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Abstract: Metabolic syndrome is manifested by visceral obesity, hypertension, glucose intolerance,
hyperinsulinism, and dyslipidemia. According to the CDC, metabolic syndrome in the US has
increased drastically since the 1960s leading to chronic diseases and rising healthcare costs. Hyper-
tension is a key component of metabolic syndrome and is associated with an increase in morbidity
and mortality due to stroke, cardiovascular ailments, and kidney disease. The pathogenesis of
hypertension in metabolic syndrome, however, remains poorly understood. Metabolic syndrome
results primarily from increased caloric intake and decreased physical activity. Epidemiologic studies
show that an enhanced consumption of sugars, in the form of fructose and sucrose, correlates with
the amplified prevalence of metabolic syndrome. Diets with a high fat content, in conjunction with
elevated fructose and salt intake, accelerate the development of metabolic syndrome. This review
article discusses the latest literature in the pathogenesis of hypertension in metabolic syndrome, with
a specific emphasis on the role of fructose and its stimulatory effect on salt absorption in the small
intestine and kidney tubules.
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1. Introduction

Metabolic syndrome is a cluster of conditions manifested by visceral obesity, hyperten-
sion, glucose intolerance, hyperinsulinism, and atherogenic dyslipidemia [1–4]. Data from
the Centers for Disease Control (CDC) indicate that 1 in 3 adults now fit the criteria for
metabolic syndrome [5]. This escalation correlates with the introduction of high fructose
corn syrup and elevated dietary salt intake that began in the late 1960s [6]. In addition,
recent studies indicate that the onset of obesity, type 2 diabetes, and metabolic syndrome is
on the rise in younger individuals and these are no longer conditions only affecting adults
and the elderly [7–11]. Chronic diseases driven by metabolic syndrome accounted for
approximately $543 billion in direct healthcare costs in the US in 2017 [12]. Hypertension
is a major component of metabolic syndrome and is associated with a significant increase
in premature morbidity and mortality due to stroke, cardiovascular ailment, and kidney
disease [1–4]. Although the increase in the incidence of metabolic syndrome is attributed to
increased caloric intake and decreased physical activity, the pathogenesis of hypertension
in this disease remains poorly understood.

Factors that are associated with metabolic syndrome [13,14], and contribute to the
development of hypertension include (1) obesity, (2) insulin resistance, (3) the Renin
Angiotensin Aldosterone system (RAAS), (4) catecholamines, (5) oxidative stress, (6) in-
flammatory mediators, (7) sleep apnea, and (8) fructose and salt overload. The role of each
of the above factors in metabolic syndrome will be discussed below.

Obesity. Visceral obesity has been proposed as an important player in the devel-
opment of hypertension [15–18]. Published studies show that adipose tissue may func-
tion as a major endocrine organ by enhancing the secretion of various substances, or
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adipocytokines, which include leptin, tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6),
angiotensinogen, and non-esterified fatty acids (NEFA) [19]. Adipocytokines may con-
tribute to the development of hypertension [19]. In support of this conclusion, it is worth
mentioning that enhanced fructose consumption elicits the development of chronic low-
grade inflammation and expansion of white adipose tissue in various models of metabolic
syndrome [20], which may ultimately contribute to the generation of hypertension.

The role of enhanced fructose and salt consumption in obesity and adipocytokine
elaboration has been documented [20–22]. These studies demonstrate that adipocytokines,
such as MCP-1, TNF-a, IL-6, and IL-17a, enhance renal sodium retention and alter vascular
tonicity leading to the development of hypertension [20–22].

Insulin resistance. In addition to visceral obesity, insulin resistance is a major contrib-
utor towards the onset of metabolic syndrome and has been proposed to play an important
role in the development of hypertension through several mechanisms [23–31]. Increased
fructose intake is closely associated with the development of insulin resistance [32,33]. Sev-
eral reports point to the anti-natriuretic effect of insulin (e.g., insulin-mediated enhanced
salt absorption in the kidney) as a major mechanism responsible for the development
of hypertension in metabolic syndrome [34]. It is noteworthy that the insulin resistance
in metabolic syndrome presents with an increased concentration of circulating insulin.
Given the fact that the anti-natriuretic effect of insulin is intact, this may lead to enhanced
kidney salt absorption in individuals with insulin resistance [35–37]. In a large study on
individuals with metabolic syndrome, the body mass index (BMI) and blood pressure
were directly associated with the enhanced fractional absorption of sodium in the proximal
tubule (PT) [38]. The highest age-adjusted levels of increased absorption of sodium in the
PT were detected in obese hypertensive and obese insulin-resistant participants. There
was also a direct association between uric acid and sodium absorption in the PT. The
effect of insulin on augmented expression and activity of Na+-K+-ATPase activity in the
PT has also been documented, which is consistent with enhanced salt absorption in the
PT by insulin [39]. There are reports indicating that increased circulating insulin may be
associated with greater epithelial sodium channel (ENaC) activity in the collecting duct
(CD) [40]. This latter assertion, however, has been disputed [41]. There are also reports indi-
cating that insulin increases sodium absorption in the kidney thick ascending limb of Henle
(TAL) [42]. Overall, insulin resistance is proposed to be associated with the development of
salt-sensitive hypertension through the anti-natriuretic effect of insulin [35,36,43].

The published data on the role of insulin on salt absorption in the PT point to insulin
enhancing salt absorption via NHE3 working in tandem with the basolateral NBCe1, as
well as the sodium/glucose symporter SGLT2 [44–48]. However, the role of enhanced
salt absorption in the distal nephron, including the sodium chloride co-transporter (NCC)
in the distal convoluted tubule (DCT) or ENaC in the CD, by insulin needs further in-
vestigation [49,50]. In vivo studies conducted in insulin-resistant individuals have also
demonstrated that high circulating insulin levels are associated with an increase in circulat-
ing levels of endothelin-1, a peptide produced by endothelial cells that has vasoconstrictor
activity [51], which could contribute to the generation of hypertension in insulin resistance.
Figure 1 is a schematic diagram demonstrating the stimulatory effect of insulin on salt
transporters in the kidney proximal tubule, the thick ascending limb of Henle, the distal
convoluted tubule, and the collecting duct.

Renin-Angiotensin-Aldosterone System (RAAS). The RAAS plays a crucial role in
blood pressure regulation by enhancing salt absorption in the kidneys, as well as by
modulating vascular tone. Overfeeding of rodents increases the adipocytes’ angiotensin II
concentration [52]. Further, the production of angiotensin II in adipose tissue and circulating
levels of aldosterone are increased in obese subjects [53]. Published reports indicate high
fructose consumption activates RAAS, thus contributing to the generation hypertension.
The improvement in BMI, either through diet or bariatric surgery, is associated with the
reduction in RAAS activity and hypertension in obese individuals [54]. Angiotensin II may
play additional roles in elevating blood pressure through the stimulation of RAS homology,
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Family A (RhoA) activity, and oxidative stress, which can inhibit Phosphatidylinositol
3-kinase/Protein Kinase B (PI3K/Akt) signaling, resulting in decreased nitrous oxide (NO)
in endothelial cells while increasing vasoconstriction [34].
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Figure 1. Schematic diagram depicting the stimulatory effect of insulin on salt transporters in the
kidney tubules. The prevailing studies indicate that activity of multiple transporters in various
nephron segments are upregulated in response to insulin and contribute to the enhanced transport of
sodium. Created with Biorender.

Catecholamine, oxidative stress, inflammatory mediators and sleep apnea. Several
studies have indicated a role for catecholamine (e.g., adrenalin and nor-adrenalin) over-
activity as a causative factor in the generation of hypertension in combination with obesity.
Serum catecholamine concentrations were significantly increased in obese individuals as
compared with lean individuals [34,55].

Oxidative stress due to increased generation of reactive oxygen species could result
from enhanced expression of NADPH-oxidase and super oxide dismutase in response to
high sodium levels [56–59]. These states are magnified in metabolic syndrome and are
linked with sodium retention and salt sensitivity [60]. Further, elevated levels of inflamma-
tory mediators may play an important role in the pathogenesis of hypertension in metabolic
syndrome [61,62], in part, through the induction of renal and vascular inflammation and
injury [63–66].

Obstructive sleep apnea (OSA) that has a high prevalence in individuals with metabolic
syndrome, and is associated with sympathetic overactivity and hypertension [67], can also
contribute to elevated blood pressure.

Most of the above factors (elevated circulating insulin, renin angiotensin aldosterone
system, oxidative stress, etc.) promote salt retention [24,68–70], which can contribute to the
development of tubular and vascular damage and the generation of hypertension.

Association of Obesity with Hypertension in the Million Veteran Program (MVP).
Published reports have pointed to a strong association between hypertension and obe-
sity [71,72], as well as dietary fructose and salt intake in metabolic syndrome [1–3]. The
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Million Veteran Program (MVP) is a database administered by the Veterans Administration
Department that has collected clinical and genetic data from over 900,000 veterans and
non-veteran individuals. We have analyzed the prevalence of hypertension and obesity in
MVP database as will be discussed below.

MVP database analysis: incidence of hypertension and obesity. We examined the
presence of hypertension, obesity, or their combination in our veteran population using the
MVP database [73,74]. Our analysis of the MVP data, which has the de-identified healthcare
records of 802,621 veterans, shows that 68.6% of all participants (550,400/802,621) have
hypertension (Figure 2A,B). These data were derived by performing a query using the
ICD10 diagnostic criteria specific for hypertension, such as essential hypertension, hyper-
tensive heart disease, hypertensive renal disease, unspecified secondary or pre-existing
hypertension, etc. Our analysis further indicated that 45.62% have obesity. The population
of veterans that suffer from both obesity and hypertension (Figure 2C) constitute 36.87% of
individuals identified in our analysis and may represent those that have developed or are
considered at risk for developing metabolic syndrome.

The data shows the gender and racial demographics in veterans (Figure 2A,B). As of
2022, the following age distributions were represented in the MVP database: (1) ages 18 to
49 made up 19% of the study; (2) ages 50 to 79 made up 73% of the study; and (3) ages 80 to
99 made up 9% of the study. The low number of female enrollees in the MVP database
reflects the total number of female veterans in US. When using obesity-specific (BMI > 30)
ICD10 codes in an MVP search, 275,200 of the participants (275,200/802,621 or 34.3%) were
identified as obese, with an overwhelming proportion of those (222,600/802,621 or 27.7%)
also displaying hypertension. It is highly plausible that the number of veterans diagnosed
with obesity is underreported due to a failure to include obesity as a diagnosis, since BMI
may not routinely be documented. Our search also revealed that 5400 veterans had under-
gone bariatric surgery (for BMI > 40) with an overwhelming number of those individuals
(4300) also carrying the diagnosis of hypertension. The above results demonstrate that
veterans, similar to the population at large, display a nearly epidemic proportion of obesity
with hypertension.

The Role of Enhanced Salt and Carbohydrate Consumption in the Pathogenesis
of Hypertension in Metabolic Syndrome. While age, sex, and age-related hormonal
changes may contribute to the development of metabolic syndrome [75–78], at its core, this
condition results from dietary habits (e.g., excess of energy due to increased caloric intake)
and decreased physical activity [79,80]. Therefore, treating obesity is a good strategy to
reverse the clinical features of metabolic syndrome. Both life modification approaches and
bariatric surgery have shown good promise.

Epidemiologic studies over the last three decades have shown that increased dietary
sugar intake correlates with the soaring prevalence of metabolic syndrome. In contrast, in-
dividuals consuming healthier diets (e.g., Mediterranean Diet) may display reduced levels
of obesity, hypertension, and incidence of metabolic syndrome [81–86]. According to the
American Heart Association [87–89], Americans are consuming ~355 calories/day of sugar,
mostly in the form of fructose (high-fructose corn syrup) and sucrose (a glucose/fructose
disaccharide found in high abundance in many processed foods, such as candy, ice cream,
breakfast cereals, canned foods, soda, and other sweetened beverages). In addition to
elevated levels of dietary sugars, the CDC reports that Americans consume more than
2–3 times the recommended amount of salt, raising the risk of hypertension, cardiovascular
disease, and kidney failure [87–90]. Published reports indicate that an enhanced consump-
tion of fructose is crucial to the generation of hypertension in metabolic syndrome both in
rodents [87–90] and humans [91–94].
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Figure 2. Prevalence of hypertension and obesity as extracted from MVP database. The number of
veterans with hypertension based on (A) gender and (B) racial demographics. (C) A Venn diagram
depicting the prevalence of hypertension, obesity, and both hypertension and obesity together in the
veteran population.

Pathways mediating carbohydrate and salt absorption in the small intestine. Car-
bohydrates, including glucose and fructose, are primarily absorbed in the small intestine
via distinct transporters. Glucose is predominantly absorbed via sodium/glucose cotrans-
porter 1 (SGLT1; SLC5A1) at the apical membrane, although glucose transporter 2 (GLUT2;
SLC2A2) may also play a role. Fructose is primarily absorbed via GLUT5 [89,95]. Fig-
ure 3 is a schematic diagram depicting the localization of GLUT2, GLUT5, and SGLT1 in
the small intestine. Although there is no cross-functional reactivity between GLUT5 and
SGLT1, increased consumption of either fructose or glucose enhances the expression of
both molecules [95–97].

Glucose-independent salt absorption in the small intestine is mediated via the chlo-
ride/base exchangers, down-regulated in adenoma (DRA; SLC26A3) and putative an-
ion transporter 1 (PAT1; SLC26A6), working in parallel with the Na+/H+ exchanger
3 (NHE3) [98–108]. Figure 4 (left panel) is a schematic diagram depicting the localiza-
tion of NHE3 and PAT1 in the small intestine. The basolateral Na+/K+ ATPase mediates
the exit of sodium to the blood in the small intestine; Figure 4 (right panel) illustrates the
apical localization of NHE3 and PAT1 on jejunal villi.



Int. J. Mol. Sci. 2023, 24, 4294 6 of 15

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 16 
 

 

Pathways mediating carbohydrate and salt absorption in the small intestine. Car-

bohydrates, including glucose and fructose, are primarily absorbed in the small intestine 

via distinct transporters. Glucose is predominantly absorbed via sodium/glucose cotrans-

porter 1 (SGLT1; SLC5A1) at the apical membrane, although glucose transporter 2 

(GLUT2; SLC2A2) may also play a role. Fructose is primarily absorbed via GLUT5 [89,95]. 

Figure 3 is a schematic diagram depicting the localization of GLUT2, GLUT5, and SGLT1 

in the small intestine. Although there is no cross-functional reactivity between GLUT5 and 

SGLT1, increased consumption of either fructose or glucose enhances the expression of 

both molecules [95–97].  

 

Figure 3. A schematic diagram demonstrating the localization of carbohydrate-absorbing transport-

ers in the small intestine under basal state (left panel) and in the presence of increased luminal fruc-

tose (right panel). Glut5 (right panel) has a thickened arrow reflecting its enhanced expression in 

the presence of increased luminal fructose. SGLT1 (right panel) has a thickened arrow indicating its 

increased expression and the consequent increase in sodium and glucose transport in the setting of 

elevated luminal fructose. Glut 2 (right panel) is moved to the apical membrane showing an en-

hanced absorption of fructose and glucose in the presence of heightened luminal fructose. In addi-

tion to increased expression of Glut5 and SGLT1, Glut2 shows increased membrane targeting to the 

apical membrane in the presence of increased luminal fructose. Created with Biorender. 

Glucose-independent salt absorption in the small intestine is mediated via the chlo-

ride/base exchangers, down-regulated in adenoma (DRA; SLC26A3) and putative anion 

transporter 1 (PAT1; SLC26A6), working in parallel with the Na+/H+ exchanger 3 (NHE3) 

[98–108]. Figure 4 (left panel) is a schematic diagram depicting the localization of NHE3 

and PAT1 in the small intestine. The basolateral Na+/K+ ATPase mediates the exit of so-

dium to the blood in the small intestine; Figure 4 (right panel) illustrates the apical locali-

zation of NHE3 and PAT1 on jejunal villi. 

Figure 3. A schematic diagram demonstrating the localization of carbohydrate-absorbing transporters
in the small intestine under basal state (left panel) and in the presence of increased luminal fructose
(right panel). Glut5 (right panel) has a thickened arrow reflecting its enhanced expression in the
presence of increased luminal fructose. SGLT1 (right panel) has a thickened arrow indicating its
increased expression and the consequent increase in sodium and glucose transport in the setting of
elevated luminal fructose. Glut 2 (right panel) is moved to the apical membrane showing an enhanced
absorption of fructose and glucose in the presence of heightened luminal fructose. In addition to
increased expression of Glut5 and SGLT1, Glut2 shows increased membrane targeting to the apical
membrane in the presence of increased luminal fructose. Created with Biorender.

Stimulatory effect of excessive fructose consumption on salt absorption in the small
intestine. Given that increased dietary carbohydrate (fructose) and salt consumption is
associated with hypertension, we asked whether there are close interactions between
fructose and salt in the intestine and/or the kidney. Our laboratories were the first to
show the identification of the glucose transporter isoform 5 (GLUT5 or SLC2A5) as the
main fructose absorbing transporter in the small intestine [95]. Our studies demonstrated
a dramatic impairment in fructose absorption in GLUT5 KO mice subjected to a high
fructose (HF) diet [95]. Furthermore, we demonstrated that GLUT5 KO mice have a very
low blood fructose concentration on either a HF diet or a normal chow [95]. These results
strongly support the conclusion that GLUT5 is the dominant fructose absorbing transporter
in the small intestine. Follow-up studies by other investigators have confirmed our findings
that GLUT5 is the main fructose absorbing transporter in the small intestine [97].

Molecules mediating fructose-stimulated salt absorption in the small intestine. The
emphasis on the pathogenesis of salt overload has predominantly focused on enhanced
salt absorption in the kidney tubules. However, less attention has been paid to enhanced
fructose-driven salt absorption in the intestine, a major contributor to salt overload in
metabolic syndrome [109]. Salt overload occurs as a result of elevated salt intake and
increased levels of osmolar sodium in the serum and interstitium [110,111]. A rise in salt
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intake can alter the osmolar sodium balance and lead to volume expansion and high blood
pressure [110–112]. Another factor that needs to be considered is the presence of non-
osmolar sodium in the skin and muscles that can act to buffer the changes caused by high
sodium levels via its sequestration [112,113]. The mobilization or retention of non-osmolar
sodium also plays an important role in the regulation of blood pressure [114–116].
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similar expression patterns on the apical membrane of jejunal villi (20× magnification; scale bar
100 µm). Schematic diagram created with Biorender.

Our laboratory was the first to identify the putative anion transporter (PAT1 or
SLC26A6) as the main apical Cl−/HCO3

− exchanger in the small intestine [103,105,106].
Our studies indicated that PAT1 is predominantly expressed on the apical membrane of
small intestinal villi, with very low expression in the large intestine [103,105,106]. In addi-
tion to PAT1, the other major apical Cl−/HCO3

− exchanger in the intestine is SLC26A3
(down-regulated in adenoma, or DRA). DRA is predominantly expressed in the large
intestine and at lower levels in the small intestine where it plays a critical role in chloride
absorption in both regions [99,102,104,107].

Given that the jejunum is the main location for the absorption of salt and fructose in the
GI tract, and given the identical localization of GLUT5 and PAT1 (and NHE3) on the apical
membrane of jejunum villi [109], we examined the effect of fructose on salt absorption and
salt transporters in the small intestine. Our studies demonstrated that luminal fructose
stimulated salt absorption in mouse perfused jejunum [95,109]. The expression levels
of GLUT5, PAT1, and NHE3 significantly increased in the jejunum of mice subjected to
an increased dietary fructose intake for 2 weeks [109]. The stimulatory effect of fructose on
salt absorption was significantly blunted in PAT1 deficient mice [109].

Taken together, our results indicate that PAT1 is the target of fructose activation in
the small intestine, which in collaboration with the Na+/H+ exchanger NHE3 mediates
fructose-stimulated salt absorption in the intestine. In addition, we showed that fructose
consumption impairs the excretion of salt by the kidney [109], leading to a state of salt
overload even in the early stages of increased dietary fructose in mice and rats [109]. We
further demonstrated that fructose-stimulated salt absorption in the intestine (via PAT1 and
NHE3 working in tandem) and the impairment of salt excretion by the kidney play essential
roles in the generation of fructose-induced hypertension [95,109]. This conclusion is based
on studies showing the prevention of hypertension in PAT1 KO mice on HF diet [109].
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A recent study showed a very robust enhancement in the expression of GLUT5 in the
small intestine of obese subjects vs. lean individuals [117,118]. The remarkable activation
of the fructose transporter GLUT5 in the small intestine of obese individuals [118] mimics
the upregulation of GLUT5 in the jejunum of rodents fed high fructose diets [95–97,109],
and points to the stimulatory role of increased fructose consumption on the expression of
GLUT5 in humans with metabolic syndrome/obesity.

The absorption of salt highlights the contribution of both chloride and sodium ab-
sorbing transporters working together. Published studies demonstrate that the Na+/H+

exchanger isoform 3 (NHE3) is the main sodium absorbing transporter in both the small
and large intestines [98,100,101,108]. These studies also demonstrate that the contribution
of the Na+/H+ exchangers NHE-2 and NHE-8 to salt absorption is minimal [99,102,103].
Similar to the small intestine, the kidney PT shows strong apical expression of NHE3 and
PAT1, along with GLUT5 [101,104,107].

Given that the jejunum is the main location for the absorption of salt and fructose
in the GI tract, and given the identical localization of GLUT5 and PAT1 on the apical
membrane of jejunum villi (Figures 3 and 4) and reference [109], we examined the effect
of luminal fructose on salt absorption and salt transporters in the small intestine. Our
studies demonstrated that luminal fructose stimulated salt absorption in mouse perfused
jejunum [95,109].

The expression levels of GLUT5 and PAT1 significantly increased in the jejunum of
mice subjected to an increased dietary fructose intake [109], and the stimulatory effect of
fructose on salt absorption was significantly blunted in mice deficient in PAT1 [95,109]. The
presence of GLUT5 is essential for the stimulatory effect of fructose on salt absorption, as
luminal fructose failed to stimulate salt absorption in GLUT5-deficient mice [95]. Taken
together, these studies demonstrate that fructose enhances salt absorption in the jejunum
by stimulating NHE3 and PAT1, with GLUT5 being essential for this process [95,109].

Effect of increased dietary fructose on renal salt excretion. The effect of increased
dietary fructose on salt excretion in male Sprague Dawley rats has been examined [109].
Animals were placed in metabolic cages, and after acclimation, were subjected to balance
studies. Daily urine collection and food intake measurements were performed for 5 consec-
utive days. Following the consumption of a normal diet for 24 h, animals were switched
to a HF diet for 4 days. Food intake was comparable amongst animals on normal chow
or on a HF diet. Results further indicated that daily urinary excretion of chloride and
sodium in rats on a HF diet was significantly reduced, when compared with the same rats
that were on a control diet before being switched to the HF diet (* p < 0.02, ** p < 0.005,
and *** p < 0.002 vs. control diet) [109]. These results indicate that increased dietary fructose
(and by inference sucrose) exerts two distinct effects on salt homeostasis: it enhances salt
absorption in the small intestine and reduces salt excretion in the kidney. The net effect of
these two alterations is the development of salt overload.

Published studies clearly indicate that fructose stimulates salt absorption in the small
intestine via the activation of PAT1 and NHE3 through a GLUT-5-dependent process.
Recent studies by Gonzalez et. al. further implicate the important role played by SGLT5
in sodium coupled fructose transport in the renal proximal tubule epithelium [119]. In
addition, fructose consumption impairs the excretion of salt by the kidneys. The effect
of fructose on enhanced salt absorption in the kidneys involves specific transporters in
multiple nephron segments, including the apical Na+/H+ exchanger, NHE3, SGLT5, and
GLUT5 in the proximal tubule; the apical Na-K-2Cl cotransporter, NKCC2, in the thick
ascending limb of Henle; and the apical Na-Cl cotransporter, NCC, in the distal convoluted
tubules [120–122]. The schematic diagram in Figure 5 depicts the impact of increased
dietary fructose on salt transporters in kidney tubules.
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Figure 5. A schematic diagram depicting the stimulatory effect of fructose on salt transporters in
the kidney tubules. Red arrows indicate kidney transporters that are affected by elevated levels of
dietary fructose, including SGLT5 and GLUT5 which move luminal fructose into the proximal tubule
and GLUT2 which acts to remove intracellular fructose from the cell. Created with Biorender.

It is worth mentioning that long-term fructose consumption causes insulin resistance
and increased circulating levels of insulin. The latter can contribute to enhanced salt
absorption in the kidneys by activating NHE3, NKCC2, NCC, and the ENaC in the proximal
tubule, the thick ascending limb of Henle, the distal convoluted tubule, and the collecting
duct, respectively [35,36,38–43]. Enhanced absorption of salt is associated with increased
expression of NADPH oxidase and superoxide dismutase, increased expression of reactive
oxygen intermediates, and oxidative injury [56–58].

Uric acid, high dietary fructose intake, and metabolic syndrome. Fructose consump-
tion raises uric acid production [123,124]. Recent data suggest that chronic hyperuricemia
can play a role in the genesis of hypertension and metabolic syndrome in rodents, as well
as in humans. Reductions in serum uric acid in fructose-fed rodents may attenuate several
features of metabolic syndrome. Uric acid has the potential to accelerate renal disease in
experimental animals and is associated with progressive renal disease in humans [123,124].
It is hypothesized that fructose-induced hyperuricemia may have a pathogenic role in
metabolic syndrome, possibly due to its ability to inhibit endothelial function.

Gut microbiome, obesity, and metabolic syndrome. Associations between the gut
microbiome, obesity, and metabolic syndrome have been investigated [4,125,126]. Recent in-
sights have generated a new perspective suggesting that our microbiota might be involved
in the development of these disorders [4,125,126]. Studies have demonstrated that obesity
and metabolic syndrome may be associated with profound changes in the gut microbiome.
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Furthermore, a metabolic syndrome phenotype can be induced through fecal transplants,
which corroborates the important role of the microbiota in this disease [4,125,126]. Dietary
composition and enhanced caloric intake appear to swiftly affect intestinal microbial com-
position and function; therefore, more studies are needed to ascertain the exact role of
altered gut microbiota in the genesis of obesity and metabolic syndrome.

The Western Diet and metabolic syndrome. In addition to high fructose and high
salt, the Western diet contains an increased fat content. This combination of high fat,
fructose, and salt intake has gained increasing attention with regard to the pathogenesis
of metabolic syndrome due to it vigorous similarity to the dietary conditions responsible
for other obesity-related conditions, such as nonalcoholic fatty liver disease (NAFLD) and
nonalcoholic steatohepatitis (NASH) [127,128].

The increased consumption of carbohydrates (specifically fructose), along with fatty
foods in rodents, causes obesity, elicits insulin resistance, exacerbates dyslipidemia [129],
and elevates systemic blood pressure [130]. In addition, increased dietary fructose exacer-
bates high fat-induced hyperinsulinemia, fasting hyperglycemia, and hypertension [130]. In
brief, the high-fat-high-fructose fed mice exhibited overt characteristics found in metabolic
syndrome, including obesity, severe insulin resistance, dyslipidemia, significant hyper-
uricemia and hypertension [20–22,129,130].

2. Conclusions

Taken as a whole, a picture emerges where excessive fructose and salt intake can
contribute to the development of multiple determinants of metabolic syndrome, including
insulin resistance, low grade inflammation, renin angiotensin aldosterone system activation,
elevated serum uric acid, and obesity. Coupled with the fructose-stimulated salt absorption
in the small intestine and kidney tubules, these alterations will lead to a state of salt overload
and eventual hypertension. Blocking or inhibiting the main carbohydrate-stimulated
salt absorbing molecules in the small intestine (NHE3, PAT1, and SGLT) and kidney
tubules (NHE3, NCC, and ENaC) may significantly blunt the generation of hypertension in
individuals with metabolic syndrome.

Author Contributions: Conceptualization, M.S.; methodology, S.B. and K.Z.; software, H.L.; vali-
dation, M.S., S.B. and K.Z.; formal analysis, M.S. and K.Z.; investigation, M.S., K.Z. and S.B.; data
curation, S.B. and H.L.; writing—original draft preparation, M.S., S.B. and K.Z.; writing—review and
editing, M.S., S.B. and K.Z.; visualization, S.B.; supervision, M.S.; project administration, M.S.; funding
acquisition, M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by United States Veterans Administration Department grant
number 2I01BX001000-10, Dialysis Clinic Inc. grant number DCI C-4149, National Institutes of Health
grant number NIH/NHLBIT32HL007736.

Institutional Review Board Statement: The animal study protocols were approved by the Insti-
tutional Review Board of The University of New Mexico (protocol code 23-201353; approved on
12 January 2023) and The New Mexico Veterans Health Care Medical Center (protocol code 1576503;
approved on 13 January 2023).

Informed Consent Statement: Not applicable.

Acknowledgments: These studies were supported by a VA Merit Review Award (2I01BX001000-11),
a Dialysis Clinic Inc. grant (DCI C-4149), and an NIH/NHLBI T32 HL007736, “Minority Institutional
Research Training Program (T32)”. T.C. Resta, PI; M.S. This research made use of the Fluorescence
Microscopy and Cell Imaging Shared Resource, which is supported in part by the University of New
Mexico Comprehensive Cancer Center Support Grant NCI P30CA118100, and the Department of
Pharmaceutical Sciences, College of Pharmacy preclinical imaging core. M.S. is a Senior Clinician
Scientist Investigator at the Veterans Administration Department.

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



Int. J. Mol. Sci. 2023, 24, 4294 11 of 15

References
1. Cornier, M.A.; Dabelea, D.; Hernandez, T.L.; Lindstrom, R.C.; Steig, A.J.; Stob, N.R.; Van Pelt, R.E.; Wang, H.; Eckel, R.H. The

metabolic syndrome. Endocr. Rev. 2008, 29, 777–822. [PubMed]
2. Misra, A.; Sharma, R.; Gulati, S.; Joshi, S.R.; Sharma, V.; Ghafoorunissa, G.; Ibrahim, A.; Joshi, S.; Laxmaiah, A.; Kurpad, A.; et al.

Consensus Dietary Guidelines for Healthy Living and Prevention of Obesity, the Metabolic Syndrome, Diabetes, and Related
Disorders in Asian Indians. Diabetes Technol. Ther. 2011, 13, 683–694. [CrossRef] [PubMed]

3. Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [CrossRef] [PubMed]
4. Sankararaman, S.; Noriega, K.; Velayuthan, S.; Sferra, T.; Martindale, R. Gut Microbiome and Its Impact on Obesity and

Obesity-Related Disorders. Curr. Gastroenterol. Rep. 2022, 25, 31–44. [CrossRef]
5. Moore, J.X.; Chaudhary, N.; Akinyemiju, T. Metabolic Syndrome Prevalence by Race/Ethnicity and Sex in the United States,

National Health and Nutrition Examination Survey, 1988–2012. Prev. Chronic Dis. 2017, 14, E24. [CrossRef]
6. Pickering, T.G. America the fat: Fast food and fructose. J. Clin. Hypertens. 2003, 5, 298–299. [CrossRef] [PubMed]
7. Beilin, L.; Huang, R.-C. Childhood obesity, hypertension, the metabolic syndrome and adult cardiovascular disease. Clin. Exp.

Pharmacol. Physiol. 2008, 35, 409–411. [CrossRef]
8. Leung, A.K.C.; Wong, A.H.; Hon, K.L. Childhood Obesity: An Updated Review. Curr. Pediatr. Rev. 2022, 18. [CrossRef]
9. Nehus, E.; Mitsnefes, M. Childhood Obesity and the Metabolic Syndrome. Pediatr. Clin. N. Am. 2018, 66, 31–43. [CrossRef]
10. Owens, S.; Galloway, R. Childhood Obesity and the Metabolic Syndrome. Curr. Atheroscler. Rep. 2014, 16, 436. [CrossRef]
11. Park, H.; Jun, S.; Lee, H.A.; Kim, H.S.; Hong, Y.S.; Park, H. The Effect of Childhood Obesity or Sarcopenic Obesity on Metabolic

Syndrome Risk in Adolescence: The Ewha Birth and Growth Study. Metabolites 2023, 13, 133. [CrossRef] [PubMed]
12. Waters, H.; Graf, M. America’s Obesity Crisis: The Health and Economic Costs of Excess Weight; Milken Institute: Santa Monica, CA,

USA, 2018.
13. Khan, S.R. Is oxidative stress, a link between nephrolithiasis and obesity, hypertension, diabetes, chronic kidney disease, metabolic

syndrome? Urol. Res. 2012, 40, 95–112. [CrossRef] [PubMed]
14. Zhang, L.; Zhang, W.H.; Zhang, L.; Wang, P.Y. Prevalence of overweight/obesity and its associations with hypertension, diabetes,

dyslipidemia, and metabolic syndrome: A survey in the suburban area of Beijing, 2007. Obes. Facts 2011, 4, 284–289. [CrossRef]
[PubMed]

15. Gelber, R.P.; Gaziano, J.M.; Manson, J.E.; Buring, J.E.; Sesso, H.D. A Prospective Study of Body Mass Index and the Risk of
Developing Hypertension in Men. Am. J. Hypertens. 2007, 20, 370–377. [CrossRef]

16. Kurukulasuriya, L.R.; Stas, S.; Lastra, G.; Manrique, C.; Sowers, J.R. Hypertension in obesity. Med. Clin. N. Am. 2011, 95, 903–917.
[CrossRef]

17. Mikhail, N.; Tuck, M.L. Epidemiological and Clinical Aspects of Obesity Related Hypertension. J. Clin. Hypertens. 2000, 2, 41–45.
18. Willett, W.C.; Dietz, W.H.; Colditz, G.A. Guidelines for Healthy Weight. N. Engl. J. Med. 1999, 341, 427–434. [CrossRef]
19. Vlasova, M.; Purhonen, A.K.; Jarvelin, M.R.; Rodilla, E.; Pascual, J.; Herzig, K.H. Role of adipokines in obesity-associated

hypertension. Acta Physiol. 2010, 200, 107–127. [CrossRef]
20. DiNicolantonio, J.J.; Mehta, V.; Onkaramurthy, N.; O’Keefe, J.H. Fructose-induced inflammation and increased cortisol: A new

mechanism for how sugar induces visceral adiposity. Prog. Cardiovasc. Dis. 2018, 61, 3–9. [CrossRef]
21. Lee, M.; Sorn, S.R.; Lee, Y.; Kang, I. Salt Induces Adipogenesis/Lipogenesis and Inflammatory Adipocytokines Secretion in

Adipocytes. Int. J. Mol. Sci. 2019, 20, 160. [CrossRef]
22. Lu, X.; Crowley, S.D. Inflammation in Salt-Sensitive Hypertension and Renal Damage. Curr. Hypertens. Rep. 2018, 20, 103.

[CrossRef] [PubMed]
23. da Silva, A.A.; do Carmo, J.M.; Li, X.; Wang, Z.; Mouton, A.J.; Hall, J.E. Role of Hyperinsulinemia and Insulin Resistance in

Hypertension: Metabolic Syndrome Revisited. Can. J. Cardiol. 2020, 36, 671–682. [CrossRef] [PubMed]
24. Fujita, T. Insulin resistance and salt-sensitive hypertension in metabolic syndrome. Nephrol. Dial. Transplant. 2007, 22, 3102–3107.

[CrossRef]
25. Ihm, S.-H.; Jang, S.-W.; Kim, O.-R.; Chang, K.; Oak, M.-H.; Lee, J.-O.; Lim, D.-Y.; Kim, J.-H. Decaffeinated green tea extract

improves hypertension and insulin resistance in a rat model of metabolic syndrome. Atherosclerosis 2012, 224, 377–383. [CrossRef]
26. Lind, L.; Lithell, H. Hypertension, hyperlipidemia, insulin resistance and obesity: Parts of a metabolic syndrome. Blood Press.

Suppl. 1992, 4, 49–54.
27. Müller-Wieland, D.; Kotzka, J.; Knebel, B.; Krone, W. Metabolic syndrome and hypertension: Pathophysiology and molecular

basis of insulin resistance. Basic Res. Cardiol. 1998, 93 (Suppl. S2), 131–134. [CrossRef]
28. Natali, A.; Ferrannini, E. Hypertension, insulin resistance, and the metabolic syndrome. Endocrinol. Metab. Clin. N. Am. 2004, 33,

417–429. [CrossRef]
29. Said, M.A.; Nafeh, N.; Abdallah, H. Spexin alleviates hypertension, hyperuricaemia, dyslipidemia and insulin resistance in high

fructose diet induced metabolic syndrome in rats via enhancing PPAR-G and AMPK and inhibiting IL-6 and TNF-alpha. Arch.
Physiol. Biochem. 2021, 1–6. [CrossRef]

30. Schnackenberg, C.G.; Costell, M.H.; Krosky, D.J.; Cui, J.; Wu, C.W.; Hong, V.S.; Harpel, M.R.; Willette, R.N.; Yue, T.L. Chronic
inhibition of 11 beta -hydroxysteroid dehydrogenase type 1 activity decreases hypertension, insulin resistance, and hypertriglyc-
eridemia in metabolic syndrome. Biomed. Res. Int. 2013, 2013, 427640. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/18971485
http://doi.org/10.1089/dia.2010.0198
http://www.ncbi.nlm.nih.gov/pubmed/21488798
http://doi.org/10.1007/s11906-018-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/29480368
http://doi.org/10.1007/s11894-022-00859-0
http://doi.org/10.5888/pcd14.160287
http://doi.org/10.1111/j.1524-6175.2003.02683.x
http://www.ncbi.nlm.nih.gov/pubmed/12939576
http://doi.org/10.1111/j.1440-1681.2008.04887.x
http://doi.org/10.2174/1573396318666220801093225
http://doi.org/10.1016/j.pcl.2018.08.004
http://doi.org/10.1007/s11883-014-0436-y
http://doi.org/10.3390/metabo13010133
http://www.ncbi.nlm.nih.gov/pubmed/36677058
http://doi.org/10.1007/s00240-011-0448-9
http://www.ncbi.nlm.nih.gov/pubmed/22213019
http://doi.org/10.1159/000331014
http://www.ncbi.nlm.nih.gov/pubmed/21921651
http://doi.org/10.1016/j.amjhyper.2006.10.011
http://doi.org/10.1016/j.mcna.2011.06.004
http://doi.org/10.1056/NEJM199908053410607
http://doi.org/10.1111/j.1748-1716.2010.02171.x
http://doi.org/10.1016/j.pcad.2017.12.001
http://doi.org/10.3390/ijms20010160
http://doi.org/10.1007/s11906-018-0903-x
http://www.ncbi.nlm.nih.gov/pubmed/30377822
http://doi.org/10.1016/j.cjca.2020.02.066
http://www.ncbi.nlm.nih.gov/pubmed/32389340
http://doi.org/10.1093/ndt/gfm409
http://doi.org/10.1016/j.atherosclerosis.2012.07.006
http://doi.org/10.1007/s003950050238
http://doi.org/10.1016/j.ecl.2004.03.007
http://doi.org/10.1080/13813455.2021.1899242
http://doi.org/10.1155/2013/427640
http://www.ncbi.nlm.nih.gov/pubmed/23586038


Int. J. Mol. Sci. 2023, 24, 4294 12 of 15

31. Ueno, H.; Saitoh, Y.; Mizuta, M.; Shiiya, T.; Noma, K.; Mashiba, S.; Kojima, S.; Nakazato, M. Fenofibrate ameliorates insulin
resistance, hypertension and novel oxidative stress markers in patients with metabolic syndrome. Obes. Res. Clin. Pract. 2011, 5,
e335–e340. [CrossRef] [PubMed]

32. Kretowicz, M.; Johnson, R.J.; Ishimoto, T.; Nakagawa, T.; Manitius, J. The Impact of Fructose on Renal Function and Blood
Pressure. Int. J. Nephrol. 2011, 2011, 315879. [CrossRef] [PubMed]

33. Student, J.; Sowers, J.; Lockette, W. THIRSTY FOR FRUCTOSE: Arginine Vasopressin, Fructose, and the Pathogenesis of Metabolic
and Renal Disease. Front. Cardiovasc. Med. 2022, 9, 883365. [CrossRef] [PubMed]

34. Yanai, H.; Tomono, Y.; Ito, K.; Furutani, N.; Yoshida, H.; Tada, N. The underlying mechanisms for development of hypertension
in the metabolic syndrome. Nutr. J. 2008, 7, 10. [CrossRef] [PubMed]

35. Soleimani, M. Insulin resistance and hypertension: New insights. Kidney Int. 2015, 87, 497–499. [CrossRef]
36. Sowers, J.R. Insulin resistance and hypertension. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H1597–H1602. [CrossRef]
37. Pina, A.F.; Borges, D.O.; Meneses, M.J.; Branco, P.; Birne, R.; Vilasi, A.; Macedo, M.P. Insulin: Trigger and Target of Renal Functions.

Front. Cell Dev. Biol. 2020, 8, 519. [CrossRef]
38. Strazzullo, P.; Barbato, A.; Galletti, F.; Barba, G.; Siani, A.; Iacone, R.; D’Elia, L.; Russo, O.; Versiero, M.; Farinaro, E.; et al.

Abnormalities of renal sodium handling in the metabolic syndrome. Results of the Olivetti Heart Study. J. Hypertens. 2006, 24,
1633–1639. [CrossRef]

39. Zhang, Y.; Ren, H.; Lu, X.; He, D.; Han, Y.; Wang, H.; Zeng, C.; Shi, W. Inhibition of D4 Dopamine Receptors on Insulin Receptor
Expression and Effect in Renal Proximal Tubule Cells. J. Am. Heart Assoc. 2016, 5, e002448. [CrossRef]

40. Pao, A.C. There and back again: Insulin, ENaC, and the cortical collecting duct. Physiol. Rep. 2016, 4, e12809. [CrossRef]
41. Nizar, J.M.; Dong, W.; McClellan, R.B.; Labarca, M.; Zhou, Y.; Wong, J.; Goens, D.G.; Zhao, M.; Velarde, N.; Bernstein, D.; et al.

Na+-sensitive elevation in blood pressure is ENaC independent in diet-induced obesity and insulin resistance. Am. J. Physiol.
Renal. Physiol. 2016, 310, F812–F820. [CrossRef]

42. DeFronzo, R.A.; Cooke, C.R.; Andres, R.; Faloona, G.R.; Davis, P.J. The effect of insulin on renal handling of sodium, potassium,
calcium, and phosphate in man. J. Clin. Investig. 1975, 55, 845–855. [CrossRef] [PubMed]

43. Sechi, L.A. Mechanisms of insulin resistance in rat models of hypertension and their relationships with salt sensitivity. J. Hypertens.
1999, 17, 1229–1237. [CrossRef] [PubMed]

44. Fuster, D.G.; Bobulescu, I.A.; Zhang, J.; Wade, J.; Moe, O.W. Characterization of the regulation of renal Na+/H+ exchanger NHE3
by insulin. Am. J. Physiol. Renal. Physiol. 2007, 292, F577–F585. [CrossRef] [PubMed]

45. Nakamura, M.; Satoh, N.; Suzuki, M.; Kume, H.; Homma, Y.; Seki, G.; Horita, S. Stimulatory effect of insulin on renal proximal
tubule sodium transport is preserved in type 2 diabetes with nephropathy. Biochem. Biophys. Res. Commun. 2015, 461, 154–158.
[CrossRef]

46. Nakamura, M.; Yamazaki, O.; Shirai, A.; Horita, S.; Satoh, N.; Suzuki, M.; Hamasaki, Y.; Noiri, E.; Kume, H.; Enomoto, Y.; et al.
Preserved Na/HCO3 cotransporter sensitivity to insulin may promote hypertension in metabolic syndrome. Kidney Int. 2015, 87,
535–542. [CrossRef]

47. Nakamura, N.; Matsui, T.; Ishibashi, Y.; Yamagishi, S.-I. Insulin stimulates SGLT2-mediated tubular glucose absorption via
oxidative stress generation. Diabetol. Metab. Syndr. 2015, 7, 48. [CrossRef]

48. Poulsen, S.B.; Fenton, R.; Rieg, T. Sodium-glucose cotransport. Curr. Opin. Nephrol. Hypertens. 2015, 24, 463–469. [CrossRef]
49. Blass, G.; Klemens, C.A.; Brands, M.W.; Palygin, O.; Staruschenko, A. Postprandial Effects on ENaC-Mediated Sodium Absorption.

Sci. Rep. 2019, 9, 4296. [CrossRef]
50. Chávez-Canales, M.; Arroyo, J.P.; Ko, B.; Vázquez, N.; Bautista, R.; Castañeda-Bueno, M.; Bobadilla, N.A.; Hoover, R.S.; Gamba,

G. Insulin increases the functional activity of the renal NaCl cotransporter. J. Hypertens. 2013, 31, 303–311. [CrossRef]
51. Sarafidis, P.A.; Bakris, G. Review: Insulin and endothelin: An interplay contributing to hypertension development? J. Clin.

Endocrinol. Metab. 2007, 92, 379–385. [CrossRef]
52. Engeli, S.; Schling, P.; Gorzelniak, K.; Boschmann, M.; Janke, J.; Ailhaud, G.; Teboul, M.; Massiéra, F.; Sharma, A.M. The

adipose-tissue renin-angiotensin-aldosterone system: Role in the metabolic syndrome? Int. J. Biochem. Cell Biol. 2003, 35, 807–825.
[CrossRef] [PubMed]

53. Goodfriend, T.L.; Egan, B.M.; Kelley, D.E. Aldosterone in obesity. Endocr. Res. 1998, 24, 789–796. [CrossRef] [PubMed]
54. Tanaka, M. Improving obesity and blood pressure. Hypertens. Res. 2020, 43, 79–89. [CrossRef]
55. Grassi, G.; Dell’Oro, R.; Facchini, A.; Quarti Trevano, F.; Bolla, G.B.; Mancia, G. Effect of central and peripheral body fat

distribution on sympathetic and baroreflex function in obese normotensives. J. Hypertens. 2004, 22, 2363–2369. [CrossRef]
[PubMed]

56. Johns, E.J.; O’Shaughnessy, B.; O’Neill, S.; Lane, B.; Healy, V. Impact of elevated dietary sodium intake on NAD(P)H oxidase and
SOD in the cortex and medulla of the rat kidney. Am. J. Physiol. Integr. Comp. Physiol. 2010, 299, R234–R240. [CrossRef]

57. Kitiyakara, C.; Chabrashvili, T.; Chen, Y.; Blau, J.; Karber, A.; Aslam, S.; Welch, W.J.; Wilcox, C.S. Salt Intake, Oxidative Stress, and
Renal Expression of NADPH Oxidase and Superoxide Dismutase. J. Am. Soc. Nephrol. 2003, 14, 2775–2782. [CrossRef]

58. Sedeek, M.; Nasrallah, R.; Touyz, R.M.; Hébert, R.L. NADPH oxidases, reactive oxygen species, and the kidney: Friend and foe. J.
Am. Soc. Nephrol. 2013, 24, 1512–1518. [CrossRef]

59. Hansell, P.; Welch, W.J.; Blantz, R.C.; Palm, F. Determinants of kidney oxygen consumption and their relationship to tissue oxygen
tension in diabetes and hypertension. Clin. Exp. Pharmacol. Physiol. 2013, 40, 123–137. [CrossRef]

http://doi.org/10.1016/j.orcp.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24331137
http://doi.org/10.4061/2011/315879
http://www.ncbi.nlm.nih.gov/pubmed/21792388
http://doi.org/10.3389/fcvm.2022.883365
http://www.ncbi.nlm.nih.gov/pubmed/35656391
http://doi.org/10.1186/1475-2891-7-10
http://www.ncbi.nlm.nih.gov/pubmed/18416854
http://doi.org/10.1038/ki.2014.392
http://doi.org/10.1152/ajpheart.00026.2004
http://doi.org/10.3389/fcell.2020.00519
http://doi.org/10.1097/01.hjh.0000239300.48130.07
http://doi.org/10.1161/JAHA.115.002448
http://doi.org/10.14814/phy2.12809
http://doi.org/10.1152/ajprenal.00265.2015
http://doi.org/10.1172/JCI107996
http://www.ncbi.nlm.nih.gov/pubmed/1120786
http://doi.org/10.1097/00004872-199917090-00001
http://www.ncbi.nlm.nih.gov/pubmed/10489099
http://doi.org/10.1152/ajprenal.00240.2006
http://www.ncbi.nlm.nih.gov/pubmed/17018843
http://doi.org/10.1016/j.bbrc.2015.04.005
http://doi.org/10.1038/ki.2014.351
http://doi.org/10.1186/s13098-015-0044-1
http://doi.org/10.1097/MNH.0000000000000152
http://doi.org/10.1038/s41598-019-40639-x
http://doi.org/10.1097/HJH.0b013e32835bbb83
http://doi.org/10.1210/jc.2006-1819
http://doi.org/10.1016/S1357-2725(02)00311-4
http://www.ncbi.nlm.nih.gov/pubmed/12676168
http://doi.org/10.3109/07435809809032689
http://www.ncbi.nlm.nih.gov/pubmed/9888579
http://doi.org/10.1038/s41440-019-0348-x
http://doi.org/10.1097/00004872-200412000-00019
http://www.ncbi.nlm.nih.gov/pubmed/15614031
http://doi.org/10.1152/ajpregu.00541.2009
http://doi.org/10.1097/01.ASN.0000092145.90389.65
http://doi.org/10.1681/ASN.2012111112
http://doi.org/10.1111/1440-1681.12034


Int. J. Mol. Sci. 2023, 24, 4294 13 of 15

60. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.;
Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Investig. 2004, 114, 1752–1761.
[CrossRef]

61. Grundy, S.M. Inflammation, hypertension, and the metabolic syndrome. JAMA 2003, 290, 3000–3002. [CrossRef]
62. Sesso, H.D. C-Reactive Protein and the Risk of Developing Hypertension. JAMA 2003, 290, 2945–2951. [CrossRef] [PubMed]
63. Ertuglu, L.A.; Kirabo, A. Dendritic Cell Epithelial Sodium Channel in Inflammation, Salt-Sensitive Hypertension, and Kidney

Damage. Kidney360 2022, 3, 1620–1629. [CrossRef] [PubMed]
64. Ertuglu, L.A.; Mutchler, A.P.; Yu, J.; Kirabo, A. Inflammation and oxidative stress in salt sensitive hypertension; The role of the

NLRP3 inflammasome. Front. Physiol. 2022, 13, 1096296. [CrossRef] [PubMed]
65. Krishnan, S.M.; Ling, Y.H.; Huuskes, B.M.; Ferens, D.M.; Saini, N.; Chan, C.T.; Diep, H.; Kett, M.M.; Samuel, C.S.; Kemp-Harper,

B.K.; et al. Pharmacological inhibition of the NLRP3 inflammasome reduces blood pressure, renal damage, and dysfunction in
salt-sensitive hypertension. Cardiovasc. Res. 2019, 115, 776–787. [CrossRef]

66. Pitzer, A.; Elijovich, F.; Laffer, C.L.; Ertuglu, L.A.; Sahinoz, M.; Saleem, M.; Krishnan, J.; Dola, T.; Aden, L.A.; Sheng, Q.; et al. DC
ENaC-Dependent Inflammasome Activation Contributes to Salt-Sensitive Hypertension. Circ. Res. 2022, 131, 328–344. [CrossRef]

67. Lam, J.C.; Ip, M.S. An update on obstructive sleep apnea and the metabolic syndrome. Curr. Opin. Pulm. Med. 2007, 13, 484–489.
[CrossRef]

68. Fujita, T. Mineralocorticoid receptors, salt-sensitive hypertension, and metabolic syndrome. Hypertension 2010, 55, 813–818.
[CrossRef]

69. Preston, R.A.; Afshartous, D.; Caizapanta, E.V.; Materson, B.J.; Rodco, R.; Alonso, E.; Alonso, A.B. Thiazide-Sensitive NCC
(Sodium-Chloride Cotransporter) in Human Metabolic Syndrome: Sodium Sensitivity and Potassium-Induced Natriuresis.
Hypertension 2021, 77, 447–460. [CrossRef]

70. Thuzar, M.; Stowasser, M. The mineralocorticoid receptor-an emerging player in metabolic syndrome? J. Hum. Hypertens. 2021,
35, 117–123. [CrossRef]

71. Hall, J.E.; do Carmo, J.M.; da Silva, A.A.; Wang, Z.; Hall, M.E. Obesity-induced hypertension: Interaction of neurohumoral and
renal mechanisms. Circ. Res. 2015, 116, 991–1006. [CrossRef]

72. Seravalle, G.; Grassi, G. Obesity and hypertension. Pharmacol. Res. 2017, 122, 2395–2399. [CrossRef] [PubMed]
73. Emdin, C.A.; Haas, M.E.; Khera, A.V.; Aragam, K.; Chaffin, M.; Klarin, D.; Hindy, G.; Jiang, L.; Wei, W.-Q.; Feng, Q.; et al. A

missense variant in Mitochondrial Amidoxime Reducing Component 1 gene and protection against liver disease. PLOS Genet.
2020, 16, e1008629. [CrossRef] [PubMed]

74. Kamali, Z.; Keaton, J.M.; Javanmard, S.H.; International Consortium of Blood Pressure; Program, M.V.; eQTLGen Consortium;
BIOS Consortium; Edwards, T.L.; Snieder, H.; Vaez, A. Large-Scale Multi-Omics Studies Provide New Insights into Blood Pressure
Regulation. Int. J. Mol. Sci. 2022, 23, 7557. [CrossRef] [PubMed]

75. Barja, G. Updating the Mitochondrial Free Radical Theory of Aging: An Integrated View, Key Aspects, and Confounding
Concepts. Antioxid. Redox Signal. 2013, 19, 1420–1445. [CrossRef]

76. Koh, E.H.; Lee, W.J.; Kim, M.-S.; Park, J.-Y.; Lee, I.K.; Lee, K.-U. Intracellular Fatty Acid Metabolism in Skeletal Muscle and Insulin
Resistance. Curr. Diabetes Rev. 2005, 1, 331–336. [CrossRef]

77. Olivetti, G.; Giordano, G.; Corradi, D.; Melissari, M.; Lagrasta, C.; Gambert, S.R.; Anversa, P. Gender differences and aging:
Effects on the human heart. J. Am. Coll. Cardiol. 1995, 26, 1068–1079. [CrossRef]

78. Park, Y.W.; Zhu, S.; Palaniappan, L.; Heshka, S.; Carnethon, M.R.; Heymsfield, S.B. The metabolic syndrome: Prevalence and
associated risk factor findings in the US population from the Third National Health and Nutrition Examination Survey, 1988–1994.
Arch. Intern. Med. 2003, 163, 427–436. [CrossRef]

79. Despres, J.P. Our passive lifestyle, our toxic diet, and the atherogenic/diabetogenic metabolic syndrome: Can we afford to be
sedentary and unfit? Circulation 2005, 112, 453–455. [CrossRef]

80. Gallardo-Alfaro, L.; Bibiloni, M.D.M.; Mascaró, C.M.; Montemayor, S.; Ruiz-Canela, M.; Salas-Salvadó, J.; Corella, D.; Fitó, M.;
Romaguera, D.; Vioque, J.; et al. Leisure-Time Physical Activity, Sedentary Behaviour and Diet Quality are Associated with
Metabolic Syndrome Severity: The PREDIMED-Plus Study. Nutrients 2020, 12, 1013. [CrossRef]

81. De Pergola, G.; D’Alessandro, A. Influence of Mediterranean Diet on Blood Pressure. Nutrients 2018, 10, 1700. [CrossRef]
82. Esposito, K.; Kastorini, C.-M.; Panagiotakos, D.B.; Giugliano, D. Mediterranean diet and metabolic syndrome: An updated

systematic review. Rev. Endocr. Metab. Disord. 2013, 14, 255–263. [CrossRef] [PubMed]
83. Finicelli, M.; Squillaro, T.; Di Cristo, F.; Di Salle, A.; Melone, M.A.B.; Galderisi, U.; Peluso, G. Metabolic syndrome, Mediterranean

diet, and polyphenols: Evidence and perspectives. J. Cell. Physiol. 2019, 234, 5807–5826. [CrossRef] [PubMed]
84. Giugliano, D.; Esposito, K. Mediterranean diet and metabolic diseases. Curr. Opin. Infect. Dis. 2008, 19, 63–68. [CrossRef]

[PubMed]
85. Muscogiuri, G.; Verde, L.; Sulu, C.; Katsiki, N.; Hassapidou, M.; Frias-Toral, E.; Cucalón, G.; Pazderska, A.; Yumuk, V.D.; Colao,

A.; et al. Mediterranean Diet and Obesity-related Disorders: What is the Evidence? Curr. Obes. Rep. 2022, 11, 287–304. [CrossRef]
[PubMed]

86. Park, Y.-M.M.; Steck, S.E.; Fung, T.T.; Zhang, J.; Hazlett, L.J.; Han, K.; Lee, S.-H.; Kwon, H.-S.; Merchant, A.T. Mediterranean diet,
Dietary Approaches to Stop Hypertension (DASH) style diet, and metabolic health in U.S. adults. Clin. Nutr. 2017, 36, 1301–1309.
[CrossRef]

http://doi.org/10.1172/JCI21625
http://doi.org/10.1001/jama.290.22.3000
http://doi.org/10.1001/jama.290.22.2945
http://www.ncbi.nlm.nih.gov/pubmed/14665655
http://doi.org/10.34067/KID.0001272022
http://www.ncbi.nlm.nih.gov/pubmed/36245645
http://doi.org/10.3389/fphys.2022.1096296
http://www.ncbi.nlm.nih.gov/pubmed/36620210
http://doi.org/10.1093/cvr/cvy252
http://doi.org/10.1161/CIRCRESAHA.122.320818
http://doi.org/10.1097/MCP.0b013e3282efae9c
http://doi.org/10.1161/HYPERTENSIONAHA.109.149062
http://doi.org/10.1161/HYPERTENSIONAHA.120.15933
http://doi.org/10.1038/s41371-020-00467-3
http://doi.org/10.1161/CIRCRESAHA.116.305697
http://doi.org/10.1016/j.phrs.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28532816
http://doi.org/10.1371/journal.pgen.1008629
http://www.ncbi.nlm.nih.gov/pubmed/32282858
http://doi.org/10.3390/ijms23147557
http://www.ncbi.nlm.nih.gov/pubmed/35886906
http://doi.org/10.1089/ars.2012.5148
http://doi.org/10.2174/157339905774574347
http://doi.org/10.1016/0735-1097(95)00282-8
http://doi.org/10.1001/archinte.163.4.427
http://doi.org/10.1161/CIRCULATIONAHA.105.553289
http://doi.org/10.3390/nu12041013
http://doi.org/10.3390/nu10111700
http://doi.org/10.1007/s11154-013-9253-9
http://www.ncbi.nlm.nih.gov/pubmed/23982678
http://doi.org/10.1002/jcp.27506
http://www.ncbi.nlm.nih.gov/pubmed/30317573
http://doi.org/10.1097/MOL.0b013e3282f2fa4d
http://www.ncbi.nlm.nih.gov/pubmed/18196989
http://doi.org/10.1007/s13679-022-00481-1
http://www.ncbi.nlm.nih.gov/pubmed/36178601
http://doi.org/10.1016/j.clnu.2016.08.018


Int. J. Mol. Sci. 2023, 24, 4294 14 of 15

87. Johnson, R.K.; Appel, L.J.; Brands, M.; Howard, B.V.; Lefevre, M.; Lustig, R.H.; Sacks, F.; Steffen, L.M.; Wylie-Rosett, J. Dietary
sugars intake and cardiovascular health: A scientific statement from the American Heart Association. Circulation 2009, 120,
1011–1020. [CrossRef]

88. Madero, M.; Perez-Pozo, S.E.; Jalal, D.; Johnson, R.J.; Sánchez-Lozada, L.G. Dietary Fructose and Hypertension. Curr. Hypertens.
Rep. 2011, 13, 29–35. [CrossRef]

89. Soleimani, M. Dietary fructose, salt absorption and hypertension in metabolic syndrome: Towards a new paradigm. Acta Physiol.
2011, 201, 55–62. [CrossRef]

90. Soleimani, M.; Alborzi, P. The Role of Salt in the Pathogenesis of Fructose-Induced Hypertension. Int. J. Nephrol. 2011, 2011,
392708. [CrossRef]

91. Genovesi, S.; Giussani, M.; Orlando, A.; Orgiu, F.; Parati, G. Salt and Sugar: Two Enemies of Healthy Blood Pressure in Children.
Nutrients 2021, 13, 697. [CrossRef]

92. Ha, V.; Sievenpiper, J.L.; de Souza, R.J.; Chiavaroli, L.; Wang, D.D.; Cozma, A.I.; Mirrahimi, A.; Yu, M.E.; Carleton, A.J.; Dibuono,
M.; et al. Effect of fructose on blood pressure: A systematic review and meta-analysis of controlled feeding trials. Hypertension
2012, 59, 787–795. [CrossRef] [PubMed]

93. Jalal, D.I.; Smits, G.; Johnson, R.J.; Chonchol, M. Increased Fructose Associates with Elevated Blood Pressure. J. Am. Soc. Nephrol.
2010, 21, 1543–1549. [CrossRef] [PubMed]

94. Janssen, L.E.; Simons, N.; Simons, P.I.; Schaper, N.C.; Feskens, E.J.; van der Ploeg, L.M.; Eynde, M.D.V.D.; Schalkwijk, C.G.;
Houben, A.J.; Stehouwer, C.D.; et al. Effects of fructose restriction on blood pressure: Secondary analysis of a double-blind
randomized controlled trial. Clin. Nutr. ESPEN 2022, 51, 97–103. [CrossRef] [PubMed]

95. Barone, S.; Fussell, S.L.; Singh, A.K.; Lucas, F.; Xu, J.; Kim, C.; Wu, X.; Yu, Y.; Amlal, H.; Seidler, U.; et al. Slc2a5 (Glut5) Is
Essential for the Absorption of Fructose in the Intestine and Generation of Fructose-induced Hypertension. J. Biol. Chem. 2009,
284, 5056–5066. [CrossRef]

96. Cui, X.-L.; Jiang, L.; Ferraris, R.P. Regulation of rat intestinal GLUT2 mRNA abundance by luminal and systemic factors. Biochim.
Biophys. Acta 2003, 1612, 178–185. [CrossRef]

97. Ferraris, R.P.; Choe, J.; Patel, C. Intestinal Absorption of Fructose. Annu. Rev. Nutr. 2018, 38, 41–67. [CrossRef]
98. Rieg, J.A.D.; Chavez, S.D.L.M.; Rieg, T. Novel developments in differentiating the role of renal and intestinal sodium hydrogen

exchanger 3. Am. J. Physiol. Integr. Comp. Physiol. 2016, 311, R1186–R1191. [CrossRef]
99. Höglund, P.; Haila, S.; Socha, J.; Tomaszewski, L.; Saarialho-Kere, U.; Karjalainen-Lindsberg, M.-L.; Airola, K.; Holmberg, C.; De

La Chapelle, A.; Kere, J. Mutations of the Down–regulated in adenoma (DRA) gene cause congenital chloride diarrhoea. Nat.
Genet. 1996, 14, 316–319. [CrossRef]

100. Kato, A.; Romero, M.F. Regulation of Electroneutral NaCl Absorption by the Small Intestine. Annu. Rev. Physiol. 2011, 73, 261–281.
[CrossRef]

101. Schultheis, P.J.; Clarke, L.L.; Meneton, P.; Miller, M.L.; Soleimani, M.; Gawenis, L.R.; Riddle, T.M.; Duffy, J.J.; Doetschman, T.;
Wang, T.; et al. Renal and intestinal absorptive defects in mice lacking the NHE3 Na+/H+ exchanger. Nat. Genet. 1998, 19, 282–285.
[CrossRef]

102. Schweinfest, C.W.; Spyropoulos, D.D.; Henderson, K.W.; Kim, J.-H.; Chapman, J.M.; Barone, S.; Worrell, R.T.; Wang, Z.; Soleimani,
M. slc26a3 (dra)-deficient Mice Display Chloride-losing Diarrhea, Enhanced Colonic Proliferation, and Distinct Up-regulation of
Ion Transporters in the Colon. J. Biol. Chem. 2006, 281, 37962–37971. [CrossRef] [PubMed]

103. Seidler, U.; Rottinghaus, I.; Hillesheim, J.; Chen, M.; Riederer, B.; Krabbenhöft, A.; Engelhardt, R.; Wiemann, M.; Wang, Z.; Barone,
S.; et al. Sodium and chloride absorptive defects in the small intestine in Slc26a6 null mice. Pflug. Arch. 2008, 455, 757–766.
[CrossRef] [PubMed]

104. Walker, N.M.; Simpson, J.E.; Yen, P.; Gill, R.K.; Rigsby, E.V.; Brazill, J.M.; Dudeja, P.K.; Schweinfest, C.W.; Clarke, L.L. Down-
regulated in Adenoma Cl/HCO3 Exchanger Couples with Na/H Exchanger 3 for NaCl Absorption in Murine Small Intestine.
Gastroenterology 2008, 135, 1645–1653. [CrossRef] [PubMed]

105. Wang, Z.; Petrovic, S.; Mann, E.; Soleimani, M. Identification of an apical Cl−/HCO3
− exchanger in the small intestine. Am. J.

Physiol. Gastrointest. Liver Physiol. 2002, 282, G573–G579. [CrossRef]
106. Wang, Z.; Wang, T.; Petrovic, S.; Tuo, B.; Riederer, B.; Barone, S.; Lorenz, J.N.; Seidler, U.; Aronson, P.S.; Soleimani, M. Renal and

intestinal transport defects in Slc26a6-null mice. Am. J. Physiol. Physiol. 2005, 288, C957–C965. [CrossRef]
107. Xiao, F.; Yu, Q.; Li, J.; Johansson, M.E.V.; Singh, A.K.; Xia, W.; Riederer, B.; Engelhardt, R.; Montrose, M.; Soleimani, M.; et al.

Slc26a3 deficiency is associated with loss of colonic HCO3
− secretion, absence of a firm mucus layer and barrier impairment in

mice. Acta Physiol. 2014, 211, 161–175. [CrossRef]
108. Zachos, N.C.; Tse, M.; Donowitz, M. Molecular physiology of intestinal Na+/H+ exchange. Annu. Rev. Physiol. 2005, 67, 411–443.

[CrossRef]
109. Singh, A.K.; Amlal, H.; Haas, P.J.; Dringenberg, U.; Fussell, S.; Barone, S.L.; Engelhardt, R.; Zuo, J.; Seidler, U.; Soleimani, M.

Fructose-induced hypertension: Essential role of chloride and fructose absorbing transporters PAT1 and Glut5. Kidney Int. 2008,
74, 438–447. [CrossRef]

110. Adrogué, H.J.; Madias, N.E. Sodium and Potassium in the Pathogenesis of Hypertension. N. Engl. J. Med. 2007, 356, 1966–1978.
[CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.109.192627
http://doi.org/10.1007/s11906-010-0163-x
http://doi.org/10.1111/j.1748-1716.2010.02167.x
http://doi.org/10.4061/2011/392708
http://doi.org/10.3390/nu13020697
http://doi.org/10.1161/HYPERTENSIONAHA.111.182311
http://www.ncbi.nlm.nih.gov/pubmed/22331380
http://doi.org/10.1681/ASN.2009111111
http://www.ncbi.nlm.nih.gov/pubmed/20595676
http://doi.org/10.1016/j.clnesp.2022.07.009
http://www.ncbi.nlm.nih.gov/pubmed/36184254
http://doi.org/10.1074/jbc.M808128200
http://doi.org/10.1016/S0005-2736(03)00129-9
http://doi.org/10.1146/annurev-nutr-082117-051707
http://doi.org/10.1152/ajpregu.00372.2016
http://doi.org/10.1038/ng1196-316
http://doi.org/10.1146/annurev-physiol-012110-142244
http://doi.org/10.1038/969
http://doi.org/10.1074/jbc.M607527200
http://www.ncbi.nlm.nih.gov/pubmed/17001077
http://doi.org/10.1007/s00424-007-0318-z
http://www.ncbi.nlm.nih.gov/pubmed/17763866
http://doi.org/10.1053/j.gastro.2008.07.083
http://www.ncbi.nlm.nih.gov/pubmed/18930060
http://doi.org/10.1152/ajpgi.00338.2001
http://doi.org/10.1152/ajpcell.00505.2004
http://doi.org/10.1111/apha.12220
http://doi.org/10.1146/annurev.physiol.67.031103.153004
http://doi.org/10.1038/ki.2008.184
http://doi.org/10.1056/NEJMra064486


Int. J. Mol. Sci. 2023, 24, 4294 15 of 15

111. Oberleithner, H.; Peters, W.; Kusche-Vihrog, K.; Korte, S.; Schillers, H.; Kliche, K.; Oberleithner, K. Salt overload damages the
glycocalyx sodium barrier of vascular endothelium. Pflug. Arch. 2011, 462, 519–528. [CrossRef]

112. Jhee, J.H.; Park, H.C.; Choi, H.Y. Skin Sodium and Blood Pressure Regulation. Electrolytes Blood Press. 2022, 20, 1–9. [CrossRef]
[PubMed]

113. Polychronopoulou, E.; Braconnier, P.; Burnier, M. New Insights on the Role of Sodium in the Physiological Regulation of Blood
Pressure and Development of Hypertension. Front. Cardiovasc. Med. 2019, 6, 136. [CrossRef] [PubMed]

114. Drummer, C.; Hesse, C.; Baisch, F.; Norsk, P.; Elmann-Larsen, B.; Gerzer, R.; Heer, M. Water and sodium balances and their
relation to body mass changes in microgravity. Eur. J. Clin. Investig. 2000, 30, 1066–1075. [CrossRef]

115. Heer, M.; Baisch, F.; Kropp, J.; Gerzer, R.; Drummer, C. High dietary sodium chloride consumption may not induce body fluid
retention in humans. Am. J. Physiol. Physiol. 2000, 278, F585–F595. [CrossRef]

116. Rakova, N.; Jüttner, K.; Dahlmann, A.; Schröder, A.; Linz, P.; Kopp, C.; Rauh, M.; Goller, U.; Beck, L.; Agureev, A.; et al. Long-Term
Space Flight Simulation Reveals Infradian Rhythmicity in Human Na+ Balance. Cell Metab. 2013, 17, 125–131. [CrossRef]

117. Foulke-Abel, J.; In, J.; Yin, J.; Zachos, N.C.; Kovbasnjuk, O.; Estes, M.K.; de Jonge, H.; Donowitz, M. Human Enteroids as a Model
of Upper Small Intestinal Ion Transport Physiology and Pathophysiology. Gastroenterology 2016, 150, 638–649.e8. [CrossRef]

118. Hasan, N.M.; Johnson, K.F.; Yin, J.; Baetz, N.W.; Fayad, L.; Sherman, V.; Blutt, S.E.; Estes, M.K.; Kumbhari, V.; Zachos, N.C.;
et al. Intestinal stem cell-derived enteroids from morbidly obese patients preserve obesity-related phenotypes: Elevated glucose
absorption and gluconeogenesis. Mol. Metab. 2021, 44, 101129. [CrossRef]

119. Gonzalez-Vicente, A.; Cabral, P.D.; Hong, N.J.; Asirwatham, J.; Saez, F.; Garvin, J.L. Fructose reabsorption by rat proximal tubules:
Role of Na+-linked cotransporters and the effect of dietary fructose. Am. J. Physiol. Physiol. 2019, 316, F473–F480. [CrossRef]

120. Ares, G.R.; Kassem, K.M.; Ortiz, P.A. Fructose acutely stimulates NKCC2 activity in rat thick ascending limbs by increasing
surface NKCC2 expression. Am. J. Physiol. Renal. Physiol. 2019, 316, F550–F557. [CrossRef]

121. Bahena-Lopez, J.P.; Rojas-Vega, L.; Chávez-Canales, M.; Bazua-Valenti, S.; Bautista-Pérez, R.; Lee, J.-H.; Madero, M.; Vazquez-
Manjarrez, N.; Alquisiras-Burgos, I.; Hernandez-Cruz, A.; et al. Glucose/Fructose Delivery to the Distal Nephron Activates the
Sodium-Chloride Cotransporter via the Calcium-Sensing Receptor. J. Am. Soc. Nephrol. 2022, 34, 55–72. [CrossRef] [PubMed]

122. Cabral, P.D.; Hong, N.J.; Khan, A.H.; Ortiz, P.A.; Beierwaltes, W.H.; Imig, J.; Garvin, J.L. Fructose Stimulates Na/H Exchange
Activity and Sensitizes the Proximal Tubule to Angiotensin II. Hypertension 2014, 63, e68–e73. [CrossRef] [PubMed]

123. Cirillo, P.; Sato, W.; Reungjui, S.; Heinig, M.; Gersch, M.; Sautin, Y.; Nakagawa, T.; Johnson, R.J. Uric acid, the metabolic syndrome,
and renal disease. J. Am. Soc. Nephrol. 2006, 17 (Suppl. S3), S165–S168. [CrossRef] [PubMed]
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