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Figure 6. Effects of OJS on miR-10a and miR-126 3p expression in the aorta of ApoE —/—
mice. mRNA expression of adhesion molecules determined by real-time Reverse Transcription-PCR
(RT-gPCR) analysis (A). Levels of miRNA determined by real-time RT-qPCR (B). Data are presented as
means + S.E. ** p < 0.01 vs. control group; # p < 0.05, * p < 0.01 vs. ApoE —/— group.

3.7. Effects of O]S on TNF-a-Induced Adhesion Molecules and MMPs Expression in HUVECs

Treatment of OJS significantly inhibited the TNF-x-induced expression of ICAM-1, VCAM-1,
and E-selectin (p < 0.05) (Figure 7A). Western blot analysis of cell lysates was used to confirm the
effect of OJS on the expression of MMP-2/9 proteins in HUVECs. Pretreatment with OJS inhibited
TNF-a-induced MMP2/9 protein expression (Figure 7B).
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Figure 7. Effects of OJS on TNF-«-induced protein expressions of cell adhesion molecule and MMPs
expression. Western blot analysis of ICAM-1, VCAM-1, and E-selectin expression. The blots are
representative of three independent experiments and densitometric quantification of ICAM-1, VCAM-1,
and E-selectin (A). Western blot analysis of MMP-2/-9 whole protein (B). Data are presented as means
+ S.E. ** p <0.01 vs. control; # p < 0.01 vs. TNF-o alone.
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3.8. OJS Regulates the Akt/eNOS-NO Pathway in HUVECs

Endothelial cells were treated with different doses of OJS for 30 min, and the degree of
phosphorylation of eNOS and Akt was determined by Western blot analysis. As shown in Figure 8A,
phosphorylation of eNOS and Akt increased following treatment with OJS in a dose-dependent manner.
There were no significant differences in eNOS and Akt expression. OJS also increased the expression
of GTPCH. These results suggest that OJS stimulates eNOS and Akt phosphorylation in HUVECs and
regulates the eNOS coupling pathway by increasing the expression of GTPCH. Figure 8B shows that
OJS treatment increased the production of NO in HUVECs in a dose-dependent manner. In addition,
L-NAME (N(w)-nitro-L-arginine methyl ester) and wortmannin as inhibitors of eNOS and Akt each
inhibited OJS-induced production of NO (Figure 8C).
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4. Discussion

OJS has been used to treat circulation disadvantage of gi (%), blood (Ifl), food (&), cold (),
and congestion (#5). However, there are no reports regarding the protective effect of OJS against
blood circulation disorders such as cardiovascular diseases. Here, we are the first to provide evidence
indicating that OJS has an anti-atherogenic effect, improving vascular dysfunction in endothelial cells
and Western-diet-fed ApoE —/— mice.

OJS has an effect on plasma HDL-cholesterol levels, which is related to cardiovascular disease.
HDL can remove cholesterol from macrophage foam cells and suppresses atherosclerotic lesions [24].
Triglycerides are an important biomarker of cardiovascular disease. In this study, blood glucose,
systolic blood pressure, and lipid parameter levels were measured, and these levels were increased
in Western-diet-fed ApoE —/— mice. Treatment with OJS significantly reversed these changes.
These findings demonstrate that OJS may elicit a protective role against the initiation and development
of atherosclerosis by improving lipid metabolism. Overall, the ApoE —/— groups (WTD-fed group)
were found to weigh more than the control group (RD-fed group). However, it is confirmed that
there is no change in the body weight of OJS-treated group. The endothelium can sense changes
or abnormalities in blood flow and pressure. The vascular endothelium also plays an important
role in the modulation of vascular tone [25]. From these results, it is clear that the mean SBP was
higher in the ApoE —/— group. However, treatment with telmisartan, both low and high dosages
of QJS, significantly decreased mean SBP. This study also evaluated the effects of OJS on histological
changes by examining the aorta using oil red O and H&E staining. Our results indicate that OJS
administration significantly resolved atherosclerotic plaque formation in the aorta. In addition,
the ApoE —/— group also showed endothelial dysfunction, as evidenced by decreases in ACh-
and SNP-induced vascular tone. These findings suggest that the hypotensive effect of OJS is mediated
by an endothelium-dependent NO/cGMP pathway.

The present study revealed that OJS can regulate the early and advanced stages of atherosclerotic
process, which are linked closely the inflammatory response of blood vessels to injury caused by
atherosclerotic plaques, which can lead to cardiovascular diseases [26]. miR-126 has been reported to
reduce the expression of ICAM-1, VCAM-1, and E-selectin by directly targeting the 3’ untranslated
region (3'UTR) of these genes [6,7]. miR-10a targeted two proteins MAP3K7 (TAK1) that regulate IkB
degradation [8]. Therefore, the expression of miR-10a and miR-126 3p were investigated. The results
showed that the expression levels were decreased in the Western-diet-fed ApoE —/— mice. However,
OJS increased the expression of these miRNAs. Therefore, these results suggest that OJS has an
inhibitory effect on the adhesion molecule pathway and IkB degradation by regulating the expression
of miRNA. MMPs also damage the vascular extracellular matrix, resulting in weakening and dilatation
of the aortic wall, which is a hallmark of vascular inflammation [27]. Therefore, the inhibition of
MMP2/9 could be beneficial in the treatment of atherosclerosis. The results of immunofluorescence
and Western blot analysis revealed that pretreatment with OJS suppressed the expression of MMP2/9.
These results indicate that OJS has an inhibitory effect on MMP-2 and MMP-9 expression levels in
ApoE —/— mice.

Cytokines-induced adhesion molecules such as ICAM-1, VCAM-1, and E-selectin are well known
inflammatory markers [28]. Therefore, the present study was examined whether OJS has an inhibitory
effect on TNF-«-stimulated HUVECs by inhibiting the protein expression of adhesion molecules.
The results suggested that OJS has an inhibitory effect on TNF-x-induced vascular inflammation in
endothelial cells by suppressing the expression of those adhesion molecules. Endothelial dysfunction,
characterized by decreased production of NO, is an early and key mediator that links obesity
and cardiovascular diseases [29]. Akt downstream of PI3K, is also thought to be an important
factor for cell survival. In endothelial cells, Akt activation has been reported to promote cell
survival [14]. Importantly, several clinical studies have demonstrated the beneficial effects of BH4,
which is a required cofactor for the synthesis of NO, in patients with cardiovascular risk factors,
such as hypercholesterolemia, smoking, hypertension, and diabetes or coronary artery disease [30].
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Furthermore, endothelial cell BH4 synthesis by GTPCH is necessary for physiological eNOS
function, and previous studies of BH4 biosynthesis have used systemic pharmacological inhibitors of
GTPCH [31]. Data from the current study indicate that OJS promoted NO production. This study also
examined the role of the PI3K/Akt pathway and phosphorylation of eNOS in the anti-inflammatory
effect of OJS. eNOS and Akt phosphorylation were also increased by OJS. These results provide strong
evidence that OJS elicits an anti-inflammatory effect via the PI3K/Akt-dependent eNOS pathway.
In addition, eNOS coupling is a well-known defense mechanism against vascular disease via regulation
of NO production [32]. The expression of the principal factor that regulates eNOS coupling, GTPCH,
was increased by OJS. This result indicates that OJS plays a protective role in vascular dysfunction
by regulating eNOS coupling. Therefore, further studies on the effect of OJS on expression of BH4
in HUVEC should be performed. There is a previous study to confirm the improvement of OJS in
liver inflammation [19], and the present study similarly confirmed the improvement of atherosclerosis
in OJS by suppressing the expression of atherogenic and inflammatory factors. Therefore, further
studies to determine which of the 17 components in OJS have the effect of relieving atherosclerosis are
also needed.

5. Conclusions

OJS treatment markedly lowered vascular dysfunction and inflammatory processes. OJS treatment
not only ameliorated impairment of vascular dysfunction and metabolic abnormalities but also
markedly lowered blood pressure, as well as vascular inflammatory processes in ApoE KO mice
and HUVECs (Figure 9). To the best of our knowledge, these findings provide the first evidence
to support the therapeutic efficacy of OJS in preventing the development of both early and
advanced atherosclerosis.
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Figure 9. Schematic diagram of the effects of OJS in atherosclerosis.
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Abstract: The close relationship between hypertension and dietary sodium intake is widely recognized
and supported by several studies. A reduction in dietary sodium not only decreases the blood
pressure and the incidence of hypertension, but is also associated with a reduction in morbidity and
mortality from cardiovascular diseases. Prolonged modest reduction in salt intake induces a relevant
fall in blood pressure in both hypertensive and normotensive individuals, irrespective of sex and
ethnic group, with larger falls in systolic blood pressure for larger reductions in dietary salt. The high
sodium intake and the increase in blood pressure levels are related to water retention, increase in
systemic peripheral resistance, alterations in the endothelial function, changes in the structure and
function of large elastic arteries, modification in sympathetic activity, and in the autonomic neuronal
modulation of the cardiovascular system. In this review, we have focused on the effects of sodium
intake on vascular hemodynamics and their implication in the pathogenesis of hypertension.

Keywords: arterial stiffness; endothelial function; hypertension; salt-sensitivity; salt intake; sodium
intake; sympathetic activity

1. Sodium Intake and Blood Pressure Values

Available evidence suggests a direct relationship between sodium intake and blood pressure (BP)
values [1-4]. Excessive sodium consumption (defined by the World Health Organization as >5 g sodium
per day [5]) has been shown to produce a significant increase in BP and has been linked with onset
of hypertension and its cardiovascular complications [6,7]. Conversely, reduction in sodium intake
not only decreases BP levels and hypertension incidence, but is also associated with a reduction in
cardiovascular morbidity and mortality [8]. A large meta-analysis [9] showed that modest reduction in
salt intake for four or more weeks causes a significant fall in BP in both hypertensive and normotensive
individuals, irrespective of sex and ethnic group, and larger reductions in salt intake are linked to larger
falls in systolic BP [9]. However, the current health policies have not reached an effective achievement
for the reduction of dietary sodium in the population and the positive effects of a reduced sodium
intake on BP levels tend to decrease with time, owing to poor dietary compliance.

The pathophysiological link between sodium intake and increase in BP values has been widely
debated. Increased salt consumption may provoke water retention, thus leading to a condition of high
flow in arterial vessels. The mechanism of pressure natriuresis has been proposed as a physiologic
phenomenon where an increase in BP in the renal arteries causes increased salt and water excretion [10].
This hemodynamic load, as studies with animal models have shown [11,12], may lead to an adverse
microvascular remodeling by the effects of increased BP levels. High sodium intake and increased BP
levels are linked by changes in vascular resistances, but the mechanisms controlling this phenomenon
may not be only viewed as a reflex pressor response aimed at increasing sodium excretion. Excessive
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salt intake may induce several adverse effects, causing microvascular endothelial inflammation,
anatomic remodeling, and functional abnormalities, even in normotensive subjects [13]. More recent
studies have shown that changes in sodium plasma levels do not only exert their effects on small
resistance arteries, but may also affect the function and structure of large elastic arteries. The issue of
salt-sensitivity, which refers to individual susceptibility in terms of BP variations following changes in
dietary salt intake, has also been recently debated in its pathophysiological background and clinical
implications [14,15].

In this paper, we have reviewed the evidence regarding the effects of sodium intake on arterial
function, and their implication in the pathogenesis of hypertension. We have first addressed the debate
on salt-sensitivity, in light of recent evidence, and then discussed the effects of sodium handling on
arterial function and structure.

2. Low Sodium Intake and Cardiovascular Risk

Over the years, the evidence of a close relationship between high sodium intake and hypertension,
and high sodium intake and increased cardiovascular risk and mortality, has become increasingly
consolidated. For this reason, we are used to consider that the lower the sodium intake is, the better the
patient prognosis is. However, the studies that are beginning to shake the foundations of this historic
fortress are growing in number. Actually, in the analysis of this topic, several cohort studies [16-18]
and meta-analyses [19,20] have shown that the relationship between sodium intake and poor patient
prognosis have not a linear trend, but rather describe a J-shape curve. In these studies, an increased
risk not only in high sodium intake, but also in significantly low sodium intake levels is underlined.
To reach this declaration, large patient populations have been studied, including various types of
healthy patients or those with different co-morbidities (i.e., diabetes, vascular disease, hypertension
population), with wide numbers in all subgroups.

The relationship between cardiovascular events and sodium intake was derived from baseline
urinary sodium excretion on a 24-h urine collection: urinary sodium excretion less than 3 g/day is
considered to reflect a low sodium dietary intake. It was observed that a poor patient prognosis is
associated with either a very high and a very low 24h urinary sodium excretion. This relationship does
not depend on BP, aging, diabetes, chronic kidney disease, or cardiovascular disease. Mente et al. [19]
reported that only patients with arterial hypertension have a high cardiovascular risk associated with
high sodium intake, while this association was not confirmed in patients without hypertension [19].

Mechanisms linking high sodium intake and cardiovascular adverse events are well known; less
defined are those that justify a relationship between low salt intake and high mortality. Sodium is an
indispensable cation, essential to the action potential of all cells in the body, and its homoeostasis is
under tight physiological regulation. Sodium intake is governed by neural mechanisms that regulate
intake of sodium and related homoeostatic systems, and so although extreme reductions in sodium
intake are possible in controlled settings for short periods, this is unlikely to be sustainable in everyday
life in the long-term. Thus, as for all our body components, there may be an optimal range for its
intake, below which the human body starts being damaged, at variance from what happens in case
of intake of, or exposure to, potentially toxic external substances, such as tobacco smoke, drugs or
environmental pollutants.

In experimental models, it is known that sodium restriction results in increased atherosclerosis [21].
In humans, the relationship between salt restriction and increased renin-angiotensin-aldosterone system
activation has been described [22,23], as well as the relationship with increased sympathetic activity [24]
and insulin resistance [25-27]. High renin concentrations and increased levels of catecholamines
have been reported in studies in poor sodium intake population. On the other hand, several studies
have shown that increases of renin, aldosterone, and catecholamines are all associated with increased
cardiovascular disease events and mortality [24,28]. Regarding sympathetic activity, sodium intake
restriction is associated with a persistent attenuation of the muscle sympathetic nerve activity responses
to baroreceptor stimulation and deactivation [28].
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Furthermore, there is a significant correlation between the reduction in baroreflex sensitivity
and the increase of concomitant muscle sympathetic nerve activity. Accordingly, a reduced ability of
this reflex to obtain a proper downregulation of sympathetic tone leads to the sympathostimulating
effect of a very low sodium intake. As described in other studies evaluating high sodium intake,
the increase in muscle sympathetic nerve traffic due to very low sodium intake is also associated with
an increase in plasma norepinephrine, and a drastic reduction in sodium intake has been reported
to cause, in man, an increase in renal norepinephrine removal. Moreover, sodium restriction causes
insulin resistance; this may be the result of sympathetic activation but, in turn, increased insulin levels
may themselves have a sympathoexcitatory influence. Lastly, low salt supply causes a reduction of
central venous pressure, which may lead to an activation of the sympathetic system via unloading of
cardiopulmonary receptors.

To sum up, predicting the net clinical effect of low sodium intake based on only considering the
effects of sodium on BP might not provide a comprehensive view of its effects on cardiovascular disease
and mortality, especially within the range of sodium intake that affects the renin system (<4 g/day).
In other words, the effects of sodium intake level on clinical outcomes are only partly mediated through
its effects on BP. For a full understanding of the clinical impact of sodium intake it is also necessary to
consider other mechanisms that might be at play. In particular, while the potential harm of sodium
excess may be BP-driven, the potential negative effects of a low sodium intake may be mediated by
elevated renin-aldosterone activity and sympathetic neural activation.

Numerous methodological concerns have arisen from studies that have underlined the J-shape of
the sodium intake and cardiovascular events’ relationship [29,30]. It has been remarked that a single
morning urine sample may offer an inaccurate measure of usual sodium intake, ignoring day-to-day
variability in sodium intake, diurnal variation in sodium excretion, and the effects of medications.
Another confounder could come from the fact that other prognostically negative factors might be
activated in the low sodium intake interval because of dietary advice or poor appetite, or in the high
sodium intake interval because of concomitant high caloric intake (typical of overweight or diabetic
patients), which could have contributed to increased mortality in the low- and the high-sodium
groups respectively (reverse causality). However, most studies took measures to adjust for such
confounding elements.

Recent findings further support the calls for caution before applying salt restriction universally.
Although more studies have confirmed the benefit of reducing sodium intake in hypertensive subjects
with a high salt intake, it is unclear whether the remaining more than 90% of the population will
profit from dietary sodium reduction. Therefore, until new robust data emerge from large trials,
it might be prudent to recommend reduction in sodium intake only in those with high sodium intake
and with hypertension. In other words, it would perhaps be more correct to start discussing about
"inappropriate” rather than "excessive" salt intake.

3. Hypertension and Salt-Sensitivity

Nearly half a century ago, Guyton and Coleman proposed that whenever arterial pressure is
elevated, the pressure natriuresis mechanism enhances the excretion of sodium and water until
blood volume is reduced adequately in order to return BP to normal values [31]. According to
this premise, hypertension may occur only when the ability of the kidney of excreting sodium is
impaired. Further evidence has shown that the BP response to changes in salt intake in diet has a
significant variability among individuals in the general population. This phenomenon was defined
as salt-sensitivity of BP. Strains of rats whose BP was either sensitive or resistant to changes in
sodium intake were developed [32], thus establishing a genetic background for the phenomenon of
salt-sensitivity. However, the BP response to changing salt intake display marked inter-individual
variability [33,34], and thus salt-sensitivity behaves as a continuous parameter at a population level.
Although the role of salt-sensitivity is of increasing interest both in research and in a clinical setting,
the existing methods to identify salt-sensitivity and resistance may be imprecise and the definitions of
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“salt-sensitive” and “salt-resistant” hypertension are based on relative inaccurate approaches. Generally,
the definition of salt-sensitivity is based on the BP response to moderate reduction and increase of salt
intake. For the clinical evaluation of BP salt-sensitivity, a commonly used protocol in clinical research
is the test of Grim and Weinberger [6], which has been the reference test for the last decades. According
to this protocol, patients are prescribed to follow a diet with high sodium (200 mmol NaCl per day)
and with a low sodium intake (30 mmol NaCl per day) diet, each for one week, with the quantification
of 24-hour urinary sodium excretion on the last day of each diet week [35,36]. A modified protocol
with a more rapid execution was proposed and tested, and was able to correctly predict a significant
BP response to dietary salt restriction [37]. The prescription of a long-term reduction in sodium intake
is often limited because of insufficient compliance of patients to the dietary instructions, and the
follow-up may be challenging for both patients and physicians. This is the reason why, more recently,
Castiglioni et al. proposed a protocol based on ambulatory BP monitoring (ABPM) for a simplified
clinical screening of BP salt-sensitivity [38]. These authors hypothesized that in a population following
a high-sodium diet, individuals with a marked salt-sensitivity may display an altered circadian profile,
with a less pronounced nocturnal dipping, as a consequence of retention of sodium and water in
the daytime, accompanied by an elevated mean 24-hour heart rate. By using such an “ambulatory
salt-sensitivity index”, based on the combination of reduced nocturnal BP dipping and elevated 24 h
heart rate, they established three classes of risk for salt-sensitivity (low, intermediate, and high) by
combining the BP-dipping and heart rate levels observed during a 24h ABPM without need of changing
the dietary sodium content. This index was validated through the observation that the prevalence
of sodium-sensitive patients, evaluated with a traditional test, increased significantly from the class
with the lowest risk for salt-sensitivity (25% of prevalence) to the intermediate risk (40%) and high
risk (70%) classes, as defined by this index of ambulatory salt-sensitivity. Thus, by performing ABPM
in conditions of usual daily life and with habitual diet, some useful information on the degree of
salt-sensitivity of patients with hypertension may be available with an easy and direct method, without
resorting to a traditional approach requiring a demanding salt-sensitivity test.

In both normotensive and hypertensive persons, current evidence suggests that salt-sensitivity is
associated with an increased cardiovascular risk. The risk for developing hypertension is higher in
normotensive men with a more pronounced salt-sensitivity at baseline, in a long-term follow-up [39].
Moreover, in patients with essential hypertension, the prevalence of severe hypertensive target organ
damage was higher among salt-sensitive patients [40]. Cardiovascular morbidity and mortality were
found to be higher both in hypertensive and even in normotensive individuals with a higher degree of
salt-sensitivity [34,41]. A cluster of possible determining factors, such as high insulin levels, alterations
in lipid profile, and microalbuminuria, which are known to be prevalent in salt-sensitive hypertension,
may explain, at least in part, the increase in cardiovascular risk observed in salt-sensitive patients.

Recent studies have highlighted the genetic and metabolic background of salt-sensitivity,
a phenomenon with remarkable variability among human subjects [33], as well as among animal
models [42]. A number of genetic, hormonal, and neuro-endocrine factors are involved in the
salt-sensitivity of BP [43]. The sympathetic nervous system, the renin-angiotensin-aldosterone system,
natriuretic peptides, insulin, leptin, and several endothelial mediators with endocrine activity may
modify BP response to salt [15]. BP salt-sensitivity may be genetically inherited, as in some rare
monogenic forms of hypertension, or influenced by several genetic polymorphisms involving sodium
reabsorption in the nephron or acquired by the individual subjects in their lifetime. Aging amplifies
the hypertensive effects of increased sodium intake [44]. The reason of this phenomenon may be the
decrease in the kidney ability of concentrating sodium in the urine with increasing age, likely due
to a decline in glomerular mass with age. Similarly, chronic kidney disease leads to an impairment
of volume excretion and urine sodium-concentrating ability, thus enhancing the salt-sensitivity in its
more severe forms. Individuals from African descent are at an increased risk for hypertension, despite
plasma volume and cardiac index similar to white population [45]. The ability of concentrating sodium
in urine after salt loading seems impaired in the blacks compared to whites [46], thus supporting
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salt-sensitivity as a more common cause of hypertension among blacks. BP salt-sensitivity also showed
a positive association with obesity, being found higher among obese rather than in lean adolescents,
and is reversed after weight loss [47]. Abdominal adiposity and the metabolic syndrome [48] are
associated with an increased rate of sodium reabsorption by the kidney, an effect that is at least partially
mediated by insulin and leptin [49].

Although salt-sensitivity of BP is a well-established phenomenon and the correlations of this
phenotype with clinical features have been established, the pathophysiologic mechanisms leading
to increased BP values have been long-time debated and have not yet been completely elucidated.
Until recently, according to the classic concept of Guyton [50], the prevailing theory is that high salt
intake leads to an expansion in circulating volumes, an increased cardiac output, and a rise in kidney
perfusion pressure. The “pressure-natriuresis” mechanism tends to increase sodium output to restore
the increased circulating volume to normality. Salt-sensitivity is thus conceived and explained by a
relative ‘natriuretic handicap” from the kidney, which is unable to produce a sufficient excretion of
sodium to preserve sodium balance and volumes without sufficiently higher pressure. Hypertension
may develop only when the excretory ability of the kidney is impaired and the relation between sodium
excretion and BP is shifted toward higher values. Research into the possible physiological mechanisms
determining salt-sensitivity has thus been driven mostly by a conceptual framework derived from the
work of Guyton, which is also highlighted in a recent scientific statement from the American Heart
Association on this topic [15].

The traditional view of sodium handling has been challenged by the finding of non-osmolar
storage of sodium. The traditional framework assumes that sodium and chloride are osmotically active
and cause water retention in amounts which preserve an unchanged osmolarity. A high-sodium diet
may expand the extracellular volume until a steady state is reached, where sodium intake and output
are balanced, with a significant increase in the quantity of total body water. However, rigorous studies
have demonstrated that sodium may accumulate in the body without a concomitant retention of water,
both in humans [51] and in experimental models [52]. Recent clinical research has highlighted that
salt-sensitive and salt-resistant patients do not show any difference in circulating volumes, cardiac
output, or sodium balance after salt loading [53]. This may be explained by non-osmolar storage of
sodium, without considering the effect on water retention.

An alternative to the Guyton framework of the “pressure-natriuresis” and the “natriuretic
handicap” was also developed [14]. Evidence has accumulated showing that impairment in vascular
function may play a relevant role in salt-sensitive hypertension. In fact, abnormal responses of vascular
resistance in the renal circulation are present after salt intake in salt-sensitive individuals, without
an increase in sodium retention or cardiac output [46,54]. After acute or chronic increases in salt
intake, salt-sensitive patients are not subject to an increase in sodium storage and do not increase the
cardiac output, when compared to normal controls [55]. Then, the increase in BP induced by salt may
be mediated by abnormalities in the vascular response to salt, in particular in peripheral and renal
resistances, along with changes in sodium balance and in cardiac output [56]. In normal conditions,
salt-resistant individuals may show a robust decrease in systemic vascular resistances after an increase
in salt intake [57]. Specifically, in salt-sensitive individuals, the effect of salt includes a failure to
induce a normal decrease in vascular resistances, which may show unchanged or even increased
levels. Conversely, normal salt-resistant individuals are able to induce a vasodilatory response after an
increase in salt intake [58], and then BP is maintained within normal values. Thus, the preservation
of normal BP levels under salt loading appears to be independent from the ability of salt resistant
subjects to rapidly excrete a salt load or to better manage better the balance of sodium, of circulating
volume, and of cardiac output than salt-sensitive individuals, as hypothesized in a classical view
of salt-sensitivity. According to these recent theories, these alternative physiological mechanisms
involved in the phenomenon of salt-sensitivity [14] could be framed in a large unifying view of the
salt-sensitivity phenomenon and explain the recent observations on the effects induced by salt in the
arterial vessel wall.
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4. Sodium Intake and Sympathetic Activity

Diet with high salt supply can modulate the activity of the autonomic nervous system, especially
sympathetic activity, in several ways. A previous study of our research group [35] showed,
in salt-sensitive hypertensive patients, different changes in autonomic cardiovascular control at different
levels of sodium loading. Salt-Sensitivity Index (SSI) was calculated in 34 essential hypertensive
patients [35]. SSIis the ratio of the change in brachial mean arterial pressure (AMAP), between the high-
and the low-sodium diet periods, with the corresponding change in urinary sodium excretion rate
(AUNaV, expressed in mmol/L/day), multiplied by a factor of 1000. Autonomic cardiovascular control
was evaluated by spectral analysis of beat-by-beat finger BP and pulse interval variability, and by the
related assessment of spontaneous baroreflex sensitivity (sequence technique) [59-61]. The results
of these studies indicate a better parasympathetic cardiac modulation (quantified by baroreflex
sensitivity and indexes of heart rate variability in the high frequency band) associated with lower
SSI. These results underline the presence of greater sympathetic activation in salt-sensitive patients;
in fact, they exhibit the physiological reciprocal behavior that usually characterizes sympathetic and
sympathetic cardiac modulation. [62]. In fact, a sodium-rich diet is reported in subjects with lower
SSI who are also characterized by a preserved autonomic cardiovascular modulation. Therefore,
an increased dietary salt supply can induce a reflex reduction of sympathetic efferent activity if reflex
cardiovascular regulation is physiologically preserved, activating cardiopulmonary receptors through
an increase in plasma volume [63]. An opposite condition occurs in the presence of low sodium
intake [24]. However, this neural regulation has not been described in patients with the highest degree
of salt-sensitivity. No changes in their impaired autonomic cardiovascular control are associated with
changes in sodium intake. In conclusion, the increased BP associated with excessive sodium intake
observed in hypertensive patients, characterized by high salt-sensitivity, may be due to the impairment
of their baroreflex function or to their inability to increase baroreflex sensitivity and reduce sympathetic
activity in response to the increase in plasma volume, determined by sodium loading [24,62-68].
More recently, we have also reported a blunted vagal control of heart rate in young normotensive
individuals with a higher degree of sodium-sensitivity, when facing a high-salt diet [36].

5. Salt-Induced Vasodysfunction

In the pathophysiological explanation of the salt-sensitivity of BP a dysfunction in vascular
modulation has also been hypothesized. An increased salt intake may clearly provoke an expansion in
circulating volumes, an increase in flow and BP values, and thus an adverse remodeling of arterial
wall mediated by the mechanic load through shear stress and an increase in wall tension. Beyond
that, several experimental and clinical studies have recently demonstrated the adverse effects of high
sodium intake in the microvascular circulation [13].

In experimental animal studies, salt intake was associated with microvascular rarefaction
in normotensive and hypertensive rats, resulting from structural alterations and differing from
the degenerative processes observed in experimental animals with chronic hypertension that are
characterized by microvascular rarefaction [69]. Moreover, apart from microvessel rarefaction,
a reduced arterial vasodilator capacity developed with high-salt diet has also been described in rats
with hypertension induced by a reduced renal mass, which and was restored with low-salt diet [70].
Additional vascular effects of a high sodium intake include the potentiation of local vasoconstrictive
effectors, such as alterations of endothelial Ca2+ signaling [71] or an abnormal high production of
20-hydroxyeicosatetraenoic acid [72]. The upregulation induced by a high salt intake of the cytochrome
P450 w-hydroxylase 4A)/20-hydroxyeicosatetraenoic acid system results in elevated oxidative stress
and a reduced nitric oxide bioavailability, causing vascular dysfunction [73], and may thus be a key
mediator linking increased salt intake to microvascular dysfunction.

A series of human studies have identified alterations in the small arteries and endothelial function
in relation to salt intake. Impaired vasodilatation of the small vessels has been shown to occur in
conditions of high salt intake [74]. In young, healthy normotensives, salt loading impaired vascular
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endothelial function along with left ventricular mechanical relaxation [75]. These results were confirmed
in normotensive adults, where sodium-induced impairments in microvascular function were observed.
The microvascular function was improved by the administration of the anti-oxidant ascorbic acid,
suggesting a role of oxidative stress in this process [76]. An impairment in endothelial function was
observed in the brachial arteries of healthy volunteers subjected to high-salt diet, with a switch in the
mediator of vasodilation in the microcirculation to a non-nitric oxide-dependent mechanism, which
was restored with acute exercise [77]. Moreover, in young normotensives, intravenous sodium loading
had direct adverse effects on the endothelial surface layer by increasing microvascular permeability to
albumin, independently from BP [78]. Furthermore, an imbalance between cardiac output and vascular
resistances in salt-sensitive subjects, determined by the failure to adequately lower vascular resistances
after increase of sodium intake, has been described in young normotensive subjects [36], thereby
confirming data collected in normotensive black individuals [79].The restriction in dietary sodium in
middle aged hypertensives largely reversed microvascular endothelial dysfunction by increasing nitric
oxide and tetrahydrobiopterin bioavailability, and by the reduction of oxidative stress, supporting the
role of a vascular protection induced by salt restriction beyond that attributable to its BP-lowering
effects [80].

A link was hypothesized between the described vascular impairments and abnormalities in
interstitial sodium storage [53]. The emerging magnetic resonance imaging-based techniques that
directly detect Na* in tissues [81] have recently provided confirmation and further evidence about
the compartmentalized sodium storage in humans, also in relation to cardiovascular morbidities [82].
Recent experiments [83-85] have shown that sodium homeostasis is regulated by negatively-charged
glycosaminoglycans in the skin interstitium, where sodium is bound to glycosaminoglycans without
causing an effect on extracellular volume. Negatively-charged glycosaminoglycans in the skin may
be important for non-osmotic sodium accumulation and explain the observation a positive sodium
balance without a concomitant volume expansion [86]. The skin is thus known to represent the main
site for the storing of sodium in the body, with a buffering capacity adapting to changes in salt intake in
which skin glycosaminalgycans have been shown to have the most relevant role [83]. The relationship
between skin deposition of sodium and hypertension may be mediated by a molecular mechanism in
which vascular-endothelial growth factor-C (VEGF-C) is the most relevant mediator. The hypertonicity
of skin interstitial space, which develops during high salt intake, is accompanied by newly-developed
lymphatic vessels and an increased density and hyperplasia of the lymphocapillary network, a process
regulated by macrophages releasing the osmosensitive transcription factor, that in turn induces the
release the VEGF-C [87,88], which enhances the production of endothelial nitric oxide synthase and of
nitric oxide. Failure of this regulatory mechanism, which enhances sodium excretion via lymphatics
and regulates vascular tone by increasing endothelial nitric oxide synthase protein expression, may lead
to a salt-sensitive BP response [89].

Although the molecular pathway involving VEGF-C has been the most studied in animal models
to explain the link between skin sodium and hypertension, other mechanisms have been proposed to
play a role in this relationship. The increase in salt intake has been shown to induce the rarefaction of
the skin microcapillary network in different racial groups [90], and to increase the reactivity of skin
vessels in response to angiotensin-2 and noradrenaline [91]. Other works suggest that the hypoxia
inducible factor (HIF) may represent a key regulator of vascular tone of the skin [83], although its
role has been mainly studied in the renal medulla until now [92]. Although further works are needed
to clarify the underlying mechanisms involved in this relationship, the role of skin in regulating BP,
and by mediating a vasodilatory response.

6. Sodium Intake and Arterial Stiffness

The close relationship between high dietary salt content, arterial hypertension, and increased
stiffness of the large arteries is not a recent discovery. In fact, Huang Ti Nei Ching Su Wein, a wise
Chinese doctor who lived 3700 years ago, already argued in his studies: “ ... therefore if large amounts of
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salt are taken, the pulse will stiffen and harden”. He was indeed right. In fact, in the following centuries
it was confirmed that a high plasma serum sodium deeply affects the functional peculiarities of the
large elastic arteries [93], and is associated with a relative increase in systemic peripheral resistance.
Additionally, an effect of sodium on small resistance arteries has also been demonstrated [94]. Among
the various studies that have investigated this topic, we recall the Avolio et al. research performed in
the 1980s [95,96]. In their papers, urinary sodium excretion was used as a surrogate for daily dietary
intake. Comparing rural and urban populations, an average excretion of 13.3 g/24 h of NaCl was found
in the cities, and 7.3 g/24 h in the rural population. This difference reflects different dietary habits in
the two recruited groups, which are physiologically expressed in significantly lower carotid-femoral
pulse (PWV) wave velocity in the rural community [95]. Hypertension also had a higher incidence
in the urban group. This topic has been further investigated in a following study on normotensive
subjects [96]. Even in this case, lower aortic PWV values were detected in subjects who followed a
low-salt diet compared to a reference group. As in the previous study, the difference between groups in
PWYV was not dependent on BP levels. In a number of studies involving hypertensive patients [97-100],
aortic PWV values were significantly lower in the low-salt group than in the high-salt group; however,
other studies in which no significant difference in PWV has been described in relation to dietary sodium
intake can be found in the literature [101-107]. In almost all of these latter randomized controlled
trials, however, the relatively small number of enrolled patients and the relatively short duration of
a given level of sodium intake with the diet assigned to each group were probably the main factors
affecting the failure in reaching a statistically significant difference in PWV between high- and low-salt
groups. A meta-analysis recently published by D’Elia et al. tried to better clarify the relationship
between sodium intake with diet and arterial stiffness [108]. The results of this study show that an
average reduction in salt intake of 5 g/day is associated with a 2.8% reduction in carotid-femoral PWV.
The authors also showed how this PWV reduction was independent of the reduction in BP values in
hypertensive and/or pre-hypertensive middle-aged subjects. Since the relationship between arterial
stiffness and sodium intake has been mostly evaluated during salt-intake manipulations, data on the
effects of sodium-sensitivity condition on PWV are scarce.

The relationship between high BP values and arterial stiffness is described and confirmed in
several studies [109,110]. High BP values that persist for a prolonged time interval lead to progressive
structural changes in the arterial wall of the large elastic arteries, with consequent increase in
arterial stiffness. In particular, the increase in the expression of collagen fibers, and the consequent
reduction in the ratio between elastin and collagen fibers, can cause the progressive increase in arterial
wall stiffness. In this context, the aforementioned alterations in arterial stiffness —independent of
arterial pressure and due to a sodium-rich diet for prolonged periods of time—are associated with
the pathophysiologically-expected interrelations between BP and PWV. It seems really difficult to
discriminate between BP-dependent and BP-independent variations of the viscoelastic properties of
large arteries in relation to the effects of sodium intake. An excessive sodium intake with diet induces
alterations in the extracellular matrix of arterial wall, favoring a process of arterial stiffening (Figure 1).
Endothelial dysfunction [111,112] and oxidative stress [113] related to high sodium intake can cause
vascular damage through a pressure-independent mechanism [112]. The mechanical properties of
the aorta and large elastic arteries depend on the relationship between the principal components of
the extracellular matrix in arterial wall: i.e. the elastin and collagen fibers. Thus, the elastin and
collagen fibers ratio characterizes the viscoelastic properties of large arteries and is regulated by
matrix metalloproteinases (MMPs) [114]. A high sodium intake causes an activation of extracellular
matrix metalloproteinases MMP2 and MMP9, leading to stimulation of TGF£-1 [112,114,115], inducing
thinning and breakage of elastin fibers and a decrease in the elastin and collagen ratio. On the other hand,
the overexpression of TGFf-1 inhibits collagenase production [116] and develops a fibrogenic effect
on the extracellular matrix in the arterial wall, altering its mechanical properties [117]. An important
role in the expression of the viscoelastic properties of large arteries seems to be linked to the balance
between MMP2 and MMP?9 (both favoring the accumulation of collagen) [114,115,118] with MMP8
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and MMP13 (which instead promote collagen degradation) [119,120]. Accelerated arterial fibrosis may
be responsible for increased arterial stiffness and for amplification of aging-related vascular damage.
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Figure 1. Relationship between high salt intake with diet, blood pressure, and arterial stiffness.
Abbreviations: BP, blood pressure; MMP, matrix metalloproteinases; ROS, reactive oxygen species; TGF,
transforming growth factor.

The renin-angiotensin-aldosterone system (RAAS) plays also a major role in the regulation of the
mechanical properties of large elastic arteries, activating the MMPs [121] and increasing collagen I
synthesis [122]. High sodium intake with diet also seems to be able to stimulate aortic Angiotensin II
receptor type 1 (ATq-receptors) [123], and the vascular damage induced by excessive sodium intake can
be modulated by genetic factors, in particular by the polymorphism of AT;-receptor genes [124] and
aldosterone synthase genes [125]. These genetic polymorphisms appear to be of particular relevance in
the elderly and in the hypertensive patients [117,124]. The highest mortality associated with excessive
dietary sodium intake was significantly reduced in rodents when the high-sodium diet was associated
with the intake of selective angiotensin II blockers [126,127].

7. Conclusions

The worldwide usual sodium intake ranges between 3.5-5.5 g per day (corresponding to 9-12 g
of salt per day), with marked differences at a global level. Recommendations were made by the World
Health Organization to limit sodium intake to approximately 2.0 g per day (equivalent to approximately
5.0 g salt per day) in the general population [5], and a particular effort in reducing salt intake should be
made in the hypertensive population, which counts more than a billion patients globally. A reduction
in salt intake can have a favorable effect on the cardiovascular system, inducing a reduction in BP
values in hypertensive patients, but also with possible benefits in the vascular function and in the
viscoelastic properties of the large arteries. Adequate attention should be paid to arterial structure
and function when evaluating the cardiovascular outcomes of salt intake and of programs for salt
reduction in the diet.
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Abstract: Arterial hypertension is strongly related to overweight and obesity. In obese subjects,
several mechanisms may lead to hypertension such as insulin and leptin resistance, perivascular
adipose tissue dysfunction, renal impairment, renin-angiotensin-aldosterone-system activation and
sympathetic nervous system activity. Weight loss (WL) seems to have positive effects on blood
pressure (BP). The aim of this review was to explain the mechanisms linking obesity and hypertension
and to evaluate the main studies assessing the effect of WL on BP. We analysed studies published in
the last 10 years (13 studies either interventional or observational) showing the effect of WL on BP.
Different WL strategies were taken into account—diet and lifestyle modification, pharmacological
intervention and bariatric surgery. Although a positive effect of WL could be identified in each
study, the main difference seems to be the magnitude and the durability of BP reduction over time.
Nevertheless, further follow-up data are needed: there is still a lack of evidence about long term
effects of WL on hypertension. Hence, given the significant results obtained in several recent studies,
weight management should always be pursued in obese patients with hypertension.

Keywords: hypertension; weight loss; obesity

1. Introduction

Arterial hypertension is considered one of the most important cardiovascular (CV) risk factors
and its connection to overweight and obesity has been extensively proved [1,2]. The prevalence of
hypertension among obese patients may range from 60% to 77%, increasing with body-mass index
(BMI), in all age groups [3] and it is significantly higher compared to the 34% found in normal
weight subjects [3]. These percentages are relevant even when compared to high blood pressure (BP)
prevalence in the general population: in 2015, the global age-standardized prevalence was 24.1%
(21.4-27.1) in men and 20.1% (17.8-22.5) in women [4]. As shown from the Framingham Heart Study [5],
weight gain is responsible for a large percentage of hypertension and it is associated with higher risk
of having high BP, even when occurring late in life [6].

The latest definition of hypertension, provided by European Guidelines, is focused on the level of
BP (considering office BP, as measured during medical evaluation) at which the benefits of treatment
offset its risk, as documented by clinical trials [7]. BP ranges are also defined: the last classification
identifies three grades of hypertension (beginning from grade 1, with systolic BP 140-159 mmHg and
diastolic BP 90-99 mmHg, followed by grade 2, with SBP 160-179 mmHg and DBP 100-109 mmHg
and grade 3, with SBP > 180 mmHg and DBP > 110 mmHg) and isolated systolic hypertension
(SBP > 140 and DBP lower than 90 mmHg) [7]. Regardless of the grade, treatment, either with lifestyle
interventions or drugs [7], is indicated.

Both obesity and hypertension are considered CV risk factors, therefore their combined
management is of utmost importance [8]. It has been shown that moderate weight loss (WL)
has a BP lowering effect in both hypertensive and non-hypertensive patients [9]. Furthermore, the
magnitude of WL correlates with better results in terms of CV risk reduction [10]. In obese patients with
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metabolic syndrome, a moderate WL improves renal function [11] and may lead to a 15% reduction of
all-cause mortality [12].

Both the latest American and European hypertension guidelines underline the effect of lifestyle
modification [7,13] as the first step to be considered in all patients with hypertension and of course in
overweight and obese patients. According to the European Society of Cardiology, weight reduction
and WL maintenance are mandatory lifestyle changes [7]. American Heart Association highlights that
among obese patients, reducing body weight (BW) can lower the risk of developing hypertension to the
level of those patients who have never been obese [13]. Moreover, American obesity guidelines report a
dose-response effect of the magnitude of WL on BP reduction [14]. Given the strong connection between
obesity, overweight and BP and the strong evidence of the possible benefits that can be obtained
through weight reduction, the underlying mechanisms and WL strategies should be further explained.

2. Mechanisms Linking Obesity to Hypertension

The pathophysiology of hypertension in obese subjects should be considered as a complex
phenomenon. The cardiovascular system is affected by structural, functional and hemodynamical
changes [15] which can directly increase hypertension risk. The consequences of these changes will
not be discussed in the following paragraphs, since they are beyond the purpose of this review. Our
attention is focused on the role of different kinds of adipose tissue. The role of Renin Angiotensin
Aldosterone System (RAAS) and sympathetic nervous system activation is also considered.

2.1. Visceral Adipose Tissue

Fat distribution has been shown to be strongly related to cardiovascular morbidity and
mortality [16], independent of the other classical CV risk factors. The distribution of adipose
tissue is one of the factors which links obesity to hypertension, along with age of onset of obesity,
its duration and degree and weight variation across lifespan [17] (Figure 1). Visceral adiposity, in
fact, plays a central role in BP increase, through a greater release of free fatty acid (FFA) in systemic
circulation and a consequent increase in insulin resistance and hyperinsulinemia (Figure 1). These
changes are firmly related to augmented arterial stiffness and a decrease in vasodilation [17]. Although
insulin is a vasodilator hormone, insulin resistance can reduce insulin vasodilation capacity, thereby
reducing the nitric oxide (NO) production by endothelial cells [18,19]. Also, the increased levels of
insulin are responsible for lumbar SNA promotion, through brain receptor pattern activation, which is
directly involved in BP increase [20]. Hyperinsulinemia is found to precede the onset of hypertension
in high risk patients and this corroborates the hypothesis of the effect of insulin resistance on BP
increase [17].

Furthermore, a strong association has been reported between visceral adipose tissue and greater
serum levels of cytokine, such as leptin, interleukin-6, plasminogen activator inhibitor-1, all of which
are related both to endothelial dysfunction and hypertension [21-23]. The inflammation pattern
promoted by cytokines release is involved in an inflammation-dependent aortic stiffening [24] and it
can also lead to left ventricular stiffness and mass increase [24]. This hypothesis is well described in
the clinical model of metabolic syndrome [24]. Moreover, all the components of metabolic syndrome
are shown to be related to augmented carotid-femoral pulse wave velocity [25,26], whereas the same
relation cannot be described with the cardio-ankle vascular index [25].

Even if classical effects of leptin include food intake reduction and increasing energy expenditure
due to leptin’s central action on the hypothalamus, leptin receptors are also located in the vessels and
mainly in the aorta [27], as well as in tunica media and adventitia of arteries and inside atherosclerotic
plaques [28]. Through these receptors, leptin may promote vascular smooth muscle cell proliferation and
migration, contributing to arterial stiffness [29]. Leptin has been shown also to promote angiogenesis
and to activate immune system (both monocytes and T-cell); it is also involved in atherogenesis
onset, by increased platelet aggregation and Radical Oxygen Species (ROS) production [30]. As
demonstrated in experimental studies in human cells models, leptin also induces endothelial oxidative
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stress and reactive oxygen species formation [31,32], mechanisms known to increase the risk to develop
hypertension. The increased level of leptin is often associated with hypoadiponectinemia [33]: visceral
fat, in particular, has also been shown to be negatively associated with adiponectin levels, whose
protective effect on arteries is known [34].
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Figure 1. Mechanisms Linking Obesity to Hypertension.
2.2. Perivascular Adipose Tissue

Perivascular adipose tissue (PVAT) represents adipose tissue (AT) that surrounds blood vessels.
Its main function is to provide mechanical support to vessels and even regulate vascular homeostasis.
In experimental models of angiotensin II-induced hypertension and deoxycorticosterone acetate
(DOCA)-salt hypertension, complement cascade activation is described [35]. In particular, the effector
Cba is recognized to promote macrophage infiltration of PVAT, which is responsible for further
inflammatory activation [35].

It has been widely shown that PVAT releases biologically active adipokines, with paracrine effects
on the vessels [36] (e.g., leptin, adiponectin, omentin, visfatin, resistin, apelin), cytokines/chemokines
(e.g., interleukin-6, IL-6; tumour necrosis factor-«, TNF-o; monocyte chemoattractant protein-1, MCP-1),
NO, prostacyclin, angiotensin-1 to 7 Angiotensin I and reactive oxygen species (ROS) [37—41]. Obesity
leads to a dysfunction of PVAT which releases elevated levels of pro-inflammatory factors adipokines
such as leptin, cytokines and chemokines directly to the vascular wall, contributing to endothelial
dysfunction and inflammation [39].

All these molecules act with different effects on vascular tone regulation. PVAT-derived relaxing
factors (adiponectin, NO, H2S prostacylcin) promote vasodilation and on the other hand PVAT-derived
contractile factors, such as leptin, Ang II and ROS induce vasoconstriction. In obese subjects
PVAT dysfunction results in augmented production of contractile factors, inducing increased arterial
vasoconstriction and greater vascular tone [39,42]. PVAT anticontractile activity is shown to be reduced
in hypertensive patients [41].

Moreover, it has been shown that the expression of factors involved in immune cell infiltration
and even vascular smooth muscle cells (VSMC) proliferation, are increased in obese subjects, which
leads to a general state of inflammation of PVAT and thickening of the arterial wall and probably
contributes to an increased risk of hypertension. It has been observed that during the progression
of hypertension, immune cells accumulate mainly in perivascular fat tissue surrounding both large
and resistance vessels such as the aorta and mesenteric arteries. In particular, one study showed
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that in non-obesity-induced hypertension inflammation is highly pronounced in PVAT, whereas in
non-perivascular visceral fat, immune cell infiltration is less pronounced [42-44].

2.3. Renal Adipose Tissue

In obese subjects, renal-pressure natriuresis may be impaired through mechanical compression
of the kidneys by fat in and around the kidneys [1,45,46]. Increased sodium reabsorption caused
by adipose renal tissue mechanical compression could indirectly contribute to renal vasodilation,
glomerular hyperfiltration and stimulate increased renin secretion in obese subjects. Moreover, ectopic
fat accumulation in and around kidneys seems to have “lipotoxic” effects on kidneys through increased
oxidative stress, mitochondrial dysfunction and endoplasmic reticulum stress [47].

Furthermore, natriuresis can be also affected by the activation of the renin-angiotensin-aldosterone
system and increased sympathetic nervous system activity, especially by the renal sympathetic nerve
activity. (Figure 1). A neural pathway has been hypothesized between renal fat and sympathetic
activation [48]. A study by Shi et al. showed an increase in renal sympathetic outflow following
enhanced afferent signals from adipose tissue, leading to increased arterial BP in rats. The authors
called this reflex the “adipose afferent reflex” (AAR) [49].

Moreover, it has been demonstrated that intra-adipose administration of capsaicin, bradykinin,
adenosine or leptin can activate the afferent nerves and consequent AAR [50-52], showing a greater
enhancement in hypertensive rats compared to normotensive ones. These data seem to show that AAR
might be a contributing factor in the pathogenesis of obesity-related hypertension. Altered activities of
the adipose-innervating sensory neurons could regulate the cardiovascular system via neural reflex
and enhanced hypertension. Nevertheless, more studies are needed to confirm the role of perirenal
AAR activation in hypertension pathogenesis, since the anatomical distribution and function of the
primary afferent neurons innervating perirenal fat still remains unclear.

2.4. Renin Angiotensin Aldosterone System

An important role explaining the increased risk of hypertension in obese patients is surely played
by the activation of the renin angiotensin aldosterone system (RAAS) [53-55]. In obese subjects,
increased renal adipose tissue activates the RAAS through mechanical compression in the kidney.
Also, the RAAS can be activated by the increased Sympathetic Nervous System (SNS) activity of obese
subjects. (Figure 1). Interestingly, it has been hypothesized that angiotensinogen, produced even
by adipocytes, may play a role in determining increased BP in obesity [20,53], even if there is a lack
of studies showing a direct effect of angiotensinogen or angiotensin II on BP regulation in obesity.
Furthermore, there is evidence that adipocytes can synthesize aldosterone and it may be involved in a
paracrine control of vascular function [20].

2.5. Sympathetic Nervous System Activation

Several studies showed an increased sympathetic activity in obese subjects, as assessed by direct
recordings of muscle sympathetic nerve activity (MSNA) [56-60]. Grassi et al. showed that both
heart rate and MSNA baroreflex changes were attenuated in hypertensive obese subjects compared
to normotensive subjects. They concluded that the association between obesity and hypertension
triggers sympathetic activation together with baroreflex cardiovascular control, which could contribute
to the increased incidence of hypertension in obese subjects. Finally, increased levels of leptin, together
with the increased levels of pro-inflammatory cytokines, activate the SNS, leading to a BP increase in
obese subjects.

Figure 1 describes the complex network which links obesity to arterial hypertension. The effect of
different kinds of adipose tissue is shown—PVAT directly promotes local inflammation and contributes
to endothelial dysfunction. Visceral AT can induce leptin and insulin resistance, which increase both
systemic vasoconstriction and endothelial dysfunction. Moreover, visceral adipose tissue can directly
activate the sympathetic nervous system. Perirenal adipose tissue, through mechanical compression, is
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involved in the RAAS activation and in renal sympathetic system activity. All these pathways, widely
interrelated among each other, lead to increased arterial BP in obese subjects.

3. Weight Loss and Blood Pressure

Several studies showed that WL may reduce BP: we analysed the studies looking at the effect
of WL on BP in the last 10 years; we found 13 studies (either interventional or observational) that
showed an association between WL and BP decrease (Table 1). Different WL strategies were taken into
account: diet and lifestyle modification, pharmacological intervention and bariatric surgery. Although
a positive effect of WL could be identified in each study, the main difference seems to be the magnitude
and the durability of BP reduction over time. Some of these results were also corroborated by the
evidence of 8 reviews published in the last ten years.

Interestingly, all the studies providing specific WL strategies in obese hypertensive patients
showed a significant improvement either in BP decrease and or in body weight reduction. On the
contrary, an observational study led by Ho et al., on 2906 obese subjects who developed incident
hypertension and achieved BP control within 12 months after diagnosis, showed that the majority of
patients did not achieve a significant WL [8]. Therefore, combined management should be pursued.

Table 1. This table summarizes selected studies from the last 10 years, showing a positive effect of
weight loss (WL) on blood pressure (BP), achieved by diet and lifestyle modifications, pharmacological
intervention and bariatric surgery. The table includes only studies with available data regarding
number of participants, WL strategies, quantifiable mean WL and mean BP decrease, median follow-up
time. * mean values referred to patients who achieved the major waist circumference reduction.

Author, Ye Number of WL Int 6 Mean WL liw ;antl.ﬂ’ Median
uthor, Tear Participants niervention ABW (Kg) ABMI (kg/m?) eduction Follow up
(mmHg)
Diet and Lifestyle modification
) 11.2 (SBP)
Blumenthal, DASH diet als —0.
2010 144 SH dietalone 03 7.5 (DBP) 4 months
(ENCORE DASH diet plus _87 16.1 (SBP)
study) weight management ’ 9.9 (DBP)
Rocha-Goldberg, behavioral 10.4 = 10.6
2010 7 intervention 15+3.21b (SBP) 6 weeks
behavioral
Rothberg, 2017 344 intervention —6+3 8 (SBP) * 6 months
170 behavioral 54 8 (SBP) * 2 years
intervention
. -71+0.6 -24+02
) dietary and X i
Straznicky, 2011 59 moderate-intensity (dietary) (dietary) 10+2 (SBP) 12 weeks
aerobic exercise -84+1.0 -2.8+0.3
(dietary + (dietary +
exercise) exercise)
intensive
Wing, 2011 lifestyle
(look AHEAD 5154 intervention or —48+76 2.40 (DBP) 1 year
! 476 (SBP)
study) diabetes support

and education
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Table 1. Cont.

Author, Year Number of WL Int ntion Mean WL Ii\/[;antliﬂ; Median
uthor, Yea Participants erventio ABW (Kg) ABMI (kg/m?) eductio Follow up
(mmHg)
Pharmacological intervention
Pharmacologic 2.3 kg higher ll(f(fesr]il;)
Marso, 2016 9340 (liraglutide vs in Liraglutide wower 36 weeks
Liraglutide
placebo) group
group
Pharmacologic
Wijkman, 2019 124 (liraglutide vs >3% 9.2 (SBP) 24 weeks
placebo)
Bariatric Surgery
. Surgery _
Ghanim, 2018 15 (RYGE) 11.7 11 (SBP) 6 months
2473
(277 gastric
Hallersund, bypass, 1064 —5.1 (SBP)
Surgery -10.1
2013 purely —5.6 (DBP) 10 years
(SOS study) restricted (GBP, VBG/B) (GBP group) (GBP group)
proedures,
1132 control)
102 +4.5
20 Surgery -91+14 6 months
Seravalle, 2014 (10 surgery + (vertical sleeve (SBP)
10 control) gastrectomy) 139 +5.0
-10.8+1.6 (SBP) 1 year

3.1. Diet and Lifestyle Modification

According to published guidelines [7,13], diet and lifestyle modifications aimed at BW reduction
are the first step in treating hypertension (COR I, LOE A) [13]. Weight reduction may reduce blood
pressure and delay the need of pharmacological antihypertensive therapy [7] and it is also recommended
in order to control other associated metabolic risk factors [7]. Straznicky et al. evaluated whether energy
restriction could reduce BP in a group of 59 patients affected by obesity. Subjects were treated with
dietary intervention or dietary intervention with moderate-intensity aerobic exercise or no treatment,
for a period of 12 weeks. In both groups, BW reduction was associated with a significant systolic BP
decrease and sympathetic neural activity downregulation [11].

Rothberg et al. enrolled obese patients in a 2-year, intensive, behavioural, weight management
program [61] and showed that waist circumference (WC) reduction was related to metabolic syndrome
component improvement. After subdividing the study population according to the amount of WC
reduction, they observed higher systolic BP reduction in subjects with greater WC decrease, both at the
6-month and 2-year follow-up.

The Look AHEAD study [10,62], an intensive behavioural lifestyle intervention, evaluated the
effect of BW loss on CV mortality and morbidity, in a study sample of 5154 patients with type 2 diabetes
and overweight or obesity. Patients were randomized to diabetes support and education or to an
intensive lifestyle intervention. The average WL was different in the two groups and the magnitude
of WL was positively related to improvements in both BP and cardiovascular risk. Subjects who lost
5% to 10% of their initial BW were more likely to show a greater improvement in BP. Moreover, at
1 year, both systolic and diastolic BP declined in those patients who underwent an intensive lifestyle
intervention, as compared to those who received only diabetes support and education. Only systolic
BP maintained a decreased trend throughout the following progression of the study [62].

Behavioural intervention was also studied in another selected sub-population and its feasibility
has been proved—in Hispanics/Latinos, for example, Rocha Goldberg et al. showed the effectiveness of
educational lifestyle intervention on BW and BP control [63]; WL was observed along with a decrease
in systolic BP. The ENCORE study, a large randomized controlled trial, was conducted on 144 obese or
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overweight hypertensive patients: subjects were randomized to a low-calorie Dietary Approach to
Stop Hypertension (DASH diet) or DASH diet alone or usual diet. After four months, the subgroup
assigned to DASH diet combined with a weight management program achieved both WL and a greater
and significant reduction of BP [13,64,65].

3.2. Pharmacological Intervention

Wijkman et al. recently conducted a double-blind, placebo-controlled parallel group trial in
overweight and obese patients with type 2 diabetes, randomized to receive liraglutide or placebo
for 24 weeks. Compared to the placebo group, subjects who received liraglutide presented greater
reduction of both BW and BP, 33% had a BP decrease of more than 5 mmHg (versus only 15% in
the placebo group, (p < 0.01), 35% lost more than 3% in BW (vs just 3% of patients with placebo,
p < 0.0001) and 22% of patients decreased both WL and BP versus 2% of patients in the placebo
group [66]. Furthermore, the SCALE Obesity and Prediabetes trial provided evidence that overweight
or obese patients, randomized to liraglutide for a period of three years, had a significant decrease in
BMI, WG, systolic and diastolic BP as compared with placebo (p < 0.001 for all) [67]. In a multicentre,
double-blind, placebo-controlled trial, Marso et al. confirmed these findings—the liraglutide group
had a greater decrease in WL, as well in systolic but not in diastolic BP, than in the control group [68].

Beside the WL, other mechanisms explaining the effect of Liraglutide on BP has been
hypothesized. Liraglutide treatment has been shown to increase natriuresis through a raise of
natriuretic peptides [69]. Another study found increased levels of cyclic guanyl monophosphate
(cGMP) and cyclic adenyl monophosphate (cAMP) which are two vasodilators and reduced plasma
concentrations of angiotensinogen, renin and angiotensin after GLP-1 receptors therapy [70]. Moreover,
as GLP 1 receptors are expressed in endothelial cells [71], it has been hypothesized that GLP-1 receptor
agonists may improve endothelial dysfunction contributing to lower BP levels.

A review by Siebenhofer et al., of nine randomized controlled trials conducted for at least 24 weeks
in hypertensive adult patients, comparing different weight reducing drugs (orlistat, sibutramine
or phentermine/topiramate) to placebo, showed that treatment with orlistat is associated with WL
and a significant drop in BP [72]. Sibutramine, instead, was responsible for diastolic BP increase.
Phentermine/topiramate was associated to BP lowering but only one study was considered [69]. The
Joint statement of the European Association for the Study of Obesity and the European Society of
Hypertension confirms the positive effect of orlistat: compared to placebo, it improved both WL
(more 2.7 kg) and diastolic BP, which resulted 2.2 mmHg lower [73].

3.3. Bariatric Surgery

In obese patients of any age, bariatric surgery has been shown to provide, together with WL,
consistent improvement in systolic BP [74]. A very high number of patients treated by laparoscopic
adjustable gastric banding discontinued anti-hypertensive medication or needed a lower medication
dose [74,75]. Furthermore, six months after vertical sleeve gastrectomy, Seravalle et al. observed a
significant reduction both in systolic BP and in sympathetic nerve conduction; interestingly, BP decline
was also found to be persistent together with sympathetic inhibition 12 months after the surgical
intervention [76].

As compared to lifestyle intervention, a surgical approach seems to give much more persistent
and durable results [77]. In a large prospective controlled study, the Swedish Obese Subjects (SOS)
study, patients were assigned to medical therapy or to different surgical procedures. A total of 4047
obese subjects were initially recruited. Surgically treated patients were matched to control subjects,
who underwent a lifestyle intervention or even no treatment [78]. After a median follow-up of ten
years, gastric bypass was associated with significant WL, WL maintenance and greater BP decrease, as
compared both to non-surgical controls and to purely restrictive procedures such as vertical banded
gastroplasty or gastric banding [79].
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Nevertheless, a wide Cochrane meta-analysis by Colquitt and colleagues compared different
surgical procedures, such as laparoscopic gastric bypass and laparoscopic duodenojejunal bypass
with sleeve gastrectomy: however, no statistically significant differences were observed in terms of
hypertension remission [80] among the different surgical procedures. In a systematic review of RCTs
of bariatric surgery, Chang et al. described a 75% remission of hypertension (95% CI 62-86%) [81]
independent of the type of procedure.

Considering the end organ effects of hypertension in obese patients, improvements are described
after bariatric surgery. In a large review which considered CV risk factors and CV imaging in patients
undergoing bariatric surgery, Vest et al. reported an echocardiographic reduction of left ventricular
mass and an improvement in diastolic function, measured by E/A ratio [82]. A reduction in proteinuria,
renal function decline and end stage renal disease [83] have been also observed in a recent review of
observational studies by Cohen.

In a recent study by Ghanim et al., diabetic obese patients have been evaluated before and six
months after Roux-en-Y gastric bypass. At the follow-up analysis, together with a significant decrease
in BW and BP, a significant reduction was found in circulating vasoconstrictors (neprilysin, renin,
angiotensinogen, angiotensin II and endothelin 1), whereas the vasodilator atrial natriuretic peptide
(ANP) was increased [84]. Taken together, these studies show that bariatric surgery may partially
explain the mechanisms of the long-term benefits of gastric bypass on BP.

4. Possible Mechanisms Involved in BP Reduction after Weight Loss

The explanation of the BP lowering effect of WL interventions may be identified in adipose
tissue decrease. These changes may reverse the complex network of mechanisms linking obesity
and hypertension (Figure 1). Visceral adipose tissue reduction, which is directly related to waist
circumference reduction [61,67], may attenuate the inflammation pathway and arterial and ventricular
stiffening may improve [24]. Moreover, it is well known that a visceral AT decrease, even due to a
decrease of FFA release, is related to insulin resistance improvement (as also shown by the positive
effect of WL, on diabetes management [10,62,66]) and a lower level of insulin may reduce systemic
vasoconstriction that is partially responsible for arterial hypertension. Leptin [30] and adiponectin [34]
pathways are also improved.

Since PVAT dysfunction is strongly related to obesity, it is possible to hypothesize that WL may
improve PVAT functioning, by reducing the vasoconstriction effect. A reduction in vasoconstriction
has been shown also after bariatric surgery [85], along with an improvement of RAAS functioning
too. Weight loss may reduce renal adipose tissue as well and benefits may be found in natriuresis and
sympathetic activation [45,46,49] and BP levels should consequentially lower. Unfortunately, only a
few laboratory-based studies on the effect of weight loss on hypertension in the past decade have been
published and new future studies are necessary to confirm possible mechanisms linking WL to the
improvement of obesity-related hypertension

5. Conclusions

Lifestyle intervention, including weight loss, should be considered the first step in all patients
with hypertension, especially if overweight and obese. All together studies aimed to show that WL
induced by dietary intervention alone or associated with physical exercise or even with drugs or
bariatric surgery, demonstrates a beneficial effect of WL on BP. However, the effect on BP seems to
depend on the amount of WL.

Some considerations must be made. Most lifestyle intervention and pharmacological studies
regarding WL and BP have been conducted on relatively small number of participants and have
different follow-up lengths too. Only one study had 2 years’ follow-up [61], whereas the others had
a maximum a 1-year follow-up. The only interventional study showing a long follow-up (10 years)
with a persistent WL and BP reduction was the SOS study [79] but it regarded the surgical approach.
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Thus, studies with a longer follow-up in wider populations are needed to support these findings and
to explain better the mechanisms related to the improvement of BP in obese subjects losing weight.
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Abstract: Nutrition is known to exert an undeniable impact on blood pressure with especially salt
(sodium chloride), but also potassium, playing a prominent role. The aim of this review was to
summarize meta-analyses studying the effect of different electrolytes on blood pressure or risk for
hypertension, respectively. Overall, 32 meta-analyses evaluating the effect of sodium, potassium,
calcium and magnesium on human blood pressure or hypertension risk were included after literature
search. Most of the meta-analyses showed beneficial blood pressure lowering effects with the extent of
systolic blood pressure reduction ranging between —0.7 (95% confidence interval: —2.6 to 1.2) to —8.9
(-14.1 to —3.7) mmHg for sodium/salt reduction, —3.5 (=5.2 to —1.8) to —9.5 (=10.8 to —8.1) mmHg for
potassium, and —0.2 (-0.4 to —0.03) to —18.7 (-=22.5 to —15.0) mmHg for magnesium. The range for
diastolic blood pressure reduction was 0.03 (—0.4 to 0.4) to —5.9 (=9.7 to —2.1) mmHg for sodium/salt
reduction, -2 (3.1 to —0.9) to —6.4 (=7.3 to —5.6) mmHg for potassium, and —0.3 (0.5 to —0.03) to
-10.9 (-13.1 to —8.7) mmHg for magnesium. Moreover, sufficient calcium intake was found to reduce
the risk of gestational hypertension.

Keywords: sodium; potassium; calcium; magnesium; electrolytes; blood pressure; hypertension;
meta-analysis

1. Introduction

Hypertension is the major leading risk factor for atherosclerosis and several diseases, especially
renal and cardiovascular disorders, including myocardial infarction, stroke, and heart failure [1].
Blood pressure is influenced by various genetic and lifestyle factors including nutrition [2]. In this
regard, sodium is an important mineral which, besides its functions in fluid balance, action potential
generation, digestive secretions and absorption of many nutrients, also plays an important role in blood
pressure regulation with a reduced sodium intake being associated with a reduction in systolic and
diastolic blood pressure [3]. Therefore, independent of body weight, sex and age, too much dietary salt
(sodium chloride) is regarded as an established risk factor for hypertension [4]. Concomitant to sodium
reduction, higher potassium intake or supplementation has also been repeatedly shown to reduce
the blood pressure of especially hypertensive persons (reviewed in [5]). Therefore, the American
Heart Association recently proposed a dietary potassium intake of 3500-5000 mg/day, in addition
to the well-known advice to reduce the consumption of dietary sodium (<1500 mg/day or at least
1000 mg/day decrement) for adults with normal and elevated blood pressure [6]. In addition, the WHO
recommends that sodium consumption should be less than 2000 mg (5 g of salt) and potassium intake
at least 3510 mg for adults per day [7].

In addition to the blood pressure lowering effects of sodium reduction or higher potassium
intake also in several studies and meta-analyses calcium supplementation has been shown to exert
beneficial effects on the risk for gestational hypertension [8,9], especially in women with low dietary
calcium intake.
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Furthermore, from the electrolytes, magnesium is also effective in reducing blood pressure,
especially by acting as a natural calcium channel blocker, increasing nitric oxide levels and improving
endothelial dysfunction [10,11].

Early studies from the 1980s suggest that also chloride has an independent effect on blood pressure
(reviewed in [12]). In these studies it was shown that replacing chloride with bicarbonate, citrate
or phosphate as the anion for sodium did not lead to increases in blood pressure in rats or humans
compared to sodium chloride [13-15]. On the other hand, interestingly, lower serum chloride levels
were associated with higher cardiovascular and all-cause mortality risk in epidemiological studies [16].

Sulphur enters the body primarily as a component of the amino acids cysteine and methionine,
and, as a part of the gaseous signaling molecule hydrogen sulfide (H,S), it exerts antihypertensive
effects in experimental models [17]. Also garlic, which contains several functional sulfur-containing
components, has been consistently shown to exert blood pressure-lowering effects with an average
of 8-9 mmHg in systolic blood pressure (SBP) and 6-7 mmHg in diastolic blood pressure (DBP) in
hypertensive patients [18].

Dietary phosphorus has also been shown to be related to blood pressure [19]. For example, in the
International Study of Macro and Micro-Nutrients and Blood Pressure INTERMAP) it was shown that
dietary phosphorus was inversely associated with blood pressure in a multiple regression model [20].
Also in 13,444 participants from the Atherosclerosis Risk in Communities cohort and the Multi-Ethnic
Study of Atherosclerosis cohorts compared with individuals in the lowest quintile of phosphorus
intake at baseline, those with the highest phosphorus intake showed lower systolic and diastolic blood
pressures after adjustment for dietary and non-dietary confounders [21].

Hypertension remains a serious public health issue and found as one amongst the major risk
factors, also including smoking, high blood glucose, and high body-mass index, all responsible for
approximately 29 million deaths globally [22]. According to the World Heart Federation, hypertension
is the most important risk factor for stroke which causes about 50% of ischaemic strokes [23]. Nutrition
has an important impact on blood pressure with salt playing a prominent role. However, also especially
potassium, in addition probably magnesium, and calcium, and possibly also chloride, sulphur and
phosphorus exert at least some effects on blood pressure. Therefore, the objective of this review was to
summarize meta-analyses studying the effect and associations of these electrolytes as supplements or
diets on human blood pressure or risk for hypertension throughout the last years.

2. Materials and Methods

This review summarizes meta-analyses of publications studying the effect or association between
electrolytes and blood pressure. In this regard, we conducted a search in PubMed, Scopus, and Google
scholar databases by entering the search terms “(hypertension or blood pressure) and (sodium or
potassium or calcium or magnesium or chloride or sulphur or sulphate or phosphorus or phosphate or
salt) and (meta-analysis or metaanalysis)”. The literature search was conducted in June 2018 with a
10-year publication restriction in order to ensure more recent studies. Search results were limited to
English language articles.

2.1. Eligibility Criteria

Meta-analyses of randomized controlled trials or observational studies were included in this
review. The availability of (mean) blood pressure reductions and/or relative risk estimates e.g.,
risk ratios, odds ratios, weighted mean difference and confidence intervals were a prerequisite for the
inclusion of the meta-analyses. Reviews and summaries of meta-analyses, meta-analysis not including
the primary outcome, (e.g., blood pressure reduction or hypertension risk), or meta-analysis with
combined effects of two minerals were excluded.

The initial search revealed a total of 2182 articles (Figure 1). After screening irrelevant, duplicate and
other studies not meeting the inclusion criteria 32 meta-analyses were included in this review [8,11,24-53].

172



Nutrients 2019, 11, 1362

2182 records
identified 2091 titles excluded
and titles scanned

91 titles selected 35 duplicate
and abstracts scanned abstracts excluded

24 papers excluded:

12: no meta-analyses or only
summaries of meta-analyses

56 papers selected
and full texts scanned

9: meta-analyses not including
the primary outcomes

1: related to another meta-
analysis

1: combined meta-analysis
of two minerals

32 papers included 1: meta-analysis only
for this review including 1 trial

Figure 1. Flow chart of literature search to identify meta-analyses evaluating the effect of electrolytes
on blood pressure or hypertension risk.

2.2. Data Extraction

Two reviewers (C.E and N.K) independently extracted the information from the papers. A third
reviewer (S.I) rechecked the data and discrepancies were resolved through consensus. Study outcomes
with defined number of trials/participants, study type/aims, patient characteristics, average study
duration, minerals dosage (diet/supplements) and dietary modification were extracted from the selected
meta-analyses. Also (mean) change in systolic and diastolic blood pressure (SBP and DBP), or relative risks
(RR), odds ratios or effect sizes with 95% CI were extracted as main outcomes measures from the papers.

3. Results

We identified meta-analyses for sodium, potassium, calcium and magnesium. No meta-analyses
were found for the electrolytes chloride, sulphur and phosphorus.

3.1. Effect of Dietary Sodiumy/Salt Intake/Reduction on Blood Pressure

Overall, fourteen meta-analyses of randomized control trials and observational studies analyzing
the effect of sodium modification/reduction on blood pressure were selected [24-37].

The meta-analyses of randomized controlled studies (n = 12) included 5-177 numbers of trials
with 12 to 23,858 participants (Table 1). The duration of trials varied between 4 days to 71 months
with sodium intake being reduced from 1.2 to 5.7 g/day (52-250 mmol/day) and salt reduction was
2 t0 9.6 g/day (34—164 mmol/day). The results showed that blood pressure lowering effects ranged
from —0.7 (95% confidence interval: —2.6 to 1.2) mmHg for lowest and —8.9 (=14.1 to —3.7) mmHg for
highest SBP reduction, respectively, while lowest to highest reduction for DBP was between 0.03 (-0.4
to 0.4) to —5.9 (9.7 to —2.1) mmHg.

Moreover, two meta-analyses included observational studies, including 10-18 trials with
8093-134,916 participants. The observational study of Talukder et al. [36] observed a mean difference
in blood pressure of 0.1 (-0.2 to 0.3) mmHg for SBP and 0.2 (0.1 to 0.4) mmHg for DBP with exposure
of 4-405 mg/L water sodium levels. Subasinghe et al. [37] showed effect sizes of 1.36 (1.24 to 1.48) and

173



Nutrients 2019, 11, 1362

1.28 (1.13 to 1.45) for high salt exposure (6.9 to 42.3 g/day) on hypertension risk in rural and urban
populations of low-and-middle income countries, respectively.

3.2. Effect of Potassium Supplementation on Blood Pressure

Five meta-analyses of randomized controlled trials evaluated the effect of oral potassium
supplements on blood pressure [38—42]. The meta-analyses included 10-33 trials and 556-1892
participants (Table 2). Oral potassium dosages in the supplements were between 6 and 250 mmol/day
(0.23-9.7 g/day) with study durations of 4-52 weeks. The lowest to highest reduction in blood pressure
was between -3.5 (95% confidence interval: —5.2 to —1.8) to —9.5 (=10.8 to —8.1) mmHg for SBP and -2
(-3.1t0 —0.9) to —6.4 (=7.3 to —5.6) mmHg for DBP. In addition, potassium was found to be especially
effective in in reducing blood pressure of high sodium consumers.

3.3. Calcium Intake in Form of Supplements or Diets and Risk for Gestational Hypertension or Blood Pressure Lowering

We identified six meta-analyses which evaluated the association of dietary calcium intake on the
risk for gestational hypertension [8,43-45] or the effect on blood pressure [46,47]. Five meta-analyses
of randomized controlled trials with a range of 4-16 trials and 2947-36,806 participants were included.
The follow up intervention period was between 8 weeks to 7 years and the calcium intake was found
to be between 0.5 g/day to 2 g/day. The results showed RR ranging from 0.55 to 0.91 for gestational
hypertension while, the meta-analysis of Cormick et al., [47] found a mean difference of —1.4 (95%
confidence interval: —2.2 to —0.7) mmHg for SBP and —1 (1.5 to —0.5) mmHg for DBP reduction in
normotensive people.

Furthermore, we found one meta-analysis including 16 observational trials of 757—41,214 pregnant
women showing a lower OR for gestational hypertension [OR: 0.63 (95% CI = 0.41-0.97)] for highest
versus lowest category of calcium intake [45].

Most of the meta-analyses showed that calcium supplements were associated with a reduced risk
of gestational hypertension (Table 3). Besides, based on the results from the meta-analysis of Wu and
Sun [46] calcium plus vitamin D supplementation non-significantly slightly increased SBP with no
effects on DBP.

3.4. Effect of Magnesium on Blood Pressure or Hypertension Risk

Eight meta-analyses of randomized control trials (1 = 5) and observational studies (1 = 3) were
included to summarize the effects of magnesium on blood pressure or association with hypertension
risk, respectively [11,45,48-53] The randomized control trials included 7-28 number trials with 135-1694
of participants with the trial durations varying between 3-24 weeks. Magnesium intake ranged between
120-1006 mg/day. The summary showed SBP reductions in the range of —0.2 (95% confidence interval:
—0.4 to —0.03) mmHg and —18.7 (-22.5 to —15.0) mmHg, and DBP reductions between —0.3 (0.5 to
—0.03) and —10.9 (-13.1 to —8.7) mmHg (Table 4). However, the meta-analysis of Rosanoff and Plesset
(2013) [51], which showed the largest effects, only included a small sample of treated hypertensive
patients, which probably responded highly to magnesium. When omitting this meta-analysis, the
blood pressure lowering effects of magnesium would switch to a rather low to moderate level.

Moreover, observational studies showed a lower risk for hypertension with increasing magnesium
intake [52] or higher circulating magnesium levels [53], respectively.
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4. Discussion

The major findings of this review were especially that sodium (salt) reduction and a higher intake
of potassium have convincing blood pressure lowering effects. In addition, higher magnesium intake
is suggested to possibly reduce blood pressure, especially in patients with hypertension. Moreover,
sufficient calcium intake confers a protective effect regarding the risk for gestational hypertension.

There are several mechanistical explanations for the association between high sodium intake
and blood pressure like enhanced reabsorption and retention of filtered sodium through the renal
tubules [54], or activation of the brain renin-angiotensin-aldosterone system (RAAS), which is
suggested to increase blood pressure through angiotensin II and aldosterone promoting locally
oxidative stress and activating the sympathetic nervous system [55]. Furthermore, based on the
“vasodysfunction theory” of salt induced hypertension, salt loading results in subnormal decreases in
systemic vascular resistance leading to an increase in blood pressure [56]. In this regard salt sensitivity,
which varies among individuals, is suggested to play an important role [3,55].

In addition to blood pressure, in a recent systematic review and meta-analysis of randomized
controlled trials it was analyzed that restriction of dietary sodium intake can reduce arterial stiffness,
as expressed by carotid-femoral pulse wave velocity [57].

In addition to sodium modification, several studies and meta-analysis showed that potassium
supplements reduce blood pressure and also the risk of hypertension [58]. Suggested mechanisms of the
blood pressure lowering effects of potassium are (reviewed in [5]): improvement of endothelial function
and NO release, vasodilatation by lowering cytosolic smooth muscle cell calcium, increasing natriuresis,
and lowering the activity of the sympathetic nervous system. Furthermore the supportive blood pressure
reducing effects of sodium modification in combination with potassium is well-documented [59].

Besides the interdependent effect of sodium and potassium, calcium and magnesium have also
been implicated in the regulation of blood pressure [60]. Based on our results, magnesium showed
a moderate blood pressure reducing effect in general, while the effects of calcium were primarily
restricted to the prevention of gestational hypertension. The potential antihypertensive effects of
magnesium are for example suggested to be related to calcium channel blockage, increases in nitric
oxide, and better endothelial function [10]. In vascular smooth muscle cells, magnesium antagonizes
Ca?* by inhibiting transmembrane calcium transport and calcium entry with low magnesium levels
causing an increase in intracellular free Ca®* concentration and subsequently vascular contraction [61].

On the other hand, low dietary calcium intake is shown to be a risk factor for the development of
hypertension especially for women with a history of gestational hypertension [62]. In this regard the
World Health Organization recommends daily calcium supplementation of 1.5-2.0 g oral elemental
calcium for pregnant women in populations with low dietary calcium intake to reduce the risk of
pre-eclampsia and related complications [63].

Lifestyle modifications including weight loss, exercise, and healthy diets are proved to be important
predictors to lower blood pressure or the risk for hypertension, respectively. For example, the Canadian
hypertension education program guidelines (2016) proposed health behavior management for the
prevention of hypertension such as physical exercise, weight management, limited alcohol consumption,
stress management, reduce sodium intake and recommended dietary modification as the preferred
method of increasing potassium intake (in patients who are not at risk of hyperkalemia) to get additional
nutritional benefits of whole foods over prescribed supplements [64]. Similarly, the study findings of a
systematic review and meta-analysis of randomized control trials showed that healthy dietary patterns
including the dietary approaches to stop hypertension (DASH) diet, Nordic diet, and Mediterranean
diet significantly lowered systolic and diastolic blood pressure [65].

5. Conclusions and Future Perspectives

Our brief exploration of meta-analyses showed that lowering sodium and increasing potassium
intake would exert convincing blood pressure lowering effects, especially in hypertensive patients.
The maximum extent of systolic blood pressure lowering was approximately in the order of 8 to

184



Nutrients 2019, 11, 1362

9 mmHg, which roughly equals a monotherapy with an antihypertensive drug [66]. This reflects
the significant importance of healthy nutrition, in this case salt reduction and increase of dietary
potassium intake, on blood pressure. Our summary of meta-analytic reviews also suggests that higher
magnesium intake may exert beneficial effects on blood pressure, although the results were rather
moderate. However, in some (treated) hypertensive patients (“high-responders”) higher magnesium
intake might result in larger effects. So, increasing/optimizing dietary magnesium intake could also be
a helpful recommendation in patients with hypertension. Furthermore, there is convincing evidence
that increasing/optimizing calcium intake can lower the risk for gestational hypertension, especially in
women with initial low calcium intake.

We did not find any meta-analyses summarizing the effects of chloride, phosphorus and sulphur
on blood pressure or hypertension risk. In general, few studies are available, which assessed the effect
of these electrolytes on blood pressure. There are indications from observational studies that there
might be some effects, however robust evidence is missing. For example, a very recent systematic
review from McClure et al. (2019) did not detected a consistent association between total dietary
phosphorus intake and blood pressure [67].

Relating to earlier studies replacing the chloride component of salt with other anions like bicarbonate
or citrate might be a certain strategy, which could not only beneficially affect blood pressure but could
show co-benefits regarding a (western) diet induced metabolic acid load [68]. Obviously, randomized
(controlled) trials are necessary to study this assumption. Also, future clinical trials could determine the
effect of different electrolytes on blood pressure by patients’ self-assessment of blood pressure with new
validated mHealth devices, like a previous study in obese individuals has shown [69].
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Abstract: Cardiovascular diseases have overtaken cancers as the number one cause of death.
Hypertension is the most dangerous factor linked to deaths caused by cardiovascular diseases.
Many researchers have reported that tea has anti-hypertensive effects in animals and humans.
The aim of this review is to update the information on the anti-hypertensive effects of tea in human
interventions and animal studies, and to summarize the underlying mechanisms, based on ex-vivo
tissue and cell culture data. During recent years, an increasing number of human population studies
have confirmed the beneficial effects of tea on hypertension. However, the optimal dose has not
yet been established owing to differences in the extent of hypertension, and complicated social and
genetic backgrounds of populations. Therefore, further large-scale investigations with longer terms
of observation and tighter controls are needed to define optimal doses in subjects with varying
degrees of hypertensive risk factors, and to determine differences in beneficial effects amongst
diverse populations. Moreover, data from laboratory studies have shown that tea and its secondary
metabolites have important roles in relaxing smooth muscle contraction, enhancing endothelial nitric
oxide synthase activity, reducing vascular inflammation, inhibiting rennin activity, and anti-vascular
oxidative stress. However, the exact molecular mechanisms of these activities remain to be elucidated.

Keywords: tea secondary metabolites; hypertension; endothelial function; inflammation

1. Introduction

Cardiovascular diseases (CVDs) are a group of diseases of the heart and blood vessels that include
coronary heart disease, cerebrovascular disease, peripheral arterial disease, rheumatic heart disease,
congenital heart disease and deep vein thrombosis [1]. During recent years, CVDs have overtaken
cancer as the leading cause of deaths worldwide [2]. However, most CVDs can be prevented by
modifying risk factors such as imbalanced diet, physical inactivity, diabetes, elevated lipids and high
blood pressure [3]. Of these risk factors, high blood pressure is the most dangerous factor linked to
CVDs death events [4]. It is estimated that high blood pressure is a comorbid factor in 69% of people
who have their first heart attack, and 75% of those with chronic heart failure [5]. Clinical data shows
that a 5 mmHg blood pressure reduction can reduce the risk of stroke and ischemic heart disease by
34 and 21%, respectively [6,7].
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High blood pressure, or hypertension, is diagnosed when an individual has a systolic blood
pressure (SBP) of 130-139 mmHg or a diastolic blood pressure (DBP) of 80-89 mmHg (Stage 1) and a
systolic blood pressure (SBP) of >140 mmHg and/or a diastolic blood pressure (DBP) of >90 mmHg
(Stage 2). [8] A significant prevalence of high blood pressure among adults aged 25 years and
older exists, with a worldwide incidence of 40% [5]. Aging, dietary factors (for example alcohol
consumption, excessive salt intake, and insufficient fruit and vegetable consumption), lifestyle factors
(such as smoking and physical inactivity), and genetic predisposition have all been implicated in
developing hypertension [9]. It has been estimated that hypertension affects one billion people and
causes 9.4 million deaths every year globally [3]. This toll continues to increase as the incidence
of hypertension rises sharply in low- and middle-income countries, where the social and economic
costs associated with the disease are expected to place an especially heavy burden on socioeconomic
development [10].

Tea is a beverage prepared by pouring hot or boiling water over the cured leaves or leaf buds
of the tea plant Camellia sinensis. Based on the degree of fermentation, tea can also be classified
into three major types: unfermented green tea, fermented black tea, and semi-fermented Oolong
tea [11]. Tea is the second most consumed beverage after water and is thought to have a variety of
health benefits [11,12]. It contains characteristic polyphenolic compounds known as catechins, namely
(-)-epicatechin (EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG), (-)-epigallocatechin
gallate (EGCG), (+)-catechin (C), and (+)-gallocatechin (GC), plus a small amount of (-)-catechin gallate
(CG) and (-)-gallocatechin gallate (GCG). [13] A number of studies have shown that consumption
of both green and black teas is linked to reductions in the risk of CVDs and some forms of cancers,
to improved oral health, weight gain control and cognition in the elderly, and to increased antibacterial
and antiviral activity and bone density [14,15]. These health benefits are often attributed to tea being
rich in a class of polyphenolic compounds called flavonoids [16]. Diet plays an important role in the
treatment and control of high blood pressure [17,18]. A survey showed that flavonoids can play an
important role in the treatment and control of high blood pressure [19]. Anti-hypertension effects of
drinking tea have become a hot topic for molecular nutrition and food research. In order to better
understand the research achievements in this field, we summarized the role of tea in lowering blood
pressure in clinical studies, as well as animal and cell experiments. The molecular mechanisms of tea
hypotension effects were updated in this review.

2. Tea Regulating Blood Pressure in Human Intervention Studies

2.1. Hypotension Effects of Tea in Human Population Studies by Meta-analysis

In China, there is a long history of people drinking tea, made by collecting leaves from old
tea plants to treat high blood pressure. Both in East Asian and western countries, lowering blood
pressure by drinking tea has been reported in human population studies. Due to differences (genetic
backgrounds, body composition, dietary habits, and amount and type of tea consumed) between
different populations, the results of tea consumption in lowering blood pressure may not be consistent.
However, during recent years, with improvements in experimental design and statistic software,
great advances have been made in understanding the effect of tea consumption on blood pressure.
Khalesi et al. [20] systematically reviewed randomized controlled trials that examined the effect of
green tea consumption on blood pressure using meta-analysis. Based on their selected criteria, they
collected papers from ProQuest, PubMed, Scopus and Cochrane Library published from 1995 to
2013. Thirteen studies were included for meta-analysis. The results showed that consumption of
green tea significantly reduced SBP by 2.08 mmHg and DBP by 1.71 mmHg. In addition, subgroup
analysis suggested a greater reduction in both SBP and DBP in participants whose baseline mean
systolic blood pressure was >130 mmHg. Peng et al. [21] also investigated the effect of green tea
consumption on blood pressure based on a meta-analysis of 13 randomized controlled trials across
several countries, which were published in PubMed, Embase and Cochrane Library (up to March 2014).
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Thirteen trials containing 1,367 subjects were included for the meta-analysis. The results indicated
that consumption of green tea significantly reduced SBP level by 1.98 mmHg. Compared with the
control group, green tea also showed a significant lowering effect on DBP in the treatment group
(1.92 mmHg). Subgroup analyses further suggested that the positive effect of green tea polyphenols on
blood pressure occurred with a low dose of green tea polyphenols (<582.8 mg/day) with long-term
duration (>12 weeks), whilst ruling out the confounding effects of caffeine. This analysis also supports
the premise that green tea consumption has a favorable effect of decreasing blood pressure. Black tea
is more popular than green tea in western countries. Greyling et al. [22] investigated the effect of
black tea consumption on blood pressure based on a meta-analysis of 11 randomized controlled trials.
The literature was systematically collected from Medline, Biosis, Chemical Abstracts and EMBASE
databases through July 2013. Eleven studies (12 intervention arms, 378 subjects, dose of 4-5 cups of tea)
were included for analysis. The SBP and DBP were decreased 1.8 mmHg (P = 0.0013) and 1.3 mmHg
(P < 0.0001), respectively, by regular tea ingestion. Liu et al. [23] evaluated the effect of both green and
black tea intake on blood pressure by a meta-analysis of randomized controlled trials. A systematic
search was conducted in MEDLINE, EMBASE and the Cochrane Controlled Trials Register up to May
2014. The weighted mean difference was calculated for net changes in systolic and diastolic BP using
fixed-effects or random-effects models. A total of twenty-five eligible studies with 1476 subjects were
selected. The analysis showed that the acute intake of tea had no effects on SBP and DBP. However, after
long-term tea intake, the pooled mean SBP and DBP were lower by 1.8 and 1.4 mmHg, respectively.
When stratified by type of tea, green tea significantly reduced SBP by 2.1 mmHg and decreased DBP by
1.7 mmHg, and black tea showed a reduction in SBP of 1.4 mmHg and a decrease in DBP of 1.1 mmHg.
The subgroup analyses showed that the BP-lowering effect was apparent in subjects who consumed
tea more than 12 weeks (SBP - 2.6 mmHg and DBP — 2.2 mmHg, both P < 0.001). These data suggest
that long-term (>12 weeks) ingestion of tea could result in a significant reduction in SBP and DBP.

Tea is thought to have an anti-hypertension effect in people with elevated blood pressure.
Yarmolinsky et al. [24] evaluated the effects of tea on blood pressure in hypertensive individuals.
They searched the CENTRAL, PubMed, Embase, and Web of Science databases for relevant studies
published from 1946 to September 27, 2013. The selection criteria included: randomized controlled
trials of adults with pre-hypertension or hypertension subjected to intervention with green or black
tea; controls consisting of placebo, minimal tea intervention, or no intervention; a follow-up period
of at least two months. Meta-analyses of 10 trials (834 participants) revealed statistically significant
reductions in SBP (2.36 mmHg) and DBP (1.77 mmHg) with tea consumption. Therefore, consumption
of green or black tea can reduce blood pressure in individuals within pre-hypertensive and hypertensive
ranges, although studies of longer duration and stronger methodological quality are warranted to
confirm these findings.

Obesity is known to be one of the most important risk factors for the development of
hypertension [25]. Obese individuals have a more than threefold increased likelihood of developing
hypertension [26]. Li et al. [27] performed a systematic review and meta-analysis to clarify the
efficacy of green tea or green tea extract (GTE) on the blood pressure of overweight and obese adults.
They systematically searched electronic databases, conference proceedings including parallel and
cross-over randomized controlled trials (RCTs) that examined the effectiveness of green tea or GTE
on blood pressure. Data was meta-analyzed using a random effects model, to compare the mean
differences in blood pressure changes from baseline in the intervention and placebo groups. Based on
the selected criteria, 14 RCTs with a total of 971 participants (47% women) were pooled for analysis.
Of the 14 studies, five were conducted in Asia (two Japanese and three Chinese), six in Europe (three
in UK, two in Poland, and one in Netherlands), two in USA and one in Australia. All the studies were
published between 2006 and 2014. Green tea or GTE produced a significant reduction in both SBP
(mean difference of 1.42 mmHg) and DBP (mean difference 1.25 mmHg), compared with the placebo
group. Similar results were found in the subgroup and sensitivity analyses. The results demonstrated
that green tea or GTE supplementation evokes a small but significant reduction in blood pressure in
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overweight and obese adults. The data also indicated a strong beneficial effect of green tea or GTE
supplementation in this group.

2.2. Interventional Trials for General Population

In a long-term follow-up study, Tong et al. [28] recruited 1,109 Chinese men (1 = 472) and women
(n = 637) who had participated in the Jiangsu Nutrition Study (JIN). Blood pressure was measured
in 2002 and 2007. Tea (green, black and total tea) consumption was quantitatively assessed at the
follow-up survey in 2007. Their results showed that total tea and green tea consumption were inversely
associated with five-year DBP but not SBP. In the multivariable analysis, those with a daily total tea
consumption of at least 10 g had DBP readings 2.41 mmHg (Total) and 3.68 mmHg (green) lower than
those who consumed no tea. There was a significant interaction between smoking and total tea/green
tea consumption, and diastolic blood pressure change. Green tea consumption was inversely associated
with DBP change only in non-smokers and those without central obesity. The authors concluded that
the consumption of green tea is inversely associated with five-year blood pressure change in Chinese
adults, an effect diminished by smoking. Yang et al. [29] also examined the long-term effects of tea
drinking on the risk of hypertension. The study was carefully designed and used a large number of
people (1,507 subjects of 711 men and 796 women), and detailed information on tea consumption
and other lifestyle and dietary factors associated with hypertension risk. The result showed that
those who drank at least 120 mL/day (half a cup) of moderate-strength green or oolong tea for a
year, had a 46% lower risk of developing hypertension than the non-tea drinkers. Amongst those
who drank 120 to 599 mL/day (two and a half cups), the risk of high blood pressure was reduced by
65%. They concluded that habitual moderate-strength green or oolong tea consumption of at least
120 mL/day for one year significantly reduces the risk of developing hypertension in the Chinese
population. Additionally, in a double-blind trial of 111 healthy volunteers, Nantz et al. [30] compared
the effects of a standardized capsule containing 200 mg of decaffeinated catechin green tea extract with
a placebo. The volunteers consumed a standardized capsule of Camellia sinensis compounds twice a
day. After three weeks, SBP and DBP was lowered by 5 and 4 mmHg, respectively. After three months,
SBP remained significantly lower.

The relation of tea consumption to cholesterol level and SBP was studied by Stensvold et al. [31],
who recruited 9,856 men and 10,233 women (3549 years of age) from the county of Oppland, Norway.
Mean serum cholesterol decreased with an increase in black tea consumption. SBP was inversely
related to tea consumption with differences of 2.1 mmHg in men and 3.5 mmHg in women. The data
suggested that black tea consumption was associated with a lower systolic blood pressure in Norwegian
men and women. Hodgson et al. [32] conducted a randomized controlled trial into the effects of
black tea consumption on blood pressure regulation in Australia. A total of 95 men and women
aged 35 to 75 years who were regular tea drinkers with a daytime ambulatory SBP between 115 and
150 mmHg, were recruited from the general population. Participants consumed 3 cups/d of regular
tea for a four-week run-in period. After 6 months, participants then consumed 3 cups/d of either
1,493 mg powdered black tea solids containing 429 mg of polyphenols and 96 mg of caffeine, or a
placebo matched in flavor and caffeine content, but containing no tea solids. The 24 h ambulatory blood
pressure was measured at baseline, 3 months, and 6 months. Compared with the placebo, regular
ingestion of black tea over 6 months resulted in lower 24 h SBP and DBP. The mean reductions in 24 h
SBP were 2.7 mmHg at 3 months and 2.0 mmHg at 6 months. Similarly, the mean reductions in 24 h
DBP were 2.3 mmHg at 3 months and 2.1 mmHg at 6 months. Significant differences in blood pressure
were also observed for daytime and nighttime measurements, but effects on the overall 24 h blood
pressure were mainly driven by daytime blood pressure. The results showed that regular consumption
of 3 cups/day of black tea over 6 months, supplying approximately 429 mg/day of polyphenols, resulted
in reductions in SBP and DBP of between 2 and 3 mmHg.

Arteries play an important role in cardiovascular function, including abnormalities in blood
pressure. Since the aorta has a limited capacity, pressure increases during systole and is partially
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maintained during diastole by the rebounding of the expanded arterial walls. When arterial stiffness
increases, the cushioning function is impaired, leading to a higher SBP and lower DBP. Stiffening of
the arterial walls is a very important determinant of the development of hypertension [33-36].
Therefore, improvement in arterial elasticity is another mechanism for prevention of hypertension.
To explore the relationship between habitual tea consumption and arterial stiffness, Lin et al. [37]
performed a cross-sectional, epidemiological survey of 6,589 male and female residents aged 40-75 years,
in Wuyishan, Fujian Province, China. The results showed that the levels of brachial-ankle pulse wave
velocity (ba-PWV) were lowest amongst subjects who consumed tea habitually for more than 10 years,
compared with the other 3 subgroups (nonhabitual, 1-5 year, and 6-10 year habitual tea drinkers).
In addition, the levels of ba-PWV were lower in subjects who consumed 10-20 and >20 g/day tea
habitually, than nonhabitual tea drinkers. As the duration and daily amount of tea consumption
increased, the average ba-PWV decreased. Multiple logistic regression models revealed that habitual
tea consumption was a positive predictor for ba-PWV. These results indicate that long-term habitual
tea consumption may have a protective effect against arterial stiffness.

2.3. Interventional Trials for Obese andjor Hypertensive Populations

Nagao et al. [38] ran a double-blind parallel multicenter trial on the effect of green tea extract on
body fat and hypertension in 240 Japanese women and men with visceral fat-type obesity. After a
two-week diet run-in period, a 12-week trial was undertaken. The subjects ingested green tea containing
583 mg of catechins (catechin group) or 96 mg of catechins (control group) per day. The results showed
that a greater decrease in SBP was observed in the catechin group than the control group for subjects
whose initial SBP was 130 mmHg or higher. Low-density lipoprotein (LDL) cholesterol also decreased
more in the catechin group. No adverse effect was found. Brown et al. [39] also ran a randomized
controlled trial to investigate the effect of dietary supplementation with EGCG on insulin resistance,
and associated metabolic risk factors including high blood pressure, in obese man. Overweight or
obese male subjects, aged 40-65 years, were randomly assigned to take 400 mg capsules of EGCG
(n = 46) or the placebo lactose (1 = 42), twice a day for eight weeks. Oral glucose tolerance testing and
measurement of metabolic risk factors (BMI, waist circumference, percentage body fat, blood pressure,
total cholesterol, LDL-cholesterol and HDL-cholesterol) were performed pre- and post-intervention.
The results showed that EGCG treatment had no effect on insulin sensitivity, insulin secretion or
glucose tolerance, but did reduce DBP (mean change: placebo —0-058 mmHg; EGCG -2:68 mmHg).
Significant changes in the other metabolic risk factors were not observed. EGCG treatment also
had a positive effect on the mood of the participant. Recently, Nogueira et al. [40] ran a crossover
randomized clinical trial investigating the short-term effects of green tea on blood pressure and
endothelial function in obese pre-hypertensive women. Participants were randomly allocated to
receive daily three capsules containing either 500 mg of GTE or a matching placebo for four weeks,
with a washout period of two weeks between treatments. After four weeks of GTE supplementation,
there was a significant decrease in SBP in comparison with the placebo over 24 h (3.61 vs. 1.05 mmHg),
in the daytime (3.61 vs. 0.80 mmHg), and at night (3.94 vs. 1.90 mmHg). Differences in DBP and
all other parameters were not significant between the GTE and placebo groups. The data suggests
that in obese pre-hypertensive women, short-term daily intake of GTE may decrease blood pressure.
Bogdanski et al. [41] examined the effects of GTE with insulin resistance and associated cardiovascular
risk factors in obese, hypertensive patients. In this double-blind, placebo-controlled trial, 56 obese,
hypertensive subjects were randomized to receive a daily supplement of 1 capsule that contained
either 379 mg of GTE or a matching placebo, for 3 months. At baseline and after 3 months of treatment,
the anthropometric parameters, blood pressure, plasma lipid levels, glucose levels, creatinine levels,
and insulin levels were assessed. After three months of supplementation, both SBP and DBP had
significantly decreased in the GTE group as compared with the placebo group (P < 0.01).

Black tea accounts for 78% of the world’s tea production and is consumed worldwide.
Therefore, it is important to determine whether black tea has an anti-hypertension effect. Grassi etal. [42]
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investigated the effect of black tea on blood pressure and vessel wave reflections before and after fat
consumption in hypertensive patients. In a randomized, double-blind, controlled, cross-over study,
19 patients were assigned to consume black tea (129 mg flavonoids) or a placebo twice a day for eight
days (13-day wash-out period). Digital volume pulse and BP were measured before and 1, 2,3 and 4 h
after tea consumption. Measurements were performed in a fasted state and after a fat load. The authors
found that fat consumption led to increase wave reflection, which was counteracted by tea. The results
indicate that black tea consumption decreases SBP and DBP by 3.2 mmHg and 2.6 mmHg, respectively,
and prevented blood pressure increase after a fat consumption. These findings indicate that regular
consumption of black tea may play an important role in cardiovascular protection.

2.4. Interventional Trials for Diabetic Populations

High blood pressure is more common in people with diabetes. It was estimated that two-thirds of
patients with type 2 diabetes have high blood pressure [43]. Mozaffari et al. [44] conducted a randomized
clinical trial in which 100 mildly (equal to Stage 1 hypertension of new guideline) hypertensive patients
with diabetes were randomly assigned into a green tea treatment group. The patients were instructed
to drink green tea infusion three times a day, 2 h after each meal for four weeks. Blood pressure
was measured at days one and 15, and at the end of the study. The results showed that the SBP of
the green tea group was lower at the end of the study (from 119.4 to 114.8 mmHg). The DBP was
also lower by the end of the study (from 78.9 to 75.3 mmHg). The therapeutic effectiveness of tea
by the end of the intervention was 39.6% in the green tea group. This data indicates that mildly
hypertensive type 2 diabetic individuals who drink green tea daily show significantly lower SBP and
DBP. Another study [45] was conducted in Japan with 60 volunteers who had fasting blood glucose
levels of >6.1 mmol/L or non-fasting blood glucose levels of >7.8 mmol/L. The intervention group
consumed a packet of GTE containing 544 mg polyphenols (456 mg catechins) daily for the first two
months, and then entered a two-month nonintervention period. Supplementation of GTE powder led
to a significant reduction in DBP, but no significant changes in SBP.

2.5. Intervention Trials for Aging Populations

Hypertension generally increases with age [34]. Hodgson et al. [32] evaluated the effect of
long-term regular ingestion of tea on blood pressure in older women. A total of 218 women over
70 years of age was included in this cross-sectional study. The results indicate that tea intake is
associated with significantly lower SBP and DBP. Furthermore, a 250 mL/day (one cup) increase in tea
intake was associated with a 2.2 mmHg lower SBP and a 0.9 mmHg lower DBP. This suggests that regular
tea consumption may have a favorable effect on blood pressure in older women. Recently, Yin et al.
conducted a cross-sectional study of blood pressure and tea consumption an elderly population in
Jiangsu, China [35]. A total of 4579 older adults aged 60 years or older participated in this study. And a
linear regression model was applied for analysis of association between tea consumption and risk of
hypertension. The results showed that higher tea consumption frequency was found to be associated
with lower systolic BP values, after adjusting for the effect of age, sex, education level, lifestyle-related
factors, and cardiometabolic confounding factors in overall (P = 0.0003), normotensive (P = 0.017) and
participants without anti-hypertensive treatment (P = 0.027). Significant inverse association between
diastolic BP and frequency of tea consumption was also observed in the overall subjects (P = 0.003).
In multivariate logistic analyses, habitual tea drinking was inversely associated with presence of
hypertension (P = 0.011).

The main clinical studies of blood pressure-lowering effects by tea in humans are summarized in
Table 1.
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3. Tea Metabolites Regulating Blood Pressure in Animal Studies

A growing number of reports indicate that tea has beneficial effects on blood pressure in various
animal models. As early as 1984, Henry et al. [46] investigated the effect of decaffeinated tea on chronic
psychosocial hypertension in CBA mice. They found that tea polyphenols (not caffeine) reduced blood
pressure from 150 to 133 mmHg. Negishi et al. [47] evaluated the hypotensive effect of black and
green tea polyphenols by using a stroke-prone spontaneously hypertensive (SHR) rat model. The male
rats were divided into three groups: the control group consumed tap water (30 mL/d); the black tea
polyphenol group (BTP) consumed water containing 3.5g/L thearubigins, 0.6 g/L theaflavins, 0.5 g/L
flavonols and 0.4 g/L catechins; and the green tea polyphenol group (GTP) consumed water containing
3.5 g/L catechins, 0.5 g/L flavonols and 1 g/L polymetric flavonoids. The telemetry system was used to
measure blood pressure, which was recorded continuously every 5 min for 24 h. During the daytime,
SBP and DBP were significantly lower in the BTP and GTP groups than in the controls. As the amounts
of polyphenols used in this experiment correspond to daily consumption of tea consumers, regular
consumption of black and green tea may provide some protection against hypertension in humans.

EGCG is a polyphenol that makes up approximate 30% of the solids in green tea [48].
Potenza et al. [49] studied the effect of EGCG treatment on cardiovascular and metabolic function
using a SHR rat model. In acute studies, EGCG (1-100 uM) elicited dose-dependent vasodilation in
mesenteric vascular beds (MVB) isolated (ex vivo) from SHR. In chronic studies, nine-week-old SHR
were treated by gavage for 3 weeks with EGCG (200 mg/kg/day), enalapril (30 mg/kg/day), or vehicle.
They found that both EGCG and enalapril therapy significantly lowered SBP in the SHR rat. Using the
Goto-Kakizaki rat model, Igarashi et al. [50] also demonstrated that a diet containing 0.2% tea catechins
tended to maintain SBP (in the latter stages of a 76-day feeding period) at lower levels than in subjects
not receiving dietary catechins.

Tea plant has a characterized amino acid, theanine. Yasuhiko et al. [51] investigated the effect
of green tea, rich inyaminobutyric acid, on blood pressure in young and old Dahl salt-sensitive rats.
For therapeutic effect, 11-month-old rats were fed a 4% NaCl diet for 3 weeks, then were given water
(group W), an ordinary tea solution (group T), or a GABA-rich tea solution (group G) for 4 weeks.
After this treatment, blood pressure was significantly decreased in group G (176 mmHg) compared
with group W (207 mmHg) or group T (193mmHg). For the preventive experiment, 5-week-old rats
were fed a 4% NaClI diet and divided into groups W, T, and G. After 4 weeks of treatment, although
blood pressure was comparable in groups W and T (165 vs. 164 mmHg), it was significantly lower in
group G (142 mmHg). Therefore, GABA-rich tea seems to decrease the established high blood pressure
and prevent the development of hypertension in Dahl rats fed a high salt diet. Yokogoshi et al. [52] also
studied the hypotensive effect of y-glutamylmethylamide glutamic acid (GMA) and theanine in SHR
rats. Glutamic acid (2000 mg/kg) did not alter the rat blood pressure but the same dose of theanine
decreased rat blood pressure significantly. GMA administration to SHR also reduced the blood pressure
significantly, and its hypotensive action was more effective than that of theanine only administration.

Tannic acid is a water-soluble polyphenol that is present in tea. Turgut et al. [53] evaluated
the effect of tannic acid on SBP in a L-NNA-induced essential hypertension rat model. Tannic acid
was intraperitoneally injected at a dose of 50 mg/kg for 15 days. Compared with the hypertension
group, tannic acid administration significantly decreased blood pressure values after 20 and 30 days.
Sagesaka-Mitane et al. [54] investigated the effect of tea-leaf saponin on blood pressure using SHR
rats. Tea-leaf saponin led to a time- and dose-dependent reduction in blood pressure when it was
administered orally to young SHR (7 weeks old) for 5 days. Oral administration of tea-leaf saponin
(100 mg/kg) to older SHR (15 weeks old) for 5 days decreased the mean blood pressure by 29.2 mmHg,
compared to the control group. Single administration of tea-leaf saponin at 50 mg/kg showed a
long-lasting hypotensive effect which was as potent as that of enalapril maleate at 3 mg/kg. Their data
proved that both tannic acid and tea-leaf saponin have the effect of lowering blood pressure in
hypertensive rats.
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4. Molecular Mechanisms of Tea Regulating Blood Pressure

A growing body of evidence indicates that oxidative stress and the inactivation of NO by vascular
superoxide anion play critical roles in the development of hypertension [55]. Vascular superoxide
anion is enhanced in angiotensin II (Ang II)-induced hypertension, mainly attributable to nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activation by Ang II [56,57]. In addition, an excess
of vascular superoxide anion production has also been found in spontaneously hypertensive and
deoxycorticosterone acetate (DOCA) salt hypertension [58], and in mineralocorticoid hypertensive
rats [59]. Antonello et al. [60] investigated the preventative effects of GTE on Ang II-induced blood
pressure increases using the Sprague-Dawley (SD) rat model. Male SD rats were randomly assigned to
drinking water with or without GTE (6 mg/mL) and received (by osmotic mini-pumps) a vehicle, high
(700 pg/kg/day) or low (350 ng/kg/day) dose of Ang II for 13 days. Night-time and daytime SBP and
DBP were recorded with telemetry. By day two of infusion, the AnglI group showed significantly higher
SBP and DBP during the day and night, compared to all other groups. Moreover, GTE significantly
lowered both SBP and DBP throughout the study period, compared with the AngllI group. In addition,
GTE blunted the increase in HO-1, p22phox, and SOD-1 mRNA in the aorta caused by Ang II. The data
suggests that GTE prevented hypertension induced by a high Ang II dose, possible by the prevention
or scavenging of superoxide anion generation. GTE consists of both catechins and caffeine. In order to
remove the caffeine contribution, Ihm et al. [61] studied the effect of decaffeinated GTE on hypertension
and insulin resistance in an Otsuka Long-Evans Tokushima Fatty (OLETF) rat model of metabolic
syndrome (MetS). OLETF rats were randomized into a saline-treated group and a group treated with
decaffeinated-GTE (25 mg/kg/day). They found that decaffeinated-GTE significantly reduced BP (130 vs.
121 mmHg). In addition, decaffeinated-GTE significantly reduced vascular reactive oxygen species
(ROS) formation and NADPH oxidase activity, and improved endothelium-dependent relaxation in the
thoracic aorta of OLETF rats. Decaffeinated-GTE also suppressed the expression of p47 and p22phox in
the immunohistochemical staining and stimulated phosphorylation of endothelial nitric oxide synthase
(eNOS) and Akt in immunoblotting of the aortas. These results revealed that decaffeinated-GTE
reduced the formation of ROS and NADPH oxidase activity and stimulated phosphorylation of eNOS
and Akt in the aorta of a rat model of MetS, which resulted in improved endothelial function and
eventually in lower blood pressure.

Goémez-Guzman et al. [62] studied the effects of chronic treatment with epicatechin on blood
pressure, endothelial function, and oxidative status using the DOCA-salt-induced hypertensive rat
model. The rats were treated for 5 weeks with (-)-epicatechin at 2 or 10 mg/kg/day. The higher dose
of epicatechin prevented the increase in SBP induced by DOCA-salt. The authors found that aortic
superoxide levels were elevated in the DOCA-salt group and abolished by both doses of epicatechin.
However, only epicatechin at 10 mg/kg/day reduced the DOCA-salt-induced increase in aortic NADPH
oxidase activity, and p47phox and p22phox gene overexpression. They also showed that epicatechin
increased the transcription of nuclear factor-E2-related factor-2 (Nrf2) and Nrf2 target genes in the
aortas of control rats. Furthermore, epicatechin improved the impaired endothelium-dependent
relaxation response to acetylcholine and increased the phosphorylation of both Akt and eNOS in
aortic rings. Epicatechin also induced a decrease in ET-1 release, systemic and vascular oxidative
stress, and inhibition of NADPH oxidase activity. Galleano et al. [63] used a SHR rat to investigate
the effects of dietary consumption of (-)-epicatechin on blood pressure regulation. They found that
consumption of 0.3% (-)-epicatechin for 2 and 6 days significantly deceased SBP by 27 and 23 mmHg,
respectively. They also studied the mechanism relating to decreased blood pressure and observed a
173% increase in nitric synthase (NOS) activity in the aorta of (-)-epicatechin SHR on day six, compared
with non-supplemented SHR. These findings infer that (-)-epicatechin can modulate blood pressure in
hypertensive rats by increasing NO levels in the vasculature. Litterio et al. [64] also investigated the
effects of (-)-epicatechin on blood pressure in No-nitro-L-arginine methyl ester (L-NAME)-treated rats.
The administration of (-)-epicatechin prevented the 42 mmHg increase in blood pressure associated with
the inhibition of NO production in a dose-dependent manner (0.2-4.0 g/kg diet). This blood pressure
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effect was associated with a reduction in L-NAME-mediated increases in the indexes of oxidative stress,
and with a restoration of the NO concentration. At the vascular level, none of the treatments modified
NOS expression, but (-)-epicatechin administration alleviated the L-NAME-mediated decrease in eNOS
activity and increase in both superoxide anion production and NOX subunit p47phox expression.
In summary, (-)-epicatechin prevented the increase in blood pressure and oxidative stress and restored
NO bioavailability.

It is well known that sympathetic nerve activity plays a pivotal role in blood pressure regulation.
Tanida et al. [65] reported the effects of oolong tea (OT) on renal sympathetic nerve activity (RSNA)
and spontaneous hypertension in SHR rats. They found that intraduodenal injection of OT in
urethane-anesthetized rats suppressed RSNA and decreased blood pressure. In addition, pretreatment
with the histaminergic H3-receptor-antagonist thioperamide or bilateral subdiaphragmatic vagotomy
eliminated the effects of OT on RSNA and blood pressure. Furthermore, drinking OT for 14 weeks
reduced blood pressure elevation in SHR rats. These results suggest that OT may exert its hypotensive
action through changes in autonomic neurotransmission via an afferent neural mechanism. The authors
also found that intraduodenal injections of decaffeinated OT lowered RSNA and blood pressure to the
same degree as caffeinated OT, indicating that substances other than caffeine may function as effective
modulators of RSNA and blood pressure. Han et al. [66] provided additional evidence that EGCG
counteracts caffeine-induced increases in arterial pressure, adrenaline and noradrenaline levels in the
blood, and heart rate. The authors suggested that EGCG may exhibit these properties by decreasing
the levels of catecholamines in the blood.

The stimulatory effects of caffeine may be reduced by the amount of EGCG in green tea.
Recently, Garcia et al. [67] investigated the effects of green tea on blood pressure and sympathoexcitation
in a L-NAME-induced hypertensive rat model. They found that L-NAME-treated rats exhibited
an increase in blood pressure (165 mmHg) compared with control rats (103 mmHg), and that
green tea-treatment reduced hypertension (119 mmHg). Hypertensive rats showed a higher renal
sympathetic nerve activity (161+ 12 spikes/second) than the control group (97 + 2 spikes/second);
green tea also decreased this parameter in the hypertensive treated group (125 + 5 spikes/second).
Arterial baroreceptor function and vascular and systemic oxidative stress were improved in
hypertensive rats after green tea treatment. Taken together, short-term green tea treatment improved
cardiovascular function in a hypertension model characterized by sympathoexcitation, possible due to
its antioxidant properties.

Blood vessels are able to self-regulate tone and adjust blood flow in response to changes to the
local environment, due to their capacity to respond to physical and chemical stimuli in the lumen.
Endothelium is an inner layer of blood vessels, which directly sense the physical and chemical
stimuli. Endothelial-dependant vasodilation contributes to the maintenance of an adequate blood
flow to cells and tissues. Therefore, the endothelium plays a key role in the control of vascular
tone by releasing several vasorelaxing factors including nitric oxide (NO) and endothelium-derived
hyperpolarizing factor (EDHF). The calcium signal is a pivotal pathway leading to the activation of
eNOS. The phosphatidylinositol 3-kinase/Akt (PI3-kinase/Akt) pathway is another significant signal
pathway in the activation of eNOS.

Anter et al. [68] found that when porcine aortic endothelial cells are exposed to components
of black tea, the polyphenol fraction acutely enhanced nitric oxide bioactivity. This effect
involved eNOS phosphorylation at Ser-1177 (activator site) and dephosphorylation at Thr-495
(an inhibitor site), consistent with increased eNOS activity. Furthermore, they demonstrated that
black tea polyphenol-induced eNOS activation was dependent upon the PI3-kinase/Akt pathway.
These stimulatory effects were found to be calcium-dependent, and involved both intracellular and
extracellular calcium, and the p38 mitogen-activated protein kinase (p38 MAPK) upstream of the
PI3-kinase/Akt pathway. Caveolin-1 is a major negative regulator of eNOS activity. Green tea
polyphenols down-regulate caveolin-1 gene expression in a time- and dose-dependent manner, via the
activation of extracellular signal-regulated kinase 1/2 (ERK 1/2), and inhibition of p38 MAPK signaling
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pathways, in bovine aortic endothelial cells (thereby increasing eNOS activation) [69]. However, using
Ca2+-deprived endothelial cells, Ramirez-Sanchez et al. [70] found that (-)-epicatechin induced
calcium-independent eNOS activation. The results demonstrated that (-)-epicatechin induced a partial
AKT/HSP90 migration from the cytoplasm to the caveolar membrane fraction where HSP90, AKT,
and eNOS physically associated. Thus, under Ca2+ free conditions, (-)-epicatechin stimulates NO
synthesis via the formation of an active complex between eNOS, AKT, and HSP90. Moreover, Fyn
(a member of the Src family), mediates the EGCG -induced PI3-kinase/Akt-mediated activation of
eNOS [71]. In addition, another study showed that transient receptor potential vanilloid type 1(TRPV1)
is pivotal for EGCG-mediated activation of eNOS [72]. The results indicate that EGCG may trigger
activation of TRPV1-Ca2+ signaling, which leads to phosphorylation of Akt, AMPK, and CaMKII,
and further eNOS activation and NO production.

Vascular smooth muscle is a main component of vascular vessels. The contraction and relaxation
of vascular smooth muscle determine vascular tone, and play a pivotal role in the regulation of
blood pressure. The effects of GTE on arterial blood pressure and contractile responses of isolated
aortic strips were assessed in normotensive rats [73]. Phenylephrine -induced contractile responses
were significantly inhibited in the presence of GTE (0.3-1.2 mg/mL) in a dose-dependent fashion.
Also, high potassium-induced contractile responses were depressed in the presence of 0.6-1.2 mg/mL
of GTE, but not affected in low concentrations (0.3 mg/mL). Interestingly, the infusion of a moderate
dose of GTE (10 mg/kg/30 min) caused a significant reduction in pressor responses induced by
intravenous norepinephrine, although EGCG (1 mg/kg/30 min) did not affect them. The authors further
demonstrated that dose-dependent depressor action of GTE is (at least) partly due to the inhibition
of adrenergic al-receptors. GTE also promoted a relaxation in the isolated aortic strips of rats via
the blockade of adrenergic ocl-receptors. These findings suggest that there is a big difference in the
vascular effect of GTE and EGCG.

Renin also plays a pivotal role in the development of hypertension. Patients with low renin (i.e.,
salt-sensitive hypertension) represent approximately 30% of the essential hypertensives, and show
a poor therapeutic response to angiotensin-converting enzyme inhibitors and angiotensin receptor
blockers [74]. Renin inhibitory activities of three tea products have been investigated [75] and strong
inhibition was observed with water extracts from fermented oolong and black tea. The authors
demonstrated that theasinensin B, theasinensin C, strictinin, and a hexose sulfate with a galloyl
moiety, exhibited IC50 values (against renin activity) of 19.33, 40.21, 311.09 and 50.16 uM, respectively.
Moreover, the potent inhibitor theasinensin B was present only in black tea, and monomeric catechins
did not contribute significantly to the renin inhibitory activities. These results suggest another potential
pathway through which tea consumption helps to control hypertension.

Hypertension may be caused by vascular inflammation and remodeling [76,77]. Inflammation may
play a role in the pathogenesis of hypertension or it may characterize a functional state of the vessel
wall due to high blood pressure. IL-6 (a proinflammatory molecule) and MMP enzymes have important
functions in vessel remodeling in vasculature. Mahajan et al. [78] demonstrated significant induction
of IL-6 and MMP-9 expression in THP-1 macrophages by normocholesterolaemic hypertensive
sera. Also, green tea polyphenols were found to significantly attenuate this induced expression
in vitro. Their study revealed the existence of a potential causal relationship between hypertension,
inflammation and vascular remodeling. Monocyte chemotactic protein-1 (MCP-1) plays a pivotal role
in the recruitment of monocytes and amplifies inflammatory responses. Ahn et al. [79] studied the
mechanisms by which EGCG inhibits tumor necrosis factor-o (TNF-o)-induced MCP-1 production
in bovine coronary artery endothelial cells. The data showed that EGCG inhibited TNF-«-induced
MCP-1 production, but it blunted Akt phosphorylation and TNF-« activation of TNFR1, which
subsequently resulted in reduced MCP-1 production.

Endothelin-1 (ET-1) is the most potent vasoconstrictor produced in the blood vessel wall and has
been shown to contribute to the pathogenesis of salt-sensitive hypertension in animals and humans [80].
ET-1 also augments vascular superoxide anion production, at least in part, via the ETA/NADPH oxidase
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pathway, leading to endothelial dysfunction and hypertension [81,82]. Nicholson et al. [83] reported
that EGCG inhibited both eNOS and ET-1 mRNA expression at the physiological concentration (0.1 uM).
These observed effects on gene expression should result in vasodilation and subsequent reduction in
blood pressure. Reiter et al. [84] found that the phosphatidylinositol 3-kinase-dependent transcription
factor FOXO1 mediates the effects of EGCG in the regulation of ET-1 expression in endothelial cells.
EGCG treatment (10 uM for 8 h) of human aortic endothelial cells reduced expression of ET-1 mRNA,
protein, and ET-1 secretion. A further study indicated that EGCG decreases ET-1 expression and
secretion from endothelial cells, partly via Akt- and AMPK-stimulated FOXO1 regulation of the
ET-1 promoter. This finding highlights another potential mechanism for the inhibition of vascular
ET-1 release, due to ECGC in tea, which facilitates the protection of endothelial function and lowering
of blood pressure.

The underlying mechanisms of tea regulating blood pressure using cell culture and animal models
are illustrated in the Figure 1.
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Figure 1. The underlying mechanisms of tea regulating blood pressure using animal, tissue and cell
line models. After intake or adding into cell cultures, tea and its bioactive ingredients can alter several
blood pressure regulating processes, including (D alleviation of the oxidative stress and improvement
of the endothelial function in the aortas in vivo; @ mitigation of the inflammation and amelioration of
the endothelial function in the aortic epithelial cell lines in vitro; @ suppression of contractile response
and improvement of vasodilation in the aortic tissues in vitro; @,® inhibition of renal sympathetic
nerve activity and amelioration of arterial baroreceptor. Abbreviation: SOD, superoxide dismutase;
HO-1, heme oxygenase 1; NOX, NADPH oxidase; p-AKT, phosphorylated protein kinase B; p-eNOS,
phosphorylated endothelial nitric oxide synthase; NO, nitric oxide; PI3 Kinase, phosphatidylinositol
3 kinase; IL6, Interleukin 6; TNF«, Tumor necrosis factor o; MCP-1, Monocyte chemotactic protein-1;
ET-1, Endothelin-1; RSNA, renal sympathetic nerve activity.

5. Discussion and Prospective

In conclusion, the bulk of evidence suggests that consumption of both green and black tea is
associated with reductions in blood pressure, despite the negative results of some studies [85,86].
Many factors may influence the effect of tea consumption on blood pressure in human population
studies. For example, the duration of tea consumption has an important impact on blood pressure.
In a cohort of Norwegian men and women, higher consumption of black tea was associated with lower
SBP [26]. However, in a four-week randomized, controlled, crossover trial in normotensive men and
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women, drinking six mugs of tea daily had no significant effect on clinic-measured blood pressure [87].
Other human intervention studies investigating the short-term effects of tea consumption on blood
pressure also failed to achieve a positive outcome [88,89]. Differences in the origin of the tea and its
secondary metabolites are further variables that occur between studies. In addition to flavonoids,
tea contains caffeine, which causes a short-term increase in blood pressure [90]. These increases in
blood pressure should be considered in the design of research projects. Hodgson [91] observed an
increase in blood pressure 30 min after the ingestion of green or black tea in normotensive men; this
increase was not evident after 60 min. Interestingly, the increase in blood pressure was greater than
that induced by an equivalent dose of caffeine alone, suggesting that tea or tea polyphenols may also
promote acute increases in blood pressure. Consumption of either black or green tea for seven days
had no effect on 24 h ambulatory blood pressure in the same population. The same study showed
that the acute hypertensive effect of tea consumption was blunted when tea was consumed with
food [30]. The initial blood pressure is another factor that should be considered. Some case studies
examined normotensive populations and those already well-controlled by anti-hypertensive therapy.
In this situation, it is difficult to demonstrate a blood pressure lowering effect of tea intervention.
Further large-scale investigations with longer terms of observation and tighter controls, are needed to
determine optimal doses in subjects with varying degrees of hypertensive risk factors, and to determine
differences in beneficial effects amongst diverse populations. Moreover, data from tissues and cell
cultural studies have shown that tea and its secondary metabolites have important roles in relaxing
smooth muscle contraction, enhancing eNOS activity, reducing vascular inflammation, inhibiting
rennin and ET-1 activity and anti-vascular oxidative stress. However, the exact molecular mechanisms
of these activities remain to be elucidated.

According to previous research, hypertension is more common in diabetic patients. Hypertension is
present in more than 50% of patients with diabetes mellitus [92]. Recently, a systematic review and
meta-analysis of randomized controlled trials involved in 27 studies (1898 participants) suggested
that green tea may reduce fasting blood glucose (FBG) levels compared with placebo/water.
Subgroup analysis showed that the effect of green tea on fasting blood glucose levels was significant only
in studies with a mean age of < 55-years-old or Asian-based studies [93]. Previous researches reported
that the potential beneficial effect of green tea on glucose metabolism may be mediated by EGCG,
the most abundant catechin present in green tea [94]. Waltner-Law et al. reported that EGCG reduces
hepatic glucose production by increasing tyrosine phosphorylation of the insulin receptor and insulin
receptor substrate-1 in H4IIE rat hepatoma cell [95]. Recent studies have also suggested that green
tea and yellow tea increase insulin sensitivity and glucose metabolism, preventing progress of type
2 diabetes [96]. Ortséter et al. also reported that EGCG preserves islet structure and enhances glucose
tolerance in db/db mice [97]. Therefore, teas decrease diabetes-related hypertension might mediate
by ameliorating diabetes complication, which prevents high glucose induced damages of vascular
endothelial and smooth muscle cells and maintain normal dilation and contraction of vascular system.
The exact mechanisms of teas preventing diabetes-related hypertension need further investigation.

Clinical data shows that a 5-mmHg blood pressure reduction can reduce the risk of stroke and
ischemic heart disease by 34 and 21%, respectively [6,7]. Although no clinical data available to
demonstrate CVD outcome of 1-3 mmHg reduction of SBP and DBP, such small reductions of BP may
benefit Stage 1 hypertension patients to control BP at range. Based on animal models, teas treatment
significantly decreased SBP and DBP. There is a huge disparity between blood pressure lowering effects
of tea in animal studies and human intervention. This difference may due to simplicity of animal
studies and complicity of human intervention. In animal experiment, genetic background (same strain),
living environment (standard facility), dosage and duration of treatment can be strictly controlled.
Therefore, it is easy to see BP lowing effect by teas. For human population studies, complicated social
and genetic backgrounds, varying degrees of hypertensive, dietary intaking and physical activity all
can affect BP lowing effect of teas. Therefore, tighter controls are needed to determine BP lowing effects
of tea in human populations.
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6. Conclusions

In summary, human interventions and animal studies have confirmed that both tea and tea
metabolites have anti-hypertensive effects although some controversial reports existed. The underlying
mechanisms include relaxing smooth muscle contraction, enhancing endothelial nitric oxide synthase
activity, reducing vascular inflammation, inhibiting rennin activity, and anti-vascular oxidative stress
based on ex-vivo tissue and in vitro cell culture studies.
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Abstract: Hypertension is a growing global epidemic. Developmental programming resulting
in hypertension can begin in early life. Maternal nutrition status has important implications
as a double-edged sword in the developmental programming of hypertension. Imbalanced
maternal nutrition causes offspring’s hypertension, while specific nutritional interventions
during pregnancy and lactation may serve as reprogramming strategies to reverse programming
processes and prevent the development of hypertension. In this review, we first summarize the
human and animal data supporting the link between maternal nutrition and developmental
programming of hypertension. This review also presents common mechanisms underlying nutritional
programming-induced hypertension. This will be followed by studies documenting nutritional
interventions as reprogramming strategies to protect against hypertension from developmental
origins. The identification of ideal nutritional interventions for the prevention of hypertension
development that begins early in life will have a lifelong impact, with profound savings in the global
burden of hypertension.

Keywords: developmental programming; fat; fructose; hypertension; nutrition; pregnancy;
reprogramming

1. Introduction

Hypertension remains an important public health challenge, despite treatment advances over
the past decades. However, hypertension is a disease of multifactorial origins that can be treated
to prevent more related disorders if found early. Although hypertension is more common in adults,
it can occur at any age. Indeed, adult-onset hypertension can originate in early life [1]. Maternal
nutrition during pregnancy and lactation has important implications for optimal fetal development
and long-term health of the offspring. Imbalanced maternal nutrition produces fetal programming that
permanently alters the body’s morphology and function and leads to many adult diseases, including
hypertension [2]. This notion is framed as the developmental origins of health and disease (DOHaD) [3].
Conversely, the DOHaD concept leads to a shift in the therapeutic approach from adult life to early
stage, before hypertension is evident. This strategy reversing the programming processes in fetal and
infantile life is known as reprogramming [4]. Nutrition interventions have recently started to gain
importance as a reprogramming strategy to prevent hypertension of developmental origins [4-6].
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According to the two aspects of the DOHaD concept, maternal nutrition may play an important
role as a double-edged sword in developmental programming of hypertension. This review will first
present the clinical and experimental evidence for how maternal undernutrition and overnutrition
trigger the programming mechanisms leading to programmed hypertension. This will be followed by
potential nutritional interventions that may serve as a reprogramming strategy to halt the growing
epidemic of hypertension. A schematic summarizing the links between maternal nutrition, early-life
insults, and mechanisms underlying programming of hypertension is presented in Figure 1.

Early Infancy Adult
*

Low nephron number
Oxidative stress

Unbalanced Maternal

Mutrition

Renin-angiotensin system
- Macronutrients MNutrient-sensing signals

Micranutrients
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5 Gut microbiota
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Figure 1. Schematic illustration of the double-edged sword effects of maternal nutrition and common

mechanisms underlying the developmental programming of hypertension.
2. Evidence for Programming of Hypertension Related to Maternal Nutrition Status in Humans

Epidemiologic studies support that malnutrition during gestation and lactation has lifelong
consequences on adult offspring’s health. A well-known example comes from the Dutch Hunger
Winter Families study [7]. Offspring exposed to maternal famine develop many adult diseases,
including hypertension [7-9]. Another line of evidence for reinforcement comes from observations
of malnutrition leading to preterm birth. Epidemiologic studies now support that preterm birth is
a key risk factor for hypertension in later life [10]. A meta-analysis of 10 studies with 1342 preterm
participants shows that preterm birth subjects have modestly higher systolic blood pressure (BP) later in
life [11]. Besides, numerous reports indicate that intakes or lack of specific nutrients during pregnancy
may increase the risk of preterm birth [12]. Additionally, the risk of programmed hypertension has
been examined in mother—child cohorts (Table 1). Several nutritional risks correlated with the elevation
of BP in offspring in these cohorts include vitamin D deficiency [13,14], short-term breastfeeding [15],
gestational diabetes mellitus [16], excessive gestational weight gain [17,18], macronutrient intake
deficiency [19], and undernutrition [9]. It is noteworthy that hypertension can develop in early
childhood [13,15,16], but tends to occur in adulthood. All of these observations provide a link between
the imbalanced maternal nutrition status and the risk of developing hypertension in later life.
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Table 1. Effects of maternal nutrition on offspring blood pressure in human cohort studies.

Offspring, = Age Range,

Cohort Study n Year Country Risk Factors

ABCD [13] 1834 5-6 Netherlands Vitamin D deficiency

Tohoku Study of Child :

Development [15] 377 7 Japan Short-term breastfeeding

Hyperglycemia and . .

Adverse Pregnancy 970 7 Hong Kong geeslfiatz(smal diabetes

Outcome study [16]

ALSPAC [14] 3525 9.9 United Kingdom Vitamin D deficiency

ALSPAC [17] 2200 16 United Kingdom ~ LXCeSsive gestational
weight gain

DaFO88 [19] 434 20 Scotland Macronutrient intake
deficiency

MUSP [18] 2271 21 Australia Excessive gestational
weight gain

Dutch Famine study [9] 359 59 Netherlands Undernutrition

Studies tabulated according to offspring age. ABCD = Amsterdam Born Children and their Development;
ALSPAC = The Avon Longitudinal Study of Parents and Children; DaFO88 = Danish Fetal Origins Cohort; MUSP
= Mater-University Study of Pregnancy and its Outcomes.

Nevertheless, these cohorts cannot per se directly establish a causal relationship between the
maternal nutrition status and hypertension phenotype in offspring. Also, these cohorts do not
illuminate molecular mechanisms by which the hypertension phenotype is created. As a consequence
of ethical considerations concerning what is feasible or not in human studies, animal models are
of great importance. It is obvious that much of our knowledge comes from animal models, which
identify that specific types of nutrients may program hypertension phenotypes. The developmental
window is critical for nutritional programming, and specific nutrition interventions can be used as
reprogramming strategies.

3. Animal Models of Programmed Hypertension Induced by Imbalanced Maternal Nutrition

Excessive or insufficient consumption of a specific nutrient has been linked to developmental
programming of hypertension. Here, we mainly summarize some of the rodent studies documenting
BP phenotypes in offspring after a variety of nutritional interventions (Table 2) [20-47]. We have
restricted this review to nutritional interventions ending before the start of weaning. As shown in
Table 2, rats are the most commonly used subjects among the small animal models. Rats reach sexual
maturity at approximately 5-6 weeks of age. In adulthood, one rat month is roughly equivalent to
three human years [48]. Accordingly, Table 2 lists the timing of developing hypertension measured in
rodents with different ages, which can be calculated and translated to humans of a specific age group.
It concerns both undernutrition [20-28,42—-47] and overnutrition [30—40]. It is noteworthy that many
studies focused only on the male offspring [22,25,26,29-31,34,35,38-41,47].
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Table 2. Offspring blood pressure in nutritional rodent models of developmental programming.

Animal Models Intervention Period Species/Gender Age at Measure (Week)  Higher than Control ~ Reference
Macronutrients
30% caloric restriction Pregnancy Wistar/M+F 54 Yes [20]
50% caloric restriction Pregnancy Wistar/M+F 14-16 Yes [21]
50% caloric restriction Pregqancy and SD/M 12 Yes [22]
lactation
70% caloric restriction Gestation days 0-18 Wistar/M+F 28 Yes [23]
Protein restriction, 6% Pregnancy SD/F 52 Yes [24]
Protein restriction, 8.5% Pregnancy SD/M 20 Yes [25]
Protein restriction, 9% Pregnancy Wistar/M 12 Yes [26]
Protein restriction, 9% Pregnancy Wistar/M+F 22 Yes [27]
1 week before
Protein restriction, 9% conception and FVB/N]J mice/F 24 Yes [28]
throughout pregnancy
. . Pregnancy and
High methyl-donor diet lactation SD/M 12 Yes [29]
- . Pregnancy and
Methyl-deficient diet lactation SD/M 12 Yes [29]
High-fat diet, 24% Lactation Wistar/M 22 Yes [30]
High-fat diet, 25.7% Lactation SD/M 25 No [31]
High-fat diet, 25.7% Lactation SD/F 25 Yes [31]
High-fat diet, 45% Pregnancy and C57BL6] mice/M 30 Yes [32]
lactation
5 weeks before the
High-fat dict, 58% delivery and SD/M+F 25 No [33]
throughout pregnancy
and lactation
20% w/v sucrose in Preenan sD/M 9 Y 34]
drinking water egnancy s g
4 weeks before
10% w/v fructose plus 4%  conception and
NaCl in drinking water throughout pregnancy Sb/M o Yes 391
and lactation
High-fructose diet, 60% L resnancy and SD/M-+F 12 Yes [36,37]
lactation
High-fructose diet, 56.7%  Pregnancy and
plus high-fat diet lactation SD/M 16 Yes (381
o .
]0_/0 u_J/v fructose in Pre@ancy and C57BL6J mice/M 5 Yes (39]
drinking water lactation
3 weeks before
High-fat diet, 45% plus 4%  conception and y
NaCl in drinking water throughout pregnancy SD/M 9 Yes 401
and lactation
Low-salt diet, 0.07% Pregnancy and SD/M 21 Yes [41]
lactation
. . Pregnancy and
- %o .
High-salt diet, 3% lactation SD/M 21 Yes [41]
Calcium-deficient diet Pregnancy WKY/M+F 52 Yes [42]
Magnesium-deficient diet ~ Pregnancy C57BL6] mice /M+F 24 No [43]
Micronutrients
4 weeks before
Iron restriction conception and RHL/M+F 10 Yes [44]
throughout pregnancy
4 weeks before
Iron restriction conception and Wistar/M+F 64 Yes [45]
throughout pregnancy
6 weeks before
Vitamin D restricted diet  conceptionand SD/M+F 7-8 Yes [46]
throughout pregnancy
and lactation
Zinc-deficient diet Pregnancy and Wistar/M 12 Yes [47)
lactation

Studies tabulated according to nutritional intervention and age at measure. SD = Sprague-Dawley rat; WKY =
Wistar-Kyoto rat; M = Male; F = Female; RHL = Rowett Hooded Lister rat.

Dietary nutrients can be divided to macronutrients, micronutrients, and non-essential nutrients.
Macronutrients, which provide energy, include carbohydrates, proteins, and fats. Restriction of
calories to various degrees (ranging from 30% to 70%) in pregnant dams has been reported to cause
hypertension in their adult offspring [20-23]. Offspring exposed to a more severe degree of caloric
restriction are likely to develop hypertension earlier. Rodent models of low protein feeding have
been extensively used to study the mechanisms of nutritional programming. Similar to caloric
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restriction, a greater degree of protein restriction causes an earlier development of hypertension
in offspring [24-28]. However, a previous study showed that two divergent low-protein (9%)
diet manipulations in rat pregnancy provoked different programming effects on the offspring’s
BP [49]. Of note, the balance of protein and other nutrients may be a critical determinant of the
long-term effects of maternal low-protein diet on programming of hypertension. Pregnant women
are now recommended to eat methyl donor food to reduce adverse birth outcomes [50]. Such methyl
donor nutrients include methionine, choline, folic acid, and vitamins B2, B6, and B12. However,
we recently found that pregnant rats fed with high methyl-donor diet or methyl-deficient diet resulted
in programmed hypertension in their male adult offspring [29].

Fat is another macronutrient. A high-fat diet is a commonly used animal model to induce obesity
and related disorders, like hypertension [51]. The observations of maternal high-fat diet-induced
hypertension in offspring are varied [52]. Maternal high-fat intake induced responses of BP include an
increase [30-32] or no change [31,33], mainly depending on sex, age, strain, and diverse fatty acids
compositions. Additionally, several studies showed that consumption of high-fructose alone or as a
part of diet by rodent mothers induces programmed hypertension in adult offspring [34-39]. Fructose
is a monosaccharide naturally present in fruits and honey. However, most of the increase in fructose
consumption now is derived from high fructose corn syrup and table sugars. A previous report
revealed that up to 74% of fructose came from processed foods and beverages other than whole fruits
and vegetables [53]. A maternal high-fructose diet is being developed into a commonly used animal
model to induce metabolic syndrome of developmental origins [54]. Although most studies have
used fructose doses amounting to ~60% of the total energy requirement [36-38], evidence indicates
that maternal consumption of 10% w /v fructose significantly increases BP in mice offspring after 1
year [39]. On the other hand, several studies used fructose as a part of maternal diet along with fat and
salt [35,38,40]. Given that the Western diet is characterized by the intake of high-sugar drinks, high-fat
products, and excess salt, it is important to elucidate the interplay between fructose, fat, and salt on
the programming of hypertension. Indeed, animal studies examining the combined effects of key
components of the Western diet have shown their synergistic effects between fructose, fat, and salt on
the elevation of BP in adult offspring [38,55,56].

Besides, sodium, potassium, calcium, magnesium, and other ions are listed with macronutrients
as they are required in large quantities. Interestingly, both low- and high-salt diet exposure during
pregnancy and lactation have been reported to cause elevated BP in male adult offspring [41]. Maternal
calcium-deficient diet increased BP in adult offspring [42], while magnesium-deficient diet did not [43].

Additionally, deficiencies in micronutrients, including trace elements and vitamins, in pregnant
mothers are associated with the development of hypertension in their adult offspring [44-47].
These micronutrients include iron [44,45], vitamin D [46], and zinc [47]. Although vitamin C, E,
B6, flavonoids, and coenzyme Q-10 have been shown to lower BP [57], whether deficiencies of these
micronutrients on pregnant mothers leading to programmed hypertension in their offspring is still
largely unknown. Besides, no studies have been conducted examining the role of deficient non-essential
nutrients on programming of hypertension. In the current review, limited information is available
about the use of large animals to study nutritional programming induced offspring hypertension.
Two reports in cows and sheep showed that maternal undernutrition causes elevation of BP in adult
offspring [58,59].

4. Common Mechanisms Underlie Nutritional Programming of Hypertension

Since various nutritional manipulations in gestation and lactation generate very similar outcomes
with respect to hypertension in adult offspring in different species, these observations suggest
the existence of common mechanisms that may contribute to the pathogenesis of hypertension
of developmental origin. So far, programming of hypertension has been attributed to several
mechanisms [4,60—-64]. Some of these mechanisms that have been previously linked to nutritional
programming include low nephron number, oxidative stress, activation of the renin-angiotensin
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system (RAS), nutrient-sensing signals, gut microbiota, and sex differences. Each will be discussed
in turn.

4.1. Low Nephron Number

The kidneys are known to play a decisive role in regulation of BP. There is an increasing body of
literature demonstrating the relationship between low nephron number and hypertension, as reviewed
elsewhere [65,66]. Renal development in rodents, unlike in humans, continues up to postnatal week
1-2. Therefore, nutritional insults during last third of pregnancy and early lactation periods have been
reported to impair nephrogenesis, leading to a reduction in nephron number [61]. As we reviewed
elsewhere [67], these nutritional factors include caloric restriction [22], low-protein diet [25,68],
high-salt diet [41], low-salt diet [41], vitamin A deficiency [69], and iron deficiency [70]. Maternal
protein restriction resulted in reduced nephron number and elevation of BP in adult male offspring,
which is related to renal hyperfiltration and activation of the renin—angiotensin system (RAS) [25].
Additionally, maternal iron and zinc deficiencies have also been found to reduce nephron number and
increase systolic BP in adult offspring [66]. Conversely, nephron endowment can be unaltered [71], or
even increased in response to nutritional programming [72]. These findings suggest that the nutritional
programming of hypertension might be not specific to a single factor (i.e., low nephron endowment)
and other mechanisms demands further exploration.

4.2. Oxidative Stress

Oxidative stress is an oxidative shift characterized by an imbalance between pro-oxidant molecules
and antioxidant defenses. Nitric oxide (NO), a vasodilator and a free radical, is involved in BP control
and oxidative stress. NO plays an important role in placental and fetal growth [73]. Early-life redox
imbalance may lead to lifelong effects in vulnerable organs leading to hypertension in later life [74].
Offspring born to dams with NO deficiency develop hypertension [75], while restoration of the balance
between NO and reactive oxygen species (ROS) was considered as a reprogramming strategy to prevent
hypertension of developmental origins [76]. Numerous nutritional interventions have been reported
to result in programmed hypertension related to oxidative stress, including caloric restriction [21,22],
low protein diet [26], methyl-donor diet [29] high fat intake [30,32,33], high-fructose diet [36], and zinc
deficiency diet [47]. Although oxidative stress is unlikely to be attributed to the sole mechanism that
increases the vulnerability to later hypertension, it is required to elucidate its interplay with other
mechanisms of nutritional programming in determining its impact on hypertension.

4.3. Renin—-Angiotensin System

RAS is broadly involved in control of BP and pharmacological blockade of the RAS has been
clinically used to treat hypertension. Inactivation of RAS components cause the reduction of
nephron number [77]. Several nutritional insults during early life leading to predisposition toward
dysregulation of RAS have been reported, including low-protein diet [25,28], high-fat diet [33],
high-sucrose diet [34], and high-fructose diet [37]. Conversely, early blockade of the RAS has been
reported to reprogram inappropriate activation of the RAS to prevent the developmental programming
of hypertension [37,78,79]. These observations support the notion that RAS might be a common
mechanism that underlies hypertension of developmental origins. It is noteworthy that blockade of
the RAS to prevent the programmed hypertension cannot start as early as two weeks after birth in
the rodent models for two reasons. First, angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers are contraindicated during pregnancy because of their teratogenic effects. Second,
blockade of the RAS impairs nephrogenesis and nephrogenesis completes in postnatal weeks 1-2
in rodents.
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4.4. Nutrient-Sensing Signals

Nutrient-sensing signaling pathways influence fetal metabolism and development according
to maternal nutritional status. Cyclic adenosine monophosphate (AMP)-activated protein kinase
(AMPK) and peroxisome proliferator-activated receptors (PPARs) are well-known nutrient-sensing
signals [80]. The interplay between AMPK and other nutrient-sensing signals, driven by maternal
nutritional interventions were found to regulate PPARs and their target genes, thereby generating
programming of hypertension [81]. Several genes involved in oxidative stress are PPAR target genes,
such as Nos2, Nos3, Sod2, and Nrf2 [82]. Additionally, PPARy has been reported to stimulate renin
gene expression [83]. Given that the RAS cascade starts with the release of renin from the kidney, it is
possible that programmed hypertension is attributed to these PPAR target genes induced oxidative
stress and RAS activation. Furthermore, PPARY can increase several sodium transporters to increase
sodium reabsorption, leading to programmed hypertension [84]. Therefore, nutritional insults could
affect PPARs and their target genes to induce renal programming leading to programmed hypertension.

Conversely, pharmacological interventions targeting AMPK signaling has been considered as
reprogramming strategies to prevent programmed hypertension [85]. Detailed mechanisms that
underlie the interactions between maternal nutrition and nutrient-sensing signals and their roles in the
programming process toward hypertension of developmental origins, however, remain unclear.

4.5. Gut Microbiota

Gut is the first organ in contact with dietary nutrients. Maternal nutritional insults may cause
a microbial imbalance, namely dysbiosis [86]. Dysbiosis in early life has negative effects and may
have long-term consequences leading to many adult diseases, including hypertension [86]. Emerging
evidence shows that the development of hypertension is correlated with gut microbiota dysbiosis in
animal models of hypertension [87-89]. Several possible mechanisms have been identified linking
the dysbiosis and hypertension, including alterations of microbial metabolite short-chain fatty acids
and their receptors, increases of microbiota-derived metabolite trimethylamine-N-oxide, increased
sympathetic activity, activation of the RAS, and inhibition of NO as well as hydrogen sulfide [89].
In addition to macro- and micro-nutrients, non-essential nutrients are substances within foods that can
have a significant impact on health, for example, dietary fiber. It is noteworthy that consumption of
dietary fiber has become one dietary strategy for modulating the microbiota. Our recent report showed
that modulation of gut microbiota by prebiotics (i.e., a special form of dietary fiber) or probiotics (i.e.,
beneficial bacteria in the gut) can prevent maternal high-fructose consumption induced programmed
hypertension [90]. Despite recent studies demonstrating that microbiota-targeted therapies can be
applied to a variety of diseases [91], their roles on programmed hypertension remain to be identified.

4.6. Sex Differences

There now is a substantial literature indicating that sex differences exist in the developmental
programming of hypertension [92,93], showing that males are more prone to hypertension than
females. Besides, several above-mentioned mechanisms of renal programming, such as oxidative
stress [94] and inappropriate activation of the RAS [95] have been reported to respond to early-life
insults in a sex-specific manner. The long-term effects of the same nutritional insult, such as maternal
caloric restriction [23], high-fat diet [33], or high-fructose diet [37], can induce various phenotypes on
male and female offspring. This difference has led many researchers to target their efforts entirely
to one sex, especially to males [22,25,26,29-31,34,35,38—-41,47]. Nevertheless, only few studies have
investigated the programming response to maternal diet focused on transcriptome profiles of the
offspring kidney [96]. In a maternal high-fructose diet model [37], we found renal transcriptome is
sex-specific and female offspring are more fructose-sensitive. This is in accord with a report revealing
that more genes in the placenta were affected in females than in males under different maternal
diets [97]. A previous study has shown that sex-specific placental adaptations are often associated
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with male offspring developing adult disease while females are minimally affected [98]. However,
whether higher sensitivity to nutritional insults is beneficial or harmful for programming effects in
female offspring awaits further evaluation.

5. Nutritional Interventions as Reprogramming Strategies to Prevent Programmed Hypertension

Reprogramming strategies to reverse the programming processes that have been employed
include nutritional intervention, exercise and lifestyle modification, and pharmacological therapy [4,6].
Nutritional programming is hypothetically bidirectional: supplementing deleterious nutrients
or depleting beneficial nutrients in pregnancy and lactation can induce hypertension, whereas
programmed hypertension can be mitigated by maternal supplementation of beneficial nutrients.
Although various clinical practice guidelines have been established to provide appropriate therapies
for hypertensive disorders of pregnancy [99], less attention has been paid to focus on nutritional
interventions. On the other hand, supplementation with macro- and micro-nutrients during pregnancy
and lactation periods has been recommended to improve maternal and birth outcomes [100,101].
However, little is known whether supplementing with specific nutrition in early life can be
beneficial on programmed hypertension induced by diverse early-life insults in humans. Thus,
this review will restrict to nutritional interventions as reprogramming strategies to prevent
hypertension of developmental origins in a variety of animal models, some of which are listed
in Table 3 [21,22,75,90,102-107]. This list is by no means complete and is expected to grow rapidly as
nutritional interventions recently started to gain importance in the field of DOHaD research [108].

Table 3. Reprogramming strategies aimed at nutritional interventions to prevent hypertension of
developmental programming in animal models.

Nutritional . Intervention . Age at Measure "

Interventions Animal Models Period Species/Gender (Week) Lower BP?  Ref.

Macronutrients

. Maternal 9% protein .

Glycine restriction Pregnancy Wistar/M 4 Yes [109]

Citrulline Matgmgl 50% caloric Preggancy and SD/M 12 Yes 122]
restriction lactation

Citrulline Mafcgmal nitric oxide Pregnﬁncy and SD/M 12 Yes 175]
deficiency lactation

Citrulline St'reptozotocm-mduced Preggancy and SD/M 12 Yes [102]
diabetes lactation

Citrulline Prenatal dexamethasone Pregn.ancy and SD/M 12 Yes [103]
exposure lactation

Bra.nched.—cham Matgrngl 70% caloric Pregnancy SD/M 16 Yes [104]

amino acid restriction

Taurine StAreptozotocm-mduced Pregx‘{ancy and Wistar/M+F 16 Yes [105]
diabetes lactation

C“"” L{gatgd Maternal high-fat diet Pregr'{ancy and SD/M 18 Yes [106]

linoleic acid lactation

Micronutrients

Micronutrients:

v1tan}1n CE, Matgrngl 50% caloric Pregnancy Wistar/M+F 14-16 Yes [21]

selenium and restriction

folic acid

Folic acid Protein restriction, 9% Pregnancy Wistar/M 15 Yes [107]

Non-essential nutrients

Long chain
inulin

Pregnancy and

Lactation SD/M 12 Yes [90]

Maternal high-fructose diet

Studies tabulated according to types of nutritional intervention and age at measure. SD = Sprague-Dawley rat.
M = male. F = female.

Reprogramming strategies can be created based on the above-mentioned mechanisms leading to

programmed hypertension. The reduced nephron number was restored by citrulline supplementation
in the caloric restriction model [22]. The beneficial effects of citrulline [22,75], micronutrients [21],
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conjugated linoleic acid [106], and folic acid [107] on hypertension are related to reduction of oxidative
stress. On the other hand, branched-chain amino acid supplementation prevented hypertension related
to regulation of the RAS in the caloric restriction model [104]. Furthermore, maternal administration
of inulin prevented adult rat offspring against high-fructose diet-induced programmed hypertension
associated with nutrient-sensing signals [90].

Most reprogramming strategies have been directed at amino acids, including glycine [109],
citrulline [22,75,102,103], branched-chain amino acid [104], and taurine [105]. Amino acids are building
blocks of proteins and, hence, play crucial roles in organogenesis and fetal development. Glycine
and vitamins (folic acid, vitamin B2, B6 and B12) take part in one-carbon metabolism and DNA
methylation. Thus, glycine supplementation may have important implications for fetal programming
through epigenetic mechanisms. Although a methyl-donor diet could be used for prevention of
various human diseases [110], our recent study demonstrated that a maternal methyl-donor diet
causes programmed hypertension in adult offspring [29]. Next, citrulline supplementation has been
documented to be protective on adult offspring against hypertension in different models, including
maternal caloric restriction [22], maternal NO deficiency [75], streptozotocin-induced diabetes [89],
and prenatal dexamethasone exposure [103]. Citrulline supplementation is proposed to increase de
novo synthesis of arginine (the substrate for nitric oxide synthase) and prevent NO deficiency [111].
Although postnatal arginine supplementation has been reported to prevent the development of
hypertension in intrauterine restricted rats [112], the reprogramming effects of maternal arginine
supplementation have not been examined in various models of programmed hypertension. Given
that citrulline is mainly taken up by the kidney to generate arginine and that citrulline can also
prevent some of the untoward effects of arginine supplementation, a better understanding of maternal
citrulline supplementation in the prevention of programmed hypertension in other animal models
is warranted before it is implemented in humans. Additionally, maternal branched-chain amino
acid supplementation prevents developmental hypertension in adult rat offspring [104]. However,
a previous report indicated that the dietary amino acid pattern, rich in branched chain amino acids,
could increase the risk of hypertension [113]. Moreover, maternal taurine supplementation prevented
maternal diabetes-induced programmed hypertension [105]. Taurine is an abundant semi-essential,
sulfur-containing amino acid. It is well known to lower BP and increase hydrogen sulfide in established
hypertensive models [114]. Since current evidence supports hydrogen sulfide as a reprogramming
strategy for long-term protection against hypertension [115], whether the protective effects of maternal
taurine supplementation on programmed hypertension is related to hydrogen sulfide pathway
deserve further elucidation in other programming models. In addition to amino acids among
macronutrients, only one report showed maternal conjugated linoleic acid supplementation has
reprograming effects against hypertension [106]. Although long chain polyunsaturated fatty acids
have been recommended for pregnant and breastfeeding women [101], their effects on programed
hypertension remain to be determined. Next, two reports demonstrated reprogramming effects of
micronutrients on programmed hypertension [21,107]. These micronutrients contain vitamin C, E,
selenium, and folic acid. Vitamin C, E, and selenium have antioxidant properties. Folic acid is involved
in DNA methylation. These micronutrients were shown to prevent programmed hypertension by
restoring NO and reducing oxidative stress [21,107]. Furthermore, non-essential nutrients could be
reprogramming strategies to prevent programmed hypertension. Maternal supplementation with
dietary fiber was reported to prevent programmed hypertension in adult offspring born to dams fed
with high-fructose diet [89]. Although combined supplementations with high-fiber diet and short-chain
fatty acid acetate prevent hypertension in deoxycorticosterone acetate (DOCA)-salt hypertensive
mice [116], their reprogramming effects on models of developmental programming awaits further
elucidation. Considering that the gut microbiota dysbiosis has been associated with hypertension,
supplementation with prebiotics or other nutritional interventions targeting the microbiota could be
used as a reprogramming strategy.
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Moreover, growing evidence from animal studies suggests that sex differences in the kidney could
be a key factor in the developmental programming of hypertension [92,93]. Further work is warranted
to recognize the influences of sex differences on programmed hypertension that will aid in developing
novel sex-specific strategies to prevent hypertension of developmental origin in both sexes.

6. Conclusions

Maternal nutrition is like a double-edged sword. A growing body of evidence suggest that
supplementation with specific macro- and micro-nutrients, and even non-essential nutrients in
pregnancy and lactation protect adult offspring against hypertension in a variety of models of
developmental origins. Yet, at the same time, it needs to be aware that unbalanced maternal nutrition
not only affects maternal health, it also has an impact on fetal programming leading to programmed
hypertension. Nutritional intervention as a reprogramming strategy against the development of
hypertension is a great opportunity and will become even more crucial with the growing epidemic of
hypertension and related disorders. These strategies have been proven effective in animal models, as
shown earlier. A better understanding of mechanisms underlying nutritional programming is urgently
needed before these interventions are implemented in humans.
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Abstract: Hypertension is the main risk factor for cardiovascular disease (CVD) and all-cause
mortality. Some studies have reported that food typical of the Mediterranean diet (MedDiet), such as
whole grains, vegetables, fruits, nuts, and extra virgin olive oil, have a favorable effect on the risk
of hypertension, whereas food not typical of this dietary pattern such as red meat, processed meat,
and poultry has an unfavorable effect. In this review, we have summarized observational and
intervention studies, meta-analyses, and systematic reviews that have evaluated the effects of the
MedDiet as a pattern towards blood pressure (BP). However, the number of such studies is small.
In general terms, the MedDiet has a favorable effect in reducing BP in hypertensive or healthy people
but we do not have enough data to declare how strong this effect is. Many more studies are required
to fully understand the BP changes induced by the MedDiet.

Keywords: Mediterranean Diet; blood pressure

1. Introduction

Hypertension is the main risk factor for cardiovascular diseases (CVD) and all-cause mortality [1].
A healthful lifestyle is a fundamental strategy for decreasing hypertension, and diet is the changeable
element with the strongest effect on blood pressure (BP) [2]; there is evidence that the pattern of the
Mediterranean diet (MedDiet) may improve endothelial function [3] and offer a considerable benefit
against the risk of hypertension and CVD [3-5].

The main components of the MedDiet are vegetables, fresh fruit, whole grains, fish and seafood,
legumes, nuts, extra virgin olive oil, and red wine, whereas red and processed meat are limited,
and dairy foods are moderate [6-8].

In fact, there are not many studies that explore the influence of the MedDiet on BP, and the
available studies have not obtained results that establish an agreement on the effect of the MedDiet in
the prevention and care of hypertension. This may be due to several reasons: (1) the MedDiet has some
differences according to the geographical area; (2) the age under observation was different throughout
the studies; (3) observational or intervention studies have been performed to evaluate the relationship
between the MedDiet and hypertension; (4) blood pressure was monitored at home (or in the office) in
most of the studies, whereas the more reliable 24-h ambulatory blood pressure measurement (ABPM)
was used only in one study; (5) some studies examined normotensive subjects whereas others examined
hypertensive patients; (6) some studies lasted for less than one year, whereas others were performed for
more than four years; and (7) the control groups were characterized differently throughout the studies.
Lastly, we should not forget that the MedDiet described in the studies commonly examined in the
meta-analyses has quantitative and/or qualitative differences compared to the traditional MedDiet of
the early 1960s [9,10]. However, a positive aspect of almost all the available studies on the relationship
between the MedDiet and BP is that adherence to the MedDiet is highly significant since this diet is
palatable and satiating [6-8].
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2. The MedDiet and Blood Pressure: Observational Studies

The Greek European Prospective Investigation into Cancer and Nutrition (EPIC) study examined
20,343 participants who did not have a diagnosis of hypertension. It demonstrated that the MedDiet
score was significantly and negatively associated with both systolic (SBP) and diastolic blood pressure
(DBP) [11]. The study by the Seguimiento University of Navarra (SUN), a Spanish prospective
cohort study, investigated the relationship between adherence to the MedDiet and the incidence of
hypertension in a population of 9408 men and women [12]. The participants were all university
graduates, nurses, and other educated adults. Adherence to the MedDiet was related to small changes
in mean levels of SBP and DBP after six years of follow-up, suggesting that adhering to a MedDiet
could contribute to preventing changes in BP related to age [12]. The most recent work on this
topic is the study by the Florence cohort of the cross-sectional EPIC [13]. This study shows that the
Italian Mediterranean Index was significantly and negatively correlated with SBP and DBP values in
a total population of 13,597 volunteers (aged 35-64 years) enrolled in the period from 1993 to 1998.
At variance with the Italian score, the Greek MedDiet score was not associated with SBP and DBP. It is
possible that the use of tertiles of food intake, as in the Italian Mediterranean Index, provides a better
classification than the use of the median of food intake as in the Greek MedDiet score for the adherence
to a healthy diet.

The ATTICA study is a population-based cohort randomly enrolling 3042 adults belonging to the
greater area of Athens. In one of the works related to this study, the authors studied only participants
with an excess body weight, and the multivariate analysis demonstrated that SBP was independently
and negatively, but only modestly, associated to the MedDiet [14]. Therefore, this is the only study
examining adherence to the MedDiet that did not show a protective effect of the MedDiet on DBP.
This is possibly explained by the fact that only overweight and obese subjects were examined, and it is
well-known that obesity has its own hormone and hemodynamic characteristics [15].

3. The MedDiet and Blood Pressure: Intervention Studies

Results from randomized and controlled trials (RTCs) performed with dietary interventions are
more relevant since they have the highest potential to influence dietary guidelines, practices and
healthcare policies with the main aim of improving public health. Thus, if we take into account the
intervention studies, the Prevencion con Dieta Mediterranea (PREDIMED) study was performed in two
Spanish centers involving >7000 subjects with the complex end point of myocardial infarction, stroke
and cardiovascular death as the primary outcome. In particular, this study compared the MedDiet with
a low-fat control diet in 7447 men (aged 55 to 80 years) and women (aged 60 to 80 years), and more
than 80% of these subjects had hypertension [16]. After a follow-up period of 4 years, the PREDIMED
study showed no change in SBP in both groups, whereas DBP was decreased by 1.5 and 0.7 mm Hg in
the extra virgin olive oil and in the mixed nuts MedDiet intervention groups, respectively [16].

Davis et al. recently performed an RTC to examine the influence of an increased adherence to a
MedDiet for 6 months on BP in Australian subjects represented by 166 healthy men and women, aged >
64 years [17]. This study showed that Australian subjects who consumed a MedDiet for 6 months had
a small but significantly lower SBP after either 3 or 6 months as compared to subjects who maintained
their habitual diet, and improved endothelial function [17].

All the above studies were performed using home or office BP measurements. This approach has
limitations because of poor reproducibility, observer and patient variability, and white-coat effect [18].
By contrast, 24-h ABPM is the gold standard for examining the influence of different interventions on BP,
because repeated measurements reflect usual BP more accurately than single office measurements [19].

The only study performed using 24-h ABPM to evaluate the control of BP under the MedDiet
is the PREDIMED study performed by Doménech et al. [20], who reported results from a dietary
intervention with 3 arms in subjects mostly affected by hypertension (85%). The 1-year trial consisted
of a MedDiet supplemented with either extra virgin olive oil or mixed nuts that was compared with
a control diet in which participants had to reduce their dietary fat intake. The participants were

228



Nutrients 2018, 10, 1700

235 women and men, aged from 55 to 80 years. After 1 year, the extra virgin olive oil and mixed nuts
groups had, respectively, 4.0 and 4.3 mm Hg lower mean SBP 24-h and 1.9 and 1.9 mm Hg lower mean
DBP 24-h than the control diet group [20].

Furthermore, dietary intervention trials may have some limitations. First, they cannot be evaluated
in a double blind, placebo-controlled way and may suffer from non-adherence, crossover between
studied diets, and lack of blinding. Second, the participants should maintain their body weight and
the different kinds of treatment should be isocaloric, and this is not an easy task to accomplish. Third,
dietary interventions often require a long period to give results and may therefore suffer from an
overly short duration. Further disadvantages may include the fact that a change in consumption of
one food often modifies the consumption of other foods. Theoretically, meta-analyses and systematic
reviews may provide more information.

4. Meta-analyses and Systematic Reviews

Two meta-analyses, published in 2016, gave opposite conclusions. The first meta-analysis included
RTCs lasting at least 12 months, with a low-fat control group. Although both SBP and DBP showed a
significant reduction, the authors declared themselves to be unconvinced that the MedDiet lowers BP
more than the low-fat diet, suggesting that the doubt result was possibly due to the limited number
and heterogeneity of the studies (1 = 7) [21]. Another meta-analysis of RTCs showed that the MedDiet
lowers SBP by 3.02 mm Hg and DBP by 1.99 mm Hg [22]. Only five MedDiet studies were included for
the statistical analysis: Two of these studies did not identify significant effects on BP, but were excluded
from the analysis because the data were incomplete. Moreover, both meta-analyses considered data
from the PREDIMED study, but the first meta-analysis, giving a negative conclusion, used the data
from the 24-month follow-up, whereas the second, which gave a positive conclusion, used the findings
from the 12-month follow-up.

5. Specific Food Typical of the MedDiet that Influences Blood Pressure

Most of the influence of the MedDiet is mediated by the combined effects of complete dietary
habits; however, some specific foods might be more effective than others. Olive oil is possibly the most
important component of the MedDiet from this point of view. The mutual adjustment of data in the
Greek EPIC study showed that olive oil has the most favorable effect on BP in this population [11].
Interestingly, recent studies have reported a vasoprotective effect of polyphenols present in olive
oil on blood pressure and explained this effect by the power to increase the endothelial synthesis of
nitric oxide and the response mediated by the endothelium-derived hyperpolarization factor [23,24].
Apart from olive oil, dietary intakes of fruit and vegetables, nuts and whole grain have been related to
a lower risk of hypertension [25].

6. Influence of Sodium and Potassium Intake

The simultaneous influence of sodium and potassium intake should be taken into account when
the effect of the MedDiet on BP is examined. In fact, a recent study showed that a higher adherence to
the MedDiet was negatively related to hypertension, but this association was no more significant after
adjustment for sodium and potassium intake [26].

7. Comparison with Other Healthy Diets

Concerning the type of diet and BP, the Dietary Approaches to Stop Hypertension (DASH)
diet was the first dietary approach reporting to show a clear effect in reducing BP in subjects
with BP > 120/80 mmHg [27,28]. It should be noted that a recent systematic review and network
meta-analysis of RTCs compared the effects of 13 different dietary proposals (Mediterranean, DASH,
low-fat, moderate-carbohydrate, high-protein, low-carbohydrate, Palaeolithic, vegetarian, low-GI/GL,
low-sodium, Nordic, Tibetan, and control) on blood pressure in pre-hypertensive and hypertensive
patients [29], demonstrating that the DASH diet is the most effective dietetic measure to reduce BP.
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The authors did not explain their results, but it would be very interesting to understand the explanation
for this finding. Both the MedDiet and the DASH diet are relatively easy to adhere to and are palatable,
high in fruit, vegetables, whole grains, nuts, and unsaturated oils [30]; moreover, both minimize
the consumption of red and processed meat, and are in accordance with dietary recommendations
for cardiovascular health. Thus, what are the differences? One may be that the DASH diet is more
suitable for recommending a low sodium intake [27,28], whereas this is not a feature of the MedDiet.
Second, it may well be that the DASH diet includes more proteins since it includes poultry and fish and
emphasizes the consumption of free- or low-fat dairy products (two or three servings per day) [27,28].
In this regard, either a higher protein intake or protein supplementation have been shown to decrease
blood pressure [31,32]. Concerning dairy products in particular, the addition of conventional non-fat
dairy products to the routine diet has hypotensive effects [33]. Moreover, a recent systematic review
has shown a favorable association between a higher dairy intake and a lower risk of hypertension [34].

8. Conclusions

The MedDiet is undoubtedly a healthy diet model, which is effective in protecting against CVD,
metabolic diseases, and cancer. Some studies have reported that foods typical of the MedDiet of the
early 1960s, such as whole grains, vegetables, fruit, nuts, and extra virgin olive oil, have a favorable
effect in the risk of hypertension [25,35-37] whereas foods not typical of this dietary pattern, such as red
meat, processed meat, and poultry, have an unfavorable effect [25,38]. A few studies have evaluated
the effect of the MedDiet as a pattern towards BP. In general terms, current studies indicate that the
MedDiet has favorable effects in reducing BP in hypertensive or healthy people but we do not have
enough data to declare how strong this effect is. Seemingly, we do not have data about the effects of
the MedDiet in the presence of specific diseases (diabetes, etc.). We are convinced that far more studies
are required to understand the BP changes induced by the MedDiet.

Author Contributions: Conceptualization, G.D.P.; Methodology, G.D.P.; Validation, A.D.; Writing-original draft
preparation, G.D.P.; Writing-review and editing, A.D.

Funding: This research received no external funding.
Acknowledgments: We had no support nor funds from third parties.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WHO. Global Status Report on Non-Communicable Diseases 2014; WHO: Geneva, Switzerland, 2014.

2. Sacks, EM.; Campos, H. Dietary therapy in hypertension. N. Engl. J. Med. 2010, 362, 2102-2112. [CrossRef]
[PubMed]

3. Schwingshackl, L.; Hoffmann, G. Mediterranean dietary pattern, inflammation and endothelial function:
A systematic review and meta-analysis of intervention trials. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 929-939.
[CrossRef] [PubMed]

4. Estruch, R; Ros, E.; Salas-Salvado, J.; Covas, M.1.; Corella, D.; Aros, F.; Gomez-Gracia, E.; Ruiz-Gutierrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary prevention of cardiovascualr disease with a Mediterranean diet. N. Engl. |.
Med. 2013, 368, 1279-1290. [CrossRef] [PubMed]

5. D’Alessandro, A.; De Pergola, G. The Mediterranean Diet: Its definition and evaluation of a priori dietary
indexes in primary cardiovascular prevention. Int. J. Food Sci. Nutr. 2018, 69, 647-659. [CrossRef] [PubMed]

6.  Willett, W.C.; Sacks, F.; Trichopoulou, A.; Drescher, G.; Ferro-Luzzi, A.; Helsing, E.; Trichopoulos, D.
Mediterranean diet pyramid: A cultural model for healthy eating. Am. J. Clin. Nutr. 1995, 61, 14025-1406S.
[CrossRef] [PubMed]

7. Davis, C.; Bryan, J.; Hodgson, J.; Murphy, K. Definition of the Mediterranean diet: A literature review.
Nutrients 2015, 7, 9139-9153. [CrossRef] [PubMed]

8. D’Alessandro, A.; De Pergola, G. Mediterranean diet pyramid: A proposal for Italian people. Nutrients 2014,
6, 4302-4316. [CrossRef] [PubMed]

230



Nutrients 2018, 10, 1700

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

D’Alessandro, A.; De Pergola, G. Mediterranean diet and cardiovascular disease: A critical evaluation of a
priori dietary indexes. Nutrients 2015, 7, 7863-7888. [CrossRef] [PubMed]

D’Alessandro, A.; De Pergola, G.; Silvestris, F. Mediterranean Diet and cancer risk: An open issue. Int. .
Food Sci. Nutr. 2016, 67, 593-605. [CrossRef] [PubMed]

Psaltopoulou, T.; Naska, A.; Ofanos, P.; Trichopoulos, D.; Mountokalakis, T.; Trichopoulou, A. Olive oil,
the Mediterranean diet, and arterial blood pressure: The Greek European Prospective Investigation into
Cancer and Nutrition (EPIC) study. Am. J. Clin. Nutr. 2004, 80, 1012-1018. [CrossRef] [PubMed]
Nufiez-Cérdoba, J.M.; Valencia-Serrano, F; Toledo, E.; Alonso, A.; MartinezGonzalez, M.A. The Mediterranean
diet and incidence of hypertension: The Seguimiento Universidad de Navarra (SUN) Study. Am. ]. Epidemiol.
2009, 169, 339-346. [CrossRef] [PubMed]

Bendinelli, B.; Masala, G.; Bruno, R.M.; Caini, S.; Saieva, C.; Boninsegni, A.; Ungar, A.; Ghiadoni, L.; Palli, D.
A priori dietary patterns and blood pressure in the EPIC Florence cohort: A cross-sectional study. Eur. J.
Nutr. 2018. [CrossRef]

Tzima, N.; Pitsavos, C.; Panagiotakos, D.B.; Skoumas, J.; Zampelas, A.; Chrysohoou, C.; Stefanadis, C.
Mediterranean diet and insulin sensitivity, lipid profile and blood pressure levels, in overweight and obese
people; the Attica study. Lipids Health Dis. 2007, 6, 22. [CrossRef] [PubMed]

De Pergola, G.; Nardecchia, A.; Guida, P; Silvestris, F. Arterial hypertension in obesity: Relationships with
hormone and anthropometric parameters. Eur. |. Cardiovasc. Prev. Rehabil. 2011, 18, 240-247. [CrossRef]
[PubMed]

Toledo, E.; Hu, EB.; Estruch, R.; Buil-Cosiales, P.; Corella, D.; Salas Salvado’, J.; Covas, M.1,; Aros, E;
Gomez-Gracia, E.; Fiol, M.; et al. Effect of the Mediterranean diet on blood pressure in the PREDIMED trial:
Results from a randomized controlled trial. BMC Med. 2013, 11, 207. [CrossRef] [PubMed]

Davis, C.R.; Hodgson, ].M.; Woodman, R.; Bryan, J.; Wilson, C.; Karen, J.; Murphy, A. Mediterranean diet
lowers blood pressure and improves endothelial function: Results from the MedLey randomized intervention
trial. Am. J. Clin. Nutr. 2017, 105, 1305-1313. [CrossRef] [PubMed]

Stergiou, G.S.; Baibas, N.M.; Gantzarou, A.P,; Skeva, L1.; Kalkana, C.B.; Roussias, L.G.; Mountokalakis, T.D.
Reproducibility of home, ambulatory, and clinic blood pressure: Implications for the design of trials for the
assessment of antihypertensive drug efficacy. Am. J. Hypertens. 2002, 15, 101-104. [CrossRef]

O'Brien, E.; Parati, G.; Stergiou, G.; Asmar, R.; Beilin, L.; Bilo, G.; Clement, D.; de la Sierra, A.; de Leeuw, P;
Dolan, E.; et al. European society of hypertension position paper on ambulatory blood pressure monitoring.
J. Hypertens. 2013, 31, 1731-1768. [CrossRef] [PubMed]

Doménech, M.; Roman, P.; Lapetra, J.; Garcia de la Corte, E]J.; Sala-Vila, A.; de la Torre, R.; Corella, D.;
Salas-Salvad¢, J.; Ruiz-Gutiérrez, V.; Lamuela Raventds, R-M.; et al. Mediterranean diet reduces 24-h
ambulatory blood pressure, blood glucose and lipids: One-year randomized clinical trial. Hypertension 2014,
64, 69-76. [CrossRef] [PubMed]

Nissensohn, M.; Roman-Vinas, B.; Sanchez-Villegas, A.; Piscopo, S.; SerraMajem, L. The effect of the
Mediterranean diet on hypertension: A systematic review and meta-analysis. J. Nutr. Educ. Behav. 2016, 48,
42-53. [CrossRef] [PubMed]

Ndanuko, R.N.; Tapsell, L.C.; Charlton, K.E.; Neale, E.P.,; Batterham, M.J. Dietary patterns and blood pressure
in adults: A systematic review and meta-analysis of randomized controlled trials. Adv. Nutr. 2016, 7, 76-89.
[CrossRef] [PubMed]

Moreno-Luna, R.; Mufioz-Hernandez, R.; Miranda, M.L.; Costa, AE,; Jimenez-Jimenez, L.; Vallejo-Vaz, A.J.;
Muriana, FJ.; Villar, J.; Stiefel, P. Olive oil polyphenols decrease blood pressure and improve endothelial
function in young women with mild hypertension. Am. ]. Hypertens. 2012, 25, 1299-1304. [CrossRef]
[PubMed]

Medina-Remon, A.; Estruch, R.; Tresserra-Rimbau, A.; Vallverdi-Queralt, A.; Lamuela-Raventos, R-M.
The Effect of polyphenol consumption on blood pressure. Mini Rev. Med. Chem. 2012, 13, 1137-1149.
[CrossRef]

Lelong, H.; Blacher, J.; Baudry, J.; Adriouch, S.; Galan, P; Fezeu, L.; Hercberg, S.; Kesse-Guyot, E. Individual
and combined effects of dietary factors on risk of incident hypertension: Prospective analysis from the
NutriNet-Santé Cohort. Hypertension 2017, 70, 712-720. [CrossRef] [PubMed]

231



Nutrients 2018, 10, 1700

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

La Verde, M.; Mule, S.; Zappala, G.; Privitera, G.; Maugeri, G.; Pecora, F.; Marranzano, M. Higher adherence
to the Mediterranean diet is inversely associated with having hypertension: Is low salt intake a mediating
factor? Int. . Food Sci Nutr. 2018, 69, 235-244. [CrossRef] [PubMed]

Sacks, EM.; Svetkey, L.P,; Vollmer, WM.; Appel, L.].; Bray, G.A.; Harsha, D.; Obarzanek, E.; Conlin, P.R.;
Miller, E.R.; Simons-Morton, D.G.; et al. Effects on blood pressure of reduced dietary sodium and the Dietary
Approaches to Stop Hypertension (DASH) diet. DASH-Sodium Collaborative Research Group. N. Engl. ].
Med. 2001, 344, 3-10. [CrossRef] [PubMed]

Vogt, TM.; Appel, L].; Obarzanek, E.V.A.; Moore, T.J.; Vollmer, WM.; Svetkey, L.P.; Sacks, EM.; Bray, G.A.;
Cutler, J.A.; Windhauser, M.M.; et al. Dietary approaches to stop hypertension: Rationale, design,
and methods. DASH Collaborative Research Group. J. Am. Diet. Assoc. 1999, 99, S12-S18. [CrossRef]
Schwingshackl, L.; Chaimani, A.; Schwedhelm, C.; Toledo, E.; Piinsch, M.; Hoffmann, G.; Boeing, H.
Comparative effects of different dietary approaches on blood pressure in hypertensive and pre-hypertensive
patients: A systematic review and network meta-analysis. Crit. Rev. Food Sci. Nutr. 2018, 2, 1-14. [CrossRef]
[PubMed]

Appel, L.J.; Sacks, EM.; Carey, V].; Obarzanek, E.; Swain, J.F; Miller, E.R.; Conlin, PR.; Erlinger, T.P.;
Rosner, B.A.; Laranjo, N.M_; et al. Effects of protein, monounsaturated fat, and carbohydrate intake on
blood pressure and serum lipids: Results of the OmniHeart randomized trial. JAMA 2005, 294, 2455-2464.
[CrossRef] [PubMed]

Teunissen-Beekman, K.F.; Dopheide, J.; Geleijnse, ].M.; Bakker, S.J.; Brink, E.J.; de Leeuw, PW.; van Baak, M.A.
Protein supplementation lowers blood pressure in overweight adults: Effect of dietary proteins on blood
pressure (PROPRES), a randomized trial. Am. J. Clin. Nutr. 2012, 95, 966-971. [CrossRef] [PubMed]
Tielemans, S.M.; Kromhout, D.; Altorf-van der Kuil, W.; Geleijnse, ].M. Associations of plant and animal
protein intake with 5-year changes in blood pressure: The Zutphen Elderly Study. Nutr. Metab. Cardiovasc. Dis.
2014, 24, 1228-1233. [CrossRef] [PubMed]

Machin, D.R.; Park, W.; Alkatan, M.; Mouton, M.; Tanaka, H. Hypotensive effects of solitary addition of
conventional non fat dairy products to the routine diet: A randomized controlled trial. Am. J. Clin. Nutr.
2014, 100, 80-87. [CrossRef] [PubMed]

Drouin-Chartier, J.P.; Brassard, D.; Tessier-Grenier, M.; C6té, J.A.; Labonté, M.E.; Desroches, S.; Couture, P;
Lamarche, B. Systematic review of the association between dairy product consumption and risk of
cardiovascular-related clinical outcomes. Adv. Nutr. 2016, 7, 1026-1040. [CrossRef] [PubMed]

Flint, A.J.; Hu, EB.; Glynn, R.J.; Jensen, M.K.; Franz, M.; Sampson, L.; Rimm, E.B. Whole grains and incident
hypertension in men. Am. J. Clin. Nutr. 2009, 90, 493-498. [CrossRef] [PubMed]

Wang, L.; Gaziano, ].M.; Liu, S.; Manson, ].E.; Buring, ].E.; Sesso, H.D. Whole- and refined-grain intakes and
the risk of hypertension in women. Am. J. Clin. Nutr. 2007, 86, 472-479. [CrossRef] [PubMed]

Wu, L; Sun, D.; He, Y. Fruit and vegetables consumption and incident hypertension: Dose-response
meta-analysis of prospective cohort studies. . Hum. Hypertens. 2016, 30, 573-580. [CrossRef] [PubMed]
Zhang, Y.; Zhang, D.Z. Red meat, poultry, and egg consumption with the risk of hypertension:
A meta-analysis of prospective cohort studies. J. Hum. Hypertens. 2018, 32, 507-517. [CrossRef] [PubMed]

® © 2018 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
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

232



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nutrients Editorial Office
E-mail: nutrients@mdpi.com
www.mdpi.com/journal/nutrients







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03928-663-8



	Blank Page



