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A B S T R A C T

High salt intake is one of the major dietary determinants of hypertension and cardiovascular disease in
Japan and throughout the world. Although dietary salt restriction may be of clinical benefit in salt-
sensitive individuals, many individuals may not wish, or be able to, reduce their intake of salt. Thus,
identification of functional foods that can help protect against mechanistic abnormalities mediating salt-
induced hypertension is an issue of considerable medical and scientific interest. According to the
“vasodysfunction” theory of salt-induced hypertension, the hemodynamic abnormality initiating salt-
induced increases in blood pressure usually involves subnormal vasodilation and abnormally increased
vascular resistance in response to increased salt intake. Because disturbances in nitric oxide activity can
contribute to subnormal vasodilator responses to increased salt intake that often mediate blood pressure
salt sensitivity, increased intake of functional foods that support nitric oxide activity may help to reduce
the risk for salt-induced hypertension. Mounting evidence indicates that increased consumption of
traditional Japanese vegetables and other vegetables with high nitrate content such as table beets and
kale can promote the formation of nitric oxide through an endothelial independent pathway that
involves reduction of dietary nitrate to nitrite and nitric oxide. In addition, recent studies in animal
models have demonstrated that modest increases in nitrate intake can protect against the initiation of
salt-induced hypertension. These observations are: (1) consistent with the view that increased intake of
many traditional Japanese vegetables and other nitrate rich vegetables, and of functional foods derived
from such vegetables, may help maintain healthy blood pressure despite a high salt diet; (2) support
government recommendations to increase vegetable intake in the Japanese population.
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Introduction

Japanese-style diets [1–3] and Mediterranean-style diets [4] are
associated with lower cardiovascular risk and greater longevity
than many other diets worldwide. Nevertheless, according to the
Global Burden of Disease Study, dietary hazards that promote
cardiovascular disease remain among the top risk factors for death
and disability in Japan [5]. In Japanese, as in other population
groups, high salt intake is widely considered to be one of the major
dietary determinants of high blood pressure and cardiovascular
disease [6–9]. Thus, there is ongoing interest in developing
improved dietary approaches to reducing the risk for salt-induced
hypertension and cardiovascular disease in Japan as in other parts
of the world.

Although dietary salt restriction may be of clinical benefit in
salt-sensitive individuals, many individuals may not wish, or be
able, to reduce their intake of salt to the level recommended by
medical authorities in Japan (<6 g of salt/day) [8]. As discussed by
Okuda and colleagues, salt intake decreased substantially in
various regions of Japan between 1950 and 1990 [10]. However
over the past two decades, it appears that educational efforts in
Japan and throughout the world have met with only modest
success in achieving further reductions in salt intake at the
population level [11]. For example, Fig. 1 shows that in Japan,
average daily salt intake (!10 g/day) changed very little between
2004 and 2014 and has remained well above the maximum level of
6 g/day recommended by the Japanese Society of Hypertension
[8,10,12]. In most other countries, average salt intake also exceeds
the levels recommended by scientific agencies and governmental
authorities [13]. Takahashi and colleagues found that even in
Japanese hypertensive patients who are well aware of the dietary
guidelines on salt intake, average salt intake is nearly 10 g/day and
is similar to that of patients with low awareness of the dietary
guidelines [14].

Functional foods and reducing risk for salt-induced
hypertension

Given limited recent progress in achieving reductions in
average daily salt intake in Japan and elsewhere, and considering
ongoing debate about the desirability of efforts to reduce salt
intake at the population level [15–18], it is important to consider
alternative dietary approaches to reducing risk for salt-induced
hypertension. In this regard, increased intake of functional foods
with ingredients that help protect against salt-induced increases in
blood pressure may represent a promising dietary approach to
reducing the risk for salt-induced hypertension in the population.
Increased consumption of such functional foods might reduce the
risk for salt-induced hypertension even if further reductions in
average salt intake are not achieved.

The term “functional food” appears to have originated in Japan
[19], and broadly refers to foods with physiologically active

components that provide health benefits beyond basic nutrition
[20]. In contrast to other countries, Japan has formulated an
explicit and detailed regulatory approval process for functional
foods. Through this process, the Japanese Ministry of Health has
approved the labeling of food products with various health
benefits, including claims related to the control of blood pressure
[21]. A variety of functional foods and nutrients with antihyper-
tensive properties have been described that may help to maintain
healthy blood pressure [22,23]. Recently, Japanese regulations for
the labeling of certain types of functional foods were modified [21]
and retail sales of functional foods appear to be substantially
increasing (Fig. 2) [24].

Improved understanding of the mechanistic abnormalities that
initiate salt-induced hypertension could provide insight into
specific types of functional foods that might be useful for
maintaining normal blood pressure in subjects consuming a
high-salt diet. Accordingly, we next discuss the hemodynamic
abnormalities most commonly involved in the initiation of salt-
induced hypertension. We then consider how some groups of
functional foods may ameliorate those abnormalities and help
people maintain healthy blood pressure despite consumption of a
high-salt diet.

A contemporary mechanistic framework for initiation of most
instances of salt-induced hypertension

For decades, cardiologists have widely embraced the historical
view of Guyton and colleagues on the pathogenesis of salt
sensitivity and salt-induced hypertension. This view holds that
salt-induced hypertension is usually initiated by a subnormal renal
ability to excrete a salt load which causes abnormal increases in
sodium balance, blood volume, cardiac output, and therefore blood
pressure [25–33]. Thus, the historical view has encouraged the use
of preventive interventions against hypertension that are based on
reducing salt intake or increasing salt excretion. However, as we
have discussed in detail elsewhere, the results of salt-loading

Fig.1. Average daily salt intake in Japanese adults (males and females combined). Data taken from Kawano and colleagues for 2004 [82] and from the Japan Ministry of Health,
Labor, and Welfare for 2009 and 2014 [83]. Average daily salt intake (!10 g/day) changed very little between 2004 and 2014 and has remained well above the maximum level
of 6 g/day recommended by the Japanese Society of Hypertension [8,10,12].

Fig. 2. Annual retail sales of functional foods in Japan, current and projected
[24]. Retail sales of functional foods are substantially increasing in Japan [24].
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studies in humans and animals that include appropriate normal
controls (salt-resistant subjects with normal blood pressure), have
called into question Guyton's historical conceptual framework for
initiation of salt-induced increases in blood pressure [34–36].

In contrast to the historical conceptual framework, an alterna-
tive conceptual framework for salt sensitivity (termed the
“vasodysfunction” framework) holds that initiation of salt-induced
hypertension is not usually caused by abnormal (greater) increases
in sodium retention and cardiac output in salt-sensitive subjects
compared to those in salt-loaded normal controls (Fig. 3)
[34,36]. Rather, initiation of salt-induced hypertension is often
caused by subnormal vasodilation and abnormal vascular resis-
tance responses to increased salt intake in salt-sensitive subjects
compared to those in salt-resistant normal controls (Fig. 3)
[34,36,37].

In salt-resistant normal individuals, increases in salt intake are
usually associated with increases in cardiac output together with
vasodilation and decreases in vascular resistance that prevent salt-
induced increases in sodium retention and cardiac output from
initiating hypertension [35–37]. Thus, according to the vasodys-
function theory (Fig. 3), interventions that promote vasodilation
and normal vascular resistance responses to increases in salt intake
may protect against the initiation of salt-induced increases in
blood pressure. This raises the questions: (1) which of the
mechanisms that mediate vasodilation and normal vascular
resistance responses to increases in salt intake are impaired in
salt-sensitive subjects? (2) what types of functional foods might
help to correct those mechanisms and thereby reduce the risk for
salt-induced hypertension?

Mechanisms mediating subnormal vasodilation and abnormal
vascular resistance responses to increases in salt intake

In salt-sensitive subjects, disturbances in a variety of mecha-
nisms may cause subnormal vasodilation and abnormal vascular
resistance responses to increases in salt intake [34,36]. For
example, in salt-sensitive subjects, the failure to normally
vasodilate and reduce vascular resistance in response to increases
in salt intake may be related to: (1) structural alterations in blood
vessels that occur with aging and/or atherosclerosis and physically

prevent normal salt-induced vasodilation and decreases in
vascular resistance, and or (2) functional disturbances (reduced
vasodilator and/or enhanced vasoconstrictor mechanisms) that
interfere with factors that promote salt-induced vasodilation and
decreases in vascular resistance. Functional disturbances that
impair normal vasodilatory responses to salt, and hence increase
risk for salt sensitivity, may be amenable to correction by
modulation of pathways that promote vasodilation and decreases
in vascular resistance. Accordingly, identification of functional
foods that ameliorate mechanistic disturbances causing abnormal
vascular resistance responses to a high-salt diet may provide new
opportunities for reducing the risk for salt-induced hypertension.

The role of alterations in nitric oxide activity in determining
blood pressure responses to increases in salt intake

Nitric oxide (NO) is an important determinant of arterial blood
pressure, and impaired NO bioactivity is associated with hyper-
tension [38]. With respect to the influence of NO on vascular
resistance, NO has direct effects on the vasculature that promote
arterial dilation, and indirect effects involving inhibition of
sympathetic nerve activity that buffer vasoconstriction [38]. Over
25 years ago, Chen and Sanders discovered that in Dahl salt-
sensitive (Dahl S) rats, the most widely used animal model of salt
sensitivity, subnormal NO responses to increases in salt intake may
be critically involved in the initiation of salt-induced disturbances
in vascular resistance and hypertension [39]. Subsequently, a
considerable body of evidence has emerged from human and
animal studies consistent with the view that NO-related pathways
often play important roles in determining vascular resistance and
blood pressure responses to increases in salt intake [34,40–49].

In normal individuals (salt-resistant subjects with normal
blood pressure), increases in salt intake increase cardiac output
and induce vasodilation and decreases in vascular resistance that
are mediated at least in part by flow-mediated, endothelial-
dependent increases in NO activity [34]. In normal salt-resistant
subjects, this vasodilatory response to increases in salt intake
serves to protect against the pressor effects of salt-induced
increases in cardiac output [34]. In contrast, many salt-sensitive
subjects exhibit a subnormal ability to vasodilate and reduce

Fig. 3. The vasodysfunction framework for the usual pathogenesis of salt-induced increases in blood pressure. According to this conceptual framework, initiation of salt-
induced hypertension (the acute phase) is hemodynamically mediated by an abnormal vascular resistance response to increases in salt intake, together with normal salt-
induced increases in cardiac output. RVR, renal vascular resistance; SS, salt sensitive; SR, salt resistant; TPR, total peripheral resistance.
Adapted from Kurtz et al. [36], with permission.
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vascular resistance with salt loading [34]. In salt-sensitive subjects,
this abnormal vascular resistance response to increases in salt
intake, together with normal salt-induced increases in cardiac
output, initiates salt-induced increases in blood pressure. The salt-
induced abnormality in vascular resistance appears to often
involve a subnormal ability to increase NO activity in response
to increases in salt intake [34,39,41–49].

Having originally discovered that subnormal NO activity might
contribute to the initiation of salt-induced increases in blood
pressure in Dahl S rats, Chen and Sanders explored whether
interventions aimed at augmenting NO activity might be useful for
the prevention of salt-induced hypertension [39]. They found that
supplemental administration of L-arginine, the substrate for
enzymatic generation of NO by NO synthase in the classical NO
production pathway, could entirely prevent salt-induced hyper-
tension in Dahl S rats [39]. Later, studies by Siani et al. suggested
that in normotensive humans consuming low normal amounts of
arginine (!3.75 g/day), increasing L-arginine intake to !10 g per
day, through a diet rich in lentils and nuts, could reduce blood
pressure [50].

Although supplemental arginine may augment NO activity and
reduce blood pressure in some circumstances [51,52], Zand and
colleagues have pointed out various issues with L-arginine
supplementation including the concern that patients with
endothelial dysfunction have an impaired ability to convert L-
arginine to NO [53]. In addition, Higashi and colleagues reported
that in salt sensitive subjects, salt loading may impair the ability of
L-arginine to increase endothelial NO production in the renal
vasculature and decrease renal vascular resistance [54]. In this
regard, it is interesting that many investigators have begun to
strongly emphasize the potential biomedical importance of an
alternate pathway for generating NO that does not require L-
arginine and NO synthase [53,55–61]. This alternative pathway
involves the stepwise reduction of nitrate to nitrite to NO
(Figs. 4 and 5) and as discussed by Zand et al. provides an
endothelial independent source of NO [53]. Moreover, it has been
proposed that increasing intake of nitrate-rich vegetables can

safely increase NO activity through this alternative pathway and
reduce blood pressure [58,60–63].

Effects of augmenting nitrate intake on blood pressure

Recent meta-analyses support the view that augmenting nitrate
intake by administration of nitrate salts or foods with a high nitrate
content can reduce blood pressure [64,65]. However, it has also
been pointed out that the blood pressure trial results have varied
considerably [58,65,66]. For example, it appears that some patient
groups may tend to be resistant to the blood pressure-lowering
effects of nitrate supplementation (e.g. diabetic subjects, older
subjects, etc.) [58,67,68]. Considering substantial variation in
susceptibility to the blood pressure-lowering effects of dietary
nitrate, identification of individuals most likely to benefit from
augmenting nitrate intake is an issue of considerable medical
interest. Because disturbances in NO activity may play an
important role in the pathogenesis of salt sensitivity [34],
increased dietary intake of foods with high nitrate content may
be of particular value in normotensive people for reducing the risk
of developing salt-induced hypertension.

Functional foods with high nitrate content to reduce the risk
for salt-induced hypertension

Carlstrom and colleagues reported experimental results indi-
cating that increased intake of nitrate may be useful for
attenuating salt-induced increases in blood pressure [69]. They
found that in unilaterally nephrectomized rats administered a very
high-salt diet, adding sodium nitrate to the diet greatly attenuates
the hypertension otherwise induced by administration of the high-
salt diet alone (Fig. 6) [69]. Treatment with sodium nitrate did not
affect food intake or urinary excretion of sodium [69]. Thus, the
lower blood pressure in rats treated with sodium nitrate could not
be attributed to a lower intake of sodium. If anything, the rats
treated with sodium nitrate and the high-salt diet may have
consumed more sodium than the rats treated with the high-salt

Fig. 4. The classic and alternative pathways for generation of nitric oxide (NO). The classic pathway involves generation of NO through L-arginine. In the presence of molecular
oxygen and several cofactors, nitric oxide synthases (NOS) catalyze the oxidation of the amino acid L-arginine to NO. NO is oxidized to nitrite (NO2") and nitrate (NO3")
(dashed arrows). The alternative pathway involves generation of NO through reduction of nitrate and nitrite. Endogenously generated nitrate and nitrate from the diet can be
reduced to nitrite by oral bacteria. Nitrite is absorbed systemically, and via several enzymatic and non-enzymatic pathways reduced to NO.
Adapted from Hezel and Weitzberg with permission [84].
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diet alone. Remarkably, the amount of nitrate required to protect
against the adverse effects of the high-salt diet was relatively
small. Specifically, Carlstrom and colleagues found that addition to
the diet of 0.025 parts nitrate for every 1 part added salt (by
weight) was sufficient to substantially protect against salt-induced
increases in blood pressure, cardiac hypertrophy, cardiac fibrosis,
renal fibrosis, and proteinuria [69].

The findings of Carlstrom and colleagues [69] imply that dietary
addition of small amounts of nitrate relative to added salt may be
sufficient to reduce the risk for salt-induced increases in blood

pressure. While caution is advised when extrapolating results from
animal studies to humans, the studies of Carlstrom and colleagues
suggest that increasing dietary intake of nitrate by an additional
250 mg/day in normotensive individuals may be sufficient to
protect against the pressor effect of ingesting 5–10 g of salt/day.
According to the analysis of Hord and colleagues, consumption of a
vegetable-rich diet consistent with the dietary guidelines followed
in the Dietary Approaches to Stop Hypertension (DASH) trial could
readily increase average nitrate intake by 250 mg/day or more
(with the use of high nitrate vegetables in the diet) [63]). In fact,
simply supplementing a diet with several average weight (80 g)
beets per day, or less than a cup of fresh spinach per day, could
provide an additional 250 mg/day of dietary nitrate (assuming
average vegetable nitrate levels similar to those reported by Hord
and colleagues [63]).

The potential value of vegetable-rich diets in reducing the risk
for salt-induced increases in blood pressure is illustrated by studies
examining the effects of the DASH diet on blood pressure
responses to changes in salt intake. As shown in Fig. 7, Sacks

Fig. 5. Processing of dietary nitrate through the alternative pathway for generation of NO (nitrate–nitrite–NO pathway). Dietary nitrate enters the entero-salivary circulation
and is exposed to oral anaerobic bacteria which express nitrate reductases that reduce nitrate to nitrite. The salivary nitrite is swallowed into the stomach where some of the
nitrite is converted to NO and other NO species by gastric acid while most of the nitrite enters into the lower gastrointestinal tract unchanged and is absorbed into the systemic
circulation [84]. In the vasculature, various enzymatic and non-enzymatic processes facilitate reduction of nitrite to NO which promotes decreases in vascular tone. Adapted
from Webb et al., with permission [85]. Note that antibiotics or antiseptic mouthwashes and proton pump inhibitors can interfere with the functioning of this alternative
pathway by decreasing oral bacteria or decreasing gastric acid secretion [84].

Fig. 6. Increased intake of sodium nitrate significantly attenuates salt-induced
hypertension. In unilaterally nephrectomized rats fed a high salt diet (4% NaCl),
Carlstrom and colleagues found that oral administration of sodium nitrate provides
significant protection against salt-induced increases in mean arterial pressure (as
measured by radioltelemetry) [69]. UNX, unilateral nephrectomy; HS, high salt diet;
Nitrate-low, dietary supplementation with a low amount of nitrate (approximately
0.0025 parts nitrate by weight for every 1 part added salt by weight); Nitrate-high,
dietary supplementation with a higher amount of nitrate (approximately
0.025 parts nitrate by weight for every 1 part added salt by weight). Values are
means # SEM. *p < 0.05.
Adapted from Carlstrom et al., with permission [69].

Fig. 7. The Dietary Approaches to Stop Hypertension (DASH) diet significantly
attenuates salt-induced increases in systolic blood pressure (SBP). In response to
increasing salt intake from 50 mmol/day to 150 mmol/day, the mean increase in SBP
in subjects consuming a DASH-style diet (3 mmHg) was 50% less than that in
subjects consuming a control diet typical of diets in the USA, 6.7 mmHg (p < 0.001)
[70].
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and colleagues found that consumption of the DASH diet caused
clinically significant attenuation of salt-induced increases in blood
pressure [70]. While a variety of factors in DASH-style diets such as
potassium could have beneficial effects on blood pressure, many
investigators have proposed that nitrate may be a particularly
important antihypertensive component in DASH-style diets
(through its capacity to promote increases in NO activity, Figs.
4 and 5) [58,60–63].

As with DASH-style diets, the antihypertensive effects of
Japanese-style diets and Mediterranean-style diets have also been
proposed to be mediated, at least in part, through effects on nitrate
metabolism and NO activity. For example, Sobko and colleagues
found that blood pressure was lower in normal subjects fed a diet
containing traditional Japanese vegetables with a high nitrate
content than when fed a control diet lacking those vegetables
[71]. Plasma levels of nitrate and nitrite precursors of NO were
significantly greater during administration of the vegetable-rich
diet than during administration of the control diet [71].

Potassium is widely considered to be another important factor
that may contribute to cardioprotective effects of vegetable-rich
diets [72–76] and is a nutrient recognized by the Japanese
government in the evaluation of foods with functional claims
for maintaining healthy blood pressure. As discussed by Houston
[76], potassium also has vasodilatory effects, and studies in
humans suggest that the capacity of supplemental potassium to
attenuate salt-induced increases in blood pressure may be
mediated partly through effects on NO activity [46]. It should be
noted that beetroot (table beet), a vegetable that has attracted
considerable attention for its antihypertensive properties
[58,64,77], is particularly rich in both nitrate and potassium.

Implications for public health efforts to reduce the risk for salt-
induced hypertension

As part of the national health promotion campaign “Healthy
Japan 21”, the Ministry of Health, Labor, and Welfare recommends
that Japanese people increase their vegetable intake to a target goal
of 350 grams per day [78]. Currently, vegetable intake in Japan is
below the recommended target and averages approximately 280 g
per day (Fig. 8, top panel) [78]. Given that a variety of traditional
Japanese vegetables have a high nitrate content [71], increasing
vegetable intake to the target goal of 350 g per day could result in

substantial increases in nitrate intake and potassium intake which
might help to reduce the risk for salt-induced increases in blood
pressure. While concerns have been raised about health risks of
taking supplemental nitrate/nitrite salts (mainly nitrite, nitrite
toxicity is a result of its rapid reaction with hemoglobin, which may
cause methemoglobinemia) [79], there is little or no evidence of
health risks associated with the slow and controlled release of
nitrate that occurs with increased intake of nitrates from
vegetables. As discussed by Hord and colleagues and Bryan and
Ivy, the benefits of vegetable and fruit consumption outweigh any
theoretical risks from nitrate present in those foods [63,80].

Unfortunately, it appears that only a small percentage of
Japanese women and men are familiar with the target goals for
vegetable intake recommended by the Japanese government
[78]. According to the studies of Wang and colleagues, less than
34% of Japanese women and 14% of Japanese men appear to be
aware of current government recommendations for vegetable
intake (Fig. 8, bottom panel) [78]. Thus, further activities to educate
the public about the benefits of increasing vegetable intake should
be encouraged. In light of the findings of Sobko et al. and others,
traditional Japanese vegetables with a high nitrate content such as
Osaka shirona, burdock, komatsuna, hakusai, spinach, etc., and
non-traditional vegetables with a high nitrate content such as table
beets and kale, are of particular interest for their potential to
support the production of NO and maintenance of healthy blood
pressure [60–62,71,81]. We suggest that increased intake of
vegetables with high nitrate content, and increased intake of
functional food products prepared from high nitrate vegetables, be
considered as an additional approach for reducing the risk of salt-
induced hypertension in the general population.
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