.15026
http://www.ncbi.nlm.nih.gov/pubmed/32370572
https://www.paho.org/hq/dmdocuments/2013/24h-urine-Protocol-eng.pdf
https://www.paho.org/hq/dmdocuments/2013/24h-urine-Protocol-eng.pdf
http://dx.doi.org/10.1097/HJH.0b013e328312c86a
http://dx.doi.org/10.1038/ki.2010.462
http://www.ncbi.nlm.nih.gov/pubmed/21107446
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Pearson, Partial, and Multiple Regression Analyses 
	Sensitivity Analyses 
	Estimated Salt Intake 
	Estradiol 


	Discussion 
	Strengths and Limitations 
	Materials and Methods 
	Study Design and Methodology 
	Questionnaire and Anthropometric Data 
	Cardiovascular Measurements 
	Biochemical Sampling and Biochemical Analyses 
	Statistical Analyses 

	Conclusions 
	References

