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Editorial
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Arterial hypertension (AH) is considered to be one of the most relevant cardiovascular risk factors,
and its wide prevalence in all age ranges makes it necessary to analyse all the possible causes and
treatments. In this special issue, nutritional interventions are examined either as causes or as treatments
of AH.

Several studies have been considered in the five reviews and three communications, which,
along with six articles, compose the current issue.

Five articles [1–5] and one review [6] explain the possible blood pressure (BP) lowering effects of
different nutritional elements.

In animal models, hesperidin [2], a flavanone glycoside contained in citrus fruits, has been shown
to reduce blood pressure, left ventricular hypertrophy and cardiac fibrosis by the down regulation
of transforming growth factor-beta 1 (TGF-beta1) and tumor necrosis factor-receptor 1 (TNF-R1)
expression, as well as the reduction of TGF-beta1 plasma levels. Furthermore [4], Ojeoksan, which is a
mixture of 17 herbal medicines, first described in ancient Korean medicinal literature, has been shown
to improve vascular function and significantly reduce inflammatory processes, giving positive results
both on vascular relaxation and on atherosclerosis prevention.

In an animal model [3], vasorelaxation, and consequently blood pressure reduction, can also be
obtained by short-period administration of protocatechuic acid (PCA), a natural phenolic compound
found in many types of food, as described in an interesting study by Kunanya. Moreover, this study
demonstrates the strong anti-oxidant effects of PCA on aging hypertension.

On the other hand, beetroot juice intake should be carefully considered; even if it increases the
nitric oxide (NO) salivary concentration in post-menopausal women, it does not show significant
effects on BP control. In a study on 13 hypertensive post-menopausal women [1] undergoing beetroot
juice administration and moderate-intensive aerobic exercise, no significant BP reduction was observed.
The possible effects of high intake of fish are analysed in Vildmyren’s study [5]; a press-cake meal
(water-insoluble proteins obtained from cod residual materials), given to obese Zucker fa/fa rats,
was found to prevent or delay high blood pressure through inhibition of renin-angiotensin-system
(RAAS).

An exhaustive review by Li et al. evaluates the positive anti-hypertensive effects of tea and
tea-metabolites, confirming that both green and black tea may reduce BP. Actually, not all of the
studies included in this wide review lead to positive outcomes. Potential confounding elements should
be carefully considered, such as the duration of tea consumption, the origin of tea and mainly the
transient short-term increase in BP determined by caffeine, which is contained in tea. Further studies
are needed to better describe the molecular mechanism underlaying tea effects on oxidative stress,
vascular relaxation and inflammation.

On the other hand, [7] fructose assumption, which has become common globally, is responsible for
BP increase, acting both on renal sodium reabsorption and on the sympathetic nervous system (SNS).

A double effect is associated with aminoacids and electrolytes, which is shown in two
communications and in a review [8–10].

Nutrients 2019, 11, 2542; doi:10.3390/nu11102542 www.mdpi.com/journal/nutrients1



Nutrients 2019, 11, 2542

Plasma or urinary aminoacids concentrations [8] were studied in order to determine an association
with BP level; for example, phenylalanine shows a positive relation with systolic and diastolic BP,
whereas glutamic acid seems to lower systolic and diastolic BP. A considerable number of studies are
included in this review and the heterogeneity of study results analysed in this review does not allow
unique conclusion to be drawn.

Sodium, potassium, calcium and magnesium may have different impacts on BP levels [9] and
the review of several meta-analyses confirms the well-known beneficial effect of low sodium and
increased potassium intake. On the other hand, regarding magnesium intake, just moderate results
were achieved [9].

Calcium plasma level [10] is noteworthy: an increase in calcium assumption is found to lower
PB levels, both by parathyroid hormon (PTH)-signalling and by renin angiotensin aldosteron system
(RAAS) pathway regulation; a major effect was found in subjects with baseline low calcium intake.

It has been widely shown that sodium intake is strictly related to an increase in blood pressure
levels. As explained in the review by Grillo et al. [11], several mechanisms, such as water retention,
increase in systemic peripheral resistance, endothelial dysfunction with changes in the structure
and function of large elastic arteries, together with modification in sympathetic activity and in the
autonomic neuronal modulation of the cardiovascular system, are involved in the relationships between
high salt intake and risk of hypertension.

The importance of nutritional intervention is also crucial in pregnancy; in fact, as demonstrated in
animal models [12], the unbalanced maternal nutrition has a relevant impact on foetal programming
leading to programmed hypertension.

An interesting observational study [13] conducted on a large cohort of primary school children
demonstrates that high BP and obesity are strongly linked to unhealthy dietary patterns; these subjects
also presented impaired pulse wave-velocity and capillary cholesterol. Therefore, lifestyle interventions
and a nutritionally balanced diet, such as the Mediterranean diet [14], are highly recommended in
all subjects and, in particular, among obese people. In line with this, in our review [15], we focused
on obese subjects and we underlined the huge effect of life-style modification intervention on BP
management. Moreover, the positive effects of bariatric surgery and pharmacological intervention are
also considered, with an aim to reduce body weight and BP at the same time.

Therefore, in our opinion, the encouraging findings gathered in this special issue provide evidence
for further research and considerations. Firstly, the interesting results achieved with animal models
should be confirmed in the human population. Secondly, we think that this special issue confirms that
BP level control should start from a healthy nutritionally balanced diet, which should be pursued all
through life, and even before birth.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Accumulating evidence suggests a potential role of dietary protein among nutritional
factors interfering with the regulation of blood pressure. Dietary protein source (plant versus
animal protein), and especially, protein composition in terms of amino acids has been postulated
to interfere with mechanisms underlying the development of hypertension. Recently, mounting
interest has been directed at amino acids in hypertension focusing on habitual dietary intake and
their circulating levels regardless of single amino acid dietary supplementation. The aim of the
present review was to summarize epidemiological evidence concerning the connection between
amino acids and hypertension. Due to the large variability in methodologies used for assessing amino
acid levels and heterogeneity in the results obtained, it was not possible to draw robust conclusions.
Indeed, some classes of amino acids or individual amino acids showed non-causative association
with blood pressure as well as the incidence of hypertension, but the evidence was far from being
conclusive. Further research should be prompted for a thorough understanding of amino acid effects
and synergistic actions of different amino acid classes on blood pressure regulation.

Keywords: amino acids; blood pressure; humans

1. Introduction

According to recent epidemiological projections, the global burden of hypertension is associated
with a remarkable increase in poor health outcomes. The global age-standardized prevalence of
elevated blood pressure was 24.1% in men and 20.1% in women in 2015 [1]. The overall global
prevalence of hypertension is expected to increase by 15–20% by 2025. Based on the Global Burden of
Disease report, in 2015 a 1.4 fold increase was detected in mortality and disability-adjusted life years
(DALYs) due to the presence of elevated systolic blood pressure since 1990 [2].

The association between hypertension and dietary and lifestyle factors is well established,
with excess weight, lack of sufficient physical activity, and high sodium intake acknowledged as the
main contributors [3]. Nonetheless, dietary interventions play a pivotal role in the extant treatment
strategies for hypertension [4].

Growing interest has been directed to the potential effect of specific nutrients on blood pressure.
Association between dietary protein and hypertension has been described, with a high-protein diet
exerting beneficial effects on blood pressure [5]; however, the inverse relationship between dietary
protein intake and blood pressure described in short-term studies appears to be weakened when
considering longer study duration [6]. One potential mechanism for anti-hypertensive effects connected
to elevated protein intake may be represented by the replacement of other macronutrients, mainly

Nutrients 2019, 11, 1459; doi:10.3390/nu11071459 www.mdpi.com/journal/nutrients5
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carbohydrates: if hypotensive effects are attributable to increased protein intake per se or to the
concomitant reduction in the proportions of fat and carbohydrate is still unclear [6].

Data regarding the potential effect of the type (plant versus animal source) of dietary protein
and blood pressure are not consistent [7]. Evidence from observational studies suggesting a favorable
effect on blood pressure due to the vegetable protein intake is not further supported by a meta-analysis
including data from forty randomized controlled studies [8], with no differences on blood pressure
levels related to dietary protein source. Different protein amino acid compositions, and thus, amino
acid intake could be the reason for such discrepant results. It is the case of soy protein, a largely
investigated source of vegetable protein, in which some amino acids with antihypertensive properties
are abundant (i.e., arginine, and cysteine) [9]. Furthermore, amino acids as part of bioactive peptides
derived from food proteins may also be relevant in blood pressure regulation through the inhibition of
angiotensin converting enzymes [10]. In recent years, several studies have focused on amino acids and
hypertension, with conclusive evidence yet to be established.

The aim of the present review is to summarize epidemiological evidence concerning the connection
between amino acids and hypertension.

2. Methods

Relevant peer-reviewed journal articles published in English were identified in the MEDLINE
database (the last search was conducted on 31 January 2019); different combinations of the following
search terms were used: “amino acids”, “hypertension”, and “blood pressure”. Bibliographic references
from eligible articles were reviewed for selection of any additional studies.

Also, the following exclusion criteria were used: any articles concerning secondary hypertension
or central hypertension; any paper evaluating inherited disorders of amino acid metabolism; any study
regarding hepatic, renal, or musculoskeletal diseases; any article based on amino acid supplementation;
any study assessing amino acid derivatives; any study carried out in children and adolescents; and any
study conducted in animals. Review articles, letters in response to published articles, editorials,
commentaries, and conference abstracts were excluded.

3. Results

A total of seventeen studies were included. Study characteristics, study participants, amino acids
investigated, and main outcomes are summarized in Table 1. Ten out of seventeen studies evaluated
dietary amino acid intake based on different dietary recall methods (e.g., food-frequency questionnaire,
3 day food diary, 4 day dietary record, 24 h dietary recall, and cross-check dietary history method).
In six studies, either plasma or serum amino acid concentrations were assessed, and just one study
considered urinary amino acids. In one study, the levels of amino acids in the cerebrospinal fluid
were also assessed. Three studies relied on principal component analysis. A marked variability was
observed in terms of the number and groups of amino acids investigated, varying from one single
amino acid to the calculation of a ratio among different amino acids. Ten out of seventeen studies were
cross-sectional, six studies had a prospective design (though in the study by Venho et al. [11], only data
at the baseline were considered), and in one study, both the cross-sectional and the prospective analyses
were performed [12]. In longitudinal studies, the longest duration of follow-up was 10 years.
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4. Discussion

The present review article provides evidence concerning the connections between amino acids and
hypertension, focusing on associations between either blood pressure levels or risk of hypertension,
and dietary amino acids or amino acid levels in biological fluids.

Only the study by Stamler et al. [20] reported a favorable relationship between dietary glutamic
acid and blood pressure, showing that an elevated dietary intake of glutamic acid was associated
with lower values of both systolic and diastolic blood pressure. This finding is not in accordance
with results from a Dutch study describing no association between dietary glutamic acid either blood
pressure levels or incidence of hypertension [12]. Vegetable proteins are especially rich in glutamic
acids. Glutamate is included in the glutathione molecule, with potential antioxidant effects improving
blood pressure homeostasis [28]. Ethnicity-related differences in dietary sources of glutamic acid may
explain those conflicting observations: in the INTERMAP study the association between glutamic
acid and reduced blood pressure was ascribed to the elevated presence of glutamic acid in vegetable
protein, in line with prior evidence indicating a lowering effect of plant protein on blood pressure [20].
Nonetheless, a more recent meta-analysis by Rebholz et al. [8] did not support a different association of
animal versus plant protein with blood pressure.

Regarding tyrosine, results are conflicting: in the Rotterdam study [12], a cross-sectional analysis
revealed that a high dietary intake of tyrosine was related to lower systolic blood pressure (though results
were statistically just marginally significant when considering quartiles of tyrosine intake, but they
become statistically significant when considering tyrosine intake as a continuous variable), but no
relationship emerged between dietary tyrosine and diastolic blood pressure. However, no association
with the incidence of hypertension was described in findings from prospective analysis after a 6
year follow-up.

Tyrosine effects on hypertension were also evaluated in another study investigating all aromatic
amino acids [24] in an Iranian adult study cohort: dietary tyrosine, as well as dietary tryptophan, did not
show any association with incident hypertension after a 3.1 year follow-up. Just phenylalanine intake in
the highest quartile was associated to significant increased risk of hypertension compared to the lowest
quartile. Nonetheless, when considered globally, high total dietary aromatic amino acid intake exhibited
a positive significant association with increased risk of incident hypertension [19,22,26,27]. In a Polish
observational study assessing plasma amino acid levels, principal component analysis identified
phenylalanine in a separated cluster from tyrosine and tryptophan [19]. Tyrosine acts as a precursor for
norepinephrine synthesis, therefore, it can modulate norepinephrine levels and affect the sympathetic
tone on the vasculature. Findings from animal studies revealed that tyrosine administration in rats
lowered blood pressure through central catecholamine action on alpha-receptors [29,30]. However,
data from rodents were not confirmed in hypertensive adults undergoing chronic dietary tyrosine
supplementation [31]. The majority of phenylalanine is converted to tyrosine, and effects on blood
pressure are potentially due to the changes in tyrosine levels. However, phenylalanine per se can interfere
with tetrahydrobiopterin (BH4) production, a cofactor for aromatic amino acid hydroxylation, involved
in the relaxation of the endothelium [32]. In the presence of the high availability of aromatic amino
acids, the oxidation of BH4 may result in alterations of its vasoactive properties with detrimental effects
on the endothelium [33]. Tryptophan is a precursor for the synthesis of serotonin (5-hydroxytryptamine,
5-HT), a monoaminergic neurotransmitter. Serotonin receptors are present on adrenergic nerves at
the level of the sympathetic–vascular junction, potentially explaining the mechanism underlying the
influence of 5-HT on the vascular tone [34]. Administration of l-tryptophan induced a reduction
in blood pressure in animals [35], and analogous short-term effects were described in hypertensive
patients but not in normotensive controls [36]. However, derangements of 5-HT metabolism have been
shown in hypertensive patients, and in the long-term, tryptophan effects on blood pressure are unclear.
These reasons may explain the lack of association of habitual dietary intake or circulating tryptophan
with blood pressure related outcomes [37]. Moreover, tryptophan-containing peptides obtained from
enzymatic hydrolysis of food protein have been shown to interfere with the renin–angiotensin axis
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inhibiting angiotensin-converting enzymes, though further evidence from human studies is needed [38].
Plasma phenylalanine, together with branched chain amino acids (BCAAs) in the same cluster, showed
a positive association with both systolic and diastolic blood pressure, whereas no association was
found with blood pressure when the other cluster, including the two remaining aromatic amino acids,
was taken into account.

Dietary BCAAs clustered with aromatic amino acids (AAAs), and proline based on principal
component analysis in a longitudinal study conducted in an Iranian cohort, showed a positive
association with incidence of hypertension [23]. Analogous findings of a positive relationship between
BCAAs and AAAs emerged in two Asian studies [26,27]. In the TwinUK cohort, dietary BCAAs were
associated with decreased risk of hypertension [15], whereas no relationship was observed in a Chinese
study considering serum BCAA levels [14]. In one study taking into account the ratio between different
dietary amino acids, the leucine–serine/threonine–tryptophan ratio results were significantly positively
associated with the risk of hypertension [22].

Branched chain amino acid concentrations in biological fluids (serum/plasma) were positively
associated with high blood pressure, though data were discrepant in some studies based on dietary
records. Plenty of studies indicated that alterations in BCAA metabolism, leading to the accumulation
of BCAAs and their byproducts, are linked to remarkable metabolic derangements such as insulin
resistance, the latter being associated with increased risk of hypertension [39,40]. Furthermore,
BCAA ingestion was able to reduce brain tryptophan and tyrosine uptake, affecting serotonin and
catecholamine synthesis with consequences on central blood pressure regulation [41,42]. Nonetheless,
BCAA effects on blood pressure may be counterbalanced in the presence of other nutrients: whey protein
is rich in both BCAAs and lactokinins, the latter with inhibiting properties on the angiotensin-converting
enzyme; thus, ingestion of whey protein may induce opposite effects on hypertension mediated by
BCAAs and lactokinins [43]. Interestingly, AAAs and BCAAs have hydrophobic or bulky residues that
can be relevant for the binding of bioactive peptides to the angiotensin-converting enzyme which is
crucial in blood pressure control [44].

Concerning dietary glycine, findings from the INTERMAP study were not in line with other
studies including glycine in factors obtained by principal component analysis [16,21,23].

In the INTERMAP study [21], dietary intake of glycine (expressed as a percentage of total protein
and based on 24 h dietary recall) was positively associated with both systolic and diastolic blood
pressure. Conversely, in a Greek study, plasma glycine levels—clustering with glutamine, serine,
asparagine, threonine, lysine, histidine, and proline in the principal component analysis—showed a
negative relationship with systolic blood pressure [16]. Also, in another study, the principal component
analysis pattern encompassing glycine, sulfur amino acids, and alanine, tended to be associated to a
diminished risk of hypertension [23]. An inverse correlation was observed between systolic blood
pressure and sulfur amino acids in plasma, but not in cerebrospinal fluid, in a small Japanese cohort [17].
Stamler et al. [21] postulated that dietary glycine intake was positively associated with blood pressure,
as glycine is abundant in animal-derived protein and meat consumption may be a dietary factor
for elevated blood pressure. Conversely, the opposite findings may be supported by the important
role played by glycine in reducing oxidative stress, favoring nitric oxide action; moreover, glycine is
involved in the synthesis of structural protein, such as elastin; alterations in elastin formation have
been connected to impaired elastic properties of vessels, a remarkable aspect in the pathogenesis of
hypertension [45].

Dietary alanine showed a positive relation to blood pressure in the INTERMAP study (expressed
as percentage of total protein intake) and in a nested cohort within the THIS-DIET study (as daily
intake in absolute value) [21,25].

With respect to methionine, results based on dietary records [25] were in disagreement with
findings from plasma amino acid levels [17]. Elevated dietary methionine intake was associated
with augmented systolic and diastolic blood pressure [25]. Methionine is an essential amino acid;
among its metabolic byproducts, homocysteine, when elevated, is well known for its ability to influence
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endothelial function inducing the production of asymmetrical dimethylarginine (ADMA), which in
turn, can inhibit the synthesis of nitric oxide [46]. Thus, methionine effects on blood pressure appear to
be indirect and mediated by the increase in homocysteine levels, as shown in studies relying on dietary
supplementation with methionine in animals and humans [47,48].

Several amino acids interfere with vascular physiology; among them, arginine is well known
to have relevant vasogenic properties [49]. Despite a wealth of studies demonstrating the beneficial
effects from dietary supplementation with l-arginine including lowering both systolic and diastolic
blood pressure levels [50,51], studies focusing on dietary arginine considering only a usual diet,
excluding supraphysiological intake through dietary supplementation, did not support any association
between this amino acid and blood pressure [11,18]. In middle-aged men participating in the Kuopio
Ischaemic Heart Disease Risk Factor Study (KIHD), no association was found between dietary arginine
and blood pressure levels, regardless of the dietary source (either plant-derived or animal-derived
arginine) [11]. Similarly, dietary arginine did not associate with blood pressure in a Dutch elderly male
population [18].

In the only study assessing urinary amino acids, a positive association was described between
urinary cysteine, citrulline, and lysine and systolic blood pressure, and between urinary cysteine and
diastolic blood pressure [13]. These data regarding urinary cysteine, as well as the lack of association
for dietary cysteine and blood pressure [12] are in contrast with evidence showing antihypertensive
effects mediated by cysteine through its free sulfhydryl group. The majority of studies on cysteine were
based on supplementation with its stable analogue N-acetyl-cysteine [52]. Cysteine is able to modulate
blood pressure by decreasing oxidative stress, increasing nitric oxide bioavailability, and ameliorating
insulin sensitivity [52]. In addition, cysteine is part of the tripeptide glutathione with glutamic acid
and glycine. Glutathione is in turn well known for its antioxidant ability with additional beneficial
consequences on blood pressure regulation [52].

5. Conclusions

Due to the large variability in methodologies used for assessing amino acid levels and heterogeneity
in results obtained, it was not possible to draw robust conclusions. In fact, the use of any type of
dietary records was affected by under- or overreporting [53,54]. Data based on direct measurements in
plasma and other biological fluids are more reliable, though they can be affected by derangements in
metabolic cascades leading to alterations in amino acid metabolic byproducts.

Further research should be prompted for a thorough understanding of the synergistic actions
of different amino acid classes on blood pressure regulation. In addition, the interplay between gut
microbiota and amino acid metabolism in hypertension [55] deserves future investigation.
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Abstract: Objective: To verify if acute intake of beetroot juice potentiates post-exercise hypotension
(PEH) in hypertensive postmenopausal women. Methods: Thirteen hypertensive postmenopausal
women (58.1 ± 4.62 years and 27.4 ± 4.25 kg/m2) were recruited to participate in three experimental
sessions, taking three different beverages: Beetroot juice (BJ), placebo nitrate-depleted BJ (PLA), and
orange flavored non-caloric drink (OFD). The participants performed moderate aerobic exercise
training on a treadmill, at 65–70% of heart rate reserve (HRR), for 40 min. After an overnight fast,
the protocol started at 07h when the first resting blood pressure (BP) was measured. The beverage
was ingested at 07h30 and BP was monitored until the exercise training started, at 09h30. After the
end of the exercise session, BP was measured every 15 min over a 90-min period. Saliva samples
were collected at rest, immediately before and after exercise, and 90 min after exercise for nitrite
(NO2

−) analysis. Results: There was an increase in salivary NO2
− with BJ intake when compared to

OFD and PLA. A slight increase in salivary NO2
− was observed with PLA when compared to OFD

(p < 0.05), however, PLA resulted in lower salivary NO2
− when compared to BJ (p < 0.001). There

were no changes in salivary NO2
− with the OFD. Systolic and diastolic BP decreased (p < 0.001) on

all post exercise time points after all interventions, with no difference between the three beverages.
Conclusion: Acute BJ intake does not change PEH responses in hypertensive postmenopausal women,
even though there is an increase in salivary NO2

−.

Keywords: nitrite; nitric oxide; hypertension; menopause; Post Exercise Hypotension

1. Introduction

There are several physiological changes in women’s body during climacteric period, including
reduction of estrogen levels and menstruation cessation (menopause). As estrogen is a cardioprotective

Nutrients 2019, 11, 1327; doi:10.3390/nu11061327 www.mdpi.com/journal/nutrients15
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hormone [1], subsequent to its reduction, there is an increased risk of developing cardiometabolic
diseases, due to reduced vasodilatation, increased blood pressure (BP), oxidative stress, and
inflammation [2].

Hypertension is one of the most prevalent cardiometabolic diseases after menopause [3], and
pharmacological therapy is the most common treatment approach. However, changes in lifestyle,
such as developing healthy dietary habits and performing exercise regularly, are important factors for
hypertension prevention and control [3]. The practice of regular physical exercise can reduce resting
BP chronically, and induce post-exercise hypotension (PEH), which is a reduction in BP below resting
values after exercise training. This phenomenon is clinically relevant in the prevention and treatment
of cardiovascular diseases, and in the reduction of cardiovascular events [4]. This cardiovascular
regulatory response has been related to endothelium-derived nitric oxide (NO) [4,5]. Exercise-induced
shear stress promotes the release of calcium by endothelial cells, from which the calcium binds to
calmodulin and stimulates endothelial nitric oxide synthase (eNOS) to reduce L-arginine to NO, where
NO is directly involved in vascular tone regulation and homeostasis [5].

During exercise, NO release induces vasodilation, increasing blood flow to skeletal muscles and
regulating blood pressure [5]. In addition, consumption of foods containing inorganic nitrate (NO3

−)
can increase NO bioavailability. This increase occurs by the initial conversion of NO3

− into nitrite
(NO2

−) in the mouth and stomach, through non-enzymatic reactions. The NO2
− is then released into

the systemic circulation for subsequent NO production [6], leading to improvements in hemodynamic
regulation. Therefore, consumption of foods rich in NO3

− may be a good strategy to improve BP
regulation in target populations with an increased incidence of cardiometabolic diseases, especially
when associated with exercise [7–12], since these two pathways of NO production can complement
each other [6].

A common food that has a high NO3
− concentration is beetroot, and some effects observed

with beetroot juice (BJ) consumption are related to improvement in blood flow, vasodilation, and
reduction of BP [13–15]. The majority of studies that investigated BJ ingestion are related to sports and
exercise performance [16–19], and only a few studies explored BJ consumption in parameters of health,
in non-athletic populations, such as evaluating hemodynamic parameters in patients with chronic
cardiorespiratory diseases [16,20]. These results are still inconclusive, since one did not find PEH with
BJ consumption [20], and the other found PEH only in diastolic BP (DBP) [16]. Moreover, there is a
lack of studies evaluating BJ benefits for hypertensive post-menopausal women. This population is
of interest because there is a reduction in NO production, both due to hypertension and decreased
estrogen levels.

Therefore, the purpose of this study was to verify if BJ ingestion has additional effects on PEH after
one aerobic exercise session, and its relationship with salivary NO2

− in hypertensive postmenopausal
women. Our hypothesis was that BJ would improve blood pressure response after exercise in
hypertensive postmenopausal women, due to an increase in the NO pathway, measured by salivary
NO2

− levels.

2. Materials and Methods

2.1. Participants

The study intervention was conducted between June and September 2018, at the Laboratory of
Cardiorespiratory and Metabolic Physiology of the Federal University of Uberlândia, Uberlândia, MG,
Brazil. This study design was approved by the local Ethics Committee (70104717.0.0000.5152) and
registered at Clinicaltrials.gov (NCT03620227). All participants agreed and signed an informed consent
form prior to admission.

For the inclusion criteria, participants were required to be: in post menopause (amenorrhea for at
least 12 months and [FSH] > 40 mIU/mL); diagnosed with hypertension, according to the 7th Brazilian
Arterial Hypertension Directive [3], which is defined by baseline blood pressure values greater than
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or equal to 140 mmHg for systolic BP (SBP) and 90 mmHg for DBP; aged between 50 and 70 years,
and able to perform exercises on a treadmill. The exclusion criteria consisted of: use of hormonal
therapy; history of food allergies that could compromise the study; sensitivity to NO3

−; history of
stroke or acute myocardial infarction; diagnosis of Diabetes Mellitus; and smoking habits. Although
all the volunteers used antihypertensive drugs, they were excluded if they were taking drugs of the
β-blocker class. All participants went through a cardiological evaluation with a specialist before the
intervention, obtaining a certificate to attest individual suitability for exercise practice. Exclusion
criteria also applied to volunteers who failed to perform the protocol test, with some of the reasons,
including intolerance to the exercise program, inability to ingest the juice, or inability to go through the
fasting time.

The number of volunteers required for this trial was calculated considering BP variation caused
by BJ relative to placebo (PLA) as the main variable, with a variation of 5 ± 4 mmHg defined as an
acceptable effect [13]. Using online software (OpenEpi), considering a bilateral 95% confidence interval,
and power analysis of 80%, a minimum of 11 people were needed for this study. After the calculation,
15 volunteers were recruited to participate in this study. Two out of the 15 volunteers were excluded
from the study for inability to adapt to the study protocol, due to an abrupt decrease in blood pressure
followed by initial syncope as of 15 min after the beginning of the first exercise session. One of the
volunteers had consumed BJ and the other PLA.

The study volunteers answered both an anamnesis and a physical activity questionnaire (IPAQ
short version). Anthropometric measures included: body mass (Filizola electronic scale); height
(fixed stadiometer Sanny); abdominal circumference (Filizola inelastic tape); and body composition
(bioimpedance Inbody 230, Seoul, Coreia do Sul), assessed as previously described [21]. For the body
composition measurement, all participants were instructed not to perform vigorous physical exercise
24 h before the test and to avoid alcohol and caffeine consumption 72 h before the test.

2.2. Study Design

The present study was a double blind randomized, placebo-controlled, and crossover trial. The
intervention comprised a total of three visits with a minimum wash-out interval of five days in between
visits. In each visit, one of the following beverages was taken: Placebo (PLA), non-caloric orange flavor
drink (OFD), or Beetroot Juice (BJ). Volunteers arrived in the laboratory at 07:00. and left at 11:40.
Figure 1 illustrates the experimental design of the sessions.

Figure 1. Experimental design of the sessions. (C) Arrival at the laboratory; (*) Blood pressure
measurement; (#) Saliva sample collection; (&) Beverage intake.

During all intervention sessions, the volunteers arrived at 07:00, after eight hours of an overnight
fast. BP was measured after 20 min of rest in a sitting position (07:20), every 30 min after the beverage
intake until the beginning of the exercise (08:00, 08:30, and 09:00), and every 15 min for 90 min after
the exercise session. Unstimulated saliva samples were collected after the 20 min of rest (07:20),
immediately before (09:30) and after (10:10) exercise, and 90 min after the exercise session was finished
(11:40). Heart rate (HR) was measured during the 20 min of rest (between 07:00 and 07:20), during
the exercise, and during the 90 min after the exercise session (Polar® RS800CX). The beverage intake
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took place 10 min after the rest period (07:30), allowing 15 min for the consumption of all the beverage
content. The exercise session was 40 min long (from 09:30 to 10:10).

During the sessions, the volunteers were allowed to drink water, but no other drink or food
ingestion was permitted. They were instructed to avoid foods and drinks rich in NO3

− 24 h before the
sessions and received a list with the following consumption restrictions: Green vegetables (amaranth,
lettuce, cabbage, spinach, broccoli, celery, cauliflower, Chinese radish), beetroot or its juice, sausage,
salami, ham, turkey breast, coffee, energy drinks, soft drinks, alcoholic beverages, and to avoid the
use of mouthwashes. Before starting each intervention session, volunteers were questioned about
these items.

2.3. Physical Exercise

The exercise consisted of 40 min of continuous moderate intensity aerobic exercise on a treadmill,
allowing the first five minutes to warm-up and the last two minutes to cool down. The treadmill
speed could reach 5.5 km/h and the intensity increase was imposed by inclining the treadmill until the
volunteer reached the zone between 65% and 70% of HR reserve (HRR) [22]. For the HRR calculation,
we used the formula: maximum HR—resting HR. For the participants resting HR, we considered
the minimum HR measured during the initial 20 min of rest on the first intervention day, and the
maximum HR was estimated by the formula: 220 − age.

HR was monitored during the exercise and the Borg Scale [23] was used to assess the subjective
perception of exertion (RPE) for both dyspnea and lower limb fatigue. The measurements for HR and
RPE were assessed every two minutes. Whenever the HR was found to be outside of the stipulated
zone, the exercise load was readjusted.

2.4. Intake of Beetroot Juice and Placebo

The intervention included three different juices: BJ, PLA and OFD, with one beverage assigned
to each intervention session. The order of beverage intake was randomly assigned for each of the
volunteers using a randomized block design through the website (https://www.random.org/lists/).
For the randomization, codes were assigned to each volunteer, each beverage, and each session.
Thereafter, the beverage each volunteer would drink on the first session, second and third sessions
were randomly allocated in this order. A researcher who did not participate in the data collection
process was responsible for assigning a beverage to each code and blinding the drinks, adding each
drink to its respective bottle labeled with the volunteer’s name.

The BJ had 20.78 mmol/kg of NO3
− and was prepared using 35 mL of NO3

− concentrated beetroot
juice containing 400 mg of NO3

− (Beet-It Sport Shot, James White Drinks Ltd., Ipswich, UK), which
was diluted in 315 mL of distilled water with 6 g of non-caloric orange juice flavored powder (Clight,
Mondelez International, Inc., São Paulo, Brazil), totalizing 350 mL of juice. The PLA had 3.86 mmol/kg
of NO3

− and was prepared by filtering the BJ on an ion exchange resin, capable of depleting the NO3
−

(PA101 OH-, Permution®) [24], similarly to a previous report [25]. Lastly, the OFD was a non-caloric
orange flavored drink, prepared using three grams of orange juice powder diluted in 350 mL of distilled
water. BJ and PLA were identical in taste, while OFD was slightly different. Each volunteer received
the designated drink in a sealed bottle with a lid and a dark straw, making it impossible to visualize or
smell the bottle content. The study participants had 15 min to drink the entire beverage.

2.5. Measurements of Blood Pressure

BP was measured in a sitting position, without visual or sound stimulation, using OMRON®

BP HEM-7113 automatic monitors. Prior to the BP measurement, 20 min of rest was required. BP
was measured three times, always in the left arm, and the mean of these measures was calculated for
data analysis.
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2.6. Salivary Samples Collection and Analysis

Saliva samples were collected using the spit method [26]. All samples were centrifuged at 3000 rpm
for 15 min, the supernatant was separated and stored at −80 ◦C until analysis. The NO2

− concentration
was used to estimate the bioavailability of NO by the Griess method [27].

2.7. Statistical Analysis

Statistical analyses were performed while researchers were blinded regarding the ingested
beverage. Results are presented as mean ± standard deviation. The Shapiro-Wilk test was applied
to verify data normality, and two-way ANOVA was used to analyze differences between the time
points (pre and post exercise) and the treatments (PLA, OFD, BJ), using the Bonferroni post hoc
when necessary. The area under the curve (AUC) by the trapezoidal method was used to compare
the temporal changes of BP and salivary NO2

−, separately. One-way ANOVA was used for AUC
and exercise analysis, and a Pearson correlation was used to assess BP and NO2

− effects. Statistical
significance was set at p < 0.05. All analyses were performed using SPSS version 20 (IBM SPSS, Chicago,
IL, USA) and GraphPad Prism 6 (GraphPad Prism Inc., San Diego, CA, USA).

3. Results

This study was completed by 13 postmenopausal women who were overweight, medically treated
for hypertension, and physically active. The general characteristics of the volunteers are described in
Table 1. There was no difference in exercise intensity between the sessions. For PLA, OFD, and BJ
sessions, the HR mean was 125.6 ± 7.2; 126.1 ± 7.8; 126.7 ± 7.4 bpm (p = 0.658); the treadmill inclination
was 3.4 ± 3.0; 3.5 ± 2.7; 3.3 ± 2.7% (p = 0.715); the RPE of dyspnea was 3.7 ± 0.85; 3.4 ± 1.0; 3.4 ± 1.0
(p = 0.328); and the RPE of lower limb fatigue was 4.1 ± 1.2; 3.9 ± 1.12; 3.8 ± 1.1 (p = 0.642), respectively.

Table 1. General characteristics of the participants. BMI: Body mass index. The general characteristics
values are shown as mean ± standard deviation (SD), physical activity level and drugs are shown as:
number of subjects (n) and percentage of the total number of subjects (%).

General Characteristics (Mean ± SD)

Age (years) 58.1 ± 4.6
Body mass (kg) 69.9 ± 9.2
Height (m) 1.57 ± 0.05
BMI (kg/m2) 27.4 ± 4.2
Waist circumference (cm) 92.9 ± 11.7
Body fat (%) 37.3 ± 6.2
Fat mass (kg) 26.1 ± 6.9
Lean mass (kg) 29.9 ± 9.2

Physical activity level (n (%))

Very Active 2 (15%)
Active 8 (62%)
Irregularly Active 3 (23%)

Drugs (n (%))

Angiotensin 1 Receptor Blockers + Diuretic 6 (46%)
Angiotensin 1 Receptor Blockers 4 (31%)
Diuretic 1 (8%)
Angiotensin Converting Enzyme Inhibitor 1 (8%)
Angiotensin Converting Enzyme Inhibitor + Diuretic 1 (8%)
Statins 3 (23%)
Levothyroxine 4 (31%)

Figure 2 illustrates the results for salivary NO2
−. Participants had similar values during the

sessions for salivary NO2
− at rest. Before exercise, salivary NO2

− was slightly increased (1.0 mM)
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by PLA and greatly increased by BJ (2.6 mM) (p < 0.05), while the values remained at a low level
with OFD intake (0.1 mM). BJ lead to the highest salivary NO2

− level (3.3 mM) immediately after
exercise when compared to the other beverages (PLA 0.9; OFD 0.1 mM) (p < 0.01). Furthermore,
salivary NO2

− remained increased for up to 90 min post exercise with BJ intake when compared to rest
(REST = 0.1 ± 0.1; POST 0′ = 3.3 ± 1.3; POST 90′ = 2.5 ± 1.1 mM; p < 0.001), but with PLA salivary
NO2

− was only increased until immediately after exercise when compared to rest (REST = 0.2 ± 0.1;
POST 0′ = 0.9 ± 0.6; POST 90′ = 0.7 ± 0.4 mM; p = 0.011). The AUC for NO2

− response over time was
the highest with BJ when compared to both PLA and OFD (p < 0.01), however the response was still
higher with PLA when compared to OFD (p = 0.037). There was no correlation between salivary NO2

−
and BP (SBP p = 0.749, r = 0.053; DBP p = 0.618, r = −0.082).

Figure 2. Salivary NO2
− values from point to point (A) and values for the area under the curve (AUC)

(B). Placebo NO3
− depleted beetroot juice (PLA); Non-caloric orange flavored drink (OFD); Beetroot

juice (BJ). (#) significantly different between all sessions; (†) significantly different when comparing BJ
with both PLA and OFD; (*) significantly different when compared to rest (REST); (®) significantly
different when compared to PLA; (�) significantly different when compared to BJ; (£) significantly
different when compared to OFD.

Figure 3 shows the SBP, DBP and HR responses throughout the experimental sessions. SBP
increased after beverage consumption when compared to rest (p = 0.001) and decreased after exercise
when compared to both rest and post ingestion time points. DBP also increased after beverage intake
(p = 0.001) and decreased in the three following time points after exercise when compared to rest
(p = 0.005). All DBP values decreased after exercise when compared to the pre-exercise value (p = 0.001).
An increase in HR was observed after exercise when compared to rest (p = 0.001). There was no
difference in SBP, DBP or HR between the three experimental sessions (p = 1.000).

Figure 4 demonstrates the BP variation after exercise in comparison with the BP measured at
rest, 30 min before the exercise (at 9:00 am, as shown in Figure 1) and its respective AUC. SBP and
DBP decreased in all evaluated time points post-exercise (p < 0.001). No difference for the AUC was
observed among sessions (p = 1.000).
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Figure 3. Systolic blood pressure (A); diastolic blood pressure (B) and point-to-point heart rate (C).
Placebo NO3

− depleted beetroot juice (PLA); Non-caloric orange flavor drink (OFD); Beet juice (BJ).
The negative time values refer to measurements before exercise. The positive time values refer to
measurements after the exercise. (*) significantly different when compared to the −130′ timepoint
(resting pre-ingestion); (#) significantly different when compared to the −90’, −60’, −30’ timepoints
(post juice intake).
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Figure 4. Δ values for systolic blood pressure variation (A) and diastolic blood pressure variation
(C), area under the curve (AUC) for systolic blood pressure (B) and for diastolic blood pressure
(D). Placebo NO3

− depleted beetroot juice (PLA); Non-caloric orange flavor drink (OFD); Beetroot
juice (BJ). The negative time values refer to measurements before exercise. The positive time values
refer to measurements after the exercise. (*) significantly different when compared to the −30’
point (pre-exercise).

4. Discussion

The hypothesis underlying this study was that an increase in NO2
−, due to BJ intake would enhance

NO bioavailability, consequently increasing vasodilation and improving BP reduction mediated by
exercise in hypertensive postmenopausal women. The main findings of the study were that a
moderate-intensity aerobic exercise session was sufficient to cause PEH, and that acute BJ intake did
not lead to additional effects on PEH, even though there was an increase in salivary NO2

−, which
could result in enhanced NO bioavailability.

To the best of our knowledge, this is the first study with hypertensive postmenopausal women
analyzing acute intake of BJ and its influence on BP. Several other interventions assessing effects
of BJ intake have been completed with different populations. Previous studies have investigated
chronic [7–12,28] and acute BJ ingestion [16,20,28–30], in athletes [17–19], in healthy non-athletes [31,32],
and in patients in disease states [7–12,16,20]. BJ consumption has been analyzed combined with
exercise [28,33] and without exercise [34]. Usually, the primary objective of these studies is to evaluate
the oxygen consumption and blood flow [28], associated with the analysis of plasma or salivary NO2

−.
Although BJ supplementation may cause a significant reduction in BP and this is usually evaluated as
a secondary outcome, we can still cross-compare these studies with ours.

A recent review [6] discussed different study designs for BJ intervention and BP response in
non-athlete populations. A meta-analysis showed that elderly people had less accentuated hypotensive
responses [35], however, this is not a consensus, since another meta-analysis [13] showed an opposite
effect. Other characteristics that may influence these results are both sex (women have less evident
responses) and BP level at baseline. In this sense, the present study included middle age to elderly
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women (58.1 ± 4.6 years), which despite being hypertensive, had medically controlled BP at baseline.
Therefore, these characteristics may have masked the hypotensive effects of BJ.

In a previous study with hypertensive patients with chronic obstructive pulmonary disease [16],
there was a hypotensive effect in DBP three hours after BJ ingestion containing 12.9 mmol of NO3

−.
Different from the present study, they did not assess BJ consumption in combination with exercise, they
used a lower dose of NO3

− in BJ, and they used a population with compromised cardiorespiratory
capacity. In another study [20], patients with insufficient cardiac output using antihypertensive drugs
consumed 140 mL of BJ containing 11.2 mmol of NO3

− and performed a 6 min walk, a maximal
strength test, and a fatigue test. Despite evaluating BP post-exercise, they did not find a hypotensive
effect associated with exercise or BJ supplementation. It should be noted that this evaluation occurred
only 10 min after exercise, and the exercise protocol had more similarities to resistance exercise of
high relative intensity. These characteristics differ greatly from the present study and may explain the
absence of PEH, since this effect is better reported in post-aerobic exercise [36]. The amount of NO3

−
used in our study was based on previous studies investigating different doses of beetroot/NO3

− and
blood pressure responses [37]. Wylie and colleagues [37] found that consumption of NO3

− of up to
8.4 mmol had dose dependent lowering effects on BP, but higher doses had no additional effects on
BP. Therefore, the dose used in our study should be enough to increase NO availability and increase
blood flow.

After exercise, local vasodilator mechanisms contribute to BP reduction, leading to a sustained
vasodilatation response [4]. There are studies suggesting that NO released by endothelium could lead
to this effect, even though this is not the main cause of PEH [16]. Thus, nitric oxide could be considered
a potential contributor to sustained post-exercise vasodilatation and could be involved in PEH. It is
known that shear stress and activation of endothelial receptors cause NO release by eNOS and the
capacity of this pathway depends on the interaction of neuropeptide and mechanical stimuli [38]. PEH
is more evident after moderate intensity aerobic exercise in people with hypertension [39]. Considering
the initial level of BP as one of the factors that determines the magnitude of PEH [39,40], the use
of antihypertensive drugs before exercise could mitigate this response. However, we found a PEH
response even with antihypertensive drug use, which highlights the importance of exercise even in
hypertensive patients under pharmacological therapy.

Additionally, the local vasodilatory response is not the only mechanism leading to PEH.
Halliwill et al. [4] highlighted the possible explanations to PEH as: an adjustment of the baroreflex control
to maintain a lower BP after exercise; a reduction in sympathetic nerve activity; a thermoregulatory
readjustment; a vasodilation caused by release of NO and prostaglandins, which also cause reduction
in α-adrenergic sensitivity; and a vasodilation caused by the action of histamines. It is possible that one
or more of these pathways could be the main cause of PEH rather than NO bioavailability. Interestingly,
BJ has a notable influence on the bioavailability of NO, and although this pathway does not seem
to be the most important cause of PEH [4], some studies have shown that BJ intake can decrease
BP [16,28,33,37]. Therefore, there is a possibility that increasing NO bioavailability by BJ consumption
could change BP response. However, when considered along with other mechanisms causing PEH,
there might be an attenuation or inhibition of other pathways involved that do not allow a significant
additional effect in BP reduction.

In postmenopausal women, there is an increase in oxidative stress, due to the reduction in estrogen
synthesis, impairing both vascular cell integrity and activity of antioxidant enzymes [41]. Furthermore,
the impairment of oxidative balance has an important role in the pathogenesis of hypertension and
may lead to impaired endothelium-dependent relaxation [42]. This decrease in relaxation capacity
is associated with decreased NO production, increased cyclooxygenase-2 (COX-2) expression, and
increased nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), of which COX-2
and NADPH oxidase are involved in stimulating the production of reactive oxygen species [42]. Thus,
hypertensive women after menopause, have compromised blood vessel integrity, leading to endothelial
dysfunction [42]. Ingestion of BJ [43] could be a clinically valid strategy to reduce the oxidative
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imbalance in this population, to increase the activity of antioxidant enzymes and blood flow, and to
improve vascular relaxation dependent on shear stress derived from exercise.

A study [25] compared the responses to BJ intake in plasma, saliva, and urine and found that
saliva is more sensitive to NO3

−, with the NO2
− concentration increasing seven times in saliva, three

times in plasma, and four times in urine when compared to placebo. In agreement with these findings,
in the current study there was a slight increase in salivary NO2

− with PLA intake, showing that even
with the low concentration of NO3

− present in PLA, saliva is sensitive enough to respond to this
stimulus [25]. This is likely due to the initial conversion of NO3

− to NO2
− that occurs in the mouth by

salivary components [25,44], especially by oral microbiome [45]. The bacteria genus Veillonella spp. is
of importance, increasing the conversion of NO3

− to NO2
− in the oral cavity, thus, assisting with the

reintroduction of NO2
−/NO3

− in the pathway of NO production [45]. Recently, the clinical importance
of the oral microbiome has been demonstrated in a hypertensive population by the use of antibacterial
mouthwashes, which decreased the oral reduction of NO3

− and increased blood pressure in this
population [46]

Based on our results, there are other possibilities to explain the lack of an additional effect on PEH
with BJ ingestion. The literature shows that the amount of NO3

− consumed is sufficient to cause a
hypotensive response in healthy individuals [37], however, the NO3

− dose response could vary among
different populations. Therefore, this dose may not have been enough for hypertensive postmenopausal
women. Although there are indications that increased bioavailability of NO2

− is associated with the
increased bioavailability of NO [47,48], this conversion may not have been satisfactory to generate
enough NO to potentiate vasodilation. In addition, the endothelium status of the participants is not
known. As all participants have been diagnosed with hypertension for more than one year, there
may be a deficiency in the production of eNOS, which could reduce NO production [49]. Thus, it is
important to evaluate the NO response, to determine NO3

− dose responses in different populations,
and evaluate chronic consumption of BJ. Although there are no studies evaluating the interaction of
antihypertensives and blood pressure response with exercise [50], it is important to consider that the
study volunteers had pharmacologically controlled hypertension, and these drugs could influence
blood pressure response after exercise. Furthermore, the bioavailability of NO may not be the main
cause of PEH, and other mechanisms causing PEH were not evaluated in the present study, of which
we highlight the activity of baroreflex and vasodilation caused by other substances, such as histamine
and prostaglandins [4].

This study had limitations, since blood flow was not measured, and BJ intake and BP measurements
were assessed in a short term, thus, our results cannot be extrapolated to chronic settings. The study
participants were taking different anti-hypertensive medication, which could mask the effect of NO3

−
on blood pressure. Our results suggest that moderate aerobic exercise is a good strategy to induce PEH
and may be helpful for hypertension treatment. However, only one dose of BJ is not sufficient to cause
an additional effect on PEH.

5. Conclusions

In conclusion, acute intake of beetroot juice does not change BP response mediated by moderate
intensity aerobic exercise in hypertensive postmenopausal women, even though there is an increase in
the bioavailability of salivary NO2

−/NO.
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Abstract: There is increasing epidemiologic and animal evidence that a low calcium diet increases
blood pressure. The aim of this review is to compile the information on the link between low
calcium intake and blood pressure. Calcium intake may regulate blood pressure by modifying
intracellular calcium in vascular smooth muscle cells and by varying vascular volume through
the renin–angiotensin–aldosterone system. Low calcium intake produces a rise of parathyroid
gland activity. The parathyroid hormone increases intracellular calcium in vascular smooth muscles
resulting in vasoconstriction. Parathyroidectomized animals did not show an increase in blood
pressure when fed a low calcium diet as did sham-operated animals. Low calcium intake also
increases the synthesis of calcitriol in a direct manner or mediated by parathyroid hormone (PTH).
Calcitriol increases intracellular calcium in vascular smooth muscle cells. Both low calcium intake and
PTH may stimulate renin release and consequently angiotensin II and aldosterone synthesis. We are
willing with this review to promote discussions and contributions to achieve a better understanding
of these mechanisms, and if required, the design of future studies.

Keywords: calcium intake; blood pressure; parathyroid function; vitamin D;
renin-angiotensin-aldosterone system

1. Introduction

The relationship between calcium intake and blood pressure has been widely studied since
the 1980s [1–3]. Dietary calcium has been shown to have an effect on blood pressure in animal
studies. Normotensive rats fed a free-calcium diet significantly increased their systolic blood pressure
(SBP) between 15 to 35 mmHg in comparison with rats fed with normal calcium diet [4–6]. On the
other hand, normotensive and hypertensive rats supplemented with calcium had significant lower
values of SBP [7–10]. Systematic reviews of calcium supplementation randomized controlled trials in
hypertensive and normotensive populations have shown a consistent decrease of blood pressure, with
a mean difference in systolic blood pressure (SBP) of 2.5 mmHg (95% confidence interval (CI) = 0.6–4.5)
in hypertensive subjects and of 1.4 mmHg (95% (CI) = 0.72–2.15) in normotensive subjects [11,12].
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In humans, even such a small reduction in blood pressure was estimated to be associated with about
10% lower stroke mortality and about 7% lower mortality from ischemic heart disease [13].

The effect of calcium supplementation on SBP was higher in people aged less than 35 years
(−2.11 mmHg) and with doses of calcium equal to or over 1500 mg/day (−2.79 mmHg). The higher
impact on BP reduction observed in these cases seem to be diluted in the overall revision due to these
studies only representing approximately 20% of the participants [11]. Also, the vast majority of the
included trials were performed in high-income countries that usually have a higher basal dietary
calcium intake.

Most importantly this effect on blood pressure has been studied during pregnancy for the
prevention of preeclampsia [14]. A systematic review of randomized controlled trials of calcium
supplementation on the prevention of preeclampsia shows a large effect (13 trials, 15,730 women:
RR= 0.45, 95% CI= 0.31–0.65) [15]. This evidence was used to update WHO guidelines for the prevention
of preeclampsia, which include the recommendation to supplement pregnant women from areas with
low calcium intake with 1.5 to 2 g of calcium per day during the second half of pregnancy [16,17].
Moreover, the follow up of children whose mothers were supplemented during pregnancy show
noticeable effects on preventing high blood pressure and dental caries in the progeny [18,19]. Recently,
the preconceptional and early pregnancy effect of a low calcium supplementation dose was studied in
a multi-country randomized placebo controlled trial showing the beneficial effect of calcium before
conception and throughout pregnancy [20]. All these effects of calcium intake have also been replicated
in animal models so as to gain insight on the mechanisms that link calcium intake and blood pressure
regulation [1,2,4–6].

The aim of this literature review is to contribute to finding the mechanisms that could explain the
relationship between calcium intake and blood pressure.

2. Calcium and Blood Pressure Regulation

Calcium intake may regulate blood pressure by increasing intracellular calcium in vascular
smooth muscle cells leading to vasoconstriction, and by increasing vascular volume through the
renin–angiotensin–aldosterone system (RAAS). We found three major mechanisms explaining the
relationship between a low calcium intake and the increase in blood pressure: (a) parathyroid function,
(b) vitamin D, and (c) the renin–angiotensin–aldosterone system (RAAS). These three mechanisms are
described below (Figure 1).

2.1. Calcium Intake and Parathyroid Function on Blood Pressure Regulation

Calcium intake has a role in blood pressure regulation and the parathyroid glands play a role in
calcium homeostasis, thus the link between calcium intake, parathyroid function, and blood pressure
seems to be intuitively valid. However, few studies have evaluated the pathways linking calcium
intake, parathyroid function, and blood pressure altogether. The following section accounts for the
physiological bases of this relationship, focusing on the effects of the parathyroid hormone (PTH) and
the not completely purified and characterized parathyroid hypertensive factor (PHF).

2.1.1. Mechanisms Mediated by Parathyroid Hormone (PTH)

Several studies have reported that calcium intake is inversely associated with blood pressure,
both in humans [3,11,12,21–23] and in animals [2,5,6]. The inverse relationship between calcium
intake and plasma PTH levels has also been widely studied at different ages and physiological
stages in both humans and animals, in acute and long term studies [24–27]. Similarly, the direct
relationship between plasma PTH and blood pressure both in healthy subjects and animals is also well
documented [25,28–33]. The relationship between the reported parathyroid hormone serum levels
and blood pressure measurements in normotensive and hypertensive subjects is shown in Table 1.
Studies showing a correlation between blood pressure values and quartiles and quintiles of parathyroid
hormone levels in human studies are shown in Table 2. Some studies in humans have shown low
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calcium intake, increased PTH levels, and increased blood pressure in the same subjects, although no
description of mechanisms involved in this relationship were mentioned [34–36] (Table 3).

 

Figure 1. Scheme of the mechanisms involved in the rise of blood pressure in low calcium intake by an
increase in peripheral vascular resistance. Low calcium intake decreases plasmatic calcium concentration
([Ca2+]plasma), stimulating the release of parathyroid hormone (PTH) and parathyroid hypertensive
factor (PHF), the synthesis of calcitriol, and the activation of the renin–angiotensin–aldosterone system
(RAAS). In vascular smooth muscle cells (VSMC), angiotensin II via the angiotensin II type I receptor
(AT1R)/Gq/phospholipase C (PLC)/inositol trisphosphate (IP3) pathway, PTH via PTHr-1/Gs/3′,5′-cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA), and calcitriol via adenylate cyclase
(AC)/cAMP/PKA and PLC/IP3 signaling pathways increased the intracellular calcium concentration
([Ca2+]i). The rise of [Ca2+]i leads to vasoconstriction, and hence increases in peripheral vascular
resistance and blood pressure. The PHF mechanism of action remains unknown. See text for
further details.
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Table 1. Parathyroid hormone (PTH) serum levels and blood pressure (BP) values in normotensive and
hypertensive subjects.

Reference
(First Author)

Method
Country and
Participants

PTH (pmol/L) BP (SBP − DBP mmHg)

Young 1990 [28] Cross-sectional
USA, 115 subjects,
≈45 years

NT = 4.5 ± 2.2 NT = 120(±11) − 80(±8)
HT = 5.0 ± 2.4 HT = 138(±8) − 95(±5)

Brickman 1990 [29] Cross-sectional
USA, 38 men,
≈56 years

NT = 20.8 ± 1.1 NT = 123(±2.8) − 78(±1.3)
HT = 28.4 + 3.5 HT = 150(±3.9) − 97(±0.9)

Morfis 1997 [30] Cross-sectional
Australia, 123 subjects,
63–88 years

NT = 2.7 ± 1.1 NT = 125(±12) − 71(±7)

HT = 2.9 ± 1.3 HT =135(±14) − 73(±10)

Park 2015 [32] Cross-sectional
Korea, 1664
postmenopausal
women, >50 years

NT = 63.7 ± 23.4 NT = 117.5(±12.4) − 73.3(±8.1)

HT = 68.3 ± 23.6 HT = 149.4(±11.4) − 86.0(±10.1)

NT = normotensive people; HT = hypertensive people, SBP = systolic blood pressure; DBP = diastolic blood
pressure. Values are expressed as mean (±standard deviation).

Table 2. Blood pressure (BP) values by quartiles or quintiles of parathyroid hormone (PTH) levels in
human studies.

Reference
(First Author)

Method
Country and
Participants

PTH (pmol/L) BP (SBP −DBP mmHg)

Snijder 2007 [31] Cross-sectional

The Netherlands,
1205 subjects,
participants,
55–85 years

Q1: <2.45 150.1(±26.1) − 82.5(±13.0)
Q2: 2.45–3.13 151.7(±24.8) − 82.6(±13.4)
Q3: 3.14–4.25 154.7(±24.6) – 84.3(±13.6)
Q4: >4.25 156.2(±27.6) − 83.9(±13.0)

Chan 2011 [25] Cross-sectional
China, 939 men,
>65 years

Q1: <3.1 135.8(±1.7) − 76.5(±0.8)
Q2: 3.2–4.1 139.9(±1.6) − 76.5(±0.8)
Q3: 4.2–5.5 141.4(±1.7) − 76.5(±0.8)
Q4: >5.5 143.6(±1.8) − 79.9(±0.8)

Yao 2016 [33] Cohort study USA, 7504 subjects,
45–64 years

Q1: 3.2–28.8 112(±13) − 68.0(±8.2)
Q2: 28.9–34.9 113(±12) − 68.4(±8.3)
Q3: 35.0–41.5 114(±12) − 69.4(±8.5)
Q4: 41.6–50.1 115(±12) − 69.9(±8.1)
Q5: 50.2–162.6 115(±12) − 70.5(±8.2)

SBP = systolic blood pressure; DBP = diastolic blood pressure. Values are expressed as mean (±standard deviation)
or mean [±standard error of the mean].

Table 3. Parathyroid hormone (PTH) and blood pressure (BP) and dietary calcium intake in
human studies.

Reference
(First Author)

Method
Country and
Participants

Ca Intake (mg/day)
PTH

(pmol/L)
BP (SBP −DBP mmHg)

Takagi 1991 [34] Clinical trial
Japan, 9 HT,

65–86 years, CaSup
(1 g) vs. diet Ca
500 mg, 8 weeks

1 g/day (CaSup) 27 −13.6 mmHg to −5.0 mmHg

500 mg/day (diet) 33
−1.5 mmHg to +1.0 mmHg

Jorde 2000 [36] Cohort study Norway, 1113
subjects, 30–79 years

592.1(±459.6) 4.5(±1.2) 143.4(±19.9) − 84.3(±10.4)

400.3(±227.3) 9.1(±2.4) 153.9(±27.1) − 89.7(±14.1)

Kamycheva
2004 [35] Cross-sectional

Norway, 3570
subjects, >24 years

♂
499(±259) Q1 <1.9 136.9(±17.7)
476(±257) Q2 1.9–2.6 140.1(±19.6)
443(±233) Q3 2.61–3.5 142.0(±20.3)
430(±243) Q4 >3.5 145.2(±20.3)

♀
478(±277) Q1 <1.8 133.2(±18.5)
428(±227) Q2 1.8–2.4 135.5(±21.5)
431(±226) Q3 2.41–3.3 141.9(±22.4)
408(±217) Q4 >3.3 146.5(±23.2)

NT = normotensive people; HT = hypertensive people, CaSup= calcium supplementation; SBP = systolic blood
pressure; DBP = diastolic blood pressure. Values are expressed as mean (±standard deviation).

Several studies have shown that PTH levels can independently predict cardiovascular disease
and mortality [35,37–39]. The prospective and multicenter Osteoporotic Fractures in Men (MrOS)
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study, including 1490 men older than 65 years and followed up for 7.3 years, shows that concentrations
of PTH were associated with an increased risk of cardiovascular mortality (adjusted hazard ratio
SD = 1.21, 95% CI = 1.00–1.45) and from all causes (adjusted HR per SD = 1.15, 95% CI = 1.03–1.29) [37].
The Multi-Ethnic Study of Atherosclerosis (MESA) cohort study in which 3002 men and women,
aged 59 ± 9.7 years, without cardiovascular antecedents were followed up for 9.0 years found that
higher PTH serum concentrations were associated with a greater risk of hypertension, even after
adjusting for potential confounders (HR = 1.27, 95% CI = 1.01–1.59) [39]. The population-based,
cross-sectional Tromsø study including 3570 men and women aged 25–79 years found a positive
relationship between serum PTH and SBP with the highest quartile of serum PTH found to be an
independent predictor of coronary heart disease in both sexes (OR = 1.70, 95% CI = 1.08–2.70 for males,
OR = 1.73, 95% CI = 1.04–2.88 for females, p < 0.05).

PTH is an 84-amino-acid polypeptide (≈9.5 kilodalton (kDa)) secreted by the chief cells of the
parathyroid gland. PTH acts on the cell membrane of its target tissues through a G-protein-coupled
receptor, the parathyroid hormone receptor type 1 (PTHr-1). Expression of PTH receptors has been
reported in many tissues, including vascular smooth muscle and endothelial cells [40]. The PTHr-1
couples to several signaling pathways, namely: the Gαs/adenylate cyclase (AC)/cAMP/protein kinase
A (PKA), the Gαq/phospholipase C (PLC)β/inositol trisphosphate (IP3)/intracellular Ca/protein kinase
C (PKC), the Gα12/13 phospholipase D/RhoA pathway, and the mitogen-activated protein kinase
(extracellular signal regulated kinase [ERK1/2]) signaling cascade [41,42].

Several mechanisms have been proposed to explain the effect of PTH on blood pressure:
(a) an increase in cytosolic free calcium concentration ([Ca2+]i) through the PTH receptor
(PTHr-1) in vascular smooth muscle, (b) increase calcitriol concentration, and (c) a cross-talk
with the renin–angiotensin–aldosterone system (RAAS). The last two will be described in its
corresponding sections.

High [Ca2+]i increases vascular reactivity, and therefore peripheral vascular resistance and
responsiveness to the sympathetic and the RAAS, which all elevate blood pressure. Calcium channel
blockers, such as nifedipine and verapamil, are valuable antihypertensive drugs as they inhibit
Ca2+ entry to the cell and reduce [Ca2+]i. In the same way, calcium supplementation in subjects
with low calcium intake has been described to decrease [Ca2+]i [43,44], hence diminishing blood
pressure. It has been shown that PTH increases calcium entry into a variety of mammalian tissues
and cell lines, such as cardiomyocytes [45], enterocytes [46], kidney [47], liver [48], peripheral
nerves [49], osteosarcoma cells [50], and osteoblastlike cells [51]. Significantly higher [Ca2+]i was
also found in human platelets and lymphocytes of hypertensive patients [29,52]. The activation of
PTHr-1/Gq/PLC/IP3, PTHr-1/Gα12-13/phospholipase D/RhoA cascades, and of calcium channels are
the signaling pathways by which PTH increases [Ca2+]i and blood pressure [47].

A controversial effect is the vasodilator effect of acute PTH infusion, both in vivo and in vitro.
In vascular smooth muscle cells, PTHr-1 couples primarily to Gαs, which increases cAMP and decreases
[Ca2+]i [53]. Nonetheless, the sustained activation of this cascade shows desensitization to PTH in a
time- and concentration-dependent fashion [54–56]. The chronic infusion of PTH has been associated
with arterial hypertension [57]. Long-standing high levels of PTH, such as in hyperparathyroidism,
are frequently related to hypertension, whereas parathyroidectomy is associated with a decrease in
[Ca2+]i and blood pressure [58]. A rise of [Ca2+]i through PTHr-1/Gαs/AC/cAMP via opening calcium
channels in a cell line derived from fetal rat aorta was also described [59]. Therefore, the desensitization
of the cAMP pathway to PTH, as well as the stimulation of other blood pressure mediators considered
below, like the RAAS and calcitriol, may explain the long-term pressor effects of PTH.

2.1.2. Parathyroid Hypertensive Factor (PHF)

In the early 1990s, Lewanczuk et al. described that the infusion of plasma from hypertensive rats
and from hypertensive subjects on normotensive rats increased the mean arterial pressure of those
rats [60,61]. They attributed this effect to the presence of a novel hypertensive factor in the plasma
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of the hypertensive donors. The same group also reported the parathyroid origin of this factor by
transplanting parathyroid glands from hypertensive rats into parathyroidectomized normotensive rats.
An increase in blood pressure was shown in the rats after transplantation [60,62,63]. Due to this, the
non-isolated substance was called parathyroid hypertensive factor (PHF) [60].

In spontaneously hypertensive rat strains, low calcium intake increases blood pressure that
the authors explained was due to an increase of PFH [64]. These authors also proposed that PHF
regulates blood pressure by modifying the concentration of [Ca2+]i in vascular smooth muscle [60,65,66].
In isolated vascular smooth muscle cells from rat tail arteries, Shan et al. found that the infusion of
semi-purified plasma from hypertensive rats enhanced the opening of the L-type calcium channel, an
effect antagonized by the dihydropyridine calcium channel blocker nifedipine [67].

Although the effect of plasma from hypertensive rats has been well-documented, the purification
and characterization of PHF is uncomplete. Benishin et al. showed the correlation of a UV spectrum of
dialyzed plasma from hypertensive rats with a small (≈3 kDa), trypsin-inactivated and boiled-resistant
peptide [68]. Years later, the same group proposed that the PHF structure has both peptide and
lysophospholid motifs, critical for its biological activity [69]. Schlüter et al. also isolated a peptide-like
vasopressor of low molecular weight (0.6–2.5 kDa) from parathyroid tissue of patients with tertiary
hyperparathyroidism. The eluent was shown to be polar, hydrophilic, and protease-sensitive, but
not heat-resistant. Schlüter’s group also suggested that further purifications were needed as several
substances were shown on the mass spectrometry [70].

Although the existence of PHF may explain the blood pressure changes induced by alterations in
a calcium diet, there is still much to know about this mediator. First, the published results have been
poorly replicated outside the group that described PHF [71]. On the other hand, after 30 years of being
described, the definitive chemical structure of this mediator is still unknown and there have not been
reports of new attempts to purify it. Nonetheless, the function of the parathyroid gland seems to play
a key role in blood pressure regulation, as was reported both in humans and in normotensive and
hypertensive animals.

In summary, the bulk of information of this section orients towards an increase of the parathyroid
gland activity by low calcium intake leading to an increase of [Ca2+]i in vascular smooth muscle
cells and consequently a rise in blood pressure (Figure 1). In addition to the direct effect of PTH
(or PHF) in smooth muscle, we will later discuss the effects of PTH mediated by calcitriol and RAAS.
A demonstration of the effect of parathyroid activity in the regulation of blood pressure related to
calcium intake is shown in a study of parathyroidectomized rats in comparison with sham operation
rats. After 10 weeks on a calcium-free diet, the sham operation rats showed an increase in SBP of
3.44 (SE = 1.95) mmHg, while the parathyroidectomized rats showed a decrease in SBP of −9.67
(SE = 2.05) mmHg. A highly statistical significant difference of 13.11 mmHg was found between the
two groups [2].

2.2. Calcium Intake and Vitamin D in Blood Pressure Regulation

Most systematic reviews of randomized controlled trials do not show an effect of vitamin D
supplementation on blood pressure. A systematic review of 46 trials (4541 participants) found no effect
of vitamin D supplementation on SBP (effect size = 0.0 [95% CI = −0.8 to 0.8] mmHg; p = 0.97; I2 = 21%)
or diastolic blood pressure (DBP) (effect size = −0.1 [95% CI = −0.6 to 0.5] mmHg; p = 0.84; I2 = 20%)
nor in subgroup analysis via basal vitamin D or blood pressure levels [72]. A systematic review in
hypertensive subjects did not find evidence of vitamin D supplementation on blood pressure [73].
However, one systematic review found that in vitamin D deficient populations, supplementation has a
small effect on peripheral DBP but not in central DBP nor in peripheral nor central SBP, though this
evidence is weak as it mainly comes from one small trial on vitamin D deficient and hypertensive
subjects [74,75]. However, in these systematic reviews some population groups, such as those with
vitamin D deficiency, might be underrepresented. One randomized, double-blind, placebo-controlled
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clinical trial of oral calcitriol in African-Americans with low baseline calcitriol level reported a significant
decrease in SBP but not DBP after a three-month follow up [76].

Vitamin D is a steroid hormone that can be synthesized in the skin under the influence of sunlight
(cholecalciferol or vitamin D3) or be obtained from foods such as fish and vegetables (ergocalciferol
or vitamin D2). Later, a two-step hydroxylation is required to procure its biological active form
(1,25-OHVitD, calcitriol). Low calcium intake increases calcitriol concentration, both in human and in
animals [77–79]. PTH stimulates the renal α-1 hydroxylase enzyme to produce the final activation.
However, PTH is probably not the sole regulator of calcitriol synthesis as an increase in the efficiency of
calcium absorption has been described with low calcium intake diets even after parathyroidectomy [79].
The renal α-1 hydroxylase activity seems to be directly modulated by calcium, as the addition of calcium
ions in vitro produced an inhibitory effect of the enzyme activity [80]. In addition, α-1 hydroxylase
activity was found in tissues other than kidney such as endothelial cells. Vitamin D receptor (VDR)
expression was described in endothelial cells. These findings could orient towards an auto/paracrine
action of calcitriol in endothelial cells [81].

The effects of calcitriol are mediated by both genomic and nongenomic mechanisms. Genomic
responses are mediated by intracellular vitamin D receptor (VDR) functioning as transcription factors to
modulate gene expression, whilst the short-term effects seem to be mediated by putative receptors [82].

Among the rapid nongenomic effects, it has been shown that calcitriol increases [Ca2+]i by
increasing calcium uptake in many types of cells, including rat vascular smooth muscle cells and
aorta-derived cell lines [83–85]. The intraperitoneal administration of calcitriol on spontaneously
hypertensive and normotensive rats enhanced the contractile response of isolated mesenteric resistance
arteries, showing that the effect is not related to the hypertensive condition [86]. Furthermore, Shan et al.
reported a significant increase in the calcium channel current of rat artery-derived smooth muscle cells
after calcitriol infusion [87]. In skeletal muscle, calcitriol effects have been extensively studied showing
that calcitriol: (a) stimulates L-type voltage-operated calcium channels by cAMP pathway, (b) activates
AC/cAMP/PKA and PLC/IP3/PKC signaling cascades, and (c) boosts the calcium messenger system [88],
all of which are responsible for the increase of [Ca2+]i (Figure 1).

Calcitriol regulates RAAS via genomic mechanisms [89]. An inverse association between serum
calcitriol levels and plasma renin activity, in both human and animals, has been described [90]. Studies
in VDR knockout mice show that calcitriol negatively regulates the RAAS and blood pressure by a
genomic calcium- and PTH-independent mechanism [91–93].

The mechanism by which calcitriol regulates blood pressure seems not to be the same with low
calcium intake as it is with vitamin D deficiency. Whereas restrictive calcium diets may dominate the
nongenomic short-term effects by increasing [Ca2+]i, vitamin D deficiency may preponderate the VDR
mediated actions on the RAAS.

In summary, the mechanism by which calcitriol regulates blood pressure in low calcium diets
may be mediated by the nongenomic short-term effects increasing [Ca2+]i and consequently rising
blood pressure.

2.3. Calcium Intake and Renin–Angiotensin–Aldosterone System

The renin–angiotensin–aldosterone system (RAAS) plays a key role in the physiologic regulation
of blood pressure. As shown below, several interactions between calcium intake, calcium homeostatic
hormones and the RAAS have been described.

2.3.1. Renin

Renin enzymatic activity consists in the hydrolysis of angiotensinogen to angiotensin I. The acute
incubation or infusion of high concentrations of calcium has an inhibitory effect on renin secretion,
both in isolated cells and animals [94–97]. Dietary calcium supplementation has shown to decrease
but not to abolish the renin release [98]. It has been reported that acute activation of the calcium
sensing receptor in juxtaglomerular cells by high extracellular calcium concentration decreases renin
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release and plasma renin activity, both in vivo and in vitro. Renin secretion is dependent on cAMP
formation. Increased extracellular calcium concentration decreases renin release by diminishing AC
and enhancing phosphodiesterase activities [95,99]. cAMP concentration could also be raised by PTH
as PTHr-1 along the nephron, including the juxtaglomerular apparatus [100]. The stimulation of
PTHr-1 increases cAMP and enhances renin release [101] (Figure 1).

2.3.2. Angiotensin II

Angiotensin II is the primary active product of the RAAS and a potent vasoconstrictor whose
actions are mediated by the type I angiotensin II receptor (AT-1R). Low calcium diets have been shown
to increase angiotensin II [6,102]. In animals fed low calcium diets, the binding of angiotensin II
withAT-1R decreases in smooth muscle cells and increases in the adrenal cortex. These findings suggest
that with low calcium intake, angiotensin II may raise blood pressure via increasing aldosterone
synthesis or secretion [5].

It has also been described that the infusion of angiotensin II produced a significant dose-dependent
increase in PTH serum levels [101]. Moreover, AT-1R has been isolated in the parathyroid glands,
and although the intracellular pathway is still unknown, AT-1R inhibition lowered PTH levels [103].
These observations may explain the blood pressure elevation by angiotensin II in a low calcium diet
(Figure 1).

2.3.3. Aldosterone

Aldosterone, a steroid hormone, is synthesized by the zona glomerulosa of the adrenal cortex (CZG)
in the adrenal gland. Its primary effect is the regulation of blood pressure through the reabsorption of
sodium and excretion of potassium in the distal tubules and the collecting ducts of the nephron [104],
increasing apical membrane permeability for sodium, thus causing sodium and water reabsorption.
This rise of extracellular fluid volume increased cardiac output, and hence blood pressure (Figure 2).

 

Figure 2. Scheme of the mechanisms involved in the rise of blood pressure in low calcium
intake via an increase in cardiac output. Low calcium intake decreased the plasmatic calcium
concentration ([Ca2+]plasma), stimulating PTH and the renin–angiotensin–aldosterone system (RAAS).
Both angiotensin II and PTH were increased aldosterone secretion due to the adrenal gland. Aldosterone
upregulates epithelial sodium channels (ENaC) in the principal cells of the collecting duct in the kidney,
increasing apical membrane permeability for Na+, thus Na+ and water reabsorption. The rise of
extracellular fluid volume (ECF) increased cardiac output and hence blood pressure.
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Aldosterone synthesis is stimulated by angiotensin II and high extracellular potassium levels via
the calcium messenger system that boosts the steroidogenic cascade within the mitochondria. The
acute steroidogenic regulatory protein (StAR) is a key molecule that transports cholesterol through the
inner mitochondrial membrane, a fundamental step for the synthesis of steroid hormones, such as
aldosterone. StAR is activated by increases in [Ca2+]i. Angiotensin II, via AT-1R activating the PLC/IP3
cascades, and high extracellular potassium levels via depolarizing the plasma membrane of the cell
activating calcium voltage-dependent channels, increase [Ca2+]i and thus aldosterone synthesis [105].

A bidirectional stimulating relationship between PTH and aldosterone is reported. Patients
with primary aldosteronism have high levels of PTH that return to physiological concentration after
the adenoma removal or pharmacological treatment with aldosterone antagonists [106]. Similarly,
hypertension associated with secondary aldosteronism due to hyperparathyroidism resolves after
parathyroidectomy [107,108]. Studies in humans have also shown a rise in blood pressure and
aldosterone after two weeks of an infusion of PTH [57], and this effect is antagonized by PTH-receptor
blocking agents [109]. PTHr-1 has been found in the CZG of animals and humans [110], and
mineralocorticoid receptors, for aldosterone, have been identified in the parathyroid gland [111].

It has been shown that PTHr-1 stimulates basal steroid secretion (aldosterone, cortisol) from
adrenal cells through both AC/PKA- and PLC/PKC-dependent signaling mechanisms [109]. Adrenal
cells incubated with PTH increase cAMP and IP3 production, with this effect being partially suppressed
by inhibitors of both cascade. The activation of PKA, by increasing the concentration of cAMP, activates
StAR. PTH can also indirectly favor steroidogenesis by increasing [Ca2+]i [109].

In summary, it has been shown that both low calcium intake and PTH stimulate renin release, and
consequently, angiotensin II and aldosterone synthesis.

3. Conclusions

In this manuscript, we reviewed the literature exploring the mechanisms involved in the
relationship between calcium intake and blood pressure. It has been shown that, particularly in
individuals with low calcium intake, an increase in calcium intake reduces blood pressure. We consider
that in view of hypertension being a major factor involved in the global burden of disease, the study of
interventions that could prevent the development of hypertension should be prioritized [112]. The link
between calcium intake and blood pressure involves a connection between calciotropic hormones and
blood pressure regulators. As was hypothesized many years ago, parathyroid activity increases the
cytosolic concentration of calcium and increases vascular reactivity and blood pressure [113]. The effect
of calcium intake on blood pressure is not shown in parathyroidectomized animal studies. Low calcium
intake also increases the synthesis of calcitriol in a direct manner or is mediated by PTH. Calcitriol
increases intracellular calcium in vascular smooth muscle cells. Low calcium intake stimulates renin
release, and consequently, angiotensin II synthesis. PTH stimulates renin release, angiotensin II
and aldosterone synthesis (Figure 3). We are willing with this review to promote discussions and
contributions to achieve a better understanding of these mechanisms, and if required, the design of
future studies.
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Figure 3. Scheme of the mechanisms involved in the rise of blood pressure due to low calcium intake,
namely the link between calciotropic hormones and blood pressure regulators. Low calcium intake:
(a) increases calcitriol serum levels, (b) stimulates parathyroid function, and (c) increases renin secretion.
Calcitriol may increase cytosolic free calcium concentration ([Ca2+]i) via non-genomic short-term
mechanisms. The parathyroid gland secretes parathyroid hormone (PTH) and possibly (dash arrow) the
parathyroid hypertensive factor (PHF). Both mediators increase [Ca2+]i, leading to the contraction of the
vascular smooth muscle cells (vasoconstriction). Renin release is stimulated both by low extracellular
calcium and PTH, activating the renin–angiotensin–aldosterone system (RAAS). In addition, PTH
increases angiotensin II and aldosterone synthesis, which also leads to vasoconstriction and increases
renal water reabsorption, increasing blood pressure. Aldosterone also increases PTH serum levels
(double-headed arrow). See text for further details.
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cAMP 3′,5′-cyclic adenosine monophosphate
CZG zona glomerulosa of the adrenal cortex of the adrenal gland
DBP diastolic blood pressure
IP3 inositol trisphosphate
PHF parathyroid hypertensive factor
PKA protein kinase A
PKC protein kinase C
PLC phospholipase C
PRA plasma renin activity
PTH parathyroid hormone
PTHr-1 PTH receptor
RAAS the renin–angiotensin-aldosterone system
StAR acute steroidogenic regulatory protein
SBP systolic blood pressure
VDR Vitamin D intracellular receptor
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Abstract: The aim of this school-based study was to identify the possible association between diet and
physical activity, as well as the anthropometric, vascular, and gluco-lipid parameters. We administered
two validated questionnaires for diet and physical activity (Food Frequency questionnaire (FFQ),
Children-Physical Activity Questionnaire (PAQ-C)) to children at four primary schools in Verona
South (Verona, Italy). Specific food intake, dietary pattern, and physical activity level expressed in
Metabolic Equivalent of Task (MET) and PAQ-C score were inserted in multivariate linear regression
models to assess the association with anthropometric, hemodynamic, and gluco-lipid measures. Out
of 309 children included in the study, 300 (age: 8.6 ± 0.7 years, male: 50%; Obese (OB): 13.6%; High
blood pressure (HBP): 21.6%) compiled to the FFQ. From this, two dietary patterns were identified:
“healthy” and “unhealthy”. Direct associations were found between (i) “fast food” intake, Pulse Wave
Velocity (PWV), and (ii) animal-derived fat and capillary cholesterol, while inverse associations were
found between vegetable, fruit, and nut intake and capillary glucose. The high prevalence of OB and
HBP and the significant correlations between some categories of food and metabolic and vascular
parameters suggest the importance of life-style modification politics at an early age to prevent the
onset of overt cardiovascular risk factors in childhood.

Keywords: children; diet; physical activity; cardiovascular risk factors; obesity; hypertension; blood
pressure; pulse wave velocity

1. Introduction

Since childhood, the presence of cardiometabolic risk factors such as obesity, hypertension,
high levels of cholesterol, and triglycerides [1] may lead to the development of an atherosclerotic
fatty streak in the intima of arteries [2,3]. Childhood obesity—considered by the “World Health
Organization” (WHO) to be one of the most serious problem of 21st century—is a well-known cause
of noncommunicable disease in adults [4]. High blood pressure (HBP) in children is responsible for
haemodynamic changes, including altered artery elasticity [5]. At a young age, the process is considered
reversible [2] and can be prevented or minimized by implementing a healthy lifestyle [3]. Dietary
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Nutrients 2019, 11, 1070

habits and physical activity represent key points in the prevention of cardiovascular risk factors [6].
Diet is considered one of the major modifiable determinants of chronic diseases, with more and more
scientific evidences supporting the fact that a “healthy” diet pattern could protect [5] a diet consisting
of a daily intake of fruits and vegetables combined with a low consumption of salt, sugar, and saturated
fat, in addition to industrially-produced-trans-fatty acids; this is still considered as a “high-quality”
diet [5]. It is associated with a better cardiometabolic profile both in adults and in children [1,5].
Many studies have investigated the association between food intake and cardiovascular risk factors.
With globalization and urbanization, children are exposed to ultra-processed, energy-dense, and
nutrient-poor foods, which are cheap and readily available [7]. The intake of this kind of food increases
the risk for young people to develop obesity in childhood and in adulthood [8]. To the contrary, “healthy
diets” such as a Mediterranean-like dietary pattern rich in vegetables, fruit, fish, nuts, and olive oil,
have been associated with not only to a reduction of blood pressure, improvement in lipid profile,
endothelial function, and vascular inflammation in adults [9] but also to a reduction of inflammation
already present in the younger population [10].

Physical activity influences body composition in terms of the amount of fat and muscle [7].
Because sedentary lifestyles are a rapidly increasing problem in both developed and developing
countries [7], an appropriate level of physical activity provides health beneficial for musculoskeletal
tissue, cardiovascular system, neuromuscular awareness, body weight control, and psychological
benefits [11]. WHO reports that more than 80% of adolescents do not acheive the recommended level
of daily physical activity [7]. WHO guidelines recommend that for at least one hour a day children
engage in moderate-to vigorous physical activity, including games, sports, transportation, chores,
recreation, physical education, or planned exercise, in the context of family, school, and community
activities [12].

This study is a part of an observational school-based study set up with the aim to assess the
relationship between food, physical activity, and the main cardiovascular risk factors in children
attending their third and fourth class of primary school in the Verona South district. In particular, we
aimed at assessing the prevalence of obesity (OB) and HBP in a defined age group and the possible
associations between (i) dietary pattern and physical activity level, as well as (ii) anthropometric,
gluco-lipid, and hemodynamic measures. This study could be useful to clarify how many children
carry either overt or potential CV risk factors and additionally clarify how strong the association is
between these factors and lifestyle.

2. Materials and Methods

2.1. Study Design

Children were recruited from the third and fourth classes of four primary schools in the Verona
south district. The choice of the sample was determined by the age range (7–10), which was considered
well suited for the aims of the study, as mostly prepuberal children were willing to participate.

The Verona South district was chosen because of the headmasters’ willingness to allow us to
perform the investigation. Subjects who refused to participate in the study or did not have their parents’
consensus were excluded. The study was conducted according to a cross-sectional observational
design and was approved by the Ethical Committee of Verona and Rovigo (CESC) (n = 375). Written
inform consent was signed by all children’s parents.

In their school gym, children were evaluated in the morning starting at 8:30 a.m. Anthropometric
measurements were collected with children wearing light clothes without shoes. Weight and height
were measured with a calibrated balance and stadiometer; body mass index (BMI, kg/m2) was
calculated. Children were classified as overweight (the percentile BMI for their age was above the
85th) or obese (the percentile BMI for their age was above the 95th) using the WHO child growth
standard [13,14]. Waist-height ratio was measured and values were transformed in z-score and
percentile [15,16]. Brachial blood pressure (BP) was the average of the three measurements in the

46



Nutrients 2019, 11, 1070

supine positions, using a children-validated semiautomatic oscillometric device (Omron 750 IT) [17];
the measurments were expressed as a Z-Score and percentiles were indicated by the guidelines [18,19].
Subjects whose BP was between the 90th and 95th percentile were considered to have normal-high BP,
while those with a BP equal or above the 95th percentile were defined as having a high BP.

Besides brachial BP, even central aortic pressure waveform (cSBP, mmHg) and carotid-femoral
pulse wave velocity (PWV, m/s) were derived using the SphygmoCor XCEL device. The cuff pulsations
were recorded at the brachial artery, then a general transfer function was applied to calculate aortic
waveform [20] using a cuff around the femoral artery that captures the femoral waveform and a
tonometer that captures the carotid waveform. The velocity is computed by dividing the distance
between the carotid and femoral arteries, using the pulse transit time. Z-score and percentiles were
computed for cSBP and PWV [21,22]. Capillary cholesterol, triglycerides, and glucose were measured
from fingerpick blood drops with two point-of-care testing (POCT) instruments (for cholesterol and
triglycerides: HPS Multicare-in, Biochemical System International, Arezzo, Italy; for glucose: and
Nova Biomedical, Waltham, MA, USA) [23,24], while children were fasting for at least four hours.
Two questionnaires, both previously validated for children, were administered: “Food Frequency
Questionnaire” (FFQ) [25] and a Physical Activity Questionnaire for Older Children (PAQ-C) [26,27].
Questionnaires were explained to the children and their parents on a previous informative day,
then compiled at home along with parents and revised at the evaluation day with each child by a
dedicated dietician.

2.2. Food Frequency Questionnaire (FFQ)

Children indicated their usual consumption of 61 items on the FFQ, using a 5-point scale (never;
1–2 times a month; 1–3 times weekly; 4–5 times weekly; one a day; more than once daily). Association
of diet to diseases needed to be determined through different approaches because diet is a complex
exposure variable [28]. Thus, we investigated a single FFQ intake (eggs, oil, seed oil, and nuts),
main food groups intake (cereals and tubers, dairy products, legumes, fish, vegetables, fresh and
dried fruit, meat, FFQ category of fast food, sweets, animal fat-derived condiments, junk food) and
dietary patterns in relation to other collected variables. The patterns were extrapolated using the
exploratory Principal Components Analysis (PCA), which represents one of the most used tools to
derive behavioral patterns [29]. Dietary patterns could be representative of the intake of the usual
combinations of individual food or groups of foods [29,30] and could provide more information
regarding the association diet-disease since it reflects individual dietary behaviors [31].

2.3. Physical Activity

PAQ-C is a seven-day recall composed of nine statements about the frequency of physical activities
at school, at home, and during leisure time. A score from 1 to 5 is assigned to each item and a mean
total score of physical activity, the PAQ-C score, is then computed [32]. PAQ-C represents a valid and
reliable method to assess general levels of physical activities but does not provide specific information
about frequency, time, and intensity. For this reason, the first item of PAQ-C has been integrated with a
semiquantitative question asked to define one’s physical activity level in terms of Metabolic Equivalent of
Task (MET), which is defined as the energetic cost of sitting quietly [33]. A total MET-minutes/week has
been obtained, as described in Supplementary methods 1.1. The threshold indicated in the “Guidelines
for data processing and analysis of the IPAQ” of 600 and 3000 MET-minutes/week has been used,
respectively, to categorize subjects in “low”, “medium”, or “high” adherence to moderate-vigorous
physical activity [32].

2.4. Statistics

Data are expressed as mean ± standard deviation (SD) for continuous variables or percentages
for categorical ones. The level of the p-value was set at 0.05. The Spearman correlation coefficient
was used to quantify linear relationship between variables. The Student’s T-test was used to compare
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variables among two groups, while the ANOVA with Tukey post-hoc test was used for several groups.
The relationship between categorical data was tested using the chi-square test. A power calculation
based on an estimated prevalence of 9% obesity, as previously reported in Italian children [34], indicates
that with our actual sample size of 300 children, we have 80% power to detect the true prevalence of
obesity with a precision of 3.24% (that is a 95% CI of the estimate, between 5.76% and 12.24%). PCA
was set as described in Supplementary methods 1.1. Adequacy of the sample to perform PCA were
tested with Kaiser-Meyer-Olkin (KMO) test. Multivariate linear regression models were performed
in order to test if diet pattern and/or physical activity remained associated with hemodynamic and
metabolic variables, with results that were correlated by univariate analysis after adjustment. Age, sex,
ethnicity, BMI, quartiles of kilocalorie intake, and quartiles of PAQ-C scores were used as covariates in
the models. Statistics were performed with SPSS (IBM Corp. Released 2015. IBM SPSS Statistics for
Windows, Version 23.0. Armonk, NY: IBM Corp, USA) and R (R Core Team (2014). R: A language
and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria).
Graphs have been created with GraphPad Prism version 7.00 for Windows (GraphPad Software,
La Jolla, San Diego, CA, USA).

3. Results

3.1. Characteristics of the Population

A total of 309 out of 413 children chose to participate in the study (participation rate 74.8%). Out
of the 309 children recruited in the study (97.1% of population), 300 children (Age: 8.6 ± 0.7 years,
male: 50%) filled out the questionnaires correctly. Baseline characteristics are shown in Table 1.

Table 1. General characteristics of the population.

Characteristics
Male (n = 150) Female (n = 150) p-Value

mean ± SD mean ± SD

Age; ys 8.7 ± 0.8 8.6 ± 0.7 n.s.
Caucasian ethnicity; n (%) 102 (68.0) 94 (62.7) n.s.

Other ethnicities; n (%) 48 (32.0) 56 (37.3)
BMI; kg/m2 18.1 ± 3.2 18.2 ± 3.6 n.s

BMI; percentile for age 63.9 ± 30.1 61.6 ± 31.6 n.s.
Normal weight; n (%) 95.0 (63.3) 102.0 (68.0)

Overweight; n (%) 35.0 (20.3) 29.0 (19.3) n.s.
Obese; n (%) 20.0 (13.4) 19.0 (12.7)

Waist-height ratio 0.46 ± 0.8 0.46 ± 0.8 n.s.
Waist-height ratio; percentile 44.4 ± 31.7 48.0 ± 31.3 n.s.

Brachial SBP; mmHg 110.5 ± 9.5 110.2 ± 10.3 n.s.
Brachial DBP; mmHg 66.3 ± 7.4 67.2 ± 8.1 n.s.

Brachial SBP; percentile 75.9 ± 20.5 75.9 ± 20.5 n.s.
Brachial DBP; percentile 70.2 ± 19.2 71.6 ± 20.5 n.s.

Normal BP; n (%) 95 (63.3) 87 (58) n.s.
High BP; n (%) 55 (36.7) 63 (42)

Pulse Wave Velocity; m/s 4.6 ± 1.0 4.6 ± 0.8 n.s.
Pulse Wave Velocity; percentile for height 61.6 ± 40.2 58.4 ± 38.5 n.s.

cSBP; mmHg 100.2 ± 9.3 101.5 ± 10.7 n.s.
cSBP <90◦ percentile for height; n (%) 76.4 ± 27.2 78.1 ± 28.5 n.s.
cSBP >90◦ percentile for height; n (%) 68 (46.3) 78 (53.4) n.s.

Capillary Triglycerides; mg/dl 178.4 ± 84.0 165.7 ± 62.4 p < 0.001
Capillary Cholesterol; mg/dl 241.5 ± 36.4 221.2 ± 38.5 n.s.

Capillary Glucose; mg/dl 92.3 ± 8.8 86.0 ± 10.4 p < 0.001
Energy intake kcal/die 2933.2 ± 932.0 3031.6 ± 1138.0 n.s.

PAQ-C Score 1.9 ± 0.4 1.8 ± 0.5 p < 0.05
Moderate-vigorous activity (MET-min/wk) 3825.2 ± 4230.7 2721.1 ± 3578.2 p < 0.05

BMI, Body Mass Index.
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The prevalence of overweight and obesity were 21.3% and 13%, respectively, while the prevalence
of normal-high BP and HBP were 17.6% and 21.7% (Figure 1), respectively. Among obese children,
the prevalence of HBP was 30.8%, whereas among overweight children, the prevalence of HBP was
20.3%. Moreover, 150 (50%) and 121 children (41.3%) were found to have cSBP higher than either
the 90th or 95th percentile for height, respectively. Among the 55 (18.3%) children classified as HBP
by brachial SBP, 45 (81.8%) and 41 (78.8%) present cSBP over either the 90th or 95th percentile for
height, respectively. We found higher consumption of vegetables in children categorized as normal
weight group, compared to the overweight and obese group (Supplementary Table S1), as well as in
normotensive children compared to children with normal-high or HBP (Supplementary Table S2).

Figure 1. Prevalence of overweight/obese (a) and normal high/high blood pressure (BP) (b). Legend:
“Normal weight”: percentile body mass index (BMI)—age < 85th; “Overweight”: 85th < P percentile
BMI—age < 95th; “Obese”: percentile BMI—age > 95th; “Normal blood pressure (BP)”: percentile SBP
and DBP < 90th; “Normal-high blood pressure (BP)”: 90th < percentile SBP or DBP < 95th; “High blood
pressure (BP)”: percentile SBP or DBP > 95th.

3.2. FFQ

3.2.1. Single FFQ Category

In univariate analysis, some significant correlations between the FFQ categories and anthropometric,
haemodynamic, and gluco-lipid parameters were found (Table 2). In particular, we underlined the
direct association between “fast food” and BMI, PWV, brachial, and central BP, capillary triglycerides.
Meat intake was associated with a higher PWV and brachial DBP, whereas vegetables and fruit (fresh
and nuts) intake were associated with a lower level of capillary glucose. Nut intake confirms the inverse
correlation with capillary glucose that was already evident in the fruit group (rs = -0.162, p < 0.05).
Among condiments, those derived from animal fat (butter and lard) correlated positively with the level
of capillary cholesterol, while among vegetable fats, seed oil intake is associated to a higher value of
central systolic blood pressure (rs = 0.117, p < 0.05).
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3.2.2. Dietary Pattern

A KMO of 0.802 attested to the adequacy of data to perform factor analysis. PCA identifies two
main patterns. The first principal component was represented by high factor loadings for fish, legumes,
vegetables, fresh and dried fruit, and dairy products intake. This pattern was considered a “healthy”
diet. Moreover, the second principal component, characterized by high factor loadings for cereals and
tubers, sweets, fast food, meat, and eggs intake was considered a “unhealthy” pattern (Supplementary
Table S3). Individual scores were used to correlate with specific parameters. (Supplementary Table S4).
The “healthy” pattern correlated with lower level of capillary glucose (rs = −0.191, p < 0.01), while
the “unhealthy” pattern directly correlates with brachial DBP (rs = 0.130, p < 0.05) (Supplementary
Table S4).

3.3. Physical Activity

PAQ-C data were available for 286 (95.3%) children that completed the questionnaire correctly.
Then, the PAQ-C score (1.8 ± 0.5) and total MET-min/week (3278.9 ± 3953.4) were computed (Table 1).
The results found that 42 (14.0%) children spent less than 600 MET-min/week in moderate-vigorous
activities. Further, 136 (50%) and 96 (35.3%), respectively, spent from 600 to 3000 and more than 3000
MET-min/week. MET min-week spent in moderate-vigorous activity was inversely correlated with
central SBP, brachial DBP, and triglycerides. No significant correlation was found with the PAQ-C
score (Supplementary Table S5). With regard to categories that asked about physical activity measured
as MET, central SBP was significantly higher in the “low” category versus “medium” and versus “high”
category (Supplementary Table S6) (Figure 2).

Figure 2. Difference of central blood pressure (cSBP, mmHg) among levels of moderate-vigorous
physical activity. Legend: “Low”: <600 MET-minutes/week; “Medium”: 600–3000 MET-minutes/week;
“High”: >3000 MET-minutes/week. SBP: systolic blood pressure.

3.4. Multivariate Models

Linear regression models confirmed that even after adjustment for age, sex, ethnicity, and BMI,
quartile of kcal intake and quartile of PAQ-C score had significant associations between fast food intake
and PWV (β = 0.337; 95% CI: 0.140/0.534; p < 0.01). In addition, vegetable and fruit intake remained
significantly associated to a decreased capillary glucose level [(β = −0.173; 95% CI: −3.251/−0.207;
p < 0.05); (β = −2.530; 95% CI: −4.274/−0.785; p < 0.01)]. Nut intake was inversely associated to
capillary glucose (β = −2.500; 95% CI: −0.011/−1.255; p < 0.05). Higher animal fat-derived condiment
intake remained independently associated to a higher level of capillary cholesterol (β = 11.009;
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95% CI: 1.349/20.669; p < 0.05) (Figure 3a–e) (Supplementary Table S7a–e). The “healthy” pattern
remained independently associated with capillary glucose levels after adjusting for cofounder variables
(β = −0.016; 95% CI: −0.027/−0.005; p < 0.01), which is contrary to the association between the
“unhealthy” pattern and brachial DBP (β = 0.911; 95% CI: −0.150/1.972; p = n.s.) (Supplementary
Table S7g−f)) (Figure 4a–b).

Figure 3. (a–e) Correlations between food intake and hemodynamic and gluco-lipid parameters.
Correlation between: fast food intake and PWV (a); vegetables intake and glucose (b); fruit intake and
glucose (c); nuts intake and glucose (d); animal-derived fat and cholesterol (e). PWV: Pulse Wave Velocity.
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Figure 4. (a–b) Associations between “healthy pattern” and capillary glucose level (a) and between
“unhealthy pattern” brachial diastolic blood pressure (b) DBP: diastolic blood pressure.

4. Discussion

Perhaps the most alarming result of the present study is the high prevalence of overweight-obesity
and high blood pressure in children attending their third and fourth years of primary school in the
Verona South district. More than 30% of children are overweight (21.3%) or obese (13.0%), which is in
line with data reported in 2016 by the Italian National Surveillance System “Okkio alla salute” related
to the prevalence of overweight and obese children (8–9 years) of 21.3% and 9.3%, respectively [34].
Further, in 2016 WHO estimated that 17% of children and adolescents (5–19 years) worldwide were
overweight [7].

Our sample results show a high prevalence of normal high-BP and HBP (respectively 17.6%
and 21.7%), with a further increased frequency in obese children. However, data about BP should
be considered cautiously because despite having the average of three measurements, using a device
validated in children, the measures were recorded in a single occasion, with children not in seated
position, and thus cannot be considered diagnostic for hypertension. Moreover, in a subgroup of
25 children with BP ≥ 95th percentile, BP was measured in a follow-up visit in standard conditions, as
requested in clinical guidelines, to confirm the presence of hypertension [19]. Only one child resulted
to maintain a brachial BP higher than the 95th percentile for SBP or DBP, whereas two children were
reclassified as normal-high BP (<90th percentile of brachial SBP or DBP <95th) and seventeen children
had normal BP. It is important to note that of the children with brachial SBP higher than the 95th
percentile, they also had a cSBP higher the 95th percentile for height, at least suggesting that these
values were not driven by an abnormal amplification of the pressure wave, which is common in young
subjects [35].

The prevalence of hypertension in the adult population of the United States and Europe has been
estimated at nearly 15–30%, while the prevalence in children is 2–4%. However, it is common opinion
that hypertension is under-diagnosed in clinical practice [36]. Moreover, the estimated percentage of
school-children in Italy with high BP is reported to be 2–4% [37,38]. Many children today grow up in
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an obesogenic environment that encourages weight gain and obesity, caused by the changes in dietary
habits and food availability and from the decline of physical activity [7]. Promoting the intake of
healthy food and reducing the exposure of children to unhealthy dietary patterns is one of the programs
declared by World Health Organization (WHO) to deal with childhood obesity [7]. From our data, it
emerged that both “at risk” groups of overweight/obese children and those with normal-high/high BP
values (percentile brachial SBP or brachial DBP >90◦) eat less quantity of vegetables with respect to the
normal weight or normotensive group at their same age. Many global health programs endorse an
increased consumption of plant-based foods because of their inverse association with several chronic
disease [39].

Data from the multi-center International Study of Asthma and Allergies in Childhood (ISAAC),
which included 77243 children, demonstrated an inverse association between BMI and the consumption
of vegetables [40]. Apart from the above-mentioned difference in vegetables intake, from our results,
no clear association emerged between any type of food intake or grade of physical activity and markers
of obesity (BMI and waist/height ratio). The relationship between BMI and fast food consumption has
been widely reported. In a previous analysis, Braithwaith et al., within the aforementioned ISSAC,
reported that more frequent fast food consumption was associated to a BMI of 0.14 kg/m2, which is
higher than the infrequent consumption in a sample of 72900 children aged 6–7 [41]. Other studies
reported the beneficial effect that physical activity has on weight [42–44], when physical activities was
assessed using objective method like accelerometers. In a systematic review by Janssen et al., they
included most of the studies with self- or parental-assessed physical activity, wherein the association
between physical activity and weight was weak and associated to a not-significant risk [45] further
underlining that data from questionnaire.

Conversely, we found associations between the intake of some food groups and haemodynamic
and gluco-lipid variables. In particular, fast food intake resulted to be associated to an increased
PWV. This correlation, although weak, remained significant after adjusting for age, sex, ethnicity, BMI,
quartiles of daily kilocalories intake, and quartile of PAQ-C score. Even if to our knowledge there is
no study that directly correlates fast-food intake and PWV, it has already been reported that PWV is
inversely associated to healthy lifestyle and Mediterranean Diet [46,47]. “The Cardiovascular Risk in
Young Finns Study” collected lifestyle data from childhood and had a 27-year follow-up. They reported
that vegetable intake in childhood is an independent predictor of PWV in adulthood [46].

In the EVIDENT cohort study, a higher adherence to the Mediterranean diet—expressed as
EVIDENT, a diet index derived from the FFQ—was associated to lower values of PWV [47]. In another
sample including 77 12-year-old children, adherence to the Mediterranean diet was estimated by the
KIDMED index and had negative results that correlated with the Augmentation Index, independent of
obesity [48].

As for gluco-lipid measurements, we found that a higher intake of animal-derived fat that are rich
in cholesterol was associated with a higher level of capillary cholesterol consistent with the fact that
cholesterol intake reflects cholesterol blood concentration [49]. We found also that glucose level was
lower in children consuming most frequently vegetables and fruit (fresh and nuts). In a meta-analysis,
Wang PY et al. investigated the influence of vegetable and fruit intake on the risk of type-2 diabetes.
It emerged that several studies reported the beneficial role of these food groups [50]. Fruit and vegetables
are rich sources of fiber, flavonoids, and anti-oxidant compounds (carotenoids, vitamin C and E), folate,
and potassium, which could explain the protective effects of fruit and vegetables on type 2 diabetes [50].

Among fruit we found that especially nuts are associated to lower glucose level. Nuts have an
increased interest in research for its association to healthy outcomes [51]. Nuts are mainly composed
of polyunsaturated fatty acids (PUFA) in addition to complex carbohydrate and fiber, tocopherols,
minerals, phytosterols, and polyphenols [52]. Its consumption, in moderate quantity, is considered a
part of the Mediterranean Diet pattern and recommended to an all-world population [51]. In a previous
study conducted in a sample of obese children, we found an inverse correlation between omega-6
fatty acids (FA), whose nuts are particularly rich, and several parameters of the metabolic syndrome
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including glucose, suggesting that this kind of fruit can be particularly healthful in children [53].
When nut intake is high, randomized control trials (RCT), a large prospective study and meta-analysis,
showed improved cardiovascular disease (CVD) outcomes in adults [49]. Further, the PREDIMED
trial study showed the beneficial effects of nut intake, as well as olive oil, on the occurrence of chronic
diseases including cardiovascular disease and type 2 diabetes [54]. In other trials including patients
affected by type-2 diabetes, a higher nut intake was associated with an improved blood glucose
control [52]. Even if there is coherence with literature, a limitation of these evidences is collected from
capillary levels of cholesterol, triglycerides, and glucose and children not properly fasting.

Previous studies have shown that dietary patterns could be more strongly associated to executive
functions than a single food intake [55]. This is due to the fact that FFQ has some intrinsic bias, such as
the missing information about portion size that does not allow for a nutrient quantification. Through
principal component analysis, we identified two patterns, defined as “healthy” and “unhealthy”. These
patterns are slightly similar to the patterns identified in literature as the “Mediterranean” and the
“Western” pattern [56]. The “healthy” pattern, composed of vegetables, fruits, legumes, and dairy
products, reflects the combination of food characteristics of the Mediterranean Diet that is rich in
minerals, vitamins, polyphenols, fibers, polyunsaturated fatty acids (PUFAs), and monounsaturated
fatty acids (MUFAs) [57]. These nutrients are mainly considered protective against CVD through the
modulation of blood pressure, lipid profile, body weight, and fasting blood glucose [53,58,59]. There is
strong evidence that the promotion of the Mediterranean Diet along with physical activity results in
healthier effects [60]. In our sample, the higher adherence to the “healthy” pattern was associated with
lower glucose levels, whereas children classified as “more active” had lower values of central systolic
BP and brachial diastolic BP. This association did not remain significant after adjustment for cofounder
variables, in which only BMI remained significant, suggesting that BMI could mediate this deleterious
hemodynamic effect.

Physical activity contributes to a healthy lifestyle and it is a well-known fact that regular exercise
is associated with minor incidence of future cardiovascular disease and mortality [61], which also
contributes to epigenetic modifications in the regulation of CVD-associated genes [62]. Gerage et
al. found a beneficial association of physical activity on central BP in a population of hypertensive
adults [63], whereas in another study central, SBP was determined by body weight rather than exercise
capacity in a population of children and adolescents [64]. We also found an inverse correlation between
the total amount of MET min/wk spent in moderate physical activity and level of capillary triglycerides.
Within the longitudinal “The Cardiovascular Risk in Young Finns Study”, Raitakari et al. found a
lower triglyceride level among children and adolescents who spent more time in physical activity.
However, like in our case, the association did not persist after adjusting for cofounders [65].

We did not find any significant association using the PAQ-C score. Obtaining accurate measures of
physical activity is challenging, particularly in children [66]. The PAQ-C questionnaire is a convenient
and cost-effective method [66] but has some limitations in terms of accuracy because children tend to
overreport [66]. Moreover, there is an ongoing debate on the quantification of physical activity across
different populations. The standardization of operating procedures aimed at assessing more objective
physical activity like the ALPHA-fitness test battery, already adopted in adolescents, could allow a
more direct comparison between children and adolescents in different countries [67,68]. The combined
association of diet and physical activity was associated as expected to better cardiometabolic values.

5. Conclusions

A strength of this work is that we investigated the lifestyle behavior in relation to cardiovascular
risk factors in school-age children, highlighting the prevalence of obesity and high-blood pressure
in this age group. This could be useful to detect children that could be considered at a higher risk
of these things at earlier ages. Another strength is the measure of both central and brachial blood
pressure the former being considered a better predictor of cardiovascular events than brachial blood
pressure [64]. With regard to limitations, the cross-sectional design of our study represents a limitation
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for the emerged associations that cannot be considered causal, even if the biological plausibility of
their link is high. Even the sample size is relatively limited and along with the choice of the sample,
considerable “of convenience”, can imply a problem of generalizability of our results. Anyhow, as
stated before, our data of prevalence especially for overweight and obesity are in line with other
Italian surveys, and the sample size was sufficient to detect statistically significant correlations with a
correlation coefficient as low as 0.13. There are also intrinsic limitations of the method of assessment
of dietary and physical activity data using questionnaires, such as misreporting, usual food, and/or
activities that are not reported in the list of questions. In conclusion, our results launch an alarm for
the high prevalence of obesity in pre-adolescent children in Verona and also strengthen the importance
that diet and physical activity have on vascular and metabolic function starting in childhood. Our
data also supports the need to improve diet and physical activity programs as claimed from the World
Health Organization (WHO).
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Abstract: Protocatechuic acid (PCA), a strong antioxidant, has been reported for its cardiovascular-
protective effects. This study aimed to investigate the effects of PCA administration on vascular
endothelial function, mediated by insulin and insulin-like growth factor-1 (IGF-1), and antioxidant
activities in aging hypertension. Thirty-six-week-old male aging spontaneously hypertensive rats
were randomly divided into vehicle control (SHR) and PCA (SHR+PCA) groups, while age-matched
Wistar–Kyoto rats (WKY) served as the normotensive vehicle control group. The oral PCA
(200 mg/kg/day) was administered daily for a total of 12 weeks. When the rats reached the age
of 48 weeks, the rat aortas were isolated for the evaluation of vascular reactivity and Western blotting.
Also, nitric oxide (NO) production and antioxidant activities were examined among the three groups.
The results showed that, when compared with the SHR group, the insulin-induced and IGF-1-induced
vasorelaxation were significantly improved in the SHR+PCA group. There was no significant
difference in the endothelium-denuded vessels among the three groups. After the pre-incubation of
phosphatidylinositol 3-kinase (PI3K) or NO synthase (NOS) inhibitors, the vasorelaxation was abolished
and comparable among the three groups. The protein levels of insulin receptors, IGF-1 receptors,
phospho-protein kinase B (p-Akt)/Akt, and phospho-endothelial NOS (p-eNOS)/eNOS in aortic tissues
were significantly enhanced in the SHR+PCA group when compared with the SHR group. Moreover,
significant improvements of nitrate/nitrite concentration and antioxidant activities, including superoxide
dismutase, catalase, and total antioxidants, were also found in the SHR+PCA group. In conclusion,
the 12 weeks of PCA administration remarkably improved the endothelium-dependent vasorelaxation
induced by insulin and IGF-1 in aging hypertension through enhancing the PI3K–NOS–NO pathway.
Furthermore, the enhanced antioxidant activities partly contributed to the improved vasorelaxation.

Keywords: polyphenol; high blood pressure; elderly; endothelium; nitric oxide
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1. Introduction

Hypertension is recognized as a risk factor for cardiovascular disease (CVD). The prevalence of
hypertension has been dramatically increasing worldwide, especially in older adults and the elderly.
More than 60% of the population above the age of 65 suffer from hypertension [1]. In older adults with
hypertension, more profound pathological processes may exist to induce CVD. Hypertension leads to
reversible cardiac and vascular dysfunction, including cardiac hypertrophy, reduced lumen diameter of
arteries, increased vascular smooth muscle cell (VSMC) proliferation, and endothelial dysfunction [2–4].
Moreover, in aging heart and vessels, the number of myocardial cells is decreased, cardiac fibrosis
is increased, elastic arteries become stiffer, and endothelial function is impaired [5,6]. Since vascular
endothelium is critical for homeostasis in the body, its impairment evokes pathological conditions,
such as hypertension, diabetes, and CVD (e.g., atherosclerosis, thrombosis) [7]. The impaired
bioavailability of nitric oxide (NO) and imbalance of endothelium-derived vasoconstrictive and
vasodilatory substances are considered as the key features of endothelial dysfunction. Furthermore,
a reduction in activity of antioxidant enzyme, such as superoxide dismutase (SOD), has been suggested
to be another mechanism for endothelial dysfunction, which is also associated with cardiac and
vascular aging [8–10]. It has been known that insulin and insulin-like growth factor 1 (IGF-1) have
important vascular actions that stimulate NO production mainly in the endothelium. They both
modulate the endothelium-dependent vasorelaxation by activating phosphatidylinositol 3-kinase
(PI3K), protein kinase B (PKB/Akt), and endothelial nitric oxide synthase (eNOS), which results in
NO production [11–13]. Previous research has reported that the vascular actions of insulin and IGF-1
are pathologically altered and impaired in cardiovascular disorders, such as hypertension and obesity.
Also, the diminished vasorelaxant effects of insulin and IGF-1 have been found in the development
of hypertension [14–17]. However, in aging hypertension, the ways insulin and IGF-1 influence the
cardiovascular dysfunction remain unclear.

Numerous strategies in prevention and/or treatment for ameliorating high blood pressure have
been widely prescribed, such as lifestyle and dietary modifications (e.g., low-sodium intake, and fruit-
and vegetable-enriched consumption) [18]. Protocatechuic acid (PCA, 3,4-dihydroxybenzoic acid),
a strong antioxidant, is a natural phenolic compound found in many types of food. It has been known
for multiple benefits to health, including anti-inflammation, anti-hyperglycemic, anti-hypertensive,
and cardiovascular-protective effects [19–21]. A previous study indicated significant preservation of
increasing blood pressure and improved antioxidant capacity in dexamethasone-induced hypertensive
rats by short-term daily administration of 200 mg/kg PCA [22]. Also, a single dose of intraperitoneal
injection of alpinia PCA (5 and 10 mg/kg) for 7 days in aged rats remarkably improved antioxidant
activities (i.e., glutathione peroxidase and catalase) and suppressed oxidative stress (malondialdehyde,
MDA) [23]. Additionally, administering various doses of PCA decreased blood glucose and
hemoglobin A1c (HbA1C) in studies of anti-hyperglycemic effects [24,25]. However, the effectiveness
of PCA administration on aging hypertension with regard to the vasorelaxant effects of insulin
and IGF-1 and antioxidant activities has not been fully investigated. Therefore, in the present study,
we investigated the effects of PCA administration on insulin-induced and IGF-1-induced vasorelaxation
and antioxidant activities in aging spontaneously hypertensive rats (SHR).

2. Materials and Methods

2.1. Animals

Eight-week-old male SHR and Wistar–Kyoto rats (WKY) were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). All rats were attentively housed in an
environment-controlled room at 22–24 ◦C with a 12-h dark/light cycle (lights on at 06:00 h and
off at 18:00 h) and provided standard laboratory chow (Lab Diet 5001; PMI Nutrition International,
Brentwood, MO, USA) and water ad libitum. At the age of 36 weeks, the SHR were randomly
divided into the vehicle control group (SHR, n = 8) and the protocatechuic acid (PCA)-treated group
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(SHR+PCA, n = 8). The age-matched WKY served as the normotensive vehicle control group (WKY,
n = 8). The SHR+PCA group was treated with 200 mg/kg body weight of PCA (Sigma Chemical,
St. Louis, MO, USA), dissolved in daily water, for a total of 12 weeks [22,24]. The other groups were
not treated with PCA in their daily water. The rats in the SHR+PCA group were provided with
the PCA-containing water in the afternoon and checked by the assistant every hour to monitor the
drinking. After the rats finished drinking the PCA-containing water (2–3 h), they were provided with
regular water ad libitum. They drank all of the PCA-containing water every day. All samples were
collected at least 24 h after the animals finished the administration of PCA. This study was conducted
in conformity under the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health. All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Taipei, Taiwan (Ethical approval code: UT104005).

2.2. Resting Blood Pressure and Heart Rate

The heart rate and systolic blood pressure (SBP) were measured noninvasively by the tail-cuff
method (BP98A, Softron, Tokyo, Japan) [14]. The hemodynamic data were collected between 9:00 h
and 12:00 h, at least 24 h after drinking the PCA.

2.3. Vasoreactivity Experiments

At the end of the experimental period, all rats were fasted overnight and were sacrificed under
anesthesia with 2% isoflurane delivered in oxygen (95% O2 and 5% CO2). Then, thoracic aortas
were carefully isolated. The force displacement transducers (Models FT3E, Grass Instrument, West
Warwick, RI, USA) were used to isometrically evaluate the vasorelaxant responses of isolated rings
which were submerged in organ chambers containing Krebs–Ringer buffer (118 mM NaCl, 4.8 mM
KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 24 mM NaHCO3, 0.03 mM Na-EDTA, and
11 mM glucose; pH 7.4) oxygenated with 95% O2 and 5% CO2 at 37 ◦C. After the 60-min equilibration
at the optimal passive tension (i.e., 2 g), the drugs were administered. The pre-contraction of aortic
rings was induced by phenylephrine (10−7 M, Sigma Chemical) before being exposed to various
concentrations of insulin (3 × 10−8 to 3 × 10−6 M) and IGF-1 (10−9 to 10−7 M, PeproTech, NJ,
USA) to induce dose-dependent vasorelaxation. The endothelial integrity was confirmed by at least
60% of acetylcholine (10−7 M)-induced vasorelaxation in phenylephrine-precontracted vessel rings.
The parallel testing of the endothelium-denuded rings was also evaluated among the three groups.
The endothelium-denuded rings were indicated by less than 10% of acetylcholine (10−7 M)-induced
vasorelaxation precontracted with phenylephrine. Moreover, to determine the roles of PI3K and
NOS in the insulin- and IGF-1-induced vasorelaxant responses, the selective inhibitors, wortmannin
(3 × 10−7 M; an inhibitor of PI3K; Sigma Chemical) and nitro-L-arginine methyl ester (L-NAME)
(10−6 M; a NOS inhibitor; Sigma Chemical), were pre-incubated for 15 min before the administration
of phenylephrine in the endothelium-intact rings. Stock solutions of all drugs were prepared and
dissolved in distilled water except for insulin (dissolved in 10−2 M HCl). Final dilutions of the drugs
were prepared in distilled water immediately before use. None of the vehicles used in final dilutions
induced any significant effects on vessel tone [14].

2.4. Blood Collection and Biochemical Analysis

Blood samples were allowed to clot for 30 min at room temperature and then centrifuged
at 2000× g for 15 min at 4 ◦C. The serum was collected after the centrifugation and stored at
−80 ◦C for biochemical analysis. Serum nitrate/nitrite concentration was performed using a
nitrate/nitrite colorimetric assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). According
to the manufacturer’s instructions, total nitrate/nitrite concentration was determined by a two-step
process. The first step was the conversion of nitrate to nitrite by nitrate reductase. The second step was
the addition of Griess Reagents which convert nitrite to a deep purple azo product. The absorbance
due to the azo chromophore was measured at 450 nm by a microplate reader (TECAN Infinite
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M200PRO, Grödig, Austria). The concentration was expressed in μM in serum samples. Serum
MDA concentration, an index of lipid peroxidation marker, was determined using a thiobarbituric
acid reactive substances (TBARS) assay kit (Cayman Chemical Company). The TBA reagents prepared
according to the manufacturer’s protocol was mixed with the serum samples to generate the MDA-TBA
adducts under high temperature (90–100 ◦C) and acidic condition. After completing the reactions,
samples were measured colorimetrically at 540 nm by a microplate reader (TECAN Infinite M200PRO).
The concentration was expressed in μM in serum samples. Serum SOD activity was determined
using a SOD assay kit (Cayman Chemical Company). The assay utilized a tetrazolium salt for the
detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. One unit of SOD
was defined as the amount of enzyme needed to exhibit 50% dismutation of superoxide radicals.
The absorbance was read at 450 nm by a microplate reader (TECAN Infinite M200PRO) and the activity
was expressed in U/mL in serum samples. Serum catalase activity was performed using a catalase
assay kit (Cayman Chemical Company). The assay relied on the reaction of catalase in the sample
with methanol in the presence of hydrogen peroxide (H2O2). The absorbance was read at 540 nm by
a microplate reader (TECAN Infinite M200PRO) and the activity was expressed in nmol/min/mL
in serum samples. Serum total antioxidant capacity was performed using an antioxidant assay kit
(Cayman Chemical Company). The assay was based on the ability of antioxidants in the sample to
inhibit the oxidation of the 2,2′-azino-di-(3-ethylbenzothiazoline sulphonate) (ABTS) to ABTS.+ by
metmyoglobin. The capacity of the antioxidants in the sample was compared with that of Trolox,
a water-soluble tocopherol analogue, as the standard, and was quantified as millimolar (mM) Trolox
equivalents. The absorbance was measured colorimetrically at 750 nm by a microplate reader (TECAN
Infinite M200PRO).

2.5. Insulin Resistance Determination

Fasting plasma glucose was determined by the glucose oxidase method using the glucometer
(Roche Diagnostics, Indianapolis, IN, USA). According to the manufacturer’s instructions, serum
insulin was measured using a commercial ELISA kit (Mercodia AB, Uppsala, Sweden). Briefly, adding
enzyme conjugate solution incubated with serum sample, the bound conjugate was detected by the
reaction with 3,3′-5,5′-tetramethylbenzidine (TMB). The reaction was stopped by the stop solution
and the absorbance was measured at 450 nm by a microplate reader (TECAN Infinite M200PRO).
The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated by the equation:
HOMA-IR = (fasting glucose (mmol/L) × fasting serum insulin (mU/L))/22.5 [26].

2.6. Western Immunoblotting

Western immunoblotting analysis was performed as previously described [14]. Aortic tissue
extracts from thoracic aortas were obtained by homogenizing at 4 ◦C in the tissue protein extraction
reagent (T-PER, Thermo Scientific) supplemented with complete protease and phosphatase inhibitors
(Sigma Chemical). The supernatant was collected after sequential centrifuge of the homogenates
at 10,000 rpm for 10 min. Protein concentration of the aortic tissue extract supernatant was
determined by the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA) with bovine
serum albumin as a standard. Protein samples (50 μg/lane) were separated by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a minigel apparatus (Bio-Rad
Laboratories) and subsequently transferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). The membranes were incubated with blocking buffer (5% nonfat dry milk in
tris-buffered saline and Tween 20 (TBST) buffer) for 1 h. Primary antibodies including the anti-insulin
receptor, anti-IGF-1 receptor, anti-phospho-Akt, anti-Akt (diluted at a ratio 1:1000; Cell Signaling
Technology, Danvers, MA, USA), anti-phospho-eNOS, anti-eNOS (diluted at a ratio 1:1000; BD
Transduction Laboratories, Lexington, KY, USA), and actin (diluted at a ratio 1:5000; Millipore)
were diluted in antibody-binding buffer overnight at 4 ◦C. After incubation with the appropriate
primary antibody, the peroxidase-conjugated secondary antibodies (1:5000; Millipore) were then
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incubated at room temperature for 1 h. The immunoblotted proteins were detected by enhanced
chemiluminescence by using enhanced chemiluminescence detection reagents in the Gel Doc XR
System (Bio-Rad Laboratories).

2.7. Statistical Analysis

All data were presented as means ± standard error (SE). Estimated parameters were compared
among the WKY, SHR, and SHR+PCA groups using one-way ANOVA with pre-planned contrast
comparison with the control group and then LSD post hoc analysis. Dose responses of vasorelaxation
were analyzed by two-way ANOVA with a repeated measures design (using SPSS software v.21).
For all statistical tests, p < 0.05 was considered to be significant.

3. Results

3.1. General Characteristics

As shown in Table 1, the heart rate and SBP were significantly (p < 0.05) increased in the SHR group
when compared with the WKY group. After 12 weeks of PCA administration, these indicators were
significantly (p < 0.05) reduced in the SHR+PCA group compared with the SHR group. In addition,
the blood glucose and insulin concentration were significantly (p < 0.05) increased in the SHR group
when compared with WKY; however, both of them were significantly (p < 0.05) decreased in the
SHR+PCA group when compared with the SHR. The level of insulin resistance indicated by HOMA-IR
was also significantly (p < 0.05) augmented in the SHR group, but after the PCA intervention, it was
significantly (p < 0.05) reduced in the SHR+PCA group. The body weight was similar among the
three groups.

Table 1. General characteristics.

Parameters/Groups WKY SHR SHR+PCA

Body weight (g) 395.75 ± 8.47 393.50 ± 5.15 404.50 ± 8.85
Heart rate (bpm) 284.06 ± 3.90 383.19 ± 9.83 α 363.38 ± 6.19 α,β

SBP (mmHg) 121.75 ± 2.15 192.88 ± 2.28 α 173.63 ± 0.88 α,β

Insulin (μg/L) 0.34 ± 0.07 0.66 ± 0.11 α 0.37 ± 0.09 β

Blood glucose (mg/dL) 96.63 ± 2.63 121.25 ± 4.76 α 110.13 ± 4.33 α,β

HOMA-IR 2.02 ± 0.41 4.89 ± 0.82 α 2.50 ± 0.54 β

WKY, Wistar–Kyoto rats; SHR, spontaneously hypertensive rats; PCA, protocatechuic acid; SBP, systolic blood
pressure; HOMA-IR, the homeostatic model assessment of insulin resistance. α, p < 0.05, significant differences
from WKY; β, p < 0.05, significant differences from SHR; n = 8 in each group.

3.2. Insulin-Induced and IGF-1-Induced Vasorelaxation in Aortas

Figures 1 and 2 revealed the concentration-response curves of insulin-induced and IGF-1-induced
vasorelaxation in the isolated aortic rings in the WKY, SHR, and SHR+PCA groups. In endothelial-intact
aortic rings, the SHR group had significantly (p < 0.05) diminished responses in insulin-induced
and IGF-1-induced vasorelaxation when compared with the WKY group. However, these impaired
responses were significantly (p < 0.05) improved in the SHR+PCA group when compared with
the SHR group. As noted, the improvements did not reach the level of vasorelaxation in the
WKY group. To determine the endothelium-dependent responses, the parallel investigation
of endothelium-denuded of aortic rings showed that no significant difference was found in
insulin-induced and IGF-1-induced vasorelaxation among the three groups.
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Figure 1. Insulin (3 × 10−8 to 3 × 10−6 M)-induced vasorelaxation at cumulative concentration–response
curves in (a) endothelium-intact and (b) endothelium-denuded aortic rings among the WKY, SHR, and
SHR+PCA groups. α, p < 0.05, significant differences from WKY; β, p < 0.05, significant differences from
SHR; n = 8 in each group.

Figure 2. Insulin-like growth factor-1 (IGF-1; 10−9 to 10−7 M)-induced vasorelaxation at cumulative
concentration–response curves in (a) endothelium-intact and (b) endothelium-denuded aortic rings
among the WKY, SHR, and SHR+PCA groups. α, p < 0.05, significant differences from WKY; β, p < 0.05,
significant differences from SHR; n = 8 in each group.

3.3. Roles of PI3K and NOS in Insulin-Induced and IGF-1-Induced Vasorelaxation

The selective inhibitors, wortmannin and L-NAME, were pretreated in endothelium-intact aortic
rings to verify the roles of PI3K and NOS in insulin-induced and IGF-1-induced vasorelaxation
(Figure 3). Before adding wortmannin or L-NAME, the SHR group had significantly (p < 0.05) lower
insulin-induced and IGF-1-induced vasorelaxation than the WKY group. Nevertheless, the SHR+PCA
group had significantly (p < 0.05) higher vasorelaxant responses than the SHR group. After the 15-min
pre-incubation of wortmanin or L-NAME, the insulin-induced and IGF-1-induced vasorelaxation was
significantly (p < 0.05) blunted in all groups. Moreover, there was no significant difference in these
vasorelaxant responses among the three groups.
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Figure 3. (a) Insulin (10−6 M)-induced vasorelaxation and (b) IGF-1 (3 × 10−8 M)-induced
vasorelaxation after the 15-min pre-incubation with wortmannin (3 × 10−7 M) or nitro-L-arginine
methyl ester (L-NAME) (10−6 M) among the WKY, SHR, and SHR+PCA groups. α, p < 0.05, significant
differences from WKY; β, p < 0.05, significant differences from SHR; †, p < 0.05, significant differences
from no inhibitors; n = 8 in each group.

3.4. Aortic Protein Expression

To determine the effects of PCA administration on aortic protein expression involved in the
insulin- and IGF-1-mediated vasorelaxation, the protein levels of insulin receptors, IGF-1 receptors,
phospho-Akt (p-Akt), Akt, phospho-eNOS (p-eNOS), and eNOS extracted from thoracic aortas were
evaluated by Western blotting (Figure 4 and Supplementary Figure S1). Figure 4 showed that the
protein levels of insulin receptors, IGF-1 receptors, p-Akt/Akt, and p-eNOS/eNOS were significantly
(p < 0.05) diminished in the SHR group (p < 0.05) when compared with the WKY group. Netherless,
the PCA administration significantly (p < 0.05) improved these protein levels in the SHR+PCA group
when compared with the SHR group.

 

Figure 4. Cont.
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Figure 4. (a) Representative immunoblots of insulin receptor (insulin R), insulin-like growth factor-1
receptor (IGF-1 R), phospho-protein kinase B (p-Akt), protein kinase B (Akt), phospho-endothelial
nitric oxide synthase (p-eNOS), endothelial nitric oxide synthase (eNOS), and actin extracted from
thoracic aortas, and relative protein quantification of (b) insulin R, (c) IGF-1 R, (d) p-Akt/Akt, and
(e) p-eNOS/eNOS on the basis of actin among the WKY, SHR, and SHR+PCA groups. α, p < 0.05,
significant differences from WKY; β, p < 0.05, significant differences from SHR; n = 6 in each group.

3.5. Serum Nitrate/Nitrite Concentration

Figure 5 showed that serum nitrate/nitrite concentration was significantly (p < 0.05) reduced
in the SHR group when compared with the WKY group. However, after the PCA administration,
the nitrate/nitrite concentration was significantly (p < 0.05) increased in the SHR+PCA group when
compared with the SHR group.

Figure 5. Serum nitrate/nitrite concentration among the WKY, SHR, and SHR+PCA groups. α, p < 0.05,
significant differences from WKY; β, p < 0.05, significant differences from SHR; n = 8 in each group.

3.6. Serum MDA and Antioxidant Activities

Serum MDA concentration and antioxidant activities, including SOD, catalase, and total
antioxidants, were determined and compared among the three groups. Figure 6 showed that the
SHR group had significantly (p < 0.05) higher MDA concentration but lower antioxidant activities,
including SOD, catalase, and total antioxidants, than the WKY group. On the other hand, the PCA
administration significantly (p < 0.05) reduced MDA concentration and enhanced these antioxidant
activities in the SHR+PCA group when compared with the SHR group.
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Figure 6. (a) Serum malondialdehyde (MDA) concentration, (b) superoxide dismutase (SOD) activity,
(c) catalase activity, and (d) total antioxidant capacity among the WKY, SHR, and SHR+PCA groups.
α, p < 0.05, significant differences from WKY; β, p < 0.05, significant differences from SHR; n = 8 in
each group.

4. Discussion

To the best of our knowledge, the present study was the first to examine the effects of
12 weeks of PCA administration on the vasorelaxation induced by insulin and IGF-1 and antioxidant
activities in aging SHR. The main findings of this study were as follows. Firstly, the PCA
administration significantly improved the insulin-induced and IGF-1-induced vasorelaxation in aging
SHR. However, these improvements did not reach the level of vasorelaxation in the normotensive
WKY group. Secondly, in the denuded-endothelium vessels, there were no significant differences in
the insulin-induced and IGF-1-induced vasorelaxation among the three groups. Thirdly, the improved
vasorelaxation induced by insulin and IGF-1 in aging SHR was mainly mediated by activating the
PI3K–NOS–NO signaling. Fourthly, the PCA administration significantly improved the protein levels
of insulin receptors, IGF-1 receptors, p-Akt/Akt, and p-eNOS/eNOS in aging SHR. Finally, significant
improvements of serum antioxidant activities, including SOD, catalase, and total antioxidants,
were also found in aging SHR following the PCA administration, which partly contributed to the
improved vasorelaxation.

PCA has been known to evoke multiple health benefits, such as antioxidant, anti-inflammation,
anti-hyperglycemia, anti-hypertensive, and cardiovascular-protective effects [19–21]. Previous studies
indicated that PCA extracted from the petal of Hibiscus sabdariffa also exhibited anti-hypertensive
and cardiovascular-protective effects [19,20]. Moreover, oral administration of PCA treatments for
12 weeks significantly improved cardiac function, as shown by increased fractional shortening and
left ventricular ejection fraction (LVEF) and decreased low-frequency to high-frequency ratio in
streptozotocin (STZ)-induced diabetic rats [25]. Another study has shown that short-term daily
supplementation with PCA (50, 100, and 200 mg/kg) dose-dependently reduced SBP and plasma H2O2

concentration, and improved antioxidant capacity in dexamethasone-induced hypertensive rats [22].
Consistent with previous studies, our investigation indicated that the 12-weeks PCA administration
elicited the decreases in high blood pressure together with restoring vascular function by improving
endothelium-dependent vasorelaxation induced by insulin and IGF-1 in aging SHR. Meanwhile,
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NO concentration was remarkably improved in aging SHR which received PCA administration.
In addition to glucose metabolism, insulin and IGF-1 have vascular protective effects, including the
induction of vasorelaxation, inhibition of VSMC proliferation, and anti-inflammation, mainly via
stimulating the NO-dependent mechanisms in the endothelium [13]. Several reports have documented
that insulin- and IGF-1-mediated vasorelaxant responses are impaired in hypertensive and diabetic
animal models, which is associated with the suppressed NO bioavailability [15,27]. Consistently,
the present study indicated the impairments of the insulin- and IGF-1-induced vasorelaxant responses
and the decreases in NO production in aging SHR compared with the age-matched normotensive
WKY. In order to clarify the NO-dependent signaling, the selective inhibitors of PI3K and NOS
were administered in the insulin- and IGF-1-induced vasorelaxation. We found that, after the
pre-incubation of PI3K or NOS inhibitor, these vasorelaxant differences among the three groups
were absent. This suggested that the aging hypertension evoked the decreased activation of PI3K
and NOS, partly resulting in the impairments of NO production and insulin- and IGF-1-induced
vasorelaxation. In addition, the PCA-induced protective effects on the vasorelaxation were related to
the increased activation of PI3K and NOS, resulting in the amelioration of NO production and insulin-
and IGF-1-induced vasorelaxation in aging SHR.

Since the upregulation of insulin/IGF-1 receptors and downstream proteins, such as Akt
and eNOS, are considered to be involved in the insulin- and IGF-1-induced vasorelaxation, we
examined aortic protein expressions among the WKY, SHR, and SHR+PCA groups. We found that
aging hypertension significantly decreased aortic protein expressions of insulin and IGF-1 receptors,
phospho-Akt/Akt, and phospho-eNOS/eNOS, whereas the PCA administration significantly
enhanced expression of these proteins in aging SHR. A previous study, in human visceral adipocytes,
indicated that PCA stimulated insulin receptor substrate-1 (IRS-1) tyrosine phosphorylation and the
downstream proteins, such as phosphoinositide 3-kinase binding to IRS-1 and Akt phosphorylation.
Also, PCA elicited the insulin-sensitizing effects by activating adenosine monophosphate-activated
protein kinase [28]. In the present study, we found that the 12-week PCA administration ameliorated
the vasorelaxant responses to insulin and IGF-1 in aging SHR through the upregulation of insulin
and IGF-1 receptors and downstream Akt/eNOS phosphorylation. In addition to PCA, several
phytochemical compounds, such as resveratrol and curcumin, have revealed beneficial effects
in reducing cardiovascular risk factors. Resveratrol lowers high blood pressure and improves
endothelial function through enhancing eNOS expression and NO production. Moreover, curcumin
supplementation ameliorates the impairment in endothelial-dependent dilation with aging by restoring
NO bioavailability [29]. However, whether PCA induces the insulin- and IGF-1-sensitizing effects on
aortic tissues needs further investigation.

It has been believed that hypertension can cause insulin resistance by altering the delivery of
insulin and glucose. Conversely, insulin resistance could cause high blood pressure. In the state of
insulin resistance, the insulin-stimulated NO pathway is selectively impaired and the compensatory
hyperinsulinemia may activate the mitogen-activated protein kinase (MAPK) pathway, resulting in
enhancement of vasoconstriction, pro-inflammation, endothelial dysfunction, increased sodium and
water retention, and increases in blood pressure. Insulin resistance and hypertension commonly
coexist, especially in older adults. The adverse influences of insulin resistance on blood pressure could
be accentuated in an aging population [30]. Furthermore, PCA has been extensively investigated
with regards to the anti-hyperglycemia activity and revealed that various doses of administration
decreased blood glucose and HbA1C [24,25]. Consistent with previous studies, we found that
fasting blood glucose, insulin concentration, and HOMA were significantly increased in aging
SHR. However, after 12 weeks of PCA intervention, these parameters were significantly reduced
in aging SHR. This suggested that chronic PCA administration effectively ameliorated the aging
hypertension-induced insulin resistance in aging SHR.

Oxidative stress has been considered to promote endothelial dysfunction and lead to vascular
damage in hypertension. Moreover, advancing age is associated with the increased oxidative stress and
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reduced NO bioavailability, mediating the development of endothelial dysfunction and CVD [31–33].
The level of oxidative stress increases as a consequence of greater production of reactive oxygen
species (ROS) without a compensatory increase in antioxidant activity. Several sources of increased
ROS production include the up-regulation of the oxidant enzyme NADPH oxidase, uncoupling eNOS
(due to reduced availability of the cofactor tetrahydrobiopterin), and increased mitochondrial synthesis
during oxidative phosphorylation of the electron transport chain. With aging and hypertension,
excessive oxidative stress could be the key mechanism mediating impaired NO bioavailability and
endothelium-dependent vasorelaxation [32–34]. It is known that PCA administration effectively
promotes antioxidant enzymatic activities and inhibits ROS generation [23]. One previous study
indicated that 4-week supplementation with PCA reduced serum MDA and hydroperoxide levels,
and also improved serum catalase activity, total antioxidant capacity, and glutathione concentration in
deoxycorticosterone acetate (DOCA)-salt hypertensive rats [35]. Moreover, evidence has shown that
PCA significantly increased the activities of glutathione peroxidase (GPx) and catalase, decreased MDA
level, and normalized age–associated alterations in aged rats. This implies that PCA could induce
anti-aging effects through upregulating the antioxidant system [23,36,37]. Similarly, our findings
showed an increase in oxidative stress (i.e., MDA) and decreases in antioxidant activities, including
SOD, catalase, and total antioxidants in aging SHR. Following the 12-week PCA administration,
these impairments were significantly ameliorated in aging SHR, which partly contributed to the
improved vasorelaxation. A previous study reported that PCA increased the gene expression of GPx
and glutathione reductase (GR) in J774A.1 macrophages. The over-expression of glutathione-related
enzymes was found by inducing c-Jun N-terminal kinase (JNK)-mediated phosphorylation of nuclear
factor erythroid 2 (NF-E2)-related factor 2 (Nrf2). This suggested that PCA improved the endogenous
antioxidant potential through the JNK-mediated Nrf2 activation and increased antioxidant enzyme
expression [38]. It is plausible to speculate that PCA upregulates the antioxidant enzyme expression
which might be responsible for modifying the enzyme activity. In this study, we first demonstrated
that PCA had beneficial effects on increasing serum antioxidant activities and reducing MDA level,
contributing to improved vasorelaxant responses, in aging hypertensive rats. The potential mechanisms
which modify the antioxidant activity and ROS inhibition for these PCA-induced improvements in
aging hypertension need to be further clarified.

Reagan-Shaw and coworkers demonstrated the dose translation from animal models to human
clinical trials. The estimate of the 200 mg/kg dose in rats yields a human equivalent dose (HED)
of 32.4 mg/kg for humans, which is 1944 mg in a 60-kg adult [39]. Moreover, the content of PCA
varies considerably depending on the type of food, as seen in Olea europaea (olives), Hibiscus sabdariffa
(roselle), Eucommia ulmoides (du-zhong), Citrus microcarpa Bunge (calamondin), and Vitis vinifera (white
wine grapes) [21]. Further studies are recommended to clarify the effective level consumed from the
daily diet.

With regard to the limitations of this study, we did not include the placebo/time-control
experiments for the insulin-induced vasorelaxation, due to the limited numbers and samples of
animals regulated by the IACUC. However, normotensive control (WKY) rats were included in our
study, and the results demonstrated a maximal response of insulin-induced vasorelaxation of about
40%, similar to the value shown by Li et al. [40]. Moreover, McCallum and co-workers indicated
that incubation with the vehicle control (without insulin) did not affect the phenylephrine-induced
vasoconstriction [27]. Therefore, it is plausible to speculate that the vehicle used in final dilution of
insulin may not induce significant effects on the vasoreactivity experiments, including vasorelaxation
and vasoconstriction. Future work is needed to determine the placebo/time-control effects for
the insulin-induced vasorelaxation. Li and co-workers also indicated that insulin produced a
dose-dependent vasorelaxation with a maximal response 10–15% in aging-related hypertensive
Sprague–Dawley (SD) rats [40], similar to that of the aging SHR in our study. However, the maximum
dose of insulin (at 1.5 × 10−6 M) recorded by the Li et al. was much lower than the maximum dose used
in our study. The differences of insulin-induced vasorelaxation might be caused by different rat strains
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and aging effects. The effects of different rat strains and age on the insulin-induced vasorelaxation
need to be further investigated.

5. Conclusions

In conclusion, our study demonstrated that 12 weeks of PCA administration remarkably improved
the endothelium-dependent vasorelaxation induced by insulin and IGF-1 in aging hypertension
through enhancing the PI3K–NOS–NO pathway. Furthermore, it had strong antioxidant effects on
aging hypertension, which partly contributed to the amelioration of vascular endothelial function.
Based on our findings, PCA might be suggested as an alternative strategy to minimize cardiovascular
disorders in the population with aging hypertension.
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Abstract: Hypertension is a leading cause of cardiovascular and chronic renal disease. Despite
multiple important strides that have been made in our understanding of the etiology of hypertension,
the mechanisms remain complex due to multiple factors, including the environment, heredity and
diet. This review focuses on dietary contributions, providing evidence for the involvement of elevated
fructose and salt consumption that parallels the increased incidence of hypertension worldwide.
High fructose loads potentiate salt reabsorption by the kidney, leading to elevation in blood pressure.
Several transporters, such as NHE3 and PAT1 are modulated in this milieu and play a crucial role in
salt-sensitivity. High fructose ingestion also modulates the renin-angiotensin-aldosterone system.
Recent attention has been shifted towards the contribution of the sympathetic nervous system,
as clinical trials demonstrated significant reductions in blood pressure following renal sympathetic
nerve ablation. New preclinical data demonstrates the activation of the renal sympathetic nerves
in fructose-induced salt-sensitive hypertension, and reductions of blood pressure after renal nerve
ablation. This review further demonstrates the interplay between sodium handling by the kidney,
the renin-angiotensin-aldosterone system, and activation of the renal sympathetic nerves as important
mechanisms in fructose and salt-induced hypertension.

Keywords: fructose; hypertension; renin-angiotensin-aldosterone system; renal transporters; sodium;
renal sympathetic nerve activity

1. Introduction

Hypertension is a multifactorial condition rather than a single disease entity whose onset can
be brought about through a variety of factors originating from environmental, dietary, or hereditary
factors. The complex interplay of these components has frustrated our understanding of hypertension,
despite decades of research spent attempting to identify its causes and develop viable treatments.
Even today, less than 20% of all hypertensive cases have a known etiology (referred to as secondary
hypertension) with the basis for the remaining majority of cases being unknown (referred to as
primary or essential hypertension) [1,2]. Studies of the U.S. population have found that 29% of
adults are hypertensive, and this number is only expected to increase dramatically in the near
future [3]. Unfortunately, elevated blood pressure is becoming increasingly prevalent in people
under the age of 40 years [4]. Despite the fact that the proportion of individuals with controlled
blood pressure (systolic < 140 mmHg; diastolic < 90 mmHg) in the U.S. has increased from 28.4% to
43.5%, in low and middle-income countries it has actually decreased to 7.7% [5,6]. Indeed, even mild
increases in either systolic or diastolic pressure (<10 mmHg) are accompanied by increases in mortality
rates [7]. The increased prevalence of hypertension has coincided with an equally sharp increase
in the incidence of chronic kidney disease that has been attributed, at least in part, to substantial
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changes in dietary intake and sedentary lifestyle [4,8]. Hence, there has been an increased effort
to develop new models of hypertension that better reflect the environmental and dietary behaviors
of modern society. Several models of diet-induced hypertension exist that are well established,
namely those high in fat or sodium [9,10]. Models of metabolic syndrome induce a constellation of
medical conditions accompanying insulin resistance such as obesity, hyperglycemia, hypertension
and dyslipidemia [11]. Given the widespread use of fructose as a sweetener in food products, several
recent reviews have discussed the impact of fructose ingestion on obesity and hypertension within the
metabolic syndrome [12,13] and the hormones involved [14]. The present review focuses on recent
interest in the consequences of even mild fructose consumption independent of full-blown metabolic
syndrome with particular attention to the role of the kidney and the sympathetic nervous system on
blood pressure.

Study selection: We searched PubMed (https://www.ncbi.nlm.nih.gov/pubmed/), the Cochrane
Registry (http://www.cochranelibrary.com/about/central-landing-page.html), and the Web of
Science Core Collection (https://www.library.ethz.ch/en/Resources/Databases/Web-of-Science-
Core-Collection) from January 1975 to January 2019. The following search terms were used: fructose
and blood pressure or hypertension; fructose and sodium; fructose and kidney; fructose and
sympathetic nervous system. Then the search terms were refined with the addition of sodium to the
search. Human and animal studies were included. This resulted in 428 articles whose abstracts were
screened for relevancy to our topic of renal and sympathetic mechanisms involved in blood pressure
control in the presence of fructose and high salt diets.

2. Fructose Consumption, Hypertension and Mortality

Total fructose consumption includes that which is found in high fructose corn syrup (HFCS)
and sucrose. Generation of HFCS began in the late 1950s when it was discovered that glucose,
hydrolyzed from corn starch extracts, could be partially converted to fructose through enzymatic
isomerization [15]. Over time, this process was industrialized and led to the development of the
corn-derived sweetener, HFCS, which can be synthesized with varying ratios of fructose to glucose
content. Ease of synthesis, comparable flavor, and low cost of this ingredient have contributed to
its widespread use as a sweetener [16]. Between 1970 and 2006, fructose consumption drastically
increased, amounting to approximately 50% of all per capita added sugar consumption. This increase
is accounted for solely by an exponential increase in free fructose consumption in the form of HFCS.
During this time, caloric intake from total sugar (HFCS, sucrose, and other natural sugars) and fats
increased significantly contributing to a 41% increase in total carbohydrate intake, of which fructose
consumption provided a primary source [17].

HFCS appeals to nearly every demographic leading to its widespread use in food products.
Statistical analysis of data collected in the National Health and Nutrition Examination Survey
(NHANES I-III) determined that HFCS is most heavily consumed in the form soft drinks, and this trend
is consistent throughout all age groups and sexes. Although a recent meta-analysis of three prospective
studies fails to show incident hypertension associated with fructose, these studies relied on self-reports
of physician-diagnosed hypertension and did not include concurrent sodium intake [18]. In contrast,
another meta-analysis (n = 240,508) that includes data from the Coronary Artery Risk Development in
Young Adults (CARDIA) cohort (n = 240,508) [19] and quoted by the recent American Heart Association
update on stroke reports a 12% greater risk of hypertension with consumption of sugar sweetened
beverages when controlled for sex, age, race, BMI and smoking behaviors [20]. Compared with the
increased risk associated with more traditional factors such as alcohol consumption (61%), smoking
(21%), and red meat intake (35%) and sedentary life style (48%) [21–24] or the non-traditional risk of
stress (5–12%) [25], the risk associated with fructose intake may appear small but is nonetheless real.
Whether the risk of hypertension associated with fructose is modified by combination with higher
sodium intake has not yet been evaluated in humans, but the role of combined intake in preclinical
studies is discussed below.
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Adolescents and young adults are the highest consumers overall, and people in lower income
population sectors are more likely to consume HFCS than those in more affluent demographic
groups [13]. The rise in fructose consumption over the past several decades has been accompanied
by an increase in obesity in the United States, and these rates parallel those of hypertension in a
nearly linear relationship between body mass index and blood pressure [26,27]. Although several
human studies have shown that high fructose consumption contributes to weight gain and blood
pressure elevation, there is still controversy over the extent to which HFCS consumption is correlated
with the historical obesity and hypertension trends [28]. Factors such as overall increase in national
carbohydrate consumption make it challenging to discern increased fructose intake as a primary
etiologic source for these disease states [17]. Nevertheless, the ingestion of fructose induces several
physiologic responses that favor weight gain and increased blood pressure.

The most recent NHANES III survey found that as of 2004, the average daily intake of fructose
(49 g) in the U.S. equated to 9.1% of total energy intake [17]. Interestingly, commercially available
soft drinks using HFCS have up to 140 calories from added sugars per 12 fluid ounce container.
Given the most commonly used HFCS composition of 55% fructose and 45% glucose, this amounts
to approximately 25 g or 100 calories from fructose alone. This quantity from one drink alone nearly
surpasses the American Heart Association recommendation of only 150 and 100 calories from added
sugars per day for men and women, respectively [29]. Animal studies designed to model this trend in
human dietary intake have used various dietary fructose compositions—many of which exceed 60%
of total daily caloric intake [30–32]. Increased fructose ingestion in either humans or animal studies
have demonstrated significant hemodynamic changes even after limited periods of time [28,33,34].
Interestingly, the majority of animal studies were unaccompanied by significant increases in body
weight, suggesting that factors apart from obesity may contribute to the hypertensive phenotype [30,31].
Chronic animal models using more moderate fructose intake that is consistent with heavy human
consumption (15–20% of daily caloric intake) demonstrate cardiovascular and metabolic changes
similar to human subjects, although the timeline by which these occur may be skewed [35,36]. The role
of endothelial dysfunction has been reviewed in detail [37,38]. Mechanisms involved in the early phases
of sodium absorption by the intestine have been studied to a greater extent [39]; however, renal sodium
reabsorption [40], the renal renin-angiotensin-aldosterone (RAS) system [41], and sympathetic nervous
system [32,42] have received more limited attention.

3. Fructose Influences Sodium Handling and Blood Pressure

3.1. Fructose Influences Gastrointestinal Sodium Absorption

Sodium homeostasis is a critical component of blood pressure regulation and has been linked
to various cardiovascular and renal complications, including hypertension [43–46]. Glucose intake is
coupled to Na+ transport via the luminal sodium-glucose-linked transporter 1 (SGLT1). Intracellular
glucose concentration is largely maintained through the glucose transporter 2 (GLUT2) isoform along
the basolateral membrane. Chronically, fructose and glucose (but not other sugars) lead to an increase
in GLUT2 protein expression along the basolateral membrane [47]. Similar to GLUT5, GLUT2 has a
much lower affinity for glucose than other isoforms and therefore functions primarily as a fructose
transporter [48]. Fructose transport is facilitated by a downhill concentration gradient between the
intestinal lumen and intracellular space [39,49,50]. On the other hand, sodium absorption occurs
throughout the small intestine via a variety of transport systems. SLC26A6 (human), also known
as the putative anion transporter 1 (PAT1), is a multifunctional apical chloride/base exchanger that
increases with fructose feeding in both the jejunum [39,51] and kidney [52]. The function of PAT1 is
coupled with that of the intestinal Na/H exchanger 3 (NHE3) so that Na+ is reabsorbed with Cl− in an
electroneutral manner [53,54]. The presence of fructose amplifies NHE3 function, thereby enhancing
absorption of Na+ and secretion of H+ [39,40,42]. PAT1 also co-localizes with GLUT5 (Slca5), a member
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of the glucose transporter family, with low affinity for glucose and high affinity for fructose (Figure 1).
GLUT5 is the dominant fructose transporter in the jejunum.

Despite the changes in both sodium and sugar transporters, the impact of fructose on overall
gastrointestinal absorption and the resulting fecal excretion of sodium has been given scant
investigative attention. An increase in dietary sodium does not increase absolute fecal sodium excretion
in Sprague Dawley rats independent of whether the high sodium chow is delivered with glucose
or fructose in the drinking water or with water alone. Thus, gastrointestinal sodium absorption
increases as dietary intake of sodium increases regardless of the presence or type of sugars in the diet
(Figure 1). The task for excretion of the greater total body sodium content relies on the kidney. Notably,
urinary sodium excretion is significantly diminished in fructose-fed rats resulting in a positive sodium
balance [41]. The renal mechanisms that are understood to date are detailed below.

 
Figure 1. Mechanisms of fructose-induced salt-sensitive hypertension. Left panel: In the absence of
high dietary fructose, absorption of salt in the small intestine (jejunum) and proximal tubule of the
kidney is accomplished by PAT1. Increased sodium load leads to plasma volume expansion which
activates RAS, resulting in elevation of blood pressure. Either increased plasma renin activity or
increased blood pressure alone are capable of initiating the negative feedback mechanism to dampen
NaCl reabsorption and decrease RAS activation, resulting in restoration of blood pressure back to
normal. Right panel: When dietary fructose intake is high in conjunction with high salt, intestinal
fructose absorption with Glut 5 and Glut 2 and sodium is absorption via PAT1 and NHE3 in increase.
Proximal tubular sodium reabsorption is increased by both PAT1 and NHE3. Elevated fructose load
leads to increased levels of circulating leptin and insulin, resulting in insulin resistance. These hormones
lead to increased sympathetic outputs. In addition to activation of RAS and Na+ reabsorption, increased
RSNA also participates in elevating blood pressure, ultimately resulting in the loss of the negative
feedback mechanism. Increased afferent inputs to the central barosensitive regions may also contribute
to hypertension by creating a feedforward situation via efferent sympathetic nerves. PAT1, putative
anion transporter 1; NHE3, sodium/hydrogen exchanger 3; Glut 5 and Glut 2, glucose transporters
5 and 2, respectively; RAS, renin-angiotensin-aldosterone system; RSNA, renal sympathetic nerve
activity; SFO, subfornical organ; PVN, paraventricular nucleus; RVLM, rostral ventrolateral medulla.

3.2. Fructose Influences Renal Sodium Reabsorption and RAS

The bulk of Na+ reabsorption in the mammalian kidney occurs in the proximal tubule, which is
responsible for reabsorption of 60–70% of all Na+ and fluid filtered by the glomerulus [55]. Similar
to the intestine, GLUT2, GLUT5, NHE3, and several isoforms from the SGLT family facilitate the
reabsorption of Na+. Proximal tubule Na+ reabsorption is reliant on secondary active transport
by co-transporters such as NHE3 and SGLT isoforms, particularly SGLT2 [56]. Fine tuning of
ionic concentrations and gradients is critical to blood pressure homeostasis. Perturbation such as
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augmented proximal tubule Na+ reabsorption results in increased fluid reabsorption, leading to a net
positive sodium balance predisposing to hypertension (Figure 1). This mechanism has been linked
to hypertension in spontaneously hypertensive rats [57] and Dahl salt-sensitive rats [58]. In carefully
executed balance studies, Gordish et al. [41] showed that rats given 20% fructose in their drinking
water and placed on high salt diet displayed significantly greater cumulative Na+ balance compared
with rats given only water or 20% glucose in their drinking water. These findings strongly supported a
role for fructose-feeding on renal Na+ balance. Notably, except for elevated triglyceride levels in the
fructose-fed high salt group, there were no differences in fasting plasma glucose and body weights
between fructose-high salt-fed rats and glucose or water controls either with standard or high salt
intake [41].

In the proximal tubule, the majority of Na+ and all bicarbonate (HCO3−) reabsorption occurs via
Na+/H+ exchange, via NHE3 [59]. Acute in vivo microperfusion studies of proximal tubules from
Wistar rats exposed to fructose revealed enhanced NHE3 activity. The increase in NHE3 activity was
corroborated by in vitro studies showing greater Na+ dependent H+ flux in the presence of fructose
associated with diminished PKA activity in cultured LLC-PK1 cells, a porcine cell line [60]. Fructose,
but not glucose, increased NHE3 activity by isolated rat proximal tubules via a PKC-dependent
pathway and further potentiated the effects of picomolar concentrations of angiotensin II (Ang II)
to increase Na+/H+ exchange. Na/K-ATPase activity did not change [40]. Moderate amounts of
fructose consumption (approximately 40% of daily caloric intake provided as a 20% fructose solution
in drinking water) increased tail cuff blood pressure in rats. Proximal tubule expression levels of NHE3
increased significantly in the fructose-fed compared to that of control rats, whereas α1 subunit of the
basolateral Na/K-ATPase did not. Moreover, proximal tubules isolated from these rats also showed
enhanced Na+ reabsorption that was potentiated by Ang II [61,62].

The proximal tubule thus appears to become sensitized to Ang II via a PKC mechanism, to which
the addition of high Na+ intake leads to substantial reabsorption rates. Further, this sensitization
extends beyond the proximal tubule into the thick ascending limb and other Na+ transport mechanisms
in the distal nephron although studies have reported some conflicting results. An early study
with 65% dietary fructose failed to observe a change in overall Na+/K+/2Cl− co-transporter 2
(NKCC2) abundance in the kidney [63]. In vitro and in vivo studies have shown similar effects
on NKCC2 expression and activity. Acute in vitro administration of fructose to the thick ascending
limb increases NKCC2 activity by increasing protein expression and not phosphorylation along the
apical membrane [64]. Chronic in vivo studies using furosemide, an NKCC2 antagonist, to measure
acute diuretic and natriuretic responses following NKCC2 blockade found that high fructose-induced
hypertension led to significant increases in urine output as well as in urinary potassium, chloride,
and sodium concentration. This was reflected by significant increases in NKCC2 mRNA and
protein expression [65]. Together, these alterations in transporter expression and activity throughout
the nephron facilitate plasma volume expansion which is responsible, at least in part, for the
observed hypertension.

The importance of sensitization to Ang II also cannot be understated. Several preclinical studies
have shown that even moderate consumption of fructose and Na+ can have considerable adverse
effects on blood pressure [41,42,61,66]. With the profound increases in Na+ retention observed in
the various models of fructose-induced hypertension with expected extracellular volume expansion,
it would be anticipated that plasma renin activity (PRA) would be suppressed. Further investigation
by others reported blunted suppression of PRA in Sprague Dawley rats given 20% fructose for one
week, followed by one week of fructose plus 4% NaCl diet [41,66]. In contrast, extending the high salt
intake period to three weeks, Soncrant et al. confirmed the elevation in blood pressure using telemetric
monitoring and were able to demonstrate inhibition of PRA and plasma Ang II in fructose-fed rats [42].
Thus, it appears that PRA which is typically inhibited by either high blood pressure or expanded
extracellular volume requires a longer period of exposure to either of these inhibitory influences in
the context of high fructose intake. In other words, a much greater expansion of extracellular volume
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and, therefore a longer period of positive cumulative Na+ balance, may be required to inhibit renin
secretion with concomitant fructose-feeding.

It is also possible that intrarenal RAS contributes to hypertension and increased Na+ reabsorption
with fructose feeding. Early studies indicated that renal tissue renin expression was suppressed in
fructose-fed mice [39] yet increased in rats fed 20% fructose for 12 weeks [65]. Renal tissue Ang II levels
were not statistically different from control glucose-fed rats on high salt diet for three weeks despite
higher blood pressure [42]. Notably, renal angiotensin AT1 receptor mRNA was increased in adipose
tissue but not kidney after three weeks of high fructose ingestion [67]. When fructose was given in
greater amounts (60 to 66% in the drinking water) and for longer periods of time (8 to 16 weeks),
both Ang I and Ang II as well as AT1 receptor protein expression was increased in kidney tissue [68,69].
Alternatively, the third influence on renin secretion involves sympathetic inputs to the macula densa.
Indeed, switching from standard diet (0.4% NaCl) to a high salt (4% NaCl) diet, in fructose-fed rats,
increased renal sympathetic nerve activity by ~50% [42]. Denervation of the kidneys bilaterally using
cryo-techniques further decreased the already suppressed PRA suggesting sympathetic inputs to the
kidney were responsible for the enhanced renin secretion. Notably, tissue Ang II content was not
altered by any of the diets compared with controls [42].

In addition to the experimental dietary manipulations, some of the variability in these studies
likely stems from methodology used such as the technique for blood pressure assessment (tail cuff vs.
telemetry), the time when fructose is initiated relative to the high salt diet, the length of exposure to
each component of the diet, and the collection of blood or tissue for measurements of renin, plasma
Ang II or their tissue levels. Regardless of the impact of these factors, the findings that a diet enriched
for fructose sensitizes the nephron to Ang II such that even minimal activation of the RAS can have
profound sodium reabsorption effects.

3.3. Fructose Influences the Renal Sympathetic Nervous System

The scientific interest in sympathetic innervation of the kidney has increased recently after the
demonstration of marked reductions in blood pressure in individuals with resistant hypertension
after denervation using the catheter-based approach [70,71]. Renal sympathetic nerve activity (RSNA)
is significantly increased in many forms of experimental hypertension (reviewed by Osborn and
Foss [72]), underlying the vital role of RSNA in blood pressure regulation. The mechanisms of increased
RSNA in the pathogenesis of hypertension include increased tubular sodium reabsorption and water
retention, decreased renal blood flow and glomerular filtration rate, and increased renin secretion
from the juxtaglomerular cells which activates RAS [73]. Since moderately high dietary fructose and
salt cause hypertension via similar mechanisms, it has been hypothesized that sympathetic activity
increases in this dietary milieu. In fact, ingestion of fructose has been shown to result in changes in
secretion of hormones that regulate energy balance [74], a shift associated with increased sympathetic
nervous system activity [75]. The hormone leptin which promotes satiety is released from adipose
tissue cells to maintain energy balance by promoting satiety. In contrast, ghrelin opposes this action
and promotes hunger. Ingestion of fructose leads to simultaneously increased secretion of ghrelin and
decreased secretion of leptin; however, after chronic ingestion of excess dietary fructose (over one to
four weeks), fasting plasma concentrations of leptin are significantly higher [76]. The mechanistic basis
for elevated leptin levels likely stems from fructose-induced fatty acid re-esterification and synthesis
of VLDL-triglycerides. This pathway causes a shift towards the fat-storing mode, prompting the
adipose cells to respond by elevating leptin production. Simultaneously, augmentation of RSNA
occurs initiating the onslaught of hypertension-promoting effects.

Multiple studies have shown that uncontrolled increases in RSNA contribute to both the onset and
maintenance of hypertension in both humans and in animal models [72,77], suggesting that coupled
with the metabolic changes and energy balance shifts, fructose-induced salt-sensitive hypertension
also likely leads to increased RSNA. When rats fed 20% fructose were switched to the high salt diet for
one week, they developed hypertension, accompanied by net positive sodium balance, but persistently
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high PRA [41]. The inability of net positive sodium retention and elevated mean arterial pressure to
reduce PRA suggests that increased RSNA is acting upon the juxtaglomerular apparatus to secrete
renin and activate RAS. In fact, a preclinical study demonstrated a direct involvement of increased
RSNA in fructose-induced salt-sensitive hypertension in conscious rats chronically instrumented with
nerve telemetry devices [42]. High salt intake in rats on 20% fructose, but not glucose, resulted in
a 41% increase in RSNA after 1 week. Further confirmation of the role of RSNA was provided by
demonstrating a decrease in blood pressure after bilateral renal denervation using the cryo-technique.
Although the rats did not display the full complement of metabolic syndrome, insulin sensitivity was
also reduced in the hypertensive fructose-fed rats. This restoration of RSNA to baseline following
cryoablation was accompanied by decreased blood pressure and improved insulin sensitivity [42].

The attenuation of PRA suppression in fructose and high salt-fed rats is mitigated when the
rats ingest a high salt diet for at least three weeks. Therefore, it appears that the initial mechanism
of fructose-induced salt-sensitive hypertension involves persistently elevated PRA that eventually
subsides after two to three weeks of high salt feeding. During this period augmentation of RSNA is
initiated, which serves as a feed-forward mechanism that takes over when PRA returns to baseline in
order to maintain elevated arterial pressure (Figure 1).

Concurrently, an indirect mechanism involving reactive oxygen species generation may be
partially responsible for blunted suppression of PRA initially, followed by increases in RSNA.
High fructose and salt feeding in rats leads to increased oxidative stress as measured by 8-isoprostane
excretion, and supplementation with the superoxide dismutase mimetic, Tempol, attenuates both the
increase in mean arterial pressure and reactive oxygen species generation [66]. Furthermore, oxygen
radicals can activate the sympathetic sites that are involved in the pathogenesis of hypertension [78].
Thus, moderately high fructose and salt feeding in rats causes hypertension in at least two phases.
Firstly, an increase in blood pressure results from the direct action of renin, which eventually returns
to baseline as a result of the negative feedback mechanism evoked by the net positive, albeit greater,
cumulative sodium balance and increase in blood pressure. Additionally, generation of reactive
oxygen species contributes to high PRA. Secondly, after two to three weeks of high salt feeding,
PRA decreases and hypertension is maintained via increased RSNA. Oxygen radicals further contribute
to sympathoexcitation, providing a collateral mechanism to maintain increased blood pressure.

4. Conclusions

High fructose and salt intakes are contributing to the increased incidence and prevalence of
hypertension in the U.S. and globally. Even prior to the development of full blown metabolic syndrome,
fructose-induced enhancement of renal Na+ reabsorption with greater positive net cumulative Na+

balance can lead to elevations of blood pressure. The inhibition of PRA is also blunted despite higher
blood pressure and extracellular volume and is driven by enhanced renal sympathetic nerve inputs.
Activation of circulating RAS, therefore, further augments blood pressure. After longer periods of
fructose and high salt ingestion, intrarenal RAS is also increased which may further drive tubular
Na+ reabsorption. The combined inputs from afferent nerves, reactive oxygen species and increased
metabolic hormones such as leptin work centrally to stimulate sympathetic outputs and further increase
blood pressure (Figure 1). Thus, combined fructose and high salt diets may lead to hypertension and
increased cardiovascular risks even short term and in individuals without the full metabolic syndrome.
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Abbreviations

Ang II angiotensin II
AT1 angiotensin receptor type 1
CARDIA Coronary Artery Risk Development in Young Adults
GLUT glucose transporter
HFCS high fructose corn syrup
NHANES National Health and Nutrition Examination Survey
NHE sodium hydrogen exchanger
NKCC2 sodium potassium chloride transporter
PAT1 putative anion transporter 1
PKA protein kinase A
PKC protein kinase C
PRA plasma renin activity
PVN paraventricular nucleus
RAS renin angiotensin system
RSNA renal sympathetic nerve activity
RVLM rostral ventrolateral medulla
SFO subfornical organ.
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Abstract: Hypertension is the leading risk factor for cardiovascular disease, and prevention of
high blood pressure through diet and lifestyle should be a preferred approach. High intake of fish
is associated with lower blood pressure, possibly mediated through the proteins since peptides
with angiotensin-converting enzyme (ACE) inhibiting capacities have been identified in fish skin,
backbone, and fillet. The effects of cod meals made from residual materials and fillet on blood
pressure were investigated in obese Zucker fa/fa rats which spontaneously develop high blood
pressure. Rats were fed diets containing water-soluble (stickwater) or water-insoluble (presscake)
fractions of protein-rich meals from cod residual materials (head, gut, backbone with muscle residuals,
skin, trimmings) or fillet. Rats were fed diets containing 25% of total protein from cod meal and 75%
of protein from casein, or casein as the sole protein source (control group) for four weeks. Results
show that a diet containing residual presscake meal with high gut content prevented blood pressure
increase, and this cod residual meal also showed the strongest in vitro inhibitions of ACE and renin
activities. In conclusion, a diet containing water-insoluble proteins (presscake meal) with high gut
content prevented increase in blood pressure in obese Zucker fa/fa rats.

Keywords: fish protein; fish meal; cod; rest raw material; hypertension

1. Introduction

The prevalence of hypertension is increasing worldwide, and is estimated to affect 1.56 billion
adults by the year of 2025 [1]. Hypertension is the leading risk factor for cardiovascular disease [2],
and the goal of prevention of hypertension is to avoid premature cardiovascular disease [3] since
hypertension increases the risk of atherosclerosis, stroke, myocardial infarction, heart failure, peripheral
vascular disease, disability, and damage to major organs such as heart and kidneys [4,5]. Hypertension
can be prevented through dietary changes such as reduced sodium intake; maintaining an adequate
intake of potassium; and consuming a diet low in saturated and total fat and rich in fruits, vegetables,
whole-grain and low-fat dairy products [6]. Prevention of hypertension through the diet should be a
preferred approach and more knowledge on effects of various nutrients on blood pressure is warranted.
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Nutrients 2018, 10, 1820

Blood pressure is controlled by several mechanisms, of which the renin-angiotensin system may
be the best known. Angiotensinogen is cleaved by renin to the biologically inactive angiotensin I, which
is further converted to the vasoconstrictor angiotensin II by the angiotensin-converting enzyme (ACE).
The cleavage of angiotensinogen to angiotensin I by renin is considered to be the rate determining
step in the generation of angiotensin II [7]. ACE also catalyzes the degradation of the vasodilator
bradykinin to inactive peptides, thus providing a second way of regulating blood pressure through
manipulation of ACE activity [7], and a wide range of synthetic drugs targeting ACE-inhibition has
been developed and are commonly used by hypertensive patients all over the world. Other factors that
may influence blood pressure include arginine which is a precursor for the formation of the vasodilator
nitric oxide [8], and dietary sodium which acts as a vasoconstrictor through its control of blood volume
by increasing arterial constriction and peripheral vascular resistance [9] and effects on renin [10].

High intake of fish is reported to be associated with lower blood pressure in both clinical [11–15]
and rat [16,17] studies, whereas some studies show no association between fish consumption and
blood pressure [18–20]. A possible blood pressure lowering effect of fish may be mediated through
the proteins in fish, as peptides with ACE-inhibiting capacities in vitro have been identified in fish
fillet, skin, and backbone [21–24]. In addition, studies in spontaneously hypertensive rats have shown
anti-hypertensive effects of ACE-inhibitory peptides identified in marine sources [25–27], however
little is known of the potential effects of fish proteins on renin activity. Large amounts of protein-rich
fish residual materials such as head, gut, bones, trimmings, and other cut-offs are produced by the
world’s fisheries and aquaculture industries, but very little is used for human consumption [28].
Therefore, fish proteins from both fillet and residual materials as food component are of interest
for regulation of blood pressure and thus for prevention of cardiovascular disease and should be
investigated in vivo.

The obese Zucker fa/fa rat presents a range of abnormalities similar to those seen in humans with
obesity—including insulin resistance, dyslipidemia, mild glucose intolerance, and hypertension—and
is a popular rat model for studies of metabolic complications and possible treatments of obesity [29].
The Zucker rat is a valuable experimental model for hypertension as this rat develops an age-related
increase in blood pressure, which is also the case for humans [30], and in Zucker fa/fa rats this
development starts already before the age of 10 weeks [31,32]. The most used rat model for studies on
development and treatment of hypertension is the spontaneously hypertensive rat, although this rat is
representative for only a rare subtype of human hypertension; primary hypertension that is inherited
in a Mendelian fashion [33]. The Zucker fa/fa rat could therefore be a more relevant model where
hypertension co-exists with obesity and other metabolic disturbances in a real-life setting [31].

The aim of the present study was to investigate the effects of diets containing protein-rich meals
from a selection of water-soluble and water-insoluble cod residuals or cod fillet on the development of
high blood pressure in obese Zucker fa/fa rats which spontaneously develops high blood pressure,
compared with Zucker fa/fa rats fed a control diet devoid of fish. Circulating nitrite + nitrate (as
a measure of nitric oxide) and renin were measured to elucidate possible mechanisms involved in
blood pressure regulation that were affected by the cod meals, and the in vitro potential of the dietary
proteins to inhibit ACE and renin activities were investigated. Our hypothesis was that cod meal
prepared from residual materials and fillet would prevent or delay the development of high blood
pressure in obese Zucker fa/fa rats, possibly through inhibition of the renin-angiotensin system.

2. Materials and Methods

2.1. Ethical Approval

The animal experiment was approved in accordance with the Norwegian regulation on animal
experimentation (approval no 11603). The protocol was approved by the Norwegian State Board of
Biological Experiments with Living Animals.
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2.2. Design

Thirty-eight male Zucker fa/fa rats (Crl:ZUC(Orl)-Lepr fa, from Charles River Laboratories, Calco,
Italy) were randomly assigned to six experimental groups with six rats in each of the groups receiving
cod meal, with eight rats in the control group. Groups had comparable mean body weight at baseline.
The rats were housed in pairs in individually ventilated cages (IVC type 4, blue line from Tecniplast,
Buguggiate, VA, Italy) with plastic housing, under standard conditions with a temperature of 21 ± 1 ◦C,
and a light-dark cycle of 12 h. The intervention period started after at least one week of acclimatization
under these conditions, i.e., when the rats were 9–11 weeks old and weighing 339 ± 14 g.

The intervention period was four weeks, and rats had ad libitum access to feed and tap water.
Freshly thawed feed was provided daily. Systolic and diastolic blood pressures of conscious rats were
measured at baseline (Day 0), on Day 14 and three days before endpoint (i.e., on Day 25). Rats were
prewarmed in a heating cabinet at 32 ◦C for 30 min before blood pressure was measured 10 times
using the tail-cuff method (CODA™ Non-Invasive Blood Pressure System, Kent Scientific Corporation,
Litchfield, CT, USA). Mean arterial pressure (MAP) was calculated as (diastolic blood pressure + 1/3
(systolic blood pressure − diastolic blood pressure)).

Rats were housed individually for 24 h in metabolic cages without fasting in advance to evaluate
feed and water intake, and urine volume. To allow for the rats to recover after housing in the metabolic
cages before measurements of end-point blood pressure on Day 25, the rats were housed in metabolic
cages on Day 17.

At the end of the feeding period (after four weeks of intervention), after a 12 h fast with access
to tap water, the rats were euthanized while under anaesthesia with isoflurane (Isoba vet, Intervet,
Schering-Plough Animal Health, Boxmeer, The Netherlands) mixed with oxygen. Blood was drawn
directly from the heart and was collected in BD Vacutainer SST II Advance gel tubes (Becton, Dickinson,
and Company, Franklin Lakes, NJ, USA) for isolation of serum. Serum samples were stored at minus
80 ◦C until analysis. Staff handling the rats and conducting the analyses were blinded, and rats were
handled and euthanized in random order.

2.3. Preparation of Fish Meals

Two Norwegian factory trawlers, Havstrand (Havstrand AS) and Granit (Halstensen Granit AS),
prepared presscake fish meals on board from residual materials from Atlantic cod (Gadus morhua)
fished in the Barents Sea in July 2016. Havstrand headed and gutted the cod. The heads were ground
before mixing with gut, heated in a continuous cooker and mechanical pressed. The press liquid were
run over a three-phase decanter centrifuge to remove oil and suspended solids. The decanter solids
were mixed with the presscake and dried to a presscake meal (PC-H). The decanter liquid (stickwater)
was immediately frozen for further processing on land; i.e., heated to 90 ◦C, centrifuged to remove
residual solids and oil, concentrated and freeze dried (SW-H). A blend of stickwater + presscake meal
was prepared, containing 20% of the total dry matter from stickwater from Havstrand (SWPC-H).
Granit produced skin free cod fillets. The residuals (head, gut, backbone, skin, and trimmings) were
ground before heated in a continuous cooker and mechanical pressed. The presscake was dried to a
press cake meal (PC-G). Skin free fillets from Granit were grinded, heated to 80 ◦C and freeze dried to
produce a fillet meal (FM-G). All experimental fish meals were ground on a Retsch ZM-1 centrifugal
mill (Retsch GmbH, Haan, Germany) with a ring sieve aperture of 1 mm before analysis and inclusion
in diets.

The residual cod meal from Havstrand comprises only head and gut and contains approximately
twice as much liver compared to the residual meal from Granit which contains head, gut, backbone,
skin, and trimmings (calculated from the official conversion factors from the Norwegian Directorate of
Fisheries, www.fiskeridir.no).
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2.4. Diets

The rats were fed experimental diets based on the AIN-93G recommendation for growing rats [34]
with addition of 1.6 g methionine/kg diet as recommended by Reeves [35] (Table 1). All diets contained
20 wt % proteins, and casein was the sole protein source in the Control diet. Cod meal from residual
material or fillet were added to the other diets in amounts providing 25 wt % of total protein from cod,
while casein constituted the remaining 75 wt % of protein. Five diets containing different cod meals
were prepared, containing either stickwater from Havstrand (SW-H), presscake meal from Havstrand
(PC-H), a blend of stickwater + presscake meal from Havstrand (SWPC-H), presscake meal from Granit
(PC-G), or fillet meal from Granit (FM-G).

Table 1. Composition of the experimental diets.

g/kg Diet
Control

Diet
SW-H
Diet

PC-H
Diet

SWPC-H
Diet

PC-G
Diet

FM-G
Diet

Casein * 223.8 167.8 167.8 167.8 167.8 167.8
Stickwater from Havstrand † - 82.2 - - - -

Presscake meal from
Havstrand ‡ - - 81.9 - - -

Stickwater + Presscake
mealfrom Havstrand § - - - 84.6 - -

Presscake meal from Granit || - - - - 77.6 -
Fillet meal from Granit # - - - - - 60.7

Soybean Oil 70.0 70.0 70.0 70.0 70.0 70.0
Cornstarch 504.1 477.8 478.2 475.5 482.5 499.3

Sucrose 90.0 90.0 90.0 90.0 90.0 90.0
Cellulose 50.0 50.0 50.0 50.0 50.0 50.0

Tert-butylhydroquinone 0.014 0.014 0.014 0.014 0.014 0.014
Mineral Mix (AIN-93MX) 35.0 35.0 35.0 35.0 35.0 35.0
Vitamin Mix (AIN-93VX) 10.0 10.0 10.0 10.0 10.0 10.0

L-Methionine 1.6 1.6 1.6 1.6 1.6 1.6
L-Cystine 3.0 3.0 3.0 3.0 3.0 3.0

Choline Bitartrate ** 2.5 2.5 2.5 2.5 2.5 2.5
Growth and Maintenance

Supplement †† 10.0 10.0 10.0 10.0 10.0 10.0

* contains 89.4% crude protein; † contains 60.8% crude protein; ‡ contains 61.1% crude protein; § contains 59.1%
crude protein; || contains 64.5% crude protein; # contains 82.3% crude protein; ** contains 41.1% choline; †† contains
vitamin B12 (40 mg/kg) and vitamin K1 (25 mg/kg) mixed with sucrose (995 g/kg) and dextrose (5 g/kg); SW-H;
Stickwater from Havstrand, PC-H; Presscake meal from Havstrand, SWPC-H; Stickwater + Presscake meal from
Havstrand, PC-G; Presscake meal from Granit, FM-G; Fillet meal from Granit.

Casein was purchased from Sigma-Aldrich (Munich, Germany). All feed ingredients except cod
meals and casein were purchased from Dyets Inc. (Bethlehem, PA, USA). Since the feeds were given as
powder formulas, the rats always had access to wood chewing sticks. The rats were weighed every
seventh day during the intervention period. Casein and cod meals were not hydrolyzed prior to use.

2.5. Analyses of Diets

Total energy in diets was measured using an IKA C6000 global standards calorimeter in isoperibol
measurement mode (IKA®-Werke GmbH & Co, Staufen, Germany). Total amino acids, taurine, fatty
acids, sodium, potassium and chloride in diets were analyzed by Nofima BioLab (Fyllingsdalen,
Norway). Total amino acid composition and content of cysteine + cystine were measured according
to the method of Cohen & Michaud [36], and tryptophan was determined by the method of
Miller [37]. Taurine was quantified by HPLC using the Waters Pico-Tag method as described by
Bidlingmeyer et al. [38]. Lipids were extracted according to the AOCS method Ce 1b-89, and fatty
acids were quantified as described by Oterhals & Nygård [39]. Contents of sodium and potassium in the
diets were determined by flame atomic absorption spectrometry in accordance with ISO6869:2000 [40]
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using Perkin Elmer Analyst 400 with an AS 90plus autosampler (PerkinElmer, Waltham, MA, USA).
Chloride in diets was determined by volumetric method in accordance with AOAC Official Method
937.09, by boiling the sample in silver nitrate and nitric acid to precipitate silver chloride. The residual
soluble silver ions were titrated with ammonium thiocyanate [41].

2.6. In Vitro Inhibition of Angiotensin Converting Enzyme (ACE) and Renin

Casein and cod protein meals were added Trizma buffer (50 mM, pH 8.0) and hydrolyzed
using trypsin from bovine pancreas (T1426, from Sigma-Aldrich) at 45 ◦C for 4 h as recommended
by Shalaby et al. [42]. ACE-inhibition was measured using the method by Shalaby et al. [42], as
previously described [43]. Renin inhibition was measured using the Renin Assay Kit (MAK157, from
Sigma-Aldrich) as described in the user manual. Protein in hydrolysates were quantified on the Cobas
c111 system (Roche Diagnostics GmbH, Mannheim, Germany) using the TP2 kit from Roche.

2.7. Analyses in Serum and Urine

As a measure of nitric oxide we measured the stable metabolites of nitric oxide metabolism, i.e.,
nitrite and nitrate, in serum using the Nitrite/Nitrate Assay Kit (cat #23479, Sigma-Aldrich, Munich,
Germany) based on the Griess assay. Serum was filtrated (Amicon Ultra-0.5 Centrifugal Filter Unit
with Ultracel membrane 10K device, Merck KGaA, Darmstadt, Germany) to remove hemoglobin and
proteins before analysis of nitrite and nitrate. Sodium in urine was analyzed on the Cobas c111 system
(Roche Diagnostics GmbH, Mannheim, Germany) using the Ion-Selective Electrode module from
Roche Diagnostics.

2.8. Statistical Analyses

Variables were evaluated for normality by the Shapiro-Wilk test, Q-Q plots and histograms.
Most variables were within normal distribution, and variables that were not normally distributed
were log-transformed before parametric statistical tests were performed. Variables were compared
between groups using one-way analysis of variance (ANOVA) with Fisher’s least significant difference
(LSD) post-hoc test when appropriate. Changes in MAP from baseline to Day 14, and from baseline to
endpoint within each group were tested using the paired sampled T-test, and the within-group changes
were compared using ANOVA with LSD post-hoc test. Level of statistical significance were set at
p < 0.05. Statistical analyses were performed using IBM SPSS Statistics 25 (SPSS, Inc., IBM Corporation,
Armonk, NY, USA). Results from rat samples are presented as mean with standard deviations as a
measure of variability. Results from in vitro inhibition of ACE and renin are presented as mean with
standard error of mean as a measurement of the uncertainty of the mean measurements. Means with
different letters are significantly different. One rat in the SW-H group had a lean phenotype and was
excluded from all analyses, therefore results are presented for n = 5 rats in SW-H group, for n = 6 rats
in the other cod meal diet groups, and for n = 8 rats in the control group.

3. Results

3.1. Measurements of Blood Pressure

Systolic and diastolic blood pressures were measured in conscious rats at baseline, on Day 14
and three days before endpoint (i.e., Day 25). MAP was similar in all groups at baseline; mean (SD)
for all rats was 114 (9) mm Hg with p ANOVA = 0.41. One-way ANOVA analyses show differences
between the groups for MAP at Day 14 (p ANOVA 6.8 × 10−4) and at endpoint (p ANOVA 6.8 × 10−4).
The changes in MAP from baseline to Day 14, and from baseline to endpoint were significantly lower
in PC-H group when compared to all other groups (Figure 1 and Table 2). A paired samples T-test for
PC-H group reveal that there were no statistically significant changes in MAP throughout the study
period (p > 0.05), meaning that the blood pressures were not changed from baseline to endpoint in this
group. Changes in MAP in SW-H, SWPC-H, PC-G and FM-G groups from baseline to Day 14, and
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from baseline to endpoint were not changed, and were similar to those of control group. At Day 14
the change in MAP from baseline was significantly different between PC-G and FM-G groups, but no
difference in MAP was seen between these groups at endpoint.

Figure 1. Changes in mean arterial pressure (MAP) from baseline to endpoint. Values are means, with
standard error of mean represented as vertical bars. Values are shown for n = 8 in control group, n = 5
in SW-H, and n = 6 in all other groups. Groups are compared using one-way ANOVA with LSD post
hoc test. Bars with different letters are significantly different (p < 0.05). BP; blood pressure, SW-H;
stickwater from Havstrand, PC-H; presscake meal from Havstrand, SWPC-H; stickwater + presscake
meal from Havstrand, PC-G; presscake meal from Granit, FM-G; fillet meal from Granit.

Table 2. Mean arterial pressure (MAP) measured at baseline, Day 14 and at endpoint.

Control
Group

SW-H
Group

PC-H
Group

SWPC
Group

PC-G
Group

FM-G
Group

MAP baseline, mm Hg 111 ± 11 114 ± 5 120 ± 8 115 ± 10 110 ± 7 112 ± 8

MAP Day 14, mm Hg 126 ± 10 127 ± 7 115 ± 13 128 ± 8 127 ± 12 118 ± 8

MAP endpoint, mm Hg 128 ± 10 130 ± 18 117 ± 7 130 ± 13 124 ± 9 132 ± 10

p for change baseline to Day 14 4.5 × 10−4 4.1 × 10−3 0.22 0.051 0.011 6.4 × 10−3

p for change baseline to endpoint 1.6 × 10−4 0.12 0.35 0.0016 2.4 × 10−3 6.5 × 10−6

ΔMAP baseline to Day 14, mm Hg 15 ± 7 ab 12 ± 5 ab −5 ± 9 c 13 ± 12 ab 17 ± 11 a 6 ± 3 b

ΔMAP baseline to endpoint, mm Hg 18 ± 7 a 16 ± 18 a −3 ± 8 b 15 ± 6 a 14 ± 6 a 20 ± 3 a

Data are presented as mean ± standard deviation, n = 8 in Control group, n = 5 in SW-H, and n = 6 in all other
groups. Changes in MAP from baseline to Day 14, and from baseline to endpoint within each group were tested
using the paired sampled T-test, and the within-group changes were compared using ANOVA with LSD post-hoc
test. Means in a row with different letters are significantly different (p < 0.05). SW-H; stickwater from Havstrand,
PC-H; presscake meal from Havstrand, SWPC-H; stickwater + presscake meal from Havstrand, PC-G; presscake
meal from Granit, FM-G; fillet meal from Granit.

3.2. Circulating Concentration of Nitrite + Nitrate

Serum concentration of nitrite + nitrate (p ANOVA = 0.022) was significantly higher in PC-H and
SWPC-H when compared to Control group (p values 0.015 and 0.0049, respectively), and in addition
serum nitrite+nitrate concentrations were significantly higher in PC-H and SWPC-H when compared
to PC-G (p values 0.022 and 0.0081, respectively), with no differences between the other experimental
groups (Figure 2).
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Figure 2. Serum concentration of nitrite + nitrate. Values are means, with standard error of mean
represented as vertical bars. Values are shown for n = 8 in Control group, n = 5 in SW-H, and n = 6 in all
other groups. Groups are compared using one-way ANOVA with LSD post hoc test when appropriate.
Bars with different letters are significantly different (p < 0.05). SW-H; stickwater from Havstrand,
PC-H; presscake meal from Havstrand, SWPC-H; stickwater + presscake meal from Havstrand, PC-G;
presscake meal from Granit, FM-G; fillet meal from Granit.

3.3. In Vitro Inhibition of ACE and Renin Activities

The ACE and renin inhibiting capacities of the dietary proteins were measured after hydrolysis
with trypsin by calculating IC50 concentrations. For ACE-inhibition (p ANOVA = 2.0 × 10−5), the
ACE-IC50 for SW-H protein was much higher (i.e., less potent) when compared to all other groups
(Figure 3A), whereas ACE-IC50 concentrations for both PC-H and SWPC-H proteins were lower
when compared to casein. In addition, ACE-IC50 for PC-H protein was lower when compared to
SWPC-H protein, with no differences in ACE-IC50 between the other dietary proteins. For renin
activity inhibition, no measurable inhibition was detected for casein, therefore casein was not included
in the ANOVA analysis (Figure 3B). All cod meal proteins had different renin-IC50 from each other
(p ANOVA = 1.5 × 10−7), with the highest renin-IC50 observed for SW-H protein and the lowest
renin-IC50 for PC-H protein.

3.4. Growth and Dietary Intake

All experimental groups had similar body weights at baseline, and no differences were seen in
percent growth and body weight-to-square body length (without tail) ratio between the groups after
four weeks’ intervention (Table 3). Some differences were seen between the groups for mean daily
energy intake (p ANOVA = 0.035), with higher intake in FM-G group when compared to control group,
PC-H group and PC-G group, and higher intake in SWPC-H group when compared to PC-H group
and PC-G group. Water intake and urine output per 24 h were similar between all groups (p ANOVA
0.19 and 0.41, respectively, data not presented).

Daily intakes of amino acids, taurine, fatty acids and electrolytes are presented relative to
bodyweight in the Table S1. Intakes of most compounds are different between the groups, as
demonstrated by low p-values after one-way ANOVA testing and subsequent post-hoc LSD tests.
Intakes of alanine, arginine, aspartic acid + asparagine and glycine were higher in groups fed diets
containing cod meal when compared to the control diet, which contained casein as the sole protein
source. Of special interest in the present study are intakes of arginine which is a precursor of the
vasodilator nitric oxide [8], taurine which is shown to have hypotensive effect [44], the long-chain
n-3 PUFAs which may delay development of hypertension [45,46] and sodium which may act as
a vasoconstrictor [9]. From calculations of dietary intake it is evident that arginine intake was not
particularly high and the sodium intake was not particularly low in the PC-H group, which experienced
a delay in the blood pressure increase compared to the other groups. Taurine and long-chain n-3
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PUFAs were not detected in the control diet, but the comparisons between groups fed diets with cod
meal/proteins show that taurine intake was not especially high in PC-H group, however the n-3 PUFA
intake was similar to SW-PC group and higher compared to SW-H, PC-G and FM-G groups.

Figure 3. In vitro inhibition of activities of angiotensin-converting enzyme (A) and renin (B). Values
are means, with standard error of mean represented as vertical bars. Values are shown for two or three
measurements for casein and cod protein meals. Proteins are compared using one-way ANOVA with
LSD post hoc test. Bars with different letters are significantly different (p < 0.05). SW-H; stickwater
from Havstrand, PC-H; presscake meal from Havstrand, SWPC-H; stickwater + presscake meal from
Havstrand, PC-G; presscake meal from Granit, FM-G; fillet meal from Granit.

Table 3. Bodyweight at baseline and growth at time of euthanasia, and energy intake at day 17.

Control
Group

SW-H
Group

PC-H
Group

SWPC-H
Group

PC-G
Group

FM-G
Group

p
Anova

Bodyweight at baseline, g 339 ± 16 345 ± 15 340 ± 11 334 ± 14 335 ± 13 342 ± 16 0.81

Body weight gain, % 31 ± 6 37 ± 5 35 ± 3 37 ± 5 30 ± 4 34 ± 6 0.053

Bodyweight-to-square body
length without tail ratio, kg/m2 8.4 ± 0.5 8.3 ± 0.4 8.3 ± 0.4 8.2 ± 0.4 8.3 ± 0.3 8.4 ± 0.3 0.94

Energy intake, kcal/kg
bodyweight/24 h 219 ± 31 ab 238 ± 10 abc 209 ± 14 a 245 ± 20 bd 212 ± 36 a 248 ± 25 cd 0.035

Data are presented as mean ± standard deviation, n = 8 in Control group, n = 5 in SW-H, and n = 6 in all other
groups; Groups are compared using one-way ANOVA with LSD post hoc test when appropriate; Means in a row
with different letters are significantly different (p < 0.05); SW-H; stickwater from Havstrand, PC-H; presscake meal
from Havstrand, SWPC-H; stickwater + presscake meal from Havstrand, PC-G; presscake meal from Granit, FM-G;
fillet meal from Granit.
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3.5. Urine Sodium Excretion

Urinary sodium excretion showed a large variation between the dietary groups
(p ANOVA = 1.9 × 10−18). The mean sodium excretion in urine (per 24 h) was higher in SW-H group
compared to all other groups (Figure 4). Urinary sodium excretion was similar in PC-H and PC-G
groups, whereas rats fed SWPC-H had a urine sodium excretion that was between SW-H and PC-H, as
could be expected since SWPC-H meal is a mixture of these two meals. Sodium excretion was similar
in rats fed FM-G diet and those fed the control diet.

Figure 4. Urine 24 h sodium excretion. Values are means, with standard error of mean represented as
vertical bars. Values are shown for n = 8 in Control group, n = 5 in SW-H, and n = 6 in all other groups.
Groups are compared using one-way ANOVA with LSD post hoc test when appropriate. Bars with
different letters are significantly different (p < 0.05). SW-H; stickwater from Havstrand, PC-H; presscake
meal from Havstrand, SWPC-H; stickwater + presscake meal from Havstrand, PC-G; presscake meal
from Granit, FM-G; fillet meal from Granit.

4. Discussion

In the present study we show for the first time that intake of cod presscake meal produced from
residual materials with high content of gut prevented blood pressure increase in obese Zucker fa/fa
rats. This effect was evident already after two weeks, and persisted until endpoint at four weeks. The
other cod meal diets tested, containing either a residual stickwater, a mixture of residual presscake
and stickwater, a residual presscake meal with low gut content, or fillet did not affect blood pressure
development in this rat model. We chose to use obese Zucker fa/fa rats in this experiment, since this
model resembles human obesity [29] and the rats spontaneously develop high blood pressure from a
young age, that is, before the age of 10 weeks [31,32,47].

Renin and ACE are important enzymes for blood pressure control since they catalyze the
conversion of angiotensinogen via angiotensin I to the vasoconstrictor angiotensin II, with renin
as the rate determining enzyme [7]. Medications that inhibit either renin or ACE activity have been
developed, although Skeggs et al. already in 1957 suggested that renin inhibition should be preferred
to ACE inhibition [48]. Peptides with ACE inhibiting properties in vitro have been identified in fillet,
skin, and backbone from various fish species [21–24] and in milk proteins such as casein [49]. Renin
inhibitory effects of cod fillet has been demonstrated [50], however little is known about whether
proteins from fish residual materials and milk may affect renin activity in vitro, and whether in vitro
findings are transferable to live animals including humans.

In the present study we found that PC-H had significantly (although marginally) lower in vitro
ACE-IC50 and renin-IC50 (i.e., the strongest ACE and renin inhibiting potencies) compared to casein
and all other cod meals after trypsin digestion, and in line with this we found that the PC-H diet
prevented the development of high blood pressure in the obese Zucker rats. This suggests that the
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postponed development of high blood pressure in PC-H fed rats could be regulated through the
renin-angiotensin system; however, since ACE and renin activities are measured in vitro these may
not be directly transferable to effects in the rats. We saw no associations between the in vitro ACE and
renin inhibitory capacities and blood pressure development in the other experimental groups. The
ACE-IC50 for FM-G meal, containing cod fillet meal, was not markedly different from the ACE-IC50
for casein, which was surprising since we recently demonstrated that proteins from cod fillet had a
lower ACE-IC50 compared to a casein-whey (9:1) mixture [43].

ACE-IC50 and renin-IC50 were highest for SW-H, however the blood pressure development in
rats fed SW-H diet was similar to the other experimental groups except for the PC-H group (where
MAP was unchanged). Also, dietary sodium can act as a vasoconstrictor through its control of blood
volume by increasing arterial constriction and peripheral vascular resistance [9]. Sodium intake was
lowest in the control group, but still no difference was seen for blood pressure development between
this group and SW-H, SWPC-H, PC-G, and FM-G groups. In the present study, the sodium intake
was significantly higher in the SW-H diet compared to the other diets, and the high urinary output of
sodium in rats fed this diet imply that the kidney coped well with this higher sodium load, and thus
avoided development of hypervolemic high blood pressure.

Components other than sodium in the diets may also affect blood pressure development, such
as arginine, taurine, and long-chain n-3 PUFAs. Arginine is a conditionally essential amino acid in
rats [51], and is a precursor for the formation of the vasodilator nitric oxide [8]. It has been suggested
by others that dietary fish proteins delays development of hypertension due to higher arginine content
in fish proteins compared to casein [16]. We found no association between arginine intake, serum
nitrite + nitrate concentration (as a measure of nitric oxide), and blood pressure development in the
present study; however, we cannot exclude the possibility that the higher serum nitrite + nitrate in
PC-H group compared to the control group may have beneficially contributed to the prevention of
blood pressure increase in this group. Intake of taurine has been shown to have a hypotensive effect
in prehypertensive humans [44] and to delay blood pressure increase in spontaneously hypertensive
rats [52], but the mechanisms behind this is not fully elucidated. Since the taurine intake in the
PC-H group was relatively low when compared to especially the SW-H diet, and only the former diet
prevented an increase in blood pressure, the observed effects on blood pressure by the PC-H diet can
probably not be ascribed to the taurine intake.

The gut residual includes liver in addition to intestines and other internal organs. Since the
residual cod meal from Havstrand contains approximately twice as much liver compared to the
residual meal from Granit, and since cod liver contains high amounts of long-chain n-3 PUFAs, the
groups fed PC-H and SWPC-H diets had the highest intake of EPA, DPA, and DHA of the experimental
diets. Studies in spontaneously hypertensive rats report a delay in the development of hypertension
after intake of fish oil [45,46], and a negative association between fish fillet or fish oil intake and
blood pressure has been observed in several studies [11–14,53,54]. A statement from the American
Heart Association concludes that high doses of fish oil may reduce blood pressure in hypertensive
individuals, but have no mention of fish oil or fish fillet intake for the prevention of development of
high blood pressure [55]. In a recent paper [17] we show that feeding obese Zucker fa/fa rats a diet
containing salmon fillet with low n-3 PUFA content prevented blood pressure increase, comparable to
that observed in the PC-H group in the present experiment. Since only the PC-H diet prevented the
blood pressure increase we cannot conclude if the dietary content of long-chain n-3 PUFA in PC-H diet
played a role to prevent blood pressure increase in the present study.

There are some methodological limitations in the present study. This study was designed to
investigate the effects of different cod meals on the development of high blood pressure using an
experimental design that is relevant for human nutrition. We used a relevant rat model that develops
high blood pressure and diets with 25% of protein from fish meal, and future studies should investigate
if these findings are relevant for human hypertension. Blood pressure was measured using the
non-invasive tail-cuff method (volume-pressure recording) at baseline and near endpoint of the
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intervention period instead of continuous intravascular blood pressure measured by telemetry, since
comparison of these methods shows similar results in mice [56].

5. Conclusions

The present study demonstrates that presscake meal from cod residual materials with high gut
content (PC-H) effectively prevented the increases in MAP that are normally observed in obese Zucker
fa/fa rats, whereas the other cod meals tested did not influence the blood pressure development in
these rats. In line with this, PC-H had the strongest effect on in vitro inhibition of ACE and renin
activities of the cod meals tested.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/12/1820/
s1, Table S1: Daily intake of amino acids, taurine, fatty acids and electrolytes.
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Abstract: Hesperidin is a major flavonoid isolated from citrus fruits that exhibits several biological
activities. This study aims to evaluate the effect of hesperidin on cardiovascular remodeling induced
by N-nitro L-arginine methyl ester (L-NAME) in rats. Male Sprague-Dawley rats were treated with
L-NAME (40 mg/kg), L-NAME plus hesperidin (15 mg/kg), hesperidin (30 mg/kg), or captopril
(2.5 mg/kg) for five weeks (n = 8/group). Hesperidin or captopril significantly prevented the
development of hypertension in L-NAME rats. L-NAME-induced cardiac remodeling, i.e., increases in
wall thickness, cross-sectional area (CSA), and fibrosis in the left ventricular and vascular remodeling,
i.e., increases in wall thickness, CSA, vascular smooth muscle cells, and collagen deposition in the
aorta were attenuated by hesperidin or captopril. These were associated with reduced oxidative
stress markers, tumor necrosis factor-alpha (TNF-α), transforming growth factor-beta 1 (TGF-β1),
and enhancing plasma nitric oxide metabolite (NOx) in L-NAME treated groups. Furthermore,
up-regulation of tumor necrosis factor receptor type 1 (TNF-R1) and TGF- β1 protein expression and
the overexpression of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9)
was suppressed in L-NAME rats treated with hesperidin or captopril. These data suggested that
hesperidin had cardioprotective effects in L-NAME hypertensive rats. The possible mechanism may
involve antioxidant and anti-inflammatory effects.

Keywords: hesperidin; L-NAME; cardiovascular remodeling; oxidative stress; inflammation

1. Introduction

Nitric oxide (NO) is a crucial vasodilator derived from vascular endothelium to regulate vascular
tone [1]. A reduction of NO production results in increased vascular resistance and high blood
pressure. Nω-nitro L-arginine methyl ester (L-NAME), an L-arginine analogue, is widely used as
an inhibitor of nitric oxide synthase (NOS) activity to represent an animal model of hypertension.
It has been reported that L-NAME-induced hypertension in rats is characterized by insufficient
NO production, increased systemic oxidative stress, inflammation, and endothelial dysfunction [2].
Furthermore, L-NAME-induced hypertension and cardiovascular remodeling have also been reported
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in rats. For example, the administration of L-NAME (40 mg/kg) for four or five weeks causes high
blood pressure and cardiovascular remodeling, including left ventricular hypertrophy, myocardial
fibrosis, and thickening of the vascular wall [3–5]. It is generally known that the main sequel of
cardiovascular remodeling is heart failure, which is the major cause of death worldwide [6].

The initial stage of cardiac remodeling is myocardial hypertrophy because of the adaptive response
to a high-pressure load to preserve cardiac function and obtain normal cardiac work. In addition,
the cardiac remodeling process in L-NAME-treated rats is involved in the production of myocardial
fibrosis [7]. There are substantial data to show the molecular mechanism of extensive areas of cardiac
fibrosis which is associated with the activation of various downstream inflammatory [8] and oxidative
stress initiatives [9,10]. For example, a high level of tumor necrosis factor (TNF-α), a pro-inflammatory
cytokine, developed in response to oxidative stress in L-NAME-induced hypertension has been
reported [4,11]. These inflammatory responses subsequently activate the profibrotic mediator of the
transforming growth factor β1 (TGF-β1) [11]. It is well-established that TGF-β1 plays a key role in
fibrogenesis by activating apoptosis, collagen, and matrix protein synthesis [12–14]. For vascular
structural changes in hypertension, it is known to be an adaptive response to an increase in wall
tension [15]. This response is also related to the extracellular matrix degradation of elastic fibers since
the up-regulation of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9)
expression in vessel tissue has been confirmed in animal models of hypertension. Several lines of
evidence have indicated that the activation of MMP-2/9 protein expression found in the vascular
remodeling process is mediated by the inflammatory cytokine, TNF-α [16–18]. Thus, it is noteworthy
that natural products with high antioxidant and anti-inflammatory activities might be useful for
alleviating cardiovascular alterations induced by nitric oxide deficiency.

Captopril is an angiotensin-converting enzyme (ACE) inhibitor and is commonly used as an
anti-hypertensive drug [19]. Its mechanism of action has been well-documented to reduce angiotensin
II production, which subsequently suppresses the renin-angiotensin-aldosterone system (RAAS) [19].
Other possible anti-hypertensive mechanisms include increased bradykinin and prostaglandins
levels [20], the inhibition of superoxide production [21], and the free radical scavenging effect [22].
Many studies have already reported on the cardiovascular effects of captopril in nitric oxide-deficient
hypertensive rats, i.e., lowering high blood pressure, improving vascular function [21], and preventing
cardiovascular remodeling [23]. In L-NAME hypertensive rats, there is evidence showing the
up-regulation of angiotensin II receptor type 1 (AT1R) which mediates nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase expression and superoxide formation [10]. This study
used captopril as a positive control agent because the L-NAME hypertension model is also involved in
the activation of the RAAS, where captopril inhibits the RAAS.

Hesperidin is a flavanone glycoside, a subclass of flavonoids, abundantly found in citrus fruits
such as lemon or orange peels or juices [24]. Numerous beneficial effects of hesperidin have been
published. For example, the antioxidant effect of hesperidin has been reported to be able to sequester
1,1-diphenyl-2-picrylhydrazyl (DPPH) and protect cell injury-induced by paraquat and hydrogen
peroxide [25], reduce plasma levels of lipid peroxidation markers, and increase antioxidant enzyme
activities in heart tissue in experimentally ischemic myocardial rats [26]. Hesperidin has also exhibited
an anti-inflammatory effect by reducing circulating inflammatory markers, i.e., TNF-α, interleukin
6 (IL-6), and a high-sensitivity C-reactive protein (hs-CRP), in patients with type 2 diabetes [27] and
suppressed inflammatory responses in lipopolysaccharide-induced RAW 264.7 cells [28]. Subsequently,
a clinical study revealed that a combination of hesperidin, diosmin, and troxerutin was effective
in relieving the symptoms of acute hemorrhoidal disease [29]. Recently, the current authors have
demonstrated an anti-hypertensive effect of hesperidin in renovascular hypertensive rats that involved
the suppression of the renin-angiotensin system [30]. This study was intended to further explore
whether hesperidin could prevent L-NAME-induced hypertension and cardiovascular remodeling
in rats.
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2. Materials and Methods

2.1. Drugs and Chemicals

Hesperidin (purity ≥ 98%) was purchased from Chem Faces Company (Wuhan, Hubei, China).
N(G)-Nitro-L-arginine methyl ester hydrochloride (L-NAME) and captopril were purchased from
Sigma-Aldrich Corp (St. Louis, MO, USA). All the other chemicals used in this study were obtained
from standard companies and were of analytical grade quality.

2.2. Animals and Experimental Protocols

Male Sprague-Dawley rats (body weight 220–250 g) were supplied by Nomura Siam
International Co., Ltd., Bangkok, Thailand. The animals were housed in a Heating, Ventilation and
Air-Conditioning (HVAC) System (25 ± 2 ◦C) facility and maintained on a 12 h light and 12 h dark cycle
with free access to a standard rat diet and water at the Northeast Laboratory Animal Center, Khon Kaen
University. All the experimental protocols in this study were in accordance with the standards for
the care and use of experimental animals and approval for all the experiments was obtained from the
Animal Ethics Committee of Khon Kaen University, Khon Kaen, Thailand (AEKKU-NELAC 37/2559).

After a seven-day acclimatization period, the rats were randomly assigned to 5 groups (8/group).
The control group animals received tap water and were orally administrated propylene glycol (PG,
1.5 mL/Kg) as a vehicle. L-NAME treated rats received L-NAME (40 mg/kg/day) in their drinking
water and were further divided into the following 4 groups; L-NAME plus PG, L-NAME plus
hesperidin at a dose of 15 mg/kg (L-NAME + H15 group), L-NAME plus hesperidin 30 mg/kg
(L-NMAE + H30 group), L-NAME group plus captopril at a dose of 2.5 mg/kg (L-NAME + Cap
group). Additionally, normal rats (n = 5) were orally treated with hesperidin (30 mg/kg) for 5 weeks
to test the hypotensive effect of hesperidin. Hesperidin and captopril were dissolved in vehicle and
intragastrically administered once daily for five weeks. The doses of hesperidin and captopril used in
this study were influenced by previous studies in this laboratory [10,30].

2.3. Blood Pressure Measurements

To monitor blood pressure changes throughout the experimental period, systolic blood pressure
(SP) was obtained in awake rats once a week for 5 weeks using tail-cuff plethysmography (IITC/Life
Science Instrument model 229 and model 179 amplifier; Woodland Hills, CA, USA). At the end of
the final experimental day, the rats were anesthetized with pentobarbital sodium (60 mg/kg, ip.).
Then, the femoral artery was cannulated and connected to a pressure transducer for monitoring the
baseline values of SP, diastolic blood pressure (DP), mean arterial pressure (MAP), and heart rate (HR)
using the Acknowledge Data Acquisition software (Biopac Systems Inc., Santa Barbara, CA, USA).

2.4. Collection of Blood and Organs

After the blood pressure measurement, the rats were sacrificed by exsanguination and blood
samples were collected from abdominal aortas into Ethylenediaminetetraacetic acid (EDTA) or heparin
tubes for assays of oxidative stress and inflammatory markers. The carotid arteries were rapidly
excised for analysis of superoxide (O2

•−) production. The thoracic aortas and heart tissues were
collected for western blotting and morphometric analysis.

2.5. Assays of Vascular O2
•− Production, Plasma Malondialdehyde (MDA), Plasma Nitric Oxide Metabolite

(Nitrate/Nitrite, NOx), Plasma TNF-α and Plasma TGF- β1 Levels

The carotid arteries were cleaned of connective tissues, cut into 0.5 cm lengths, and incubated with
1 mL oxygenated Krebs-KCl solution at pH 7.4, 37 ◦C for 30 min. The production of O2

•− in the carotid
arteries was determined by lucigenin-enhanced chemiluminescence, as previously described [31],
with some modifications [32]. Plasma NOx was assayed using an enzymatic conversion method [33],
with some modifications [32]. The concentrations of plasma TNF-α and TGF-β1 were measured
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using enzyme-immunoassay assay (ELISA) kits (eBioscienc, Inc., San Diego, CA, USA and ab119557,
Abcam Plc, Cambridge, UK).

2.6. Morphometric Analysis of Thoracic Aorta and Heart Tissue

Heart weight (HW) and left ventricular weight (LVW) were measured, and calculated as an
LVW/BW ratio. Thereafter, the left ventricles and thoracic aortas were fixed with 4% paraformaldehyde
and then embedded in paraffin and cut into serial 5-μm-thick sections. Each section was stained with
hematoxylin and eosin (H&E) and/or Picrosirius Red. Sections were captured with a Digital sight
DS-2MV light microscope (Nikon, Tokyo, Japan) or a stereoscope (Nikon SMZ745T with NIS-elements
D 3.2, Tokyo, Japan). Morphometric evaluations of the sections were performed with Image J software
(National Institutes of Health, Bethesda, MD, USA).

2.7. Western Blot Analysis of Tumor Necrosis Factor Receptor 1 (TNF-R1), TGF- β1, MMP-2 and MMP-9
Protein Expressions in Cardiac and Aortic Tissues

Protein samples were prepared through the homogenization of cardiac and aortic tissues in a lysis
buffer (Cell Signaling Technology Inc., Danvers, MA, USA). The proteins were then electrophoresed on
a sodium dodecylsulfate polyacrylamide gel electrophoresis system and transferred to a polyvinylidene
fluoride membrane (Millipore Corporation, Bedford, MA, USA). The membranes were blocked with
5% skimmed milk in Tris-buffered saline (TBS) with 0.1% Tween 20 for 2 h at room temperature before
overnight incubation at 4 ◦C with primary antibodies against TNF-R1, TGF-β1, MMP-2, MMP-9,
or β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Thereafter, the membranes were
washed three times with TBS and then incubated for 2 h at room temperature with a horseradish
peroxidase conjugated secondary antibody. The protein bands were detected using Luminata™
Forte horseradish peroxidase (HRP) detection reagent (Merck KGaA, Darmstadt, Germany) and
the densitometric analysis was performed using ImageQuantTM 400 (GE Healthcare Life Sciences,
Piscataway, NJ, USA). The intensity of each band was normalized to that of β-actin, and data were
expressed as a percentage of the values determined in the control group from the same gel.

2.8. Statistical Analysis

Data are expressed as mean ± S.E.M. The differences among the treatment groups were analyzed
through a one-way analysis of variance (ANOVA) followed by Bonferini’s post-hoc test. A p-value of
less than 0.05 was considered as statistically significant.

3. Results

3.1. Effects of Hesperidin and Captopril on Blood Pressure in Conscious Rats

There were no significant differences in the systolic blood pressure of all the rats at the beginning
of the study. The administration of L-NAME caused a gradual increase in the SP of all the rats
compared to the control rats (SP at 5th week, 200.21 ± 6.52 vs. 122.14 ± 1.75 mmHg, p < 0.01, Figure 1).
The co-administration of L-NAME and hesperidin at doses of 15 or 30 mg/kg (2.5 mg/kg) partially
prevented L-NAME-induced high blood pressure in a dose-dependent manner compared to that of
untreated rats (SP at 5th week, 177.50 ± 3.91 and 162.74 ± 2.82 mmHg, p < 0.05). Captopril also
partially alleviated L-NAME-induced hypertension (152.19 ± 5.01 mmHg) compared to untreated rats
(p < 0.05). In addition, captopril produced a greater preventive effect on SP than hesperidin (15 and
30 mg/kg).
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Figure 1. Time-course changes in systolic blood pressures of all experimental groups. Data are expressed
as mean ± S.E.M (n = 7–8/group), * p < 0.05 vs. control, # p < 0.05 vs. L-NAME, $ p < 0.05 vs. L-NAME +
hesperidin (15 mg/kg), Φ p < 0.05 vs. L-NAME + hesperidin (30 mg/kg) group.

3.2. Effects of Hesperidin and Captopril on SP, DP, MAP, and HR in Anesthetized Rats

The blood pressure data obtained using the indirect blood pressure measurement method were
consistent with the values from the direct method since L-NAME treated rats exhibited high blood
pressure, including high SP, DP, MAP, and high HR compared to those of control rats (p < 0.05,
Table 1). Hesperidin at doses of 15 and 30 mg/kg significantly decreased SP, DP, and MAP in a
dose-dependent manner compared to the untreated group (p < 0.05). Similarly, captopril reduced the
development of hypertension induced by L-NAME compared to untreated rats (p < 0.05). Hesperidin
at a dose 30 mg/kg, however, also affected the elevation of HR compared to untreated rats (p < 0.05,
Table 1). Furthermore, hesperidin had no effect on blood pressure in normotensive rats (SP = 122.29 ±
4.05 mmHg, n =4).

Table 1. Effects of hesperidin and captopril on blood pressure and heart rate in anesthetized rats.

Parameters Control L-NAME L-NAME + H15 L-NAME + H30 L-NAME + Cap

SP (mmHg) 120.92 ± 2.27 205.88 ± 3.19 * 179.38 ± 16.51 *,# 154.07 ± 4.88 *,#,$ 140.14 ± 7.06 #,$

DP (mmHg) 72.68 ± 3.31 141.65 ± 5.73 * 114.13 ± 16.57 *,# 86.89 ± 5.74 *,#,$ 91.48 ± 7.36 #,$

MAP (mmHg) 88.76 ± 2.47 161.41 ± 4.01 * 135.88 ± 16.00 *,# 109.28 ± 5.39 *,#,$ 107.70 ± 6.27 #,$

HR (beat/min) 367.86 ± 11.90 419.30 ± 11.96 * 391.93 ± 14.35 351.44 ± 13.47 #,$ 384.28 ± 17.31

SP: systolic blood pressure; DP: diastolic blood pressure; MAP: mean arterial pressure; HR: heart rate. Values are
mean ± S.E.M (n = 7–8/group), * p < 0.05 vs. control, # p < 0.05 vs. L-NAME, $ p < 0.05 vs. L-NAME + H15.

3.3. Effects of Hesperidin and Captopril on Left Ventricular (LV) Morphometry and Fibrosis

Rat body weights did not differ among all experimental groups. After 5 weeks of L-NAME
administration, the HW, LVW, and LVW/BW ratios were significantly increased compared to those of
control rats. The co-administration of L-NAME and hesperidin or captopril significantly decreased
those values when compared to the untreated group (Table 2). Morphometric analysis of hearts
showed that the chronic administration of L-NAME significantly increased LV wall thickness and
LV muscle fiber cross-sectional area (CSA) compared to the normal control group (p < 0.05, Table 2).
Hypertensive rats that received hesperidin or captopril had significantly reduced wall thicknesses and
CSA of the LV compared to untreated rats (p < 0.05) (Table 2, Figure 2A). LV fibrosis was significantly
increased in the L-NAME-treated rats compared to the normal control rats (p < 0.05). Hesperidin or
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captopril treatment significantly prevented L-NAME-induced LV fibrosis compared to the untreated
rats (p < 0.05) (Figure 2B).

Table 2. Effect of hesperidin and captopril on the cardiac mass indices and cardiovascular structural
modifications in left ventricle and thoracic aorta.

Cardiac Mass Indices 
Groups Body Weight (g) Heart Weight/BW (mg/g) LVW/BW (mg/g) 
Control 434 ± 6.8 3.14 ± 0.17 2.06 ± 0.10 

L-NAME 413 ± 16.9 4.21 ± 0.26 * 3.04 ± 0.18 * 
L-NAME + H30 406 ± 9.7 3.11 ± 0.23 # 2.23 ± 0.17 # 
L-NAME + Cap 401 ± 9.7 3.12 ± 0.18 # 2.07 ± 0.12 # 

Left Ventricle 
Groups LV Wall Thickness (mm) LV CSA (mm2) LV Fibrosis (%) 
Control 2.72 ± 0.05 57.58 ± 1.05 0.69 ± 0.04 

L-NAME 3.28 ± 0.04 * 72.42 ± 0.51 * 2.72 ± 0.15 * 
L-NAME + H30 2.90 ± 0.06 # 61.12 ± 1.75 # 0.92 ± 0.09 # 
L-NAME + Cap 2.79 ± 0.09 # 59.87 ± 1.63 # 1.00 ± 0.06 # 

Thoracic Aorta Structural Modifications 

Groups 
Wall Thickness 

(μm) 
CSA 

(×103 μm2) 
VSMCs 

(cells/CSA) 
Collagen Deposition 

(% Area Fraction) 
Control 106.39 ± 1.02 579.00 ± 15.16 1298.00 ± 73.64 15.78 ± 0.70 

L-NAME 150.58 ± 2.09 * 810.50 ± 18.64 * 2013.71 ± 51.62 * 31.32 ± 1.00 * 
L-NAME + H30 127.11 ± 2.90 *,# 617.95 ± 18.65 # 1540.16 ± 46.88 *,# 24.84 ± 0.69 *,# 
L-NAME + Cap 129.91 ± 6.50 *,# 658.38 ± 40.22 # 1671.78 ± 24.90 *,# 23.68 ± 0.63 *,# 

LV: left ventricular, LVW: left ventricular weight, BW: body weight, CSA: cross-sectional area, VSMCs: vascular
smooth muscle cells. Values are expressed as mean ± S.E.M, (n = 6/group). * p < 0.05 when compared to the control
group, and # p < 0.05 when compared to the L-NAME group.

Figure 2. The histology and morphology of LV from control, L-NAME, L-NAME + hesperidin
(30 mg/kg) and L-NAME + captopril (2.5 mg/kg) groups. Representative images of LV sections,
(A) stained with hematoxylin and eosin under stereomicroscopes, and (B) stained with picrosirius red
under a polarized light microscope using a 20× objective lens.

3.4. Effect of Hesperidin and Captopril on Vascular Morphology

Vascular wall hypertrophy was observed in thoracic aortas collected from L-NAME hypertensive
rats (Figure 3A) with significant increases in vascular wall thickness, CSA, and smooth muscle cells
numbers compared to those of the control rats (p < 0.05; Table 2, Figure 3A). Moreover, the relative
amounts of collagen depositions (Figure 3B) in the aortic walls of L-NAME hypertensive rats were also
clearly observed (p < 0.05; Table 2, Figure 3B). Hesperidin or captopril treatment partially prevented
the vascular structural abnormalities in aortas induced by L-NAME (p < 0.05).
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Figure 3. The histology and morphology of thoracic aorta from control, L-NAME, L-NAME + hesperidin
(30 mg/kg), and L-NAME + captopril (2.5 mg/kg) groups. Representative images of aortic sections,
(A) stained with hematoxylin and eosin and (B) stained with picrosirius red under a light microscope
using a 20× objective lens.

3.5. Effects of Hesperidin and Captopril Supplementation on Oxidative Stress Markers, Plasma Nitric Oxide
Metabolites (NOx) Levels in L-NAME Treated Rats

L-NAME treated rats showed a significant increase in the production of vascular O2
•− (263.26 ±

11.20 vs. 71.42 ± 15.97 count/mg dry wt/min, p < 0.001) and plasma MDA levels compared to the
control groups (10.24 ± 0.4 vs. 3.11 ± 0.27 μM, p < 0.05). When treated with hesperidin or captopril,
the elevations of vascular O2

•− and plasma MDA were mitigated compared to those of untreated
rats (7.91 ± 0.92, 4.83 ± 0.74 and 3.88 ± 0.25 count/mg dry wt/min and 138.86 ± 28.75, 97.28 ± 16.67
and 92.14 ± 12.90 μM, p < 0.05) (Figure 4A,B). In addition, low levels of plasma NOx were found
in L-NAME hypertensive rats compared to control rats (3.49 ± 1.0 vs. 10.17 ± 0.95 μM, p < 0.05).
These low levels of plasma NOx were improved by hesperidin or captopril supplementation (4.38 ±
1.15, 7.48 ± 1.03 and 8.48 ± 1.21 μM, p < 0.05) (Figure 4C).

Figure 4. Cont.

107



Nutrients 2018, 10, 1549

Figure 4. Effects of hesperidin and captopril supplementation on vascular O2
•− production, (A) plasma

MDA (B) and plasma NOx (C) levels in control, L-NAME, L-NAME + hesperidin (15 mg/kg), L-NAME
+ hesperidin (30 mg/kg) and L-NAME + captopril (5 mg/kg) groups. Data are expressed as mean ±
S.E.M (n = 7–8/group), * p < 0.05 vs. control, # p < 0.05 vs. L-NAME group, $ p < 0.05 vs. L-NAME
+ H15.

3.6. Effects of Hesperidin and Captopril on Protein Expression of TNF-R1 and TGF-β1 in Heart Tissues and
Concentrations of TNF-α and TGF-β1 in Plasma

Over-expressions of TNF-R1 and TGF-β1 proteins were found in heart tissues collected from
the hypertensive group compared to the control group (p < 0.001). Interestingly, supplementation
with hesperidin and captopril partially reversed these protein up-regulations (p < 0.01; Figure 5A,B).
These results were consistent with the results in that high levels of plasma TNF-α and TGF-β1 were
observed in L-NAME hypertensive rats compared to those of control rats (168.49 ± 13.05 vs. 24.21 ±
8.51 pg/mL and 23.54 ± 3.91 vs. 4.90 ± 0.50 ng/mL, p < 0.01). The administration of hesperidin or
captopril attenuated these high levels of plasma TNF-α (58.23 ± 14.71 or 20.97 ± 6.97 pg/mL) and
TGF-β1 (5.23 ± 0.32 or 4.79 ± 0.55 ng/mL, p < 0.05) in hypertensive rats (Figure 5C,D).
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Figure 5. Effects of hesperidin and captopril on protein expression of TNF-R1, (A) and TGF-β1, (B) in
heart tissue and on concentrations of plasma TNF-α, (C) and TGF-β1, (D) collected from control,
L-NAME, L-NAME + hesperidin (30 mg/kg) and L-NAME + captopril (2.5 mg/kg) groups. The top
panel shows the representative bands of TNF-R1, (A) and TGF-β1, (B) protein expression in heart tissues.
Values are mean ± S.E.M (n = 4 for each group), * p < 0.05 vs. control, # p < 0.05 vs. L-NAME group.

3.7. Effects of Hesperidin and Captopril on Protein Expression of MMP-2 and MMP-9 in Aortic Tissue

A significant increase in MMP-2 and MMP-9 protein expression was observed in thoracic aortic
tissues collected from the hypertensive group compared to the control group (Figure 6A,B, p < 0.05).
Hesperidin or captopril treatment significantly suppressed the level of MMP-2 and MMP-9 protein
expression compared to untreated rats, (p < 0.05).
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Figure 6. Effects of hesperidin and captopril on protein expression of MMP-2, (A) and MMP-9, (B) in
aortic tissue collected from control, L-NAME, L-NAME + hesperidin (30 mg/kg) and L-NAME +
captopril (2.5 mg/kg) groups. The top panels show the representative bands of MMP-2, (A) and
MMP-9, (B) protein expression in thoracic aortas. Values are mean ± S.E.M (n = 4 for each group),
* p < 0.05 vs. control, # p < 0.05 vs. L-NAME group.

4. Discussion

This study demonstrates that rats that received L-NAME developed hypertension and
cardiovascular remodeling. Hesperidin mitigated high blood pressure and cardiac remodeling by
reducing the left ventricular hypertrophy and fibrosis associated with down-regulations of TGF-β1 and
TNF-R1 protein expression and a reduction of plasma TGF-β1 levels in L-NAME-induced hypertension
in rats. Vascular remodeling, including vascular hypertrophy and increased collagen deposition,
induced by L-NAME in rats was inhibited by hesperidin supplementation. This was consistent with
the decreased protein expression of MMP-2 and MMP-9 in aortic tissue. Furthermore, hesperidin
preventing cardiovascular remodeling induced by L-NAME in the present study was linked to the
reduction of an inflammatory cytokine, oxidative stress markers, and enhanced NO availability.

It was found that chronic treatment of L-NAME led to the development of NO-deficient
hypertension as well as cardiovascular remodeling. These remodelings included increases in LVW/HW
ratio, LV wall thickness, LV CSA, LV fibrosis, aortic wall thickness, aortic cross-sectional areas,
aortic smooth muscle cell numbers, and collagen deposition. It is well-accepted that the chronic
inhibition of NO synthase using L-NAME results in NO depletion, increased vascular tone, and high
blood pressure [34]. Several studies have demonstrated that cardiovascular remodeling occurs after
chronic treatment with L-NAME (40 mg/kg) for five weeks [4,10,35]. The mechanisms involved
in cardiac remodeling in an animal model of nitric oxide-deficient hypertension are still unclear;
however, two possible mechanisms related to hemodynamics and non-hemodynamic aspects have
been described [36]. Hemodynamic overload in hypertension provoked left ventricular hypertrophy
because of the adaptive response to conserve cardiac output [37]. A reduction in NO is one of several
non-hemodynamic factors that participate in cardiac remodeling because when NO is suppressed,
hypertensive cardiac remodeling through the cyclic guanosine monophosphate/protein kinase G
(cGMP/PKG) pathway is initiated to inhibit fibrotic synthesis [38]. It is well-documented that
vascular remodeling in hypertension occurs in response to long-term modifications of hemodynamic
conditions [39,40]. Furthermore, numerous studies have reported that vascular remodeling is
characterized by increases in wall thickness, CSA, and smooth muscle cell numbers in L-NAME
hypertensive rats [3,4,41]. In this study, hesperidin partially inhibited the development of hypertension
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as well as cardiovascular remodeling induced by chronic L-NAME treatment. These effects may
have involved an increase in NO bioavailability, reductions of oxidative stress, and inflammation as
further possibilities.

Oxidative stress is one of the important mechanisms of L-NAME-induced hypertension since
L-arginine analogues activate eNOS uncoupling, leading to an overwhelming vascular superoxide
generation [42]. Then, superoxide can rapidly react with nitric oxide to form peroxynitrite [43].
This reaction results in reducing nitric oxide bioavailability [44]. In the present study, increases in
plasma MDA levels and vascular superoxide production were accompanied by decreased plasma
NOx levels observed in the L-NAME hypertensive rats. Hesperidin alleviated L-NAME-induced
oxidative stress and thus increased NO bioavailability with an increase in the plasma NOx level.
Many studies have confirmed that hesperidin has a strong antioxidant activity [26,45]. Hesperidin
exhibits its antioxidant properties with two main mechanisms, including directly scavenging reactive
oxygen species [46], and boosting cellular antioxidant defense [25]. Thus, this is one of the possible
mechanisms of the cardiovascular protective effects of hesperidin in this study that might have involved
its antioxidant capability, resulting in increased NO bioavailability, which reduced vascular resistance.

There is substantial evidence to suggest that inflammation is one of pathologies that occurs in
L-NAME hypertensive rats [47,48]. The results of this study proved that, as in the previous studies,
there were increases in the levels of pro-inflammatory cytokine, TNF-α, in plasma and expression of
TNF-α protein in the heart tissue of L-NAME hypertensive rats. Myocardial TGF-β protein expression
was also observed in L-NAME hypertensive rats. It is well-established that TGF-β plays an important
role in responses to inflammation to activate fibrogenesis, which is an important pathological process
for cardiac remodeling [49,50]. The present study has also shown that hesperidin attenuated cardiac
remodeling, accompanied by decreased systemic and heart inflammation in L-NAME hypertensive
rats. The protein expression of TGF-β in cardiac tissue was also down-regulated in the hesperidin
supplemented group. The anti-inflammatory effect of hesperidin has been clearly revealed in both
cellular and animal models. In human umbilical vein endothelial cells, hesperidin significantly
suppressed TNF-α [51]. Li and coworkers demonstrated that hesperidin decreased the production of
IL-1β, IL-6, and TNF-α in a rat model of rheumatoid arthritis [52]. Thus, the current results confirmed
that the cardiprotective effect of hesperidin was associated with its great anti-inflammatory effect.

Additionally, vascular remodeling with collagen deposition was associated with the
overexpression of MMP-2 and MMP-9 in aortic tissue in L-NAME hypertensive rats, as shown in
this study. Several studies report that MMPs play an important role in physiological processes that
contribute to hypertension-induced maladaptive arterial changes and sustained hypertension [53,54].
The overexpression of MMP-mediated vascular remodeling was stimulated by oxidative stress and
inflammatory cytokines [54]. Del Mauro and coworkers demonstrated that MMP-2 and MMP-9 activity
was a pathologic process in L-NAME-induced morphometric alterations in the aorta [55]. Interestingly,
the authors of the present study first reported L-NAME-induced hypertension and vascular remodeling
in rats in which there was an up-regulation of MMP-2 and MMP-9 protein expression in response
to oxidative stress. Hesperidin prevented vascular remodeling induced by L-NAME associated with
the down-regulation of MMP-2 and MMP-9. This effect might be involved in its antioxidant and
anti-inflammatory effects, which further inhibited MMP activation and collagen degradation.

Captopril was used as a positive control to prevent the development of hypertension and
cardiovascular remodeling. These findings are supported by previous studies that found that captopril
prevented high blood pressure, left ventricular hypertrophy, and vascular remodeling induced by
L-NAME in rats [56,57]. Captopril also reduced oxidative stress and inflammatory markers and
suppressed protein expressions of TNF-R1, TGF-β1, and MMPs. An antioxidative effect of captopril
in the present study might be associated with two main mechanisms, direct and indirect effects.
Captopril contains free sulfhydryl groups that directly scavenge oxygen free radicals [58], or it
suppresses AT1R-mediated NADPH oxidase expression and superoxide production [10]. It has
been demonstrated that captopril improved ventricular hypertrophy in rats by suppressing MMP-2
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and MMP-9 expression [59]. In addition, an anti-inflammatory effect of captopril in the animal model
of hypertension has been reported [60].

In conclusion, the findings of this study indicated that hesperidin had cardiovascular protective
effects by preventing the L-NAME-induced development of hypertension and cardiovascular
remodeling in rats. These effects were affirmed by reducing oxidative stress and inflammation.
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Abstract: Atherosclerosis is closely related to vascular dysfunction and hypertension. Ojeoksan (OJS),
originally recorded in an ancient Korean medicinal book named “Donguibogam”, is a well-known,
blended herbal formula. This study was carried out to investigate the beneficial effects of OJS on
atherosclerosis in vitro and in vivo. Western-diet-fed apolipoprotein-E gene-deficient mice (ApoE
−/−) were used for this study for 16 weeks, and their vascular dysfunction and inflammation were
analyzed. OJS-treated ApoE −/− mice showed lowered blood pressure and glucose levels. The levels
of metabolic parameters with hyperlipidemia attenuated following OJS administration. Hematoxylin
and eosin (H&E) staining revealed that treatment with OJS reduced atherosclerotic lesions. OJS also
suppressed the expression of adhesion molecules and matrix metalloproteinases (MMPs) compared
to Western-diet-fed ApoE −/− mice and tumor necrosis factor-alpha (TNF-α)-stimulated human
umbilical vein endothelial cells (HUVECs). Expression levels of MicroRNAs (miRNA)-10a, -126
3p were increased in OJS-fed ApoE −/− mice. OJS significantly increased the phosphorylation of
endothelial nitric oxide synthase (eNOS) and protein kinase B (Akt), which are involved in nitric
oxide (NO) production. OJS also regulated eNOS coupling by increasing the expression of endothelial
GTP Cyclohydrolase-1 (GTPCH). Taken together, OJS has a protective effect on vascular inflammation
via eNOS coupling-mediated NO production and might be a potential therapeutic agent for both
early and advanced atherosclerosis.

Keywords: Ojeoksan; atherosclerosis; vascular inflammation; vasodilation; hypertension;
adhesion molecule

1. Introduction

Inflammatory disorder is commonly known to be a major cause of Atherosclerosis [1] and
characterized as a chronic inflammatory disease of the arterial wall [2]. The main reasons of early
stage of atherosclerosis are hyperglycemia, high blood serum triglyceride levels, low concentration of

Nutrients 2018, 10, 1256; doi:10.3390/nu10091256 www.mdpi.com/journal/nutrients117



Nutrients 2018, 10, 1256

high-density lipoprotein (HDL) cholesterol, high blood pressure, and central obesity [3]. Acetylcholine
(ACh)-induced endothelium-dependent vasorelaxation is mediated by nitric oxide (NO), which acts
via soluble guanylyl cyclase and cyclic Guanosine monophosphate (GMP). Endothelial dysfunction is
a key marker of early stage of atherosclerosis. This process is mainly regulated by the expressions of
cellular adhesion molecules on the endothelium.

The expression of adhesion molecules increases in atherosclerotic lesion sites and can be the
cause for vascular dysfunction and advanced atherosclerosis [4]. Mediated signaling by cytokines,
such as tumor necrosis factor alpha (TNF-α), induce the expression levels of cell adhesion molecules,
which is an important mediator in the pre-inflammatory process [5]. MicroRNAs (miRNAs) are
single-stranded, non-coding, small RNAs that regulate gene expression by destabilizing target
mRNAs and/or inhibiting translation. For example, miR-126 was well known to reduce the
expression of adhesion molecules, such as intracellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and endothelial cell selectin (E-selectin), by directly targeting the
3′ untranslated region (3′UTR) of these genes [6,7]. In addition, micro RNA-10a (MiR-10a) regulated
the expression of Mitogen-Activated Protein Kinase Kinase Kkinase 7 (MAP3K7) and Transforming
growth factor beta-activated kinase 1 (TAK1), and both of which regulate Inhibitor of NF-kappa
B (IκB) degradation [8]. Adhesion molecules such as ICAM-1 and VCAM-1 play key roles in the
process of atherosclerosis. Endothelial dysfunction is thought to be the cause of the development
of atherosclerosis [9]. All vascular cells including endothelial cells and macrophages secrete matrix
metalloproteinases (MMPs), especially MMP-2 and MMP-9, which are synthesized in atheroma plaques,
and are particularly prevalent in rupture-prone shoulder regions [10]. MMPs degrade collagen and
allow for smooth-muscle cell migration within a vessel. Moreover, this begets an accumulation of
other cellular material, resulting in atherosclerosis and ischemic events to tissues [11].

Endothelial NO synthase (eNOS) produces NO, which is a key regulator in the vasodilation
process. NO regulates early stages of inflammatory processes by downregulating nuclear factor Nuclear
factor-kappa B (NF-κB) [12,13]. Cardiovascular disease has a variety of causes, involving uncoupled
eNOS signaling [14]. Studies with endothelial cells and isolated vessels supported the important
role of eNOS coupling, showing that the inhibition of GTP cyclohydrolase-1 (GTPCH) results in
reduced NO synthesis. In vascular disorders such as atherosclerosis, NO activity is decreased, whereas
oxidative stress is upregulated and results in endothelial dysfunction. Enzymatic eNOS coupling by
the cofactor tetrahydrobiopterin (BH4) plays a key role in maintaining endothelial function [15]. In the
case of cardiovascular risk, the availability of BH4 decreased in the vessel wall with subsequent eNOS
dysfunction may be a crucial determinant of impaired NO-mediated endothelial function. Protein
kinase B (Akt) can activate eNOS, which leads to NO production. Additionally, the Phosphoinositide
3-kinase (PI3K)/Akt/eNOS pathway plays a key role in NO production [16,17].

Ojeoksan (OJS; Wuji-san in Chinese, Goshaku-san in Japanese) is composed of 17 herbal medicines
(Table 1). OJS has been documented in a traditional Korean medical book named “Donguibogam” and
in a traditional Chinese medical book named “Tae-Pyung-Hye-Min-Hwa-Je-Guk-Bang”. According to
records, OJS has been used as a pain-relieving agent and used to manage rash caused by circulation
disadvantage of qi (氣) and blood (血), food (食), cold (寒), and congestion (痰). This study focused
on the effects of OJS on blood (血) circulation disorders. In Korea, OJS is ranked first in terms of
oriental health treatment medicated days and medical expenses, as it is included in 56 prescription
drugs [18]. A previous study has determined whether OJS can alleviate liver inflammation induced
by liver toxicity [19]. However, there are no reports regarding the protective effects of OJS against
cardiovascular disease. Apolipoprotein-E gene-deficient mice (ApoE −/− mice) have been shown to
develop hyperlipidemia and atherosclerosis as well as hypertension and endothelial dysfunctions [20].
Therefore, the present study was carried out to investigate whether OJS has a protective role in vascular
inflammation and suppresses atherosclerotic lesions in ApoE −/− mice.
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Table 1. Decoction of Ojeoksan (OJS).

Latin Name Scientific Name Amount (g) Origin

Atractylodis Rhizoma Atractylodes lancea DC 7.5 China
Ephedrae Herba Ephedra sinica Stapf 3.7 China

Citri unshii Percarpium Citrus reticulata Blanco 3.7 Jeju, Korea

Magnoliae Cortex Magnolia officinalis Rehder &
E.H. Wilson 3.0 China

Platycodi Radix Platycodon grandiflorus (Jacq.) A. DC 3.0 Yeongcheon, Korea
Aurantii Fructus

Immaturus Citrus aurantium L 3.0 China

Angelicae Gigantis Radix Angelica gigas Nakai 3.0 Pyeongchang, Korea
Zingiberis Rhizoma Zingiber officinale Roscoe 3.0 Yeongcheon, Korea

Paeoniae Radix Paeonia lactiflora Pall 3.0 Hwasun, Korea
Poria Sclerotium Wolfiporia extensa 3.0 Yeongcheon, Korea

Angelicae Dahuricae Radix Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav 2.6 Yeongcheon, Korea

Cnidii Rhizoma Ligusticum officinale (Makino) Kitag 2.6 Yeongcheon, Korea
Pinelliae Tuber Pinellia ternata (Thunb.) Ten. ex Breitenb 2.6 China

Cinnamomi Cortex Cinnamomum cassia (L.) J. Presl 2.6 Vietnam
Glycyrrhizae Radix

et Rhizoma Glycyrrhiza uralensis Fisch 2.2 China

Zingiberis Rhizoma recens Zingiber officinale Roscoe 3.7 Hanam, Korea
Allii Fistulosi Bulbus Allium fistulosum L 3.7 Hanam, Korea

2. Material and Methods

2.1. High-Performance Liquid Chromatography (HPLC) Analysis of OJS

Chemical marker compounds in an OJS sample were analyzed using a Shimadzu Prominence
LC-20A series (Shimadzu Co., Kyoto, Japan) equipped with a solvent delivery unit (LC-20AT),
an online degasser (DGU-20A3), a column oven (CTO-20A), an auto sample injector (SIL-20AC),
and a photodiode array (PDA) detector (SPD-M20A). The chromatographic data were acquired and
processed using LC solution software (Version 1.24, SP1, Kyoto, Japan). All marker compounds were
separated on a Phenomenex (Phenomenex, Torrance, CA, USA) Gemini C18 (250 × 4.6 mm, 5 μm),
and the column oven was maintained at 40 ◦C. The mobile phases consisted of distilled water (A) and
acetonitrile (J.T. Baker, Phillipsburg, NJ, USA) (B), both with 1.0% (v/v) acetic acid (Sigma-Aldrich,
St. Louis, MO, USA). The gradient elution conditions were as follows: 15–25% B (0–20 min), 25–55% B
(20–40 min), 55–100% B (40–45 min), 100% B (45–50 min), and 10–15% B (50–55 min). The re-equilibrium
time was 15 min. The flow rate was maintained at 1.0 mL/min, and the injection volume was 10 mL.

2.2. Experimental Animals

Six-week-old male apolipoprotein-E gene-deficient mice (ApoE −/−) and normal C57BL6 mice
were obtained from Saeronbio. Inc. (Uiwang, Korea) and then housed in cages with automatic
temperature, humidity (22 ± 2 ◦C, 50–60%), and lighting (12 h light/dark cycle) conditions. They were
fed a pelletized commercial chow diet for acclimatization for 2 weeks on arrival. After acclimatization,
the animals were randomly divided into five groups: (1) the control (C57BL6 mice + regular diet +
Distilled Water (DW), n = 15); (2) ApoE −/− (ApoE −/− + Western diet + DW, n = 13); (3) telmisartan
(ApoE −/− + Western diet + telmisartan 1 mg/kg/day, n = 13); (4) OJS low (ApoE −/− + Western
diet + OJS 50 mg/kg/day, n = 14); and (5) OJS high groups (ApoE −/− + Western diet + OJS
200 mg/kg/day, n = 14). The angiotensin receptor blocker, telmisartan, an anti-atherosclerotic agent,
was chosen as a positive control [21]. A Western diet was also carried out for 16 weeks to sufficiently
induce atherosclerosis in the experimental animals [22]. The control group received a regular diet (RD)
(D12450B) and ApoE −/− groups received a Western diet (WTD) (D12079B) (Table 2), respectively,
for 16 weeks by oral intake. The RD and WTD were purchased from Saeronbio. Inc. (Uiwang, Korea).
At the end of the experimental period, all mice were sacrificed after 12 h fasting, and blood samples
were collected into 1 mg/mL ethylendiaminetetraacetic acid (EDTA)-coated tube after pulled out the
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eyeball. All procedures were approved by the animal Ethics Committee (WKU12-15) and conformed
to the guidelines specified by the country.

Table 2. Diagrams of concerning composition in regular diets (RD) and Western diets (WTD) for
experimental mice.

Product D12450B D12079B

gm % kcal % gm % kcal %

Protein 19.2 20 20 17
Carbohydrate 67.3 70 50 43

Fat 4.3 10 21 40
Total 100 100

kcal/gm 3.85 4.7

Ingredient gm kcal gm kcal

Casein, 80 Mesh 200 195
DL-Methionine 3

L-Cystine 3
Corn Starch 315 50

Maltodextrin 10 35 100
Sucrose 350 341
cellulose 50 50

Milk Fat, Anhydrous 200
Corn oil 10

Soybean oil 25
Lard 20

Mineral Mix S10026 10 35
Dicalcium Phosphate 13
Calcium Carbonate 5.5 4

Potassium Citrate, 1 H2O 16.5
Vitamin Mix V10001 10 10

Choline Bitartrate 2 2
Cholesterol, USP 0.05 1.5

FD&C Yellow Dye #5

Total 1055.05 4057 1001.54 4686

Unitied Statees Pharmacopeia (USP); Federal Food, Drug, and Cosmetic Act (FD&C).

2.3. Cell Cultures

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from American Type
Culture Collection (ATCC) (CRL-2873; Manassas, VA, USA). HUVECs were cultured at a density
of 5 × 105 cells/mL in Roswell Park Memorial Institute (RPMI) supplemented with 10% fetal bovine
serum and 100 U/mL penicillin G and were then incubated at 37 ◦C in a humidified atmosphere
containing 5% CO2 and 95% air.

2.4. Measurement of Systolic Blood Pressure

Systolic blood pressure (SBP) was measured by using the noninvasive tail-cuff plethysmography
method and was recorded by using an automatic sphygmomanometer (MK2000; Muromachi Kikai,
Tokyo, Japan). The systolic blood pressure (SBP) was measured at Weeks 4, 8, 12, and 16. The blood
pressure of 7 mice per group was measured. At least five measurements were obtained at every session,
and the mean of the five values within 5 mmHg was taken as the SBP level. Values are presented as
the mean ± SEM of five measurements.

2.5. Plasma Biochemical Analysis

Blood glucose was measured from tail vein samples of whole blood using the One-touch
ultra-blood glucose meter and a test strip (Life Scan Inc., Milpitas, CA, USA) at every 4 weeks.
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Approximately 500 μL of blood samples were collected from the periorbital vein for biochemical
analysis per each mouse. Plasma glucose levels were measured using a commercial mouse ELISA
kit (Abcam., Cambridge, MA, USA). Total cholesterol (T-cho), low-density lipoprotein-cholesterol
(LDL-cho), very low-density lipoprotein-cholesterol (VLDL-cho), and high-density lipoprotein
cholesterol (HDL-cho) levels in plasma were measured using commercially available kits (Abcam.,
Cambridge, MA, USA). Triglyceride (TG) level was measured using a commercial kit (AM157S-K,
Asanpharm. Yeongcheon, Korea). The atherogenic index was calculated as follows: (Total cholesterol
− HDL cholesterol)/HDL cholesterol [23].

2.6. Preparation of Carotid Artery Samples and Measurement of Vascular Reactivity

The carotid arteries of the mice were rapidly and carefully isolated and placed in cold Kreb’s
solution of the following composition (mM): NaCl 118, KCl 4.7, MgSO4 1.1, KH2PO4 1.2, CaCl2 1.5,
NaHCO3 25, glucose 10, and pH 7.4 (Sigma-aldrich, Saint Louis, MO, USA). The carotid arteries were
removed from connective tissue and fat and cut into rings of 3 mm lengths. The carotid artery rings
were suspended by means of two L-shaped stainless-steel wires inserted into the lumen in a tissue
bath containing Kreb’s solution at 37 ◦C and aerated with 95% O2 and 5% CO2. The isometric forces of
the rings were measured using a Grass FT 03 force displacement transducer connected to a Model 7E
polygraph recording system (Grass Technologies, Quincy, MA, USA). In the carotid artery rings of
mice, a passive stretch of 1 g was determined to be the optimal tension for maximal responsiveness
to phenylephrine (10−6 M) (Sigma-aldrich, Saint Louis, MO, USA). The preparations were allowed
to equilibrate for approximately 1 h with replacement of Kreb’s solution every 10 min. The relaxant
effects of acetylcholine (ACh, 10−10–10−6 M) and sodium nitroprusside (SNP, 10−11–10−7 M) were
studied in carotid artery rings constricted with phenylephrine (PE, 10−7 M).

2.7. Histopathological Staining of Aorta

Aortic tissues were fixed by using 10% (v/v) formalin (Junsei Chemical, Tokyo, Japan) in 0.01 M
phosphate-buffered saline (PBS) (Gibco, Carlsbad, CA, USA) for 2 days with change of formalin
solution every day to remove traces of blood from tissue. The tissue samples were dehydrated
and embedded in paraffin (Leica, Wetzlar, Germany), and thin sections (6 μm) of the aortic arch
from each group were then cut and stained with hematoxylin and eosin (H&E) (Sigma-Aldrich,
St. Louis, MO, USA). For quantitative histopathological comparisons, each section was evaluated by
Axiovision 4 Imaging/Archiving software (Axiovision 4, Carl Zeiss, Jena, Germany). Images were
analyzed using the ImageJ (NIH, Bethesda, MD, USA) program to select and quantify H&E-stained
areas as a fold of the total area of each image.

2.8. Measurement of Atherosclerotic Lesions by Oil Red O Staining

The thoracic/abdominal aorta were stained with Oil Red O to visualize neutral lipid (cholesteryl
ester and triglycerides) accumulation. The inner aortic surface was stained with Oil Red O After
rinsing with 60% isopropyl alcohol (Amresco, Solon, OH, USA) and distilled water, and images of
Oil Red O-stained aortas were obtained with Axiovision 4 Imaging/Archiving software (Axiovision
4, Carl Zeiss, Jena, Germany). Images were analyzed using the ImageJ (NIH, Bethesda, MD, USA)
program to select and quantify H&E-stained areas as a fold of the total area of each image.

2.9. Immunofluorescence

Frozen sections for immunofluorescence staining were placed on poly-L-lysine-coated slides
(Fisher scientific, Pittsburgh, PA, USA). The slides were incubated with primary antibodies for ICAM-1,
VCAM-1, and E-selectin (1:500; Santa Cruz, CA, USA) in humidified chambers for 1 h at room
temperature in PBS followed by heat-induced (pressure cooker) sodium citrate antigen retrieval and
then exposure to a 1:500 dilution of Alexa Fluor 594 secondary antibody (Life technology, Carlsbad, CA,
USA). Finally, the slides were washed three times with PBS and cover slips were mounted with Dako
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fluorescent mounting medium onto glass slides that were examined under a fluorescence microscope
(Nikon Eclipse Ti, Tokyo, Japan).

2.10. Western Blot Analysis

Aortic tissue and cell homogenates (protein of 30–50 μg) were separated using 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto nitrocellulose membranes.
Blots were then blocked by 5% Bovine Serum Albumin (BSA) (GenDEPOT, Katy, TX, USA) powder
in Tris-bufferd saline (TBS) for 1 h, and incubated with the antibodies against ICAM-1, VCAM-1,
E-selectin, MMP-2, MMP-9, eNOS, p-eNOS, Akt, p-AKT, and GTPCH (Santa Cruz Biotechnology, INC,
Dallas, TX, USA) (1:1000 dilution in 0.05%TBS-T (Tween 20)). Subsequently, the membrane was then
incubated with a secondary antibody of goat anti rabbit IgG or goat anti mouse IgG conjugated to
horseradish peroxidase (Enzo Life Sciences, Farmingdale, NY, USA) (1:5000 dilution in 0.05%TBS-T),
and the bands were detected with EzWestLumi plus solution (Cat. no. WSE-7120, Atto Corporation)
using a ChemiDoc (Bio-Rad Laboratories, Hercules, CA, USA). Densitometry analysis of protein bands
was conducted with the ImageJ (NIH, Bethesda, MD, USA) program.

2.11. RNA Preparation and Quantitative Real-Time Reverse Transcription-PCR (Real-Time RT-qPCR)

Total RNA was extracted from the aorta using Ribozol reagent (Amresco, Solon, OH, USA)
according to the manufacturer’s instruction. The RNA quality was assessed by measuring
the ratio of 260/280 nm light with a UV-spectrophotometer (Biophotometer plus, Eppendorf,
Hambrug, Germany). The cDNA was synthesized from 500 ng mRNA via a 20 μL reverse
transcription reaction incubated in the SimpliAmp Thermal Cycler (Life technology, Carlsbad,
CA, USA). The sequences of primers and probes were as follows: ICAM-1 (forward:
5′-CTCACCCGTGTACTGGACTC-3′, reverse: 5′-CGCCGGAAAGCTGTAGATGG-3′), VCAM-1
(forward: 5′-ATGCCTGGGAAGATGGTCGTGA-3′, reverse: 5′-TGGAGCTGGTAGACCCTCGCTG-3′),
E-selectin (forward: 5′-ATCATCCTGCAACTTCACC-3′, reverse: 5′-ACACCTCACCAAACCCTTC-3′),
and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward:
5′-CAAGGCTGAGAATGGGAAGC-3′, reverse: 5′-AGCATGTGGGAACTCAGATC-3′). The real-time
RT-qPCR was carried out with an SYBR Green PCR Master Mix (Enzynomics, Inc., Daejeon, Korea)
and performed at an initial denaturation step at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for
15 s, and finally 60 ◦C for 60 s in the Step-One™ Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). miR-10a and miR-126 3p were measured by using a hsa-mir-10a Real-Time RT-PCR
detection kit (CPK1014) and a hsa-mir-126 3p Real-Time RT-PCR detection kit (CPK1083) (Cohesion
Biosciences., London, UK).

2.12. Measurement of NO Production Using Griess Reagent System

NO production in the culture supernatant was spectrophotometrically evaluated by measuring
nitrite content, an oxidative product of NO. Nitrite levels was determined with the Griess Reagent
solution (Promega, Madison, WI, USA) and proceeded according to the description of the manufacturer.
The fluorescent intensity was then measured using a spectrofluorometer (Infinite F200 pro, Tecan,
Switzerland) at an excitation and emission wavelength of 485 and 535 nm.

2.13. Fluorescence Microscopy

To examine intracellular NO generation, the Diaminofluorescein-2 Diacetate (DAF-2DA) (Merck
Biosciences, Schwalbach, Germany) was used. In brief, HUVECs were cultured at 6-well plate. The cells
were serum-starved for 8 h before incubation with treatments OJS. The HUVECs were then incubated
with OJS for 30 min. DAF-2DA was added for the final 30 min of incubation. Reactions were stopped
and fixed the cells by using 2% paraformaldehyde for 30 min at room temperature. Coverslips were
examined with a fluorescence microscope equipped with an excitation filter (485–535 nm).
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2.14. Statistical Analysis

All experiments were repeated at least three times. Statistical analyses were performed using
t-tests. The results are expressed as mean ± standard error (S.E.), and the data were analyzed using
one-way analysis of variance followed by a Student’s t-test to determine any significant differences.
p < 0.05 indicated statistical significance.

3. Results

3.1. HPLC Analysis of OJS

The optimized HPLC–PDA method was applied for the simultaneous analysis of 11 marker
ingredients in OJS. The 11 marker components were separated within 45 min. A representative
three-dimensional HPLC chromatogram is shown in Figure 1. The retention times of albiflorin,
paeoniflorin, liquiritin, ferulic acid, nodakenin, naringin, hesperidin, neohesperidin, cinnamaldehyde,
glycyrrhizin, and 6-gingerol were 9.31, 10.65, 14.17, 14.96, 16.64, 18.86, 20.02, 21.74, 33.25, 41.42,
and 42.34 min, respectively. The correlation coefficient of the calibration curves for the 11 compounds
showed good linearity, ≥0.9997. The concentrations of the 11 compounds in lyophilized OJS sample
were between 0.15 and 4.52 mg/g. Among these components, hesperidin, a marker compound of Citri
unshii Pericarpium, was found to be the main compound in the OJS sample.

Figure 1. Three-dimensional chromatogram of OJS obtained using a high-performance liquid
chromatography-photodiode array (HPLC-PDA).

3.2. The Effect of OJS on Food Intake and Body Weight

There was no significant change in food intake each group. Body weight was significantly
increased in the ApoE −/− mice group compared with the control group. The OJS group showed
significantly increased body weight compared with the ApoE −/− mice group (Table 3).

3.3. The Effect of OJS on Lipid Parameters in ApoE −/− Mice

ApoE −/− mice group fed a Western diet showed increased levels in plasma triglyceride,
total cholesterol, LDL/VLDL-cholesterol levels, and atherogenic index. However, these levels were
significantly suppressed by treatment of OJS. The plasma levels of HDL-cholesterol levels also increased
compared to those in the disease group by OJS (Table 3).
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3.4. Effect of OJS on Vascular Dysfunction in ApoE −/− Mice

The levels of SBP from all experimental groups were approximately 85–95 mmHg at the starting
point of study. After four weeks, systolic blood pressure in the ApoE −/− group was significantly
increased relative to that of the control (p < 0.05). After 8 weeks, systolic blood pressure in the
ApoE −/− group was further increased (p < 0.01). However, in the OJS group, blood pressure was
significantly decreased relative to that of the ApoE −/− group (Figure 2A). Vascular responses to
ACh, an endothelium-dependent vasodilator (10−10–10−6 M), and SNP, an endothelium-independent
vasodilator (SNP, 10−11–10−7 M), were measured in the carotid artery. Responses to ACh-induced
relaxation of carotid artery rings were significantly decreased in the disease group compared to that in
the control group. However, the impairment in vasorelaxation was remarkably decreased by treatment
with OJS. (Figure 2B).

 

Figure 2. Effect of OJS on vasodilation in Apolipoprotein-E gene knockout (ApoE −/−) mice. The effect
of OJS on systolic blood pressure in ApoE −/− mice (A). Cumulative concentration–response curves
to acetylcholine (ACh) and the endothelium-dependent vasodilator, sodiumnitroprusside (SNP), in the
arteries from experiment mice (B). PC, positive control; Values are expressed as mean ± S.E. (Standard
Error) (n = 5). * p < 0.05, ** p < 0.01 vs. control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the ApoE
−/− group.
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3.5. Effect of OJS on Atherosclerotic Lesions in ApoE −/− Mice

To investigate the effect of OJS on the morphology of the aorta, histological changes were observed
by staining with H&E. Morphological staining showed that aortas of the ApoE −/− group increased
in layer thickness, plaques, and inflammatory lesions compared to those of the control group (400×)
(Figure 3A). However, OJS decreased the intima-media thickness in aortic sections and the plaque area.
In addition, to confirm the inhibitory effects of OJS on lipid accumulation, Oil Red O staining was
performed. In the control group, no atherosclerotic lesion in the aorta was detected. In the disease
group, most of the lesions, identified as areas that stained red, were found at the aortic sinus; Oil
Red O staining analysis demonstrated that aortic atherosclerotic lesions significantly increased in the
ApoE −/− group compared with the control group. However, consistent with the change in the lipid
profile, treatment with positive control (telmisartan) and OJS significantly inhibited the development
of atherosclerosis (Figure 3B).

Figure 3. Effect of OJS on atherosclerotic lesion in ApoE −/− mice. Microscopic photographs of the
aorta stained with hematoxylin and eosin (H&E) (A). Lipid lesion area staining in the aorta (100×).
Thoracic and abdominal aorta from the indicated genotype were cut open with the luminal surface
facing upward, and the inner aortic surface was stained with Oil Red O (B). Data are presented as
means ± S.E. ** p < 0.01 vs. control group; ## p < 0.01 vs. ApoE −/− group.
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3.6. Effect of OJS on Vascular Inflammation in ApoE −/− Mice

Immunofluorescence was performed to determine the direct expression of adhesion molecules in
the aortic wall. Expression of adhesion molecules such as ICAM-1, VCAM-1, and E-selectin increased in
the disease group compared to that of the control. However, treatment with OJS significantly decreased
the expression levels of ICAM-1, VCAM-1, and E-selectin (Figure 4A). The OJS group had significantly
decreased levels of ICAM-1, VCAM-1, and E-selectin proteins compared to those of the ApoE −/−
group (Figure 4B). The expression of MMP-2/-9 was increased in the ApoE −/− group (Figure 5A).
Treatment with OJS also significantly decreased the expression levels of MMPs. Protein levels of
MMP2/9 were increased in the disease group compared to those in the control group. Treatment
with OJS significantly decreased the expression levels of MMP proteins compared to those in the
disease group (Figure 5B). In Figure 6A, mRNA expression levels of ICAM-1, VCAM-1, and E-selectin
were increased in the ApoE −/− group compared to the control group. OJS significantly suppressed
mRNA expression levels. To confirm the effect of OJS on the mRNA expression of adhesion molecules
in greater detail, miR10a and miR126-3p expression levels were determined. These microRNAs are
known to regulate adhesion molecule expression and the IκB pathway. The expression levels for the
miRNAs decreased in the disease group. However, treatment with OJS significantly increased the
expression levels of these miRNAs (Figure 6B).
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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-qPCR) 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 OJS on TNF-α-Induced Adhesion Molecules and MMPs Expression in HUVECs

Treatment of OJS significantly inhibited the TNF-α-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-α-induced MMP2/9 protein expression (Figure 7B).

Figure 7. Effects of OJS on TNF-α-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-α 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(ω)-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 qi (氣), blood (血), food (食), cold (寒),
and congestion (痰). 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 OJS, 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 IκB
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 IκB 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-α-stimulated HUVECs by inhibiting the protein expression of adhesion molecules.
The results suggested that OJS has an inhibitory effect on TNF-α-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.

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.
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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]. SSI is the ratio of the change in brachial mean arterial pressure (ΔMAP), between the high-
and the low-sodium diet periods, with the corresponding change in urinary sodium excretion rate
(ΔUNaV, 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 ω-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
PWV 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 TGFß-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 TGFß-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 MMP9 (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.

 

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 (AT1-receptors) [123], and the vascular damage induced by excessive sodium intake can
be modulated by genetic factors, in particular by the polymorphism of AT1-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].

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
C5a 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-α, TNF-α; monocyte chemoattractant protein-1, MCP-1),
NO, prostacyclin, angiotensin-1 to 7 Angiotensin II 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, Year
Number of
Participants

WL Intervention
Mean WL

ΔBW (Kg) ΔBMI (kg/m2)

Mean BP
Reduction
(mmHg)

Median
Follow up

Diet and Lifestyle modification

Blumenthal,
2010

(ENCORE
study)

144
DASH diet alone −0.3 11.2 (SBP)

7.5 (DBP) 4 months

DASH diet plus
weight management −8.7 16.1 (SBP)

9.9 (DBP)

Rocha-Goldberg,
2010

17 behavioral
intervention 1.5 ± 3.2 lb 10.4 ± 10.6

(SBP) 6 weeks

Rothberg, 2017
344 behavioral

intervention −6 ± 3 8 (SBP) * 6 months

170 behavioral
intervention −5 ± 4 8 (SBP) * 2 years

Straznicky, 2011 59
dietary and

moderate-intensity
aerobic exercise

−7.1 ± 0.6
(dietary)

−2.4 ± 0.2
(dietary) 10±2 (SBP) 12 weeks

−8.4 ± 1.0
(dietary +
exercise)

−2.8± 0.3
(dietary +
exercise)

Wing, 2011
(look AHEAD

study)
5154

intensive
lifestyle

intervention or
diabetes support

and education

−4.8 ± 7.6 2.40 (DBP)
4.76 (SBP) 1 year
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Table 1. Cont.

Author, Year
Number of
Participants

WL Intervention
Mean WL

ΔBW (Kg) ΔBMI (kg/m2)

Mean BP
Reduction
(mmHg)

Median
Follow up

Pharmacological intervention

Marso, 2016 9340
Pharmacologic
(liraglutide vs

placebo)

2.3 kg higher
in Liraglutide

group

1.2 (SBP)
lower in

Liraglutide
group

36 weeks

Wijkman, 2019 124
Pharmacologic
(liraglutide vs

placebo)
>3% 9.2 (SBP) 24 weeks

Bariatric Surgery

Ghanim, 2018 15 Surgery
(RYGB) −11.7 11 (SBP) 6 months

Hallersund,
2013

(SOS study)

2473
(277 gastric

bypass, 1064
purely

restricted
proedures,

1132 control)

Surgery
(GBP, VBG/B)

−10.1
(GBP group)

−5.1 (SBP)
−5.6 (DBP)

(GBP group)
10 years

Seravalle, 2014
20

(10 surgery +
10 control)

Surgery
(vertical sleeve
gastrectomy)

−9.1 ± 1.4 10.2 ± 4.5
(SBP) 6 months

−10.8 ± 1.6 13.9 ± 5.0
(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, WC, 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 (H2S), 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].
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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 Sodium/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 to 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
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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
(−3.1 to −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 (n = 5) and observational studies (n = 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
Ca2+ by inhibiting transmembrane calcium transport and calcium entry with low magnesium levels
causing an increase in intracellular free Ca2+ 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
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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].

Nutrients 2019, 11, 1115; doi:10.3390/nu11051115 www.mdpi.com/journal/nutrients191
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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 (n = 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 (35–49 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 and/or 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 (n = 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 et al. [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 μM) 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 inγaminobutyric acid, on blood pressure in young and old Dahl salt-sensitive rats.
For therapeutic effect, 11-month-old rats were fed a 4% NaC1 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% NaCI 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 γ-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 μg/kg/day) or low (350 μg/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 AngII 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 AngII 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.

Gómez-Guzmán 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 αl-receptors. GTE also promoted a relaxation in the isolated aortic strips of rats via
the blockade of adrenergic α1-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 μM, 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-α (TNF-α)-induced MCP-1 production
in bovine coronary artery endothelial cells. The data showed that EGCG inhibited TNF-α-induced
MCP-1 production, but it blunted Akt phosphorylation and TNF-α 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

202



Nutrients 2019, 11, 1115

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 μM).
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 μM 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.

 
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 1� alleviation of the oxidative stress and improvement
of the endothelial function in the aortas in vivo; 2�mitigation of the inflammation and amelioration of
the endothelial function in the aortic epithelial cell lines in vitro; 3� suppression of contractile response
and improvement of vasodilation in the aortic tissues in vitro; 4�, 5� 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; TNFα, Tumor necrosis factor α; 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]. Ortsäter 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.

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.

Cohort Study
Offspring,
n

Age Range,
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
Outcome study [16]

970 7 Hong Kong Gestational diabetes
mellitus

ALSPAC [14] 3525 9.9 United Kingdom Vitamin D deficiency

ALSPAC [17] 2200 16 United Kingdom Excessive 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 Pregnancy and
lactation SD/M 12 Yes [22]

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]

Protein restriction, 9%
1 week before
conception and
throughout pregnancy

FVB/NJ mice/F 24 Yes [28]

High methyl-donor diet Pregnancy and
lactation SD/M 12 Yes [29]

Methyl-deficient diet Pregnancy and
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
lactation C57BL6J mice/M 30 Yes [32]

High-fat diet, 58%

5 weeks before the
delivery and
throughout pregnancy
and lactation

SD/M+F 25 No [33]

20% w/v sucrose in
drinking water Pregnancy SD/M 90 Yes [34]

10% w/v fructose plus 4%
NaCl in drinking water

4 weeks before
conception and
throughout pregnancy
and lactation

SD/M 9 Yes [35]

High-fructose diet, 60% Pregnancy and
lactation SD/M+F 12 Yes [36,37]

High-fructose diet, 56.7%
plus high-fat diet

Pregnancy and
lactation SD/M 16 Yes [38]

10% w/v fructose in
drinking water

Pregnancy and
lactation C57BL6J mice/M 52 Yes [39]

High-fat diet, 45% plus 4%
NaCl in drinking water

3 weeks before
conception and
throughout pregnancy
and lactation

SD/M 19 Yes [40]

Low-salt diet, 0.07% Pregnancy and
lactation SD/M 21 Yes [41]

High-salt diet, 3% Pregnancy and
lactation SD/M 21 Yes [41]

Calcium-deficient diet Pregnancy WKY/M+F 52 Yes [42]
Magnesium-deficient diet Pregnancy C57BL6J mice /M+F 24 No [43]

Micronutrients

Iron restriction
4 weeks before
conception and
throughout pregnancy

RHL/M+F 10 Yes [44]

Iron restriction
4 weeks before
conception and
throughout pregnancy

Wistar/M+F 64 Yes [45]

Vitamin D restricted diet

6 weeks before
conception and
throughout pregnancy
and lactation

SD/M+F 7–8 Yes [46]

Zinc-deficient diet Pregnancy and
lactation Wistar/M 12 Yes [47]

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, PPARγ 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, PPARγ 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
Interventions

Animal Models
Intervention
Period

Species/Gender
Age at Measure
(Week)

Lower BP? Ref.

Macronutrients

Glycine Maternal 9% protein
restriction Pregnancy Wistar/M 4 Yes [109]

Citrulline Maternal 50% caloric
restriction

Pregnancy and
lactation SD/M 12 Yes [22]

Citrulline Maternal nitric oxide
deficiency

Pregnancy and
lactation SD/M 12 Yes [75]

Citrulline Streptozotocin-induced
diabetes

Pregnancy and
lactation SD/M 12 Yes [102]

Citrulline Prenatal dexamethasone
exposure

Pregnancy and
lactation SD/M 12 Yes [103]

Branched-chain
amino acid

Maternal 70% caloric
restriction Pregnancy SD/M 16 Yes [104]

Taurine Streptozotocin-induced
diabetes

Pregnancy and
lactation Wistar/M+F 16 Yes [105]

Conjugated
linoleic acid Maternal high-fat diet Pregnancy and

lactation SD/M 18 Yes [106]

Micronutrients

Micronutrients:
vitamin C, E,
selenium and
folic acid

Maternal 50% caloric
restriction Pregnancy Wistar/M+F 14–16 Yes [21]

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

Non-essential nutrients

Long chain
inulin Maternal high-fructose diet Pregnancy and

Lactation SD/M 12 Yes [90]

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 Prevención con Dieta Mediterránea (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
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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 (n = 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.

229



Nutrients 2018, 10, 1700

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.
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