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ABSTRACT

Despite its discovery more than 150 years ago, the cause of primary hypertension remains unknown. Most studies
suggest that hypertension involves genetic, congenital or acquired risk factors that result in a relative inability of the
kidney to excrete salt (sodium chloride) in the kidneys. Here we review recent studies that suggest there may be two
phases, with an initial phase driven by renal vasoconstriction that causes low-grade ischemia to the kidney, followed by
the infiltration of immune cells that leads to a local autoimmune reaction that maintains the renal vasoconstriction.
Evidence suggests that multiple mechanisms could trigger the initial renal vasoconstriction, but one way may involve
fructose that is provided in the diet (such as from table sugar or high fructose corn syrup) or produced endogenously.
The fructose metabolism increases intracellular uric acid, which recruits NADPH oxidase to the mitochondria while
inhibiting AMP-activated protein kinase. A drop in intracellular ATP level occurs, triggering a survival response. Leptin
levels rise, triggering activation of the sympathetic central nervous system, while vasopressin levels rise, causing
vasoconstriction in its own right and stimulating aldosterone production via the vasopressin 1b receptor. Low-grade
renal injury and autoimmune-mediated inflammation occur. High-salt diets can amplify this process by raising
osmolality and triggering more fructose production. Thus, primary hypertension may result from the overactivation of a
survival response triggered by fructose metabolism. Restricting salt and sugar and hydrating with ample water may be
helpful in the prevention of primary hypertension.
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LAY SUMMARY

Here we discuss recent studies that suggest that fructose, present in added sugars, may have a role in primary
hypertension. These studies help link the association of obesity and metabolic syndrome with high blood pressure,
and the interaction of salt and sugar in causing high blood pressure.
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INTRODUCTION

While the finding of cardiac hypertrophy, thickened blood ves-
sels, and kidney disease provided clinical suspicion that some
individuals suffered from high pressure of their vasculature,
the first accurate documentation of high blood pressure was
provided by a medical resident, Frederick Mahomed, who used
the sphygmograph to measure the “pulse tension” in the gen-
eral population in the 1870s [1]. However, the sphygmography
was heavy and wieldy, so it was not until the invention of the
blood pressure cuff andmanometer by Scipione Riva Rocci in the
1890s that blood pressure could be measured easily. By the early
1900s, it was apparent that an elevated blood pressure (defined
as >140/90 diastolic) could predict stroke, heart failure and kid-
ney disease [2], and since then, blood pressuremeasurement has
been a critical component of the standardmedical examination.

In the early 1900s, the presence of elevated tension (or
“hyper-tension”) in the vasculature was relatively rare, being
found in less than 5% of those under the age of 65 years, al-
though it was more common in the elderly [3]. However, during
the 20th century, the prevalence climbed worldwide, such that
it is currently present in nearly one-third of all adults (based on
the original cutoff of 140/90mmHg),making it arguably themost
common disease in humankind [4]. Because it can be asymp-
tomatic, it is commonly referred to as the “silent killer,” which
has led to a great interest in understanding its etiology.

It became apparent that while there were clearly defined
causes of hypertension, often referred to as secondary hyper-
tension (such as from aldosterone-secreting tumors or chronic
kidney disease), the vast majority of cases did not have an
identifiable cause (termed primary or essential hypertension).
Hemodynamically, these cases are associated with normal
cardiac output but high peripheral vascular resistance, while in
the kidney, the hallmark is a reduction in renal blood flow with
high renal vascular resistance.

The discovery that multiple systems regulate blood pres-
sure, including the role of sympathetic and parasympathetic
nerves, circulating vasoactivemediators,high- and low-pressure
baroreceptors, kidney-basedmechanisms and other factors, cre-
ated complexity. They led to the concept that multiple factors
might be operative in the pathogenesis of hypertension (themo-
saic theory of hypertension [5]), and blood pressure regulation
was compared to electrical circuitry in which the kidney had the
overriding dominance [6].

However, one critical—and practical—factor identified was
salt (i.e. sodium chloride). Several epidemiology studies reported
a general relationship between salt intake and hypertension
prevalence [7, 8], and similarly, low-salt diets were found to have
a modest effect on lowering blood pressure [9, 10]. Studies sug-
gested that hypertension might be the consequence of a defect
in the ability of the kidney to excrete salt and that there might
be a reflex rise in blood pressure to excrete excess salt that had
been ingested (“pressure natriuresis”) [6]. This led to the concept

that the cause of hypertension might be a kidney disorder. In-
deed, in several rat models of hypertension, hypertension could
be passed to normotensive animals by kidney transplantation
from the hypertensive rat [11]. Additional support came from
the observation that single genetic mutations and/or polymor-
phisms in kidney transporters that favored sodium retention of-
ten manifested as secondary hypertension [12, 13]. It also led to
the expansion of diuretics to treat hypertension while inhibit-
ing vasoconstrictors such as renal angiotensin, and sympathetic
nervous systems were used to reduce vascular tone.

These latter observations shifted the focus to what might be
causing the kidney defect in sodium excretion.One possible sce-
nariowould be a net effect of geneticmutations favoring sodium
retention by the kidney [12, 13], but most studies suggested that
the overall contribution of genetic polymorphisms was minor.
Another possibility was that it represented a congenital prob-
lem related to a low birthweight that could result in a reduction
in the number of nephrons [termed pre-natal (fetal) program-
ming] [14, 15]. However, similar to the genetic hypothesis, data
suggested that low birthweight could only explain a minority
of hypertension incidence [16], suggesting that there were other
more important mechanisms driving the disease.

THE ROLE OF SUBTLE RENAL INJURY AND
AUTOIMMUNITY

Harry Goldblatt proposed an alternative hypothesis in the 1940s
[17]. He had noted that primary hypertension was almost in-
evitably associated with small vessel disease in the kidneys
(arteriolosclerosis), and he suggested that this might lead to
chronic ischemia which might lead to the release of vasocon-
strictive factors such as angiotensin. Consistent with his hy-
pothesis, early kidney biopsy studies in human hypertension
identified ischemic changes in the renal tubules in more than
90% of cases [18]. His work also established the role of renal
artery stenosis as a cause of secondary hypertension, but his
general hypothesis that renal microvascular disease mediated
primary hypertension was rejected because 10%–20% of cases
with essential hypertension had normal-appearing arterioles
[19].

Our group became interested in Goldblatt’s hypothesis when
we realized we could induce similar microvascular disease in
rats by a short-term infusion of angiotensin II [20]. This ma-
nipulation would allow us to test whether such changes might
increase the ability of high salt intake to cause hypertension.
To test this hypothesis, we gave rats a 2-week infusion of an-
giotensin II, which naturally caused acute hypertension and re-
nalmicrovascular changes. The angiotensin II infusionwas then
stopped, allowing blood pressure to return to normal, but at the
expense of having microvascular disease. Then when the rats
were switched to a high-salt diet, they developed hypertension
[21]. In contrast, normal rats placed on a high-salt diet for the
same period of time remained normotensive.
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Those findings led to the idea that, typically, kidneys can
excrete salt, but that subtle renal injury might trigger chronic
salt retention and the development of hypertension. At this
time, two collaborators, Jaime Herrera Acosta and Bernardo
Rodriguez-Iturbe, provided major insights. Herrera-Acosta sug-
gested that a critical experiment must show not the presence
of microvascular disease but rather a vasoconstriction of pre-
glomerular (afferent arteriole and interlobular artery) vessels,
as this is the cardinal finding in primary hypertension. In-
deed, he subsequently demonstrated that this was the case [22].
Rodriguez-Iturbe had another equally important question. How
could subtle renal injury cause persistent renal vasoconstric-
tion? There was already strong evidence that the kidney in-
jury was accompanied by oxidative stress, impaired endothelial
function and local angiotensin II [23–25]. However, it remained
unknown which cells were producing these factors. One possi-
bility, Rodriguez-Iturbe suggested, would be by local inflamma-
tory cells. To test this hypothesis, Rodriguez-Iturbe gave the im-
munosuppressive drugmycophenolate (MMF), to rats during the
angiotensin II infusion, which blocked the infiltration of inflam-
matory mononuclear cells into the kidney [26]. Notably, while it
did not block hypertension induced during the acute infusion
of angiotensin II, it did prevent the development of hyperten-
sion when the rats were placed on a high-salt diet after the an-
giotensin infusion had been stopped.

Subsequently, it was shown that a common pathway for
developing hypertension involved an insult that caused renal
vasoconstriction and renal ischemia, followed by persistent re-
nal inflammation which caused chronic renal vasoconstriction
[27]. Even maternal malnutrition with fetal programming could
cause renal inflammation and hypertension in the progeny that
was blocked by MMF [28].

While the initial ischemia by a drug might be expected to
elicit chemokines and an acute inflammatory response (a re-
active inflammatory response), the persistence of inflammation
could be lesswell explained unless therewasmore of an autoim-
mune response. Subsequent studies identified potential anti-
gens such as heat shock protein 70 (HSP70) expressed by tubular
cells [29] and isoketals produced by local inflammatory cells as
potential autoantigens [30].

These autoantigens have an important role in stimulating T
cells [31, 32], as reviewed in [33]. CD4 and CD8 T cells [31, 34],
and memory T cells all play a critical role in hypertension, as
do B cells [35]. Conversely, T regulatory cells [36] correct or ame-
liorate hypertension. Proinflammatory cytokines, such as inter-
leukin (IL)-1, IL-6, IL-17, IL-18, IL-22 and interferon-γ , are also
involved [33, 37, 38]. Clinical studies have also identified both
autoantibodies and T cell reactivity to HSP70 in patients with
primary hypertension [29], and pilot clinical trials suggest im-
mune suppression can also improve blood pressure in subjects
with primary hypertension [39] andmay correct resistant hyper-
tension [40]. Genetic polymorphisms have also been identified
that predict primary hypertension likely by influencing the im-
mune response [41]. In summary, multiple studies now support
primary hypertension as another autoimmune disease [33].

HYPERURICEMIA AND THE INITIATION OF
HYPERTENSION

The observation that hypertension may be initiated by inter-
mittent renal ischemia which may cause episodic hyperten-
sion, which is then made constant by the development of per-
sistent renal ischemia driven by an autoimmune inflammatory

response, begs the question of what may be the initiating cause.
One potential mechanism could be a hyperactive sympathetic
nervous system (typeApersonality).Nevertheless, another com-
mon risk factor is hyperuricemia. Hyperuricemia has consis-
tently been found to be an independent risk factor for primary
hypertension [42], and its presence predicts hypertension even
in lean individuals who lack any metabolic risk factors [43]. Ad-
ditional support comes from Mendelian randomization studies
in which genetic polymorphisms that increase uric acid levels
are evaluated for their ability to predict primary hypertension.
While initial studies were negative [44, 45], a recent large trial
documented a significant association [46].

To evaluate uric acid as a potential risk factor, we raised
serumuric acid in rats by giving a uricase inhibitor.Uricase is the
hepatic enzyme that degrades uric acid, andwhile it is present in
mostmammals, uricasewas lost in our primate ancestors due to
a stepwise reduction in promoter activity until the enzyme was
silenced entirely in the mid-Miocene [47]. When uric acid was
raised, the rats developed mild hypertension, and this tended
to be greatest under low-salt dietary conditions [48]. The hype-
ruricemic rats developed renal vasoconstriction that could be
shown to be mediated by a uric acid–dependent stimulation of
the renin–angiotensin system, the induction of oxidative stress
and the inhibition of endothelial nitric oxide bioavailability [49–
51]. Importantly, the rats developed interstitial inflammation
and subtle tubular injury to the kidneys. When this happened,
the rats transitioned to salt-sensitive hypertension which per-
sisted even after the uricase inhibitor was stopped and the uric
acid levels returned to normal [52].

Consistent with this hypothesis, we found a strong relation-
ship between serum uric acid and primary hypertension in ado-
lescents, along with increased plasma renin activity and high
peripheral vascular resistance [53, 54]. Then, in a study led by
Daniel Feig, adolescents with newly diagnosed primary hyper-
tension were randomized to urate-lowering therapy in a double-
blind crossover design. Of those children who lowered their
uric acid to <5 mg/dL, nearly 85% became normotensive, while
placebo treatment had a minimal effect [54]. Further studies
showed a mild to moderate blood pressure–lowering effect in
cases of early hypertension,with less benefit apparent once kid-
ney disease developed [55–57].

SUGAR AND FRUCTOSE: A NOVEL ROLE IN
HYPERTENSION

The observation that hyperuricemiamay be a true risk factor for
hypertension could help explain the dramatic rise in hyperten-
sion worldwide, as serum uric acid levels have risen in parallel
with the rising prevalence of hypertension over the last century
[58]. The nextmysterywas determiningwhy serumuric acid lev-
els were increasing. One potential explanation is that obesity,
insulin resistance and diabetes were also increasing during that
time, and obesity and prediabetes are highly associated with hy-
peruricemia [59]. Indeed, an elevated serum uric acid was ini-
tially considered part of the metabolic syndrome [60].

Certain foods can also increase serum uric acid levels, espe-
cially alcohol and purine-rich meats. Nevertheless, the intake of
red meat tended to fall over the century. Fructose, the simple
sugar present in honey and fruits, raises uric acid [61, 62]. Im-
portantly, fructose is also a component in table sugar (sucrose)
and in the sweetener high fructose corn syrup (HFCS). During
the 20th century, these two added sugars skyrocketed such that
sugar/HFCS intake can account for one-sixth of the calories we
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ingest [63]. Metabolic syndrome also rose from being present in
just a small percentage of people to affecting one-quarter of the
adult US population [64].

We therefore began studying fructose, and found that if we
gave high doses of fructose to rats, they developed modest hy-
pertension with elevated uric acid levels [65, 66]. Similar to rats
with hyperuricemia, these animals also showed high glomeru-
lar pressures and reduced renal blood flow. They also developed
obesity, fatty liver, insulin resistance, dyslipidemia and features
of metabolic syndrome. When Takahiko Nakagawa treated the
animals with allopurinol to reduce their uric acid level, he found
that he could block the development of hypertension [66]. Simi-
lar resultswere shownwhenuric acidwas lowered by febuxostat
[67].What wasmore exciting in the study by Nakagawa et al. was
that the animals treated with allopurinol gained less weight and
developed less insulin resistance [66].

We were puzzled, as lowering uric acid should not have af-
fected the ability of fructose to act as a calorie, for uric acid is
not generated directly from fructose itself but instead is a side-
product of the first enzymatic reaction of fructose to fructose-
1-phosphate by the enzyme fructokinase [68, 69]. This phospho-
rylation of fructose reduces ATP to ADP and AMP, and triggers
the stimulation of an enzyme, AMP deaminase-2 (AMPD2), that
breaks down AMP to IMP and then to uric acid [68, 69].

As we further studied this adenine nucleotide degradation
pathway, we realized that the intracellular production of uric
acid resulted in the recruitment of both uric acid and NADPH
oxidase to the mitochondria causing stimulation of lipogenesis,
a blockade in fatty acid oxidation, and a reduction in oxidative
phosphorylation and ATP production [70–73]. The uric acid also
inhibited AMP-activated protein kinase [74, 75]. The net result
was that intracellular ATP levels fell but could not be replaced.
This initiated an alarm system that energy supplieswere endan-
gered and triggered a “survival” switch (reviewed in [76]) (Fig. 1).

Consistent with these findings, we found that if we gave a
soft drink to human volunteers, blood pressure and uric acid lev-
els increasedwithin 15min [77].Others also found that the acute
intake of 60 g of fructose caused an immediate rise in blood pres-
sure, whereas water ingestion did not [78]. Finally, in a study in
which fructose was given in large doses (200 g/day) for 2 weeks,
we found that fructose ingestion caused a marked rise in ambu-
latory blood pressure, but this was blocked in the group that had
the rise in uric acid prevented by taking allopurinol [79].

Interestingly, the administration of glucose (60 g) does not
raise blood pressure acutely in humans and is similar to what is
observed with water [78]. However, elevations in fasting glucose
do predict hypertension, but this likely reflects the development
of insulin resistance [80].

Epidemiological studies also documented that the intake of
soft drinks and fruit juices is associated with the development
of hypertension [81]. Interestingly, this was not observed with
fruit intake, likely because fruit contains antioxidants (vitamin
C), flavonols (such as epicatechin), potassium and fiber [82].

Our early studies focused on dietary fructose as a trigger for
hypertension and metabolic syndrome. However, we recognized
that fructose can also be produced in the body and that the
sole mechanism was the conversion of glucose to fructose via
the polyol pathway, in which glucose is first converted to sor-
bitol via aldose reductase (the rate-limiting enzyme), followed
by its conversion to fructose via sorbitol dehydrogenase [83].
While this pathway was well-recognized to occur in diabetes
in association with high intracellular and blood glucose levels,
we found that it could also be initiated by high glycemic foods
[84].We and others also found that other stimuli could stimulate
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Figure 1: Fructose metabolism results in intracellular ATP depletion and triggers
a survival response. (A) The metabolism of fructose by fructokinase (FK) results

in rapid ATP consumption with a fall in ATP and intracellular phosphate (Pi) in
the cell. The low intracellular phosphate activates the enzyme AMP deaminase-
2 (AMPD2) which removes the AMP substrate to make inosine monophosphate
(IMP) and eventually uric acid. The rise in intracellular uric acid results in the

translocation of the NADPH oxidase to the mitochondria resulting in oxidative
stress that suppresses oxidative phosphorylation. This is also associated with
an increase in lipogenesis and a block in fatty acid oxidation. (B) As ATP levels

fall, the survival response is stimulated as noted by hunger, foraging, excessive
food intake, reduced resting energy metabolism, fat storage, insulin resistance,
systemic inflammation and hypertension.

fructose production, including increased serum osmolality, is-
chemia and hypoxia [85–88]. Indeed, ischemia could also stim-
ulate the induction and expression of the fructokinase enzyme,
and it appears that the classic ischemia–reperfusion syndrome
that results in oxidative stressmay act in part via the production
and metabolism of fructose [86, 89].

These studies also provide an insight into why the uric-
ase mutation provided a natural survival advantage during the
Miocene, for the uricase mutation amplifies the increase of uric
acid in response to fructose [90]. In turn, this amplifies the ef-
fect of fructose to activate the survival switch [47, 91]. During
the mid-Miocene, global cooling led to seasonal starvation and
the near extinction of ancestral apes [92]. It is likely that when
the mutation occurred, it provided a survival advantage. In to-
day’s society, however, it may act like a thrifty gene, increasing
our risk for obesity (reviewed in [93]).
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Figure 2: Proposed pathogenic mechanism for how fructose could cause primary hypertension. Fructose can be provided directly in the diet (such as from added

sugars) or endogenously produced via the polyol pathway from high glycemic foods that provide the substrate, or from high-salt diet or uric acid (from umami foods)
that stimulate aldose reductase, the rate-limiting enzyme that converts the glucose to fructose. The net effect of fructose metabolism and elevated intracellular uric
acid is the activation of a “survival switch” that drives multiple metabolic responses. However, included in this response is an increase in salt absorption by the gut and
kidney, a rise in leptin that activates sympathetic central nervous system, a stimulation of vasopressin with its vasoconstrictive properties, and a uric acid–dependent

stimulation of the renin–angiotensin–aldosterone system (RAAS), the stimulation of oxidative stress and a fall in endothelial nitric oxide (NO) availability. Systemic
and renal vasoconstriction follow with a rise in blood pressure. Initially this is labile and intermittent, but over time the recurrent ischemia to the kidney stimulates
the expression of de novo antigens, HSP70, that induce an autoimmune response that maintains the renal vasoconstriction and elevated blood pressure. The renal

vasoconstriction then results in impaired sodium excretion, leading to a rise in salt concentration and a reactivation of the pathway via a positive feedback system
which helps maintain the elevation in blood pressure. Other factors, including genetic and congenital factors, can influence this pathway.

It should be mentioned that fructose metabolism has also
been shown to have a role in hypertension via other mecha-
nisms. First, the ingestion of fructose has been shown to stim-
ulate sodium absorption in the gut [94], sodium reabsorption in
the proximal tubule by stimulating the Na–H exchanger [95, 96]
and also in the distal tubule by stimulating the sodium–chloride
cotransporter [97]. Fructose also induces hypothalamic leptin re-
sistance, leading to obesity [98, 99]. Beautiful studies by Hall, De
Silva and others have shown that while leptin resistance results
in an impairment of leptin to quell hunger, the high levels of
leptin still act via the melanocortin system to stimulate the
sympathetic nervous system and contribute to hypertension
that occurs [100, 101]. Fructose metabolism may also result in
NAD consumption, and deficiency of its co-factor, sirtuin 1,
which might have a role in driving inflammation [102]. Finally,
rats given fructose develop tubulointerstitial injury and arteri-
olopathy similar to that observed in hyperuricemia, potentially
leading to salt-sensitive hypertension [65, 103].

IMPAIRED PRESSURE NATRIURESIS AND THE
MECHANISM BY WHICH SALT CAUSES
HYPERTENSION

The impairment in pressure natriuresis that is observed in pri-
mary hypertension is associated with a relative reduction in

the ability to excrete salt [104]. One of the classic hypothesized
mechanisms for how the impaired excretion of salt causes hy-
pertension was proposed by Guyton et al., who suggested that
the high-salt diet leads to extracellular volume expansion that
increases arterial pressure to excrete the salt. This is the primary
mechanism driving hypertension [6].

However, the concept that salt may act via expanding the ex-
tracellular volume is now being challenged, as more and more
data suggest that the retention of salt acts primarily by an effect
on serum osmolality [105–108]. Indeed, recent data suggest that
salt triggers inflammatory, metabolic and vascular effects pri-
marily by increasing serumosmolality and that these effects can
be shown in the brain and target tissues, such as the lympho-
cytes [109, 110].When a high-salt diet is ingested, vasopressin is
activated and water conservation occurs [111, 112], which min-
imizes but does not prevent the increase in serum osmolality.
While some natriuresis occurs, sodium can also be concentrated
in interstitial sites such as the skin [111–113].

One of the more striking findings is that the increase in
serum osmolality can stimulate the production of aldose re-
ductase in the polyol pathway, leading to fructose generation
[114]. Our group has found that a high-salt diet stimulates fruc-
tose production in the liver and brain, associated with increased
hepatic uric acid levels, even though serum uric acid does not
change [85]. Over time a high-salt diet is associated not only
with the development of hypertension and cardiac hypertrophy



1244 L. G. Sánchez-Lozada et al.

but also with the development of obesity, insulin resistance and
other features of themetabolic syndrome. Surprisingly,mice un-
able to metabolize fructose (fructokinase knockout mice) are
protected from metabolic syndrome and developing hyperten-
sion and cardiac hypertrophy [85]. This suggests that a high-salt
diet may act as an amplification loop that triggers additional
fructose and uric acid generation that can compound the hy-
pertensive state. One of the mechanisms may be via the stimu-
lation of vasopressin, as both high-salt diets and fructose stim-
ulate vasopressin production [115]. While the vasopressin 2 re-
ceptor is important in driving the urinary concentration mech-
anism, the vasopressin 1a can stimulate vasoconstriction and
hypertension, and stimulation of the vasopressin 1b receptor ap-
pears to have a role in driving themetabolic features of fructose-
induced metabolic syndrome [115].

These results imply that it is not the amount of salt we eat
that is critical but rather the effect of salt intake on osmolality.
This would require looking at the balance of salt and water in-
take. To evaluate this principle, we gave soup containing high
amounts of salt to human volunteers, some of whom were sup-
plemented with extra drinking water [116]. The group that only
received the high-salt diet developed an acute rise in serum os-
molality, blood pressure and vasopressin levels, but those who
were supplemented with water maintained serum osmolality in
the normal range and did not develop a hypertensive response
[116]. These findings align with numerous studies that reported
that an increase in the sodium concentration of 2–4 mOsm/L in
serum and cerebrospinal fluid, while still in the normal range of
sodium concentration, is associated with hypertension [117].

To further address this relationship of salt with blood pres-
sure, we performed an epidemiological study in a healthy
Japanese population. We found that serum sodium was a bet-
ter predictor for the development of hypertension than the ac-
tual amount of sodium ingested [118]. This observation might
also explain why thiazide diuretics (which tend to lower serum
sodium) are more effective than loop diuretics (which tend to
raise serum sodium) in treating hypertension, even though loop
diuretics are more effective at stimulating sodium excretion.

These new findings may also explain why aldosterone lev-
els are sometimes elevated in patients with metabolic syn-
drome. Indeed, it is known that some individuals will develop
resistant hypertension associatedwith elevated aldosterone lev-
els independent of the renin–angiotensin system or potassium
levels (often called “aldosterone breakthrough”). We have sug-
gested that this may reflect chronic adrenocorticotrophic hor-
mone (ACTH) release from the vasopressin 1b receptor stimula-
tion from fructose metabolism [119]. It is even possible that the
development of primary aldosteronomas may relate to chronic
ACTH stimulation in genetically predisposed individuals, possi-
bly similar to the development of tertiary hyperparathyroidism
in subjects with chronic kidney disease [119].

SUMMARY

It has been 150 years since Mahomed discovered primary
hypertension, and the cause of this condition remains under in-
vestigation. Our studies suggest that a primary stimulus is diets
high in fructose-containing sugar, salt and high glycemic carbo-
hydrates that generate endogenous production of fructose and
uric acid. Other dietary factors are very likely important, such
as alcohol and purine-containing foods that can raise uric acid.
Caffeine can raise blood pressure acutely, although it has mini-
mal effects on habitual coffee drinkers. Interestingly, vitamin C
(ascorbate) may help counter fructose and uric acid effects and

lower blood pressure [120]. Other factors that may increase the
risk for hypertension include genetic polymorphisms that mod-
ulate sodium handling in the kidney or immune function, and
congenital factors associated with low birth weight are impor-
tant, as well as psychological factors (Type A personality) and
drugs (such as cyclosporine). However, our data would suggest
that the fructose–uric acid pathway is themajormechanism ini-
tiating disease and is largely responsible for the dramatic rise in
the prevalence of hypertension in the 20th century.

We hypothesize that initially, these external stimuli drive re-
nal vasoconstriction, leading to subtle renal injury and inflam-
mation that reduces salt excretion. As salt is retained, there is
an increase in serum osmolality, which then triggers an ampli-
fying response linkedwith activation of sympathetic central ner-
vous system, stimulation of the renin–angiotensin–aldosterone
system and sodium retention, leading to a persistently hyper-
tensive state (Fig. 2). So, in many respects, hypertension can be
viewed as the consequence of persistent activation of an evo-
lutionary survival pathway (the fructose survival system). This
defense system has gone awry in a society where foods that can
both contain fructose and can stimulate fructose production are
plentiful.
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