Healthcare 2015, 3, 233-251; doi:10.3390/healthcare3020233
OPEN ACCESS

healthcare
ISSN 2227-9032
www.mdpi.com/journal/healthcare
Review

NADPH Oxidase Activity in Cerebral Arterioles Is a Key
Mediator of Cerebral Small Vessel Disease—Implications
for Prevention
Mark F. McCarty
Catalytic Longevity, 7831 Rush Rose Dr., Apt 316, Carlsbad, CA 92009, USA;
E-Mail: markfmccarty@gmail.com; Tel.: +760-216-7272; Fax: +760-704-6379
Academic Editors: Samir Samman and Ian Darnton-Hill
Received: 1 December 2014 / Accepted: 8 April 2015 / Published: 15 April 2015

Abstract: Cerebral small vessel disease (SVD), a common feature of brain aging, is
characterized by lacunar infarcts, microbleeds, leukoaraiosis, and a leaky blood-brain barrier.
Functionally, it is associated with cognitive decline, dementia, depression, gait abnormalities,
and increased risk for stroke. Cerebral arterioles in this syndrome tend to hypertrophy and
lose their capacity for adaptive vasodilation. Rodent studies strongly suggest that activation
of Nox2-dependent NADPH oxidase activity is a crucial driver of these structural and
functional derangements of cerebral arterioles, in part owing to impairment of endothelial
nitric oxide synthase (eNOS) activity. This oxidative stress may also contribute to the breakdown
of the blood-brain barrier seen in SVD. Hypertension, aging, metabolic syndrome, smoking,
hyperglycemia, and elevated homocysteine may promote activation of NADPH oxidase in
cerebral arterioles. Inhibition of NADPH oxidase with phycocyanobilin from spirulina, as
well as high-dose statin therapy, may have potential for prevention and control of SVD, and
high-potassium diets merit study in this regard. Measures which support effective eNOS
activity in other ways—exercise training, supplemental citrulline, certain dietary flavonoids
(as in cocoa and green tea), and capsaicin, may also improve the function of cerebral arterioles.
Asian epidemiology suggests that increased protein intakes may decrease risk for SVD;
conceivably, arginine and/or cysteine—which boosts tissue glutathione synthesis, and can
be administered as N-acetylcysteine—mediate this benefit. Ameliorating the risk factors for
SVD—including hypertension, metabolic syndrome, hyperglycemia, smoking, and elevated
homocysteine—also may help to prevent and control this syndrome, although few clinical
trials have addressed this issue to date.
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1. Functional Importance of Cerebral Small Vessel Disease in Brain Aging
Dysfunction and structural remodeling of cerebral arterioles seems likely to play a central role in
the evolution of cerebral small vessel disease (SVD), characterized by silent lacunar infarcts, chronic or
episodic ischemia, microbleeds, and the rarefaction of white matter giving rise to leukoaraiosis [1–3]. The
progression of SVD has been linked to impaired cognitive function, sometimes evolving to vascular
dementia, depression, as well as gait and balance disorders that increase risk for falling. Not surprisingly,
the presence and progression of SVD is predictive of stroke risk.
The pathogenesis of SVD is distinct from that of large vessel atherogenesis, and is still somewhat
mysterious. Elevation of LDL cholesterol, virtually a sine qua non for the development of atherosclerosis,
has not emerged as a clear determinant of SVD risk, and SVD and vascular dementia have been relatively
common in East Asian societies when coronary disease was rare. Systolic hypertension and aging are the
best documented risk factors for SVD. Metabolic syndrome, smoking, and elevations of homocysteine and
asymmetric dimethylarginine (ADMA) have also been associated with increased SVD risk in some studies.
2. Activation of NAPDH Oxidase in Cerebral Arterioles Is Central to the Pathogenesis of SVD
Although mitochondria generate superoxide at a steady low rate (which can be markedly amplified
in certain pathological circumstances), the chief physiologically regulated sources of superoxide in
most tissues are NADPH oxidase complexes, which occur in a range of isoforms. In cerebrovascular
endothelium, the chief forms of NADPH oxidase that have been characterized are Nox1, Nox2, and
Nox4-dependent; in humans (but not rodents), Nox5 is also expressed [4] Total NADPH oxidase activity
in the cerebrovasculature, as opposed to systemic arteries, has been determined to be “profoundly
greater” [5]. Studies with Nox2-knockout mice demonstrate that, though expression of Nox1 and Nox4
mRNAs in cerebrovascular endothelium has been found to be greater than that of Nox2, at least in basilar
arteries, Nox2 activity can have important pathophysiological consequences [4,6].
Accumulating evidence cited below suggests that activation of the Nox2 form of NADPH oxidase in
cerebral arterioles is a key mediator of the structural and functional derangements of cerebral arterioles
associated with SVD. These arterioles, via adaptive vasodilation or constriction, play a crucial role in
regulating brain blood flow in line with the metabolic demands of brain tissue. Excess superoxide
production via NADPH oxidase impairs adaptive vasodilation by directly scavenging nitric oxide, and
by inhibiting or uncoupling the endothelial NO synthase (eNOS). Oxidative stress, only in part because
of its inhibitory impact on NO bioactivity, also appears to drive the structural remodeling (hypertrophy
or inward remodeling) of cerebral arterioles observed in SVD, and can also promote leakiness of the
blood-brain barrier.
Recent studies by Chan and Baumbach have been particularly illuminating in these respects. These
researchers increased blood pressure selectively in the right carotid artery of mice by transverse aortic
banding, and after 8 weeks observed the function and structure of cerebral arterioles on the surface of
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the right and left cortices—the left-sided arterioles being used as a control [7]. Some of the mice in this
study were genetically Nox2 deficient, and some were pretreated with the eNOS inhibitor L-NAME.
In wild-type mice, the vasodilatory response to acetylcholine was markedly blunted in the right arterioles
as compared to those on the left, whereas response to the NO-generator sodium nitroprusside did not
differ. Similarly, the cross-sectional areas of the right arteriolar vessel walls were increased relative to
those of the left arterioles. An increase of oxidative stress (superoxide) was noted in the right-sided
arterioles as compared to the left. Remarkably, these alterations of structure and function of the right-sided
arterioles, as well as the associated increase in superoxide, were not seen in the Nox2-deficient mice,
suggesting that they were dependent on evoked Nox2 activity. Pre-treatment with L-NAME decreased
the vasodilatory response to acetylcholine in all arterioles, and Nox2 deficiency offered no protection in
this regard—suggesting that the benefit of this deficiency reflected a preservation of NO bioactivity.
Although L-NAME treatment caused a modest but statistically non-significant increase of vessel
cross-sectional area in the left arterioles, Nox2 deficiency still prevented an increase of this area in the
right-sided arterioles of L-NAME-treated mice—suggesting that oxidative stress contributed to vascular
hypertrophy in the right-sided arterioles through mechanisms at least partially independent of NO
activity. Studies employing rat aortic smooth muscle cells indicate that hydrogen peroxide, via sequential
stimulation of Nox1 and ASK1 activity within these cells, can drive smooth muscle cell hypertrophy [8].
In aggregate, these findings suggest that hypertension activates Nox-2-dependent NADPH oxidase
activity in cerebral arterioles, and the resultant oxidative stress blunts vasodilation mediated by
eNOS-generated NO. This oxidative stress also induces arteriolar hypertrophy, an effect that is seen
even in the absence of NO. How hypertension achieves this activation is not clear, but previous
research has established that the cyclic strain associated with hypertension can activate NADPH oxidase in
endothelial cells [9].
In an analogous study, these researchers showed that 4-week continuous infusion of angiotensin II
led to increased oxidative stress and an inward remodeling—characterized by narrowing of the arterial
lumen and decrease in external diameter—in the cerebral arterioles of mice; these changes were absent
in Nox2-deficient mice [10]. A much earlier study had shown that topical application of angiotensin
II impeded bradykinin-induced vasodilation in the pial arteries of rabbits, but that pre-treatment with
the superoxide scavenger Tiron or the NADPH oxidase inhibitor DPI prevented this effect [11]. In an
analogous study, angiotensin II infusion in mice blocked the homeostatically appropriate increase in cerebral
blood flow evoked by a mechanical manipulation. No such effect was observed in mice pre-treated with
losartan (AT1 receptor antagonist) or tiron, or in Nox2-deficient mice [12].
A number of other studies have shown that various pathogenic measures—type 1 diabetes, exposure
to alcohol, nicotine, or cigarette smoke—inhibit the eNOS-dependent vasodilation evoked by acetylcholine
or ADP in the pial arterioles of rats, but that administration of the NADPH oxidase inhibitor apocynin
largely blunted this effect [13–16]. In mice fed a high-fat diet for up to 36 weeks to induce obesity and
moderate hyperglycemia, acetylcholine-provoked vasodilation of cerebral arterioles was impaired; this
effect was largely corrected by the superoxide scavenger tempol [17]. Arteriolar vasodilation remained
normal when nox2-deficient mice were made similarly obese with a high-fat diet. In light of the fact that
aging per se is a prominent risk factor for SVD, it is intriguing that eNOS-dependent vasodilation of cerebral
arterioles is impaired in aged rats, as contrasted to adult rats; treatment with tempol, or the NADPH
oxidase inhibitors apocynin and DPI, restored normal vasodilation in these aged rats [18]. An age-related
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up-regulation of NADPH oxidase activity in cerebral arterioles may therefore help to explain why SVD
is most common in the elderly.
Hence, if the behavior of cortical cerebral arterioles in rodents is a reasonable model for the behavior
of human cerebral arterioles, activation of Nox2-dependent NADPH oxidase activity in these arterioles
appears likely to be a key mediator of the structural and functional arteriolar derangements that are at
the root of SVD. Speaking in favor of this view are recent cross-sectional epidemiological studies
demonstrating inverse correlations between serum bilirubin levels and risk for silent cerebral infarcts
(primarily lacunar infarcts) and leukoaraiosis in humans [19,20]. Intracellularly, in low nanomolar
concentrations, free bilirubin functions as an inhibitor of NADPH oxidase complexes [21–24]. The
superior vascular health often correlated with elevated serum bilirubin is thought to reflect either a direct
antioxidant effect of this bilirubin on cells, and/or an increased genetic propensity to generate bilirubin
within cells via heme oxygenase activity [25–28].
3. What Factors Activate NADPH Oxidase in Cerebral Arterioles?
If this hypothesis has validity, it becomes important to define the range of pathogenic factors which
can activate NADPH oxidase in cerebral arterioles. The impact of hypertension and angiotensin II in this
regard has been discussed. It is notable that saturated fatty acids (mediators of the lipotoxicity of metabolic
syndrome), homocysteine, semi-stable organic compounds in cigarette smoke, and hyperglycemia have
been reported to boost NADPH oxidase activity in endothelial cells [29–38]. Potentially, such effects
could rationalize epidemiology linking SVD to metabolic syndrome, diabetes, smoking, and elevated
homocysteine. It has been postulated that marinobufagenin, an endogenously produced triterpenoid thought
to mediate much of the pathogenicity of high-salt diets, can also increase endothelial NADPH oxidase
activity [39–41]. Indeed, a short-term high-salt diet in Sprague-Dawley rats, which failed to raise systemic
blood pressure, nonetheless inhibited the vasodilatory response of pial arterioles to acetylcholine or
iloprost [42]. This study did not evaluate the role of NADPH oxidase in this effect. The high risk for
stroke and vascular dementia in East Asian societies whose traditional diets are very high in salt and low
in potassium is paralleled by a high prevalence of lesions in small intracerebral arteries noted in autopsy
studies; risk for stroke in these societies appears to be higher than could be predicted from blood pressure
per se [43–46].
A key feature of leukoaraiosis is increased blood–brain barrier permeability [47–49]. Hence, it is
intriguing to note that endothelial oxidative stress tends to impede the formation of endothelial tight
junctions [50–54]. Arguably, NADPH oxidase over-activity could be at the root of this phenomenon
as well. Marinobufagenin has been reported to increase the permeability of brain endothelial cell
monolayers [55].
4. Practical Strategies for Preventing Cerebral Small Vessel Disease
With respect to the prevention or control of SVD, it may be useful to consider what measures could
be employed to suppress the NADPH oxidase activity of cerebral arterioles. Statin therapy in an adequately
high dose has the potential to inhibit NADPH oxidase activity by suppressing the isoprenylation of Rac,
which plays a role in the assembly of NADPH oxidase complexes [56,57]. A recent small open clinical
study has concluded that treatment of patients with leukoaraisosis with 80 mg simvastatin daily can
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increase cerebral blood flow in both gray and white matter [58]—this despite the fact that LDL cholesterol
is not a clear risk factor for SVD.
Cyanobacteria such as spirulina contain high concentrations of the biliverdin metabolite phycocyanobilin
(PhyCB). Within cells, PhyCB is converted via biliverdin reductase to the close bilirubin homologue
phycocyanorubin [59]. PhyCB has been shown to be a potent inhibitor of NADPH oxidase complexes
in human cells, in a manner quite analogous to biliverdin/bilirubin [60,61]. Since there are no rich natural
sources of biliverdin or bilirubin, and since these agents are expensive to synthesize, it is of particular
interest that PhyCB can constitute about 0.6% of spirulina by dry weight (reflecting the fact that it
functions to harvest light energy, much like chlorophyll does) [61]. Moreover, the remarkable range of
anti-inflammatory and cytoprotective effects of orally administered spirulina (or of phycocyanin, the
spirulina protein which contains PhyCB as a chromophore) reported in a number of rodent studies,
encourage the view that orally administered PhyCB has the potential to act as a nutraceutical inhibitor
of NADPH oxidase complexes [61,62].
In this regard, orally administered spirulina, and parenterally administered phycocyanin or PhyCB,
has been shown to be markedly protective to the brain in rodent models of stroke, with or without
reperfusion [63–66]. These findings can be rationalized by evidence that NAPDH oxidase activation is
an important mediator of ischemia-reperfusion damage in stroke, and mediates the inflammation and
oxidative stress in the stroke penumbra when the vascular occlusion is permanent [67–69]. Hence, it is
reasonable to suspect that oral administration of whole spirulina, or spirulina extracts enriched in PhyCB,
might be useful for preventing or controlling SVD. This hypothesis could be evaluated by noting the
impact of spirulina/PhyCB on cerebral arteriolar structure and function in rodents subjected to hypertension,
angiotensin II, or the other suspected risk factors for SVD cited above.
High potassium diets are associated with a notable decrease in stroke risk [70–73]. There is some
evidence that a modest increase in serum potassium, such as that achievable with a high-potassium diet,
can decrease endothelial NADPH oxidase activity while increasing eNOS activation, owing to a mild
hyperpolarizing impact on the plasma membrane [74–76]. It would be of interest to determine the impact
of potassium-rich diets in rodent models of cerebral arteriolar dysfunction. In spontaneously hypertensive
rats fed a high-salt diet, an increase in potassium intake which failed to modify the elevated blood pressure
of the rats nonetheless markedly lowered the number of brain infarcts and hemorrhages, reduced mortality,
and decreased hypertrophy of mesenteric arterioles [70]. Intriguingly, the people of the Melanesian island of
Kitava, who ingest very modest amounts of salt and have an exceptionally high potassium intake (from
their dietary staple, yams), appear to be virtually free of hypertension, stroke, and dementia into advanced
old age [77–79].
Arguably, measures which control hypertension, block angiotensin II activity, diminish elevated
homocysteine, and ameliorate metabolic syndrome, may have potential for blocking NADPH oxidase
activity in cerebral arterioles and preventing SVD; avoiding tobacco smoke and high salt intakes may
also be useful in this regard. With respect to homocysteine, it is clear that controlling high-normal
homocysteine with vitamin therapy (folate, B12, B6) fails to prevent coronary events; however, some
but not all meta-analyses of controlled trials suggest that such supplementation may achieve a small
reduction in stroke risk [80,81]. Hence, the possibility that homocysteine control could influence the
course of cerebral SVD should not be dismissed out of hand. An association of the methylene tetrahydrofolate
reductase polymorphism C677T with leukoaraiosis is of interest in this regard [82].
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5. Further Measures for Supporting eNOS Activity
In addition, measures which support effective eNOS activity might be able to compensate to some
degree for the adverse impact of oxidative stress on eNOS activity. Levels of serum asymmetric
dimethylarginine (ADMA) are elevated in patients with cerebral SVD, compatible with the possibility
that supplementation with citrulline (or arginine) could aid eNOS function in cerebral arterioles [83–85].
Although high-dose folate has utility for promoting recoupling of eNOS in vascular endothelium [86–90]
(likely because the scavenging activity of reduced folates prevents peroxynitrite-mediated oxidation of
tetrahydrobiopterin), it may not have access to the cerebral endothelium forming the blood–brain barrier.
The high-capacity, low-affinity reduced folate carrier required for endothelial uptake of high concentrations
of folate does not appear to be expressed by the lumenal membrane of cerebrovascular endothelium;
rather, the high-affinity membrane-bound folate receptor, which is near-saturated at normal low-nanomolar
plasma levels of folate, appears to mediate folate transport into cerebrovascular endothelium [91,92].
In rat studies, the episodic sheer stress associated with aerobic exercise training increases the expression
of eNOS in both conductance and resistance arteries [93]. This may explain why such training enhances
the vasodilatory responsiveness of cerebral arterioles in mice that are diabetic, exposed to nicotine, or
subjected to transient focal ischemia of the brain [94–96]. The impact of exercise training on risk for
cerebral SVD in humans appears to so far have received little attention from epidemiologists. However,
one recent study found that daily time spent walking correlated inversely and dose-dependently with risk
for stroke in elderly men [97].
Certain dietary flavonoids, such as cocoa flavanols (epicatechin) and quercetin, have the potential to
stimulate eNOS activity by an interaction with the endothelial plasma membrane; [98–100] a report that
ingestion of cocoa flavanols can acutely increase blood flow in certain brain regions suggests that this
effect may be pertinent to cerebral arterioles [101]. Perhaps more importantly, most pertinent studies
conclude that these agents—as well as the catechins in green tea—can amplify the endothelium-dependent
vasodilation of systemic arteries triggered by shear stress or acetylcholine [98,102–108]. Of particular
interest is a study demonstrating that in an atherosclerosis-prone strain of mouse, chronic catechin treatment
improves flow-mediated and acetylcholine-mediated vasodilation of cerebral arteries, while improving
the learning abilities of the mice [107].
Endothelial cells express transient receptor potential vanilloid 1 (TRPV1) receptors which allow
influx of calcium when activated by heat, acidity, certain endogenous lipid metabolites, and the pungent
phytochemical capsaicin [109]. In vitro, capsaicin induces increased expression and activation of eNOS
in endothelial cells [110,111]. Moreover, in wild-type but not TRPV1 knockout mice, dietary capsaicin
enhances endothelium-dependent vasodilation [112]. When fed at 0.02% of diet to spontaneously
hypertensive stroke-prone rats, capsaicin increased the activation and expression of eNOS in cerebral
arteries, decreased arteriolar hypertrophy, delayed stroke onset, and increased average survival [113].
These findings suggest that some adequate dietary intake of capsaicin, by promoting greater eNOS
activity in vascular endothelium, could have potential for prevention of SVD.
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6. The Impact of Dietary Protein
One convenient way to obtain more arginine for support of eNOS activity is simply to eat more
protein. Protein can also provide cysteine, which, by increasing synthesis of the antioxidant glutathione
synthesis in tissues, has the potential to promote ADMA catabolism and thereby disinhibit eNOS [114,115].
There is recent evidence that the efficiency of glutathione synthesis declines during aging, and that this
effect can be compensated with supplemental cysteine [116]. Clinically, supplemental N-acetylcysteine
(1.8 g daily) has been reported to potentiate the antihypertensive benefit of ACE inhibitors, and
concurrent supplementation with N-acetylcysteine and arginine can decrease markers of endothelial
activation and lower systolic blood pressure in hypertensive diabetics [117–119]. These considerations
may help to rationalize the considerable evidence that diets high in protein tend to reduce risk for
hypertension; plant-derived protein emerges as particularly protective in this regard, perhaps because it
tends to be higher in cysteine and arginine [120–122].
It is reasonable to suspect that an increase of vascular glutathione content stemming from an increased
dietary intake of cysteine, or from supplementation with N-acetylcysteine, could oppose some of the
downstream pro-inflammatory effects of the superoxide generated by NADPH oxidase in small cerebral
arteries. Hydrogen peroxide exerts such effects by oxidizing cysteine groups in signaling proteins, reversibly
converting them to sulfenic acids; glutathione, and glutathione-dependent enzymes, act to revert these
cysteine groups to their native form [123–126]. Hence, increased intakes of cysteine might complement
measures which lessen NADPH oxidase activity in preventing SVD.
Indeed, the possibility that increased dietary protein intake—independent of its favorable impact on
blood pressure—may reduce risk for cerebral SVD, merits consideration. In high-salt Asian societies
whose traditional quasi-vegan diets tend to minimize their risk for atheroma in the coronary and cerebral
arteries, cerebral SVD is quite common and is associated with a high incidence of lacunar infarct and
hemorrhagic strokes [46]. Indeed, at any given level of blood pressure, this clinical picture has been far
more common in these Asian societies than in Western nations [44,46,127]. High dietary salt intake and
low potassium intake likely play a key role in this, but variables such as low LDL cholesterol and low
intakes of animal fat and protein have been suggested as possible explanations. Perhaps it is low total
protein intake, reflecting diets in which white rice predominates, that is the true culprit; Asian epidemiologists
should devote further attention to this issue. In stroke-prone spontaneously hypertensive rats, thought to
be a good model for lacunar stroke and hemorrhage associated with SVD, high dietary protein intakes
postpone stroke and mortality [128,129]. Total protein has been linked to decreased stroke risk in some
but not all prospective epidemiology; animal protein in particular emerges as protective in Asian
epidemiology, as well as dietary correlates such as saturated fat and increased LDL cholesterol [130–135].
On the other hand, Western epidemiology associates red and processed meat consumption with increased
stroke risk [136,137]. Conceivably, Asian epidemiology may be more illuminating than Western
epidemiology with respect to SVD risk, since traditionally that is the chief cause of stroke and dementia
in Asian quasi-vegan societies.
Protein could be protective owing to the effects of its constituent amino acids (such as arginine and
cysteine), and/or perhaps because of its impact on systemic IGF-I levels [138]. IGF-I stimulates eNOS
activity in endothelial cells via the PI3K-Akt pathway, prevents apoptosis in vascular smooth muscle
cells, promotes elastin gene transcription, and can promote expression of the tight junction protein
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zona occludens-1 [139–143]—all effects which could be expected to have a favorable impact on SVD.
However, epidemiologists have yet to explore the association of plasma IGF-I with risk for cerebral SVD
per se. A Danish prospective study reported an elevated risk for ischemic stroke in subjects within the
bottom quartile of IGF-I, and polymorphisms of the IGF-I gene have been associated with ischemic
stroke risk in two studies [144–146]. It is pertinent to note that, when high-quality animal protein is
added to a diet that otherwise is plant based, an increase in plasma IGF-I can be expected—whereas
adding extra protein to a Western omnivore diet, already amply supplied with essential amino acids, will
have minimal impact on IGF-I levels [147,148]. Perhaps that explains why dietary correlates of animal
protein such as saturated fat and LDL cholesterol have been associated with decreased stroke risk in
many Asian studies, but uncommonly in Western studies. In the Western, increased saturated fat and the
elevated LDL cholesterol it gives rise to would be expected to promote atherosclerosis in large cerebral
vessels, a more important determinant of stroke risk in the West.
Until further clarification is achieved, increased intakes of protein—from sources other than red or
processed meats—can be recommended to those at risk for SVD. Indeed, there is recent evidence that
increased protein intakes in the elderly may reduce their risk for frailty as well as total mortality [149].
On the other hand, the relatively low IGF-I levels associated with quasi-vegan diets of modest protein
content seem likely to decrease total cancer risk, and may literally slow the rate of aging; such diets
are also associated with low risk for atherosclerosis, diabetes, and possibly autoimmunity [148–157]. Perhaps
a prudent overall strategy—as suggested by a recent epidemiological analysis from Fontana and
colleagues—is to consume a quasi-vegan diet of modest protein content during young and middle
adulthood, and then boost protein intake past age 70 [149]. Vegans would be well advised to keep their
blood pressure under good control, as hypertension is the chief modifiable cause of cerebral SVD.
7. Conclusions
In summary, cerebral SVD, associated with lacunar infarcts, microbleeds, leukoaraiosis, and increased
stroke risk, is a common cause of cognitive decline, dementia, depression, and gait abnormalities in the
elderly. Structural and functional derangements of cerebral arterioles—impaired adaptive vasodilation,
hypertrophy—appear to play a central role in this syndrome. Rodent studies strongly suggest that activation
of Nox2-dependent NADPH oxidase activity in cerebral arterioles is a primary mediator of these
derangements in SVD. This rodent research also suggests that hypertension, aging, angiotensin II,
hyperglycemia, alcohol, and nicotine can promote NADPH oxidase activation in cerebral arterioles—in
partial concordance with the current epidemiology addressing SVD. Oxidative stress generated by NADPH
oxidase may also impair tight junction formation and thus promote the leakiness of the blood–brain
barrier associated with SVD—possibly contributing to the impaired cognitive function characteristic of
this syndrome. PhyCB from spirulina, as well as high-dose statin therapy, may have the potential to
ameliorate the course of SVD by suppressing NADPH oxidase activity; control of hypertension may
also be useful for this purpose, and the impact of high-potassium diets in this regard should be assessed.
An increased intake of cysteine—from dietary protein or supplemental N-acetylcysteine—may boost
glutathione synthesis and thereby alleviate the downstream pro-inflammatory effects of superoxide
production, most notably in the elderly. Supporting eNOS activity of cerebral arterioles with supplemental
citrulline, dietary flavonoids (cocoa epicatechin, quercetin, green tea), capsaicin, and exercise training,
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likely would have ancillary value in this regard. Evidently, measures which control mediating risk factors
for SVD—the best documented of which is hypertension—may also prove useful for controlling this
disorder. These interactions are summarized in Figure 1.

Figure 1. Mechanisms Regulating the Balance of Nox2 and eNOS Activity in Cerebrovascular
Endothelium, and their Functional Consequences.
Acknowledgements
Mark McCarty receives a monthly stipend from Catalytic Longevity, a not-for-profit organization.
Conflicts of Interest
Mark McCarty is owner and science director of the small nutraceutical company NutriGuard
Research, some of whose products contain spirulina or N-acetylcysteine. He is also co-inventor and
co-owner of a U.S. patent covering nutraceutical/pharmaceutical uses of phycocyanobilin oligopeptides
extracted from spirulina.
References
1.
2.

Markus, H.S. Genes, endothelial function and cerebral small vessel disease in man. Exp. Physiol.
2008, 93, 121–127.
Grueter, B.E.; Schulz, U.G. Age-related cerebral white matter disease (leukoaraiosis): A review.
Postgrad. Med. J. 2012, 88, 79–87.

Healthcare 2015, 3
3.
4.
5.
6.

7.
8.

9.
10.
11.
12.

13.

14.

15.
16.

17.

18.
19.

242

Chutinet, A.; Rost, N.S. White matter disease as a biomarker for long-term cerebrovascular disease
and dementia. Curr. Treat. Opt. Cardiovasc. Med. 2014, doi:10.1007/s11936-013-0292-z.
Chrissobolis, S.; Faraci, F.M. The role of oxidative stress and NADPH oxidase in cerebrovascular
disease. Trends Mol. Med. 2008, 14, 495–502.
Miller, A.A.; Drummond, G.R.; Schmidt, H.H.; Sobey, C.G. NADPH oxidase activity and function
are profoundly greater in cerebral versus systemic arteries. Circ. Res. 2005, 97, 1055–1062.
Ago, T.; Kitazono, T.; Kuroda, J.; Kumai, Y.; Kamouch, M.; Ooboshi, H.; Wakisaka, M.;
Kawahara, T.; Rokutan, K.; Ibayashi, S.; et al. NAD(P)H oxidases in rat basilar arterial endothelial
cells. Stroke 2005, 36, 1040–1046.
Chan, S.L.; Baumbach, G.L. Nox2 deficiency prevents hypertension-induced vascular dysfunction
and hypertrophy in cerebral arterioles. Int. J. Hypertens. 2013, doi:10.1155/2013/793630.
Al Ghouleh, I.; Frazziano, G.; Rodriguez, A.I.; Csanyi, G.; Maniar, S.; St. Croix, C.M.; Kelley, E.E.;
Egana, L.A.; Song, G.J.; Bisello, A.; et al. Aquaporin 1, Nox1, and Ask1 mediate oxidant-induced
smooth muscle cell hypertrophy. Cardiovasc. Res. 2013, 97, 134–142.
Matsushita, H.; Lee, K.H.; Tsao, P.S. Cyclic strain induces reactive oxygen species production via
an endothelial NAD(P)H oxidase. J. Cell Biochem. Suppl. 2001, S36, 99–106.
Chan, S.L.; Baumbach, G.L. Deficiency of Nox2 prevents angiotensin II-induced inward remodeling
in cerebral arterioles. Front. Physiol. 2013, doi:10.3389/fphys.2013.00133.
Didion, S.P.; Faraci, F.M. Angiotensin II produces superoxide-mediated impairment of endothelial
function in cerebral arterioles. Stroke 2003, 34, 2038–2042.
Kazama, K.; Anrather, J.; Zhou, P.; Girouard, H.; Frys, K.; Milner, T.A.; Iadecola, C. Angiotensin II
impairs neurovascular coupling in neocortex through NADPH oxidase-derived radicals. Circ. Res.
2004, 95, 1019–1026.
Mayhan, W.G.; Arrick, D.M.; Sharpe, G.M.; Patel, K.P.; Sun, H. Inhibition of NAD(P)H oxidase
alleviates impaired NOS-dependent responses of pial arterioles in type 1 diabetes mellitus.
Microcirculation 2006, 13, 567–575.
Sun, H.; Zheng, H.; Molacek, E.; Fang, Q.; Patel, K.P.; Mayhan, W.G. Role of NAD(P)H oxidase in
alcohol-induced impairment of endothelial nitric oxide synthase-dependent dilation of cerebral
arterioles. Stroke 2006, 37, 495–500.
Fang, Q.; Sun, H.; Arrick, D.M.; Mayhan, W.G. Inhibition of NADPH oxidase improves impaired
reactivity of pial arterioles during chronic exposure to nicotine. J. Appl. Physiol. 2006, 100, 631–636.
Iida, H.; Iida, M.; Takenaka, M.; Fukuoka, N.; Dohi, S. Rho-kinase inhibitor and nicotinamide
adenine dinucleotide phosphate oxidase inhibitor prevent impairment of endothelium-dependent
cerebral vasodilation by acute cigarette smoking in rats. J. Renin. Angiotensin. Aldosterone Syst.
2008, 9, 89–94.
Lynch, C.M.; Kinzenbaw, D.A.; Chen, X.; Zhan, S.; Mezzeti, E.; Filosa, J.; Faulkner, J.L.; Faraci, F.M.;
Didion, S.P. Nox2-derived superoxide contributes to cerebral vascular dysfunction in diet-induced
obesity. Stroke 2013, 44, 3195–3201.
Mayhan, W.G.; Arrick, D.M.; Sharpe, G.M.; Sun, H. Age-related alterations in reactivity of cerebral
arterioles: Role of oxidative stress. Microcirculation 2008, 15, 225–236.
Li, R.Y.; Cao, Z.G.; Zhang, J.R.; Li, Y.; Wang, R.T. Decreased serum bilirubin is associated with
silent cerebral infarction. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 946–951.

Healthcare 2015, 3
20.
21.

22.

23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

243

Park, B.J.; Shim, J.Y.; Lee, H.R.; Kang, H.T.; Lee, J.H.; Lee, Y.J. Association between serum total
bilirubin level and leukoaraiosis in Korean adults. Clin. Biochem. 2012, 45, 289–292.
Lanone, S.; Bloc, S.; Foresti, R.; Almolki, A.; Taille, C.; Callebert, J.; Conti, M.; Goven, D.;
Aubier, M.; Dureuil, B.; et al. Bilirubin decreases nos2 expression via inhibition of NAD(P)H
oxidase: Implications for protection against endotoxic shock in rats. FASEB J. 2005, 19, 1890–1892.
Matsumoto, H.; Ishikawa, K.; Itabe, H.; Maruyama, Y. Carbon monoxide and bilirubin from heme
oxygenase-1 suppresses reactive oxygen species generation and plasminogen activator inhibitor-1
induction. Mol. Cell Biochem. 2006, 291, 21–28.
Jiang, F.; Roberts, S.J.; Datla, S.; Dusting, G.J. NO modulates NADPH oxidase function via heme
oxygenase-1 in human endothelial cells. Hypertension 2006, 48, 950–957.
Datla, S.R.; Dusting, G.J.; Mori, T.A.; Taylor, C.J.; Croft, K.D.; Jiang, F. Induction of heme oxygenase1 in vivo suppresses NADPH oxidase derived oxidative stress. Hypertension 2007, 50, 636–642.
Lin, J.P.; Vitek, L.; Schwertner, H.A. Serum bilirubin and genes controlling bilirubin concentrations
as biomarkers for cardiovascular disease. Clin. Chem. 2010, 56, 1535–1543.
Vitek, L. The role of bilirubin in diabetes, metabolic syndrome, and cardiovascular diseases.
Front. Pharmacol. 2012, doi:10.3389/fphar.2012.00055.
Zelenka, J.; Muchova, L.; Zelenkova, M.; Vanova, K.; Vreman, H.J.; Wong, R.J.; Vitek, L.
Intracellular accumulation of bilirubin as a defense mechanism against increased oxidative stress.
Biochimie 2012, 94, 1821–1827.
McCarty, M.F. Serum bilirubin may serve as a marker for increased heme oxygenase activity and
inducibility in tissues—A rationale for the versatile health protection associated with elevated plasma
bilirubin. Med. Hypotheses. 2013, 81, 607–610.
Inoguchi, T.; Li, P.; Umeda, F.; Kakimoto, M.; Imamura, M.; Aoki, T.; Hashimoto, T.; Naruse, M.;
Sano, H.; Utsumi, H.; et al. High glucose level and free fatty acid stimulate reactive oxygen species
production through protein kinase C—Dependent activation of NAD(P)H oxidase in cultured
vascular cells. Diabetes 2000, 49, 1939–1945.
Maloney, E.; Sweet, I.R.; Hockenbery, D.M.; Pham, M.; Rizzo, N.O.; Tateya, S.; Handa, P.;
Schwartz, M.W.; Kim, F. Activation of NF-kappaB by palmitate in endothelial cells: A key role for
NADPH oxidase-derived superoxide in response to TLR4 activation. Arterioscler. Thromb. Vasc. Biol.
2009, 29, 1370–1375.
Edirimanne, V.E.; Woo, C.W.; Siow, Y.L.; Pierce, G.N.; Xie, J.Y. Homocysteine stimulates NADPH
oxidase-mediated superoxide production leading to endothelial dysfunction in rats. Can. J. Physiol.
Pharmacol. 2007, 85, 1236–1247.
Bao, X.M.; Wu, C.F.; Lu, G.P. Atorvastatin attenuates homocysteine-induced apoptosis in human
umbilical vein endothelial cells via inhibiting NADPH oxidase-related oxidative stress-triggered
p38MAPK signaling. Acta Pharmacol. Sin. 2009, 30, 1392–1398.
Omae, T.; Nagaoka, T.; Tanano, I.; Yoshida, A. Homocysteine inhibition of endothelium-dependent
nitric oxide-mediated dilation of porcine retinal arterioles via enhanced superoxide production.
Investig. Ophthalmol. Vis. Sci. 2013, 54, 2288–2295.
Jaimes, E.A.; DeMaster, E.G.; Tian, R.X.; Raij, L. Stable compounds of cigarette smoke induce
endothelial superoxide anion production via NADPH oxidase activation. Arterioscler. Thromb. Vasc.
Biol. 2004, 24, 1031–1036.

Healthcare 2015, 3
35.

244

Orosz, Z.; Csiszar, A.; Labinskyy, N.; Smith, K.; Kaminski, P.M.; Fedinandy, P.; Wolin, M.S.;
Rivera, A.; Ungvari, Z. Cigarette smoke-induced proinflammatory alterations in the endothelial
phenotype: Role of NAD(P)H oxidase activation. Am. J. Physiol. Heart Circ. Physiol. 2007, 292,
H130–H139.
36. Nakagami, H.; Kaneda, Y.; Ogihara, T.; Morishita, R. Endothelial dysfunction in hyperglycemia as
a trigger of atherosclerosis. Curr. Diabetes Rev. 2005, 1, 59–63.
37. Gray, S.P.; di Marco, E.; Okabe, J.; Szydralewiez, C.; Heitz, F.; Montezano, A.C.; de Haan, J.B.;
Koulis, C.; El-Osta, A.; Andrews, K.L.; et al. NADPH oxidase 1 plays a key role in diabetes
mellitus-accelerated atherosclerosis. Circulation 2013, 127, 1888–1902.
38. Shao, B.; Bayraktutan, U. Hyperglycaemia promotes cerebral barrier dysfunction through activation
of protein kinase C-beta. Diabetes Obes. Metab. 2013, 15, 993–999.
39. Fedorova, O.V.; Talan, M.I.; Agalakova, N.I.; Lakatta, E.G.; Bagrov, A.Y. Endogenous ligand of
alpha(1) sodium pump, marinobufagenin, is a novel mediator of sodium chloride—Dependent
hypertension. Circulation 2002, 105, 1122–1127.
40. Jablonski, K.L.; Fedorova, O.V.; Racine, M.L.; Geolfos, P.E.; Chonchol, M.; Fleenor, B.S.;
Lakatta, E.G.; Bagrov, A.Y.; Seals, D.R. Dietary sodium restriction and association with urinary
marinobufagenin, blood pressure, and aortic stiffness. Clin. J. Am. Soc. Nephrol. 2013, 8, 1952–1959.
41. McCarty, M.F. Marinobufagenin and cyclic strain may activate endothelial NADPH oxidase,
contributing to the adverse impact of salty diets on vascular and cerebral health. Med. Hypotheses.
2012, 78, 191–196.
42. Liu, Y.; Rusch, N.J.; Lombard, J.H. Loss of endothelium and receptor-mediated dilation in pial
arterioles of rats fed a short-term high salt diet. Hypertension 1999, 33, 686–688.
43. Kuller, L.; Reisler, D.M. An explanation for variations in distribution of stroke and arteriosclerotic
heart disease among populations and racial groups. Am. J. Epidemiol. 1971, 93, 1–9.
44. Vartiainen, E.; Du, D.J.; Marks, J.S.; Korhonen, H.; Geng, G.Y.; Guo, Z.Y.; Koplan, J.P.; Pietinen, P.;
We, G.L.; Williamson, D.; et al. Mortality, cardiovascular risk factors, and diet in China, Finland,
and the United States. Public Health Rep. 1991, 106, 41–46.
45. He, J.; Klag, M.J.; Wu, Z.; Whelton, P.K. Stroke in the People’s Republic of China. II. Meta-analysis
of hypertension and risk of stroke. Stroke 1995, 26, 2228–2232.
46. Reed, D.; Jacobs, D.R., Jr.; Hayashi, T.; Konishi, M.; Nelson, J.; Iso, H.; Strong, J. A comparison of
lesions in small intracerebral arteries among Japanese men in Hawaii and Japan. Stroke 1994, 25,
60–65.
47. Topakian, R.; Barrick, T.R.; Howe, F.A.; Markus, H.S. Blood-brain barrier permeability is increased
in normal-appearing white matter in patients with lacunar stroke and leucoaraiosis. J. Neurol.
Neurosurg. Psychiatry 2010, 81, 192–197.
48. Uh, J.; Yezhuvath, U.; Cheng, Y.; Lu, H. In vivo vascular hallmarks of diffuse leukoaraiosis.
J. Magn. Reson. Imaging 2010, 32, 184–190.
49. Taheri, S.; Gasparovic, C.; Huisa, B.N.; Adair, J.C.; Edmonds, E.; Prestopnik, J.; Grossetete M.;
Shah, N.J.; Wills, J.; Qualls, C.; et al. Blood-brain barrier permeability abnormalities in vascular
cognitive impairment. Stroke 2011, 42, 2158–2163.

Healthcare 2015, 3
50.

51.
52.

53.

54.

55.

56.

57.
58.

59.
60.

61.
62.
63.

245

Krizbai, I.A.; Bauer, H.; Bresgen, N.; Eckl, P.M.; Farkas, A.; Szatmari, E.; Traweger, A.; Wejksza, K.;
Bauer, H.C. Effect of oxidative stress on the junctional proteins of cultured cerebral endothelial cells.
Cell Mol. Neurobiol. 2005, 25, 129–139.
Xu, Y.; Gong, B.; Yang, Y.; Awasthi, Y.C.; Woods, M.; Boor, P.J. Glutathione-S-transferase protects
against oxidative injury of endothelial cell tight junctions. Endothelium 2007, 14, 333–343.
Ramirez, S.H.; Potula, R.; Fan, S.; Eidem, T.; Papugani, A.; Reichenbach, N.; Dykstra, H.;
Weksler, B.B.; Romero, I.A.; Couraud, P.O.; et al. Methamphetamine disrupts blood-brain barrier
function by induction of oxidative stress in brain endothelial cells. J. Cereb. Blood Flow Metab. 2009,
29, 1933–1945.
Liu, C.; Wu, J.; Zou, M.H. Activation of AMP-activated protein kinase alleviates high-glucose-induced
dysfunction of brain microvascular endothelial cell tight-junction dynamics. Free Radic. Biol. Med.
2012, 53, 1213–1221.
Zehendner, C.M.; Librizzi, L.; Hedrich, J.; Bauer, N.M.; Angamo, E.A.; de Curtis, M.; Luhmann, H.J.
Moderate hypoxia followed by reoxygenation results in blood-brain barrier breakdown via oxidative
stress-dependent tight-junction protein disruption. PLoS One 2013, 8, e82823.
Ing, N.H.; Berghman, L.; Abi-Ghanem, D.; Abbas, K.; Kaushik, A.; Riggs, P.K.; Puschett, J.B.
Marinobufagenin regulates permeability and gene expression of brain endothelial cells. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2014, 306, R918–R924.
Wagner, A.H.; Kohler, T.; Ruckschloss, U.; Just, I.; Hecker, M. Improvement of nitric oxide-dependent
vasodilatation by HMG-CoA reductase inhibitors through attenuation of endothelial superoxide
anion formation. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 61–69.
Endres, M.; Laufs, U. Effects of statins on endothelium and signaling mechanisms. Stroke 2004, 35,
2708–2711.
Ebinger, M.; Brunecker, P.; Schultze-Amberger, J.; Gertz, K.; Muller, B.; Fiebach, J.B.; Dichganz, M.;
Endres, M. Statins and cerebral perfusion in patients with leukoaraiosis—A translational
proof-of-principal MRI study. Int. J. Stroke 2012, doi:10.1111/j.1747-4949.2012.00807.x.
Terry, M.J.; Maines, M.D.; Lagarias, J.C. Inactivation of phytochrome- and phycobiliproteinchromophore precursors by rat liver biliverdin reductase. J. Biol. Chem. 1993, 268, 26099–26106.
Zheng, J.; Inoguchi, T.; Sasaki, S.; Maeda, Y.; McCarty, M.F.; Fujii, M.; Ikeda, N.; Kobayashi, K.;
Sonoda, N.; Takayanagi, R. Phycocyanin and phycocyanobilin from Spirulina platensis protect
against diabetic nephropathy by inhibiting oxidative stress. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2013, 304, R110–R120.
McCarty, M.F. Clinical potential of Spirulina as a source of phycocyanobilin. J. Med. Food 2007,
10, 566–570.
Romay, C.; Gonzalez, R.; Ledon, N.; Remirez, D.; Rimbau, V. C-phycocyanin: A biliprotein with
antioxidant, anti-inflammatory and neuroprotective effects. Curr. Protein Pept. Sci. 2003, 4, 207–216.
Marin-Prida, J.; Pavon-Fuentes, N.; Llopiz-Arzuaga, A.; Fernandez-Masso, J.R.; Delgado-Roche, L.;
Mendoza-Mari, Y.; Santana, S.P.; Cruz-Ramirez, A.; Valenzuela-Silva, C.; Nazabol-Galvez, M;
et al. Phycocyanobilin promotes PC12 cell survival and modulates immune and inflammatory genes
and oxidative stress markers in acute cerebral hypoperfusion in rats. Toxicol. Appl. Pharmacol. 2013,
272, 49–60.

Healthcare 2015, 3
64.

65.
66.

67.
68.

69.
70.
71.
72.
73.
74.
75.
76.

77.
78.
79.
80.

246

Penton-Rol, G.; Marin-Prida, J.; Pardo-Andreu, G.; Martinez-Sanchez, G.; Acosta-Medina, E.F.;
Valdivia-Acosta, A.; Lagumersindez-Denis, N.; Rodriguez-Jimenez, E.; Llopiz-Arzuaga, A.;
Lopez-Saura, P.A.; et al. C-Phycocyanin is neuroprotective against global cerebral ischemia/reperfusion
injury in gerbils. Brain Res. Bull. 2011, 86, 42–52.
Thaakur, S.; Sravanthi, R. Neuroprotective effect of Spirulina in cerebral ischemia-reperfusion injury
in rats. J. Neural. Transm. 2010, 117, 1083–1091.
Wang, Y.; Chang, C.F.; Chou, J.; Chen, H.L.; Deng, H.; Harvey, B.K.; Cadet, J.L.; Bickford, P.
Dietary supplementation with blueberries, spinach, or spirulina reduces ischemic brain damage.
Exp. Neurol. 2005, 193, 75–84.
Kahles, T.; Brandes, R.P. Which NADPH oxidase isoform is relevant for ischemic stroke? The case
for Nox 2. Antioxid. Redox Signal. 2013, 18, 1400–1417.
Carbone, F.; Camillo, T.P.; Braunersreuther, V.; Mach, F.; Vuilleumier, N.; Montecucco, F.
Pathophysiology and treatments of oxidative injury in ischemic stroke: Focus on the phagocytic
NADPH oxidase (NOX) 2. Antioxid. Redox Signal. 2014, doi:10.1089/ars.2013.5778.
Miller, A.A.; Dusting, G.J.; Roulston, C.L.; Sobey, C.G. NADPH-oxidase activity is elevated in
penumbral and non-ischemic cerebral arteries following stroke. Brain Res. 2006, 1111, 111–116.
Tobian, L. High-potassium diets markedly protect against stroke deaths and kidney disease in
hypertensive rats, an echo from prehistoric days. J. Hypertens. Suppl. 1986, 4, S67–S76.
Khaw, K.T.; Barrett-Connor, E. Dietary potassium and stroke-associated mortality. A 12-year
prospective population study. N. Engl. J. Med. 1987, 316, 235–240.
Larsson, S.C.; Virtamo, J.; Wolk, A. Potassium, calcium, and magnesium intakes and risk of stroke
in women. Am. J. Epidemiol. 2011, 174, 35–43.
Aaron, K.J.; Sanders, P.W. Role of dietary salt and potassium intake in cardiovascular health and
disease: A review of the evidence. Mayo Clin. Proc. 2013, 88, 987–995.
McCabe, R.D.; Bakarich, M.A.; Srivastava, K.; Young, D.B. Potassium inhibits free radical
formation. Hypertension 1994, 24, 77–82.
McCarty, M.F. Endothelial membrane potential regulates production of both nitric oxide and
superoxide—A fundamental determinant of vascular health. Med. Hypotheses. 1999, 53, 277–289.
Sohn, H.Y.; Keller, M.; Gloe, T.; Morawietz, H.; Rueckschloss, U.; Pohl, U. The small G-protein
Rac mediates depolarization-induced superoxide formation in human endothelial cells. J. Biol. Chem.
2000, 275, 18745–18750.
Lindeberg, S.; Lundh, B. Apparent absence of stroke and ischaemic heart disease in a traditional
Melanesian island: A clinical study in Kitava. J. Intern. Med. 1993, 233, 269–275.
Lindeberg, S. Apparent absence of cerebrovascular disease in Melanesians. Ph.D Thesis. Lund
University, Lund, Sweden, 1994.
McCarty, M.F. Up-regulation of endothelial nitric oxide activity as a central strategy for prevention
of ischemic stroke—Just say NO to stroke! Med. Hypotheses. 2000, 55, 386–403.
Yang, H.T.; Lee, M.; Hong, K.S.; Ovbiagele, B.; Saver, J.L. Efficacy of folic acid supplementation
in cardiovascular disease prevention: An updated meta-analysis of randomized controlled trials.
Eur. J. Intern. Med. 2012, 23, 745–754.

Healthcare 2015, 3
81.

82.

83.
84.

85.

86.

87.
88.

89.

90.

91.
92.
93.
94.

95.

247

Ji, Y.; Tan, S.; Xu, Y.; Chandra, A.; Shi, C.; Song, B.; Qin, J.; Gao, Y. Vitamin B supplementation,
homocysteine levels, and the risk of cerebrovascular disease: A meta-analysis. Neurology 2013, 81,
1298–1307.
Hassan, A.; Hunt, B.J.; O’Sullivan, M.; Bell, R.; D’Souza, R.; Jeffery, S.; Bamford, J.M.; Markus, H.S.
Homocysteine is a risk factor for cerebral small vessel disease, acting via endothelial dysfunction.
Brain 2004, 127, 212–219.
Khan, U.; Hassan, A.; Vallance, P.; Markus, H.S. Asymmetric dimethylarginine in cerebral small
vessel disease. Stroke 2007, 38, 411–413.
Calabro, R.S.; Gervasi, G.; Baglieri, A.; Furnari, A.; Marino, S.; Bramanti, P. Is high oral dose
L-arginine intake effective in leukoaraiosis? Preliminary data, study protocol and expert’s opinion.
Curr. Aging Sci. 2013, 6, 170–177.
Schwedhelm, E.; Maas, R.; Freese, R.; Jung, D.; Lukacs, Z.; Jambrecina, A.; Spickler, W.; Schulze, F.;
Boger, R.H. Pharmacokinetic and pharmacodynamic properties of oral L-citrulline and L-arginine:
Impact on nitric oxide metabolism. Br. J. Clin. Pharmacol. 2008, 65, 51–59.
Verhaar, M.C.; Wever, R.M.; Kastelein, J.J.; Van, D.T.; Koomans, H.A.; Rabelink, T.J.
5-methyltetrahydrofolate, the active form of folic acid, restores endothelial function in familial
hypercholesterolemia. Circulation 1998, 97, 237–241.
Stroes, E.S.; van Faassen, E.E.; Yo, M.; Martasek, P.; Boer, P.; Govers, R.; Rabelink, T.J. Folic acid
reverts dysfunction of endothelial nitric oxide synthase. Circ. Res. 2000, 86, 1129–1134.
Hyndman, M.E.; Verma, S.; Rosenfeld, R.J.; Anderson, T.J.; Parsons, H.G. Interaction of
5-methyltetrahydrofolate and tetrahydrobiopterin on endothelial function. Am. J. Physiol. Heart
Circ. Physiol. 2002, 282, H2167–H2172.
Antoniades, C.; Shirodaria, C.; Warrick, N.; Cai, S.; de Bono, J.; Lee, J.; Leeson, P.; Neubauer, S.;
Ratnatunga, C.; Pillai, R.; et al. 5-methyltetrahydrofolate rapidly improves endothelial function and
decreases superoxide production in human vessels: Effects on vascular tetrahydrobiopterin
availability and endothelial nitric oxide synthase coupling. Circulation 2006, 114, 1193–1201.
Rezk, B.M.; Haenen, G.R.; van der Vijgh, W.J.; Bast, A. Tetrahydrofolate and 5-methyltetrahydrofolate
are folates with high antioxidant activity. Identification of the antioxidant pharmacophore. FEBS
Lett. 2003, 555, 601–605.
Wu, D.; Pardridge, W.M. Blood-brain barrier transport of reduced folic acid. Pharm. Res. 1999, 16,
415–419.
Sabharanjak, S.; Mayor, S. Folate receptor endocytosis and trafficking. Adv .Drug Deliv. Rev. 2004,
56, 1099–1109.
McAllister, R.M.; Newcomer, S.C.; Laughlin, M.H. Vascular nitric oxide: Effects of exercise
training in animals. Appl. Physiol. Nutr. Metab. 2008, 33, 173–178.
Mayhan, W.G.; Arrick, D.M.; Sun, H.; Patel, K.P. Exercise training restores impaired dilator
responses of cerebral arterioles during chronic exposure to nicotine. J. Appl. Physiol. (1985) 2010,
109, 1109–1114.
Mayhan, W.G.; Arrick, D.M.; Patel, K.P.; Sun, H. Exercise training normalizes impaired
NOS-dependent responses of cerebral arterioles in type 1 diabetic rats. Am. J. Physiol. Heart Circ.
Physiol. 2011, 300, H1013–H1020.

Healthcare 2015, 3
96.

97.
98.

99.

100.

101.
102.

103.

104.

105.
106.

107.

108.

109.
110.

248

Arrick, D.M.; Yang, S.; Li, C.; Cananzi, S.; Mayhan, W.G. Vigorous exercise training improves
reactivity of cerebral arterioles and reduces brain injury following transient focal ischemia.
Microcirculation 2014, 21, 516–523.
Jefferis, B.J.; Whincup, P.H.; Papacosta, O.; Wannamethee, S.G. Protective effect of time spent
walking on risk of stroke in older men. Stroke 2014, 45, 194–199.
Schroeter, H.; Heiss, C.; Balzer, J.; Kleinbongard, P.; Keen, C.L.; Hollenberg, N.K.; Sies, H.;
Kwik-Uribe, C.; Schmitz, H.H.; Kelm, M. (−)-Epicatechin mediates beneficial effects of flavanol-rich
cocoa on vascular function in humans. Proc. Natl. Acad. Sci. USA 2006, 103, 1024–1029.
Loke, W.M.; Hodgson, J.M.; Proudfoot, J.M.; McKinley, A.J.; Puddey, I.B.; Croft, K.D.
Pure dietary flavonoids quercetin and (−)-epicatechin augment nitric oxide products and reduce
endothelin-1 acutely in healthy men. Am. J. Clin. Nutr. 2008, 88, 1018–1025.
Ramirez-Sanchez, I.; Maya, L.; Ceballos, G.; Villarreal, F. (−)-Epicatechin induces calcium and
translocation independent eNOS activation in arterial endothelial cells. Am. J. Physiol. Cell Physiol.
2011, 300, C880–C887.
Fisher, N.D.; Sorond, F.A.; Hollenberg, N.K. Cocoa flavanols and brain perfusion. J. Cardiovasc.
Pharmacol. 2006, 47, S210–S214.
Galleano, M.; Bernatova, I.; Puzserova, A.; Balis, P.; Sestakova, N.; Pechanova, O.; Fraga, C.G.
(−)-Epicatechin reduces blood pressure and improves vasorelaxation in spontaneously hypertensive
rats by NO-mediated mechanism. IUBMB Life 2013, 65, 710–715.
Osakabe, N.; Shibata, M. Ingestion of cocoa ameliorates endothelial dysfunction in mesentery
arterioles induced by high fat diet in rats: An in vivo intravital microscopy study. Life Sci. 2012, 91,
1196–1200.
Farouque, H.M.; Leung, M.; Hope, S.A.; Baldi, M.; Schechter, C.; Cameron, J.D.; Meredith, I.T.
Acute and chronic effects of flavanol-rich cocoa on vascular function in subjects with coronary artery
disease: A randomized double-blind placebo-controlled study. Clin. Sci. (Lond.) 2006, 111, 71–80.
Benito, S.; Lopez, D.; Saiz, M.P.; Buxaderas, S.; Sanchez, J.; Puig-Parellada, P.; Mitjavila, M.T. A
flavonoid-rich diet increases nitric oxide production in rat aorta. Br. J. Pharmacol. 2002, 135, 910–916.
Monahan, K.D.; Feehan, R.P.; Kunselman, A.R.; Preston, A.G.; Miller, D.L.; Lott, M.E.
Dose-dependent increases in flow-mediated dilation following acute cocoa ingestion in healthy older
adults. J. Appl. Physiol. (1985) 2011, 111, 1568–1574.
Drouin, A.; Bolduc, V.; Thorin-Trescases, N.; Belanger, E.; Fernandez, P.; Baraghis, E.; Lesage, F.;
Gillis, M.A.; Villeneuve, L.; Hamel, E.; et al. Catechin treatment improves cerebrovascular
flow-mediated dilation and learning abilities in atherosclerotic mice. Am. J. Physiol. Heart
Circ. Physiol. 2011, 300, H1032–H1043.
Widlansky, M.E.; Hamburg, N.M.; Anter, E.; Holbrook, M.; Kahn, D.F.; Elliott, J.G.; Keaney, J.F., Jr.;
Vita, J.A. Acute EGCG supplementation reverses endothelial dysfunction in patients with coronary
artery disease. J. Am. Coll. Nutr. 2007, 26, 95–102.
Zsombok, A. Vanilloid receptors—Do they have a role in whole body metabolism? Evidence from
TRPV1. J. Diabetes Complications 2013, 27, 287–292.
Lo, Y.C.; Hsiao, H.C.; Wu, D.C.; Lin, R.J.; Liang, J.C.; Yeh, J.L.; Chen, I.J. A novel capsaicin
derivative VOA induced relaxation in rat mesenteric and aortic arteries: Involvement of CGRP, NO,
cGMP, and endothelium-dependent activities. J. Cardiovasc Pharmacol 2003, 42, 511–520.

Healthcare 2015, 3

249

111. Ching, L.C.; Kou, Y.R.; Shyue, S.K.; Su, K.H.; Wei, J.; Chen, L.C.; Yu, Y.B.; Pan, C.C.; Lee, T.S.
Molecular mechanisms of activation of endothelial nitric oxide synthase mediated by transient
receptor potential vanilloid type 1. Cardiovasc. Res. 2011, 91, 492–501.
112. Yang, D.; Luo, Z.; Ma, S.; Wong, W.T.; Ma, L.; Zhong, J.; He, H.; Zhao, Z.; Cao, T.; Yan, Z.; et al.
Activation of TRPV1 by dietary capsaicin improves endothelium-dependent vasorelaxation and
prevents hypertension. Cell Metab. 2010, 12, 130–141.
113. Xu, X.; Wang, P.; Zhao, Z.; Cao, T.; He, H.; Luo, Z.; Zhong, J.; Gao, F.; Zhu, Z.; Li, L.; et al.
Activation of transient receptor potential vanilloid 1 by dietary capsaicin delays the onset of stroke
in stroke-prone spontaneously hypertensive rats. Stroke 2011, 42, 3245–3251.
114. Fan, N.C.; Tsai, C.M.; Hsu, C.N.; Huang, L.T.; Tain, Y.L. N-acetylcysteine prevents hypertension
via regulation of the ADMA-DDAH pathway in young spontaneously hypertensive rats. Biomed.
Res. Int. 2013, 2013, 696317.
115. Vasdev, S.; Singal, P.; Gill, V. The antihypertensive effect of cysteine. Int. J. Angiol. 2009, 18, 7–21.
116. Sekhar, R.V.; Patel, S.G.; Guthikonda, A.P.; Reid, M.; Balasubramanyam, A.; Taffet, G.E.; Jahoor, F.
Deficient synthesis of glutathione underlies oxidative stress in aging and can be corrected by dietary
cysteine and glycine supplementation. Am. J. Clin. Nutr. 2011, 94, 847–853.
117. Suarez, C.; del, A.C.; Lahera, V.; Ruilope, L.M. N-acetylcysteine potentiates the antihypertensive
effect of angiotensin converting enzyme inhibitors. Am. J. Hypertens. 1995, doi:10.1016/08957061(95)00153-G.
118. Barrios, V.; Calderon, A.; Navarro-Cid, J.; Lahera, V.; Ruilope, L.M. N-acetylcysteine potentiates
the antihypertensive effect of ACE inhibitors in hypertensive patients. Blood Press. 2002, 11, 235–239.
119. Martina, V.; Masha, A.; Gigliardi, V.R.; Brocata, L.; Manzato, E.; Berchio, A.; Massarenti, P.;
Settanni, F.; Della Casa, L.; Bergamini, S.; et al. Long-term N-acetylcysteine and L-arginine
administration reduces endothelial activation and systolic blood pressure in hypertensive patients
with type 2 diabetes. Diabetes Care 2008, 31, 940–944.
120. Vasdev, S.; Stuckless, J. Antihypertensive effects of dietary protein and its mechanism. Int. J. Angiol.
2010, 19, e7–e20.
121. Elliott, P.; Stamler, J.; Dyer, A.R.; Appel, L.; Dennis, B.; Kesteloot, H.; Ueshima, H.; Okayama, A.;
Garside, D.B.; Zhou, B. Association between protein intake and blood pressure: The INTERMAP
Study. Arch. Intern. Med. 2006, 166, 79–87.
122. He, J.; Gu, D.; Wu, X.; Chen, J.; Duan, X.; Chan, J.; Whelton, P.K. Effect of soybean protein on
blood pressure: A randomized, controlled trial. Ann. Intern. Med. 2005, 143, 1–9.
123. Bindoli, A.; Rigobello, M.P. Principles in redox signaling: From chemistry to functional significance.
Antioxid. Redox Signal. 2013, 18, 1557–1593.
124. Lo, C.M.; Carroll, K.S. The redox biochemistry of protein sulfenylation and sulfinylation. J. Biol. Chem.
2013, 288, 26480–26408.
125. Dickinson, D.A.; Forman, H.J. Glutathione in defense and signaling: Lessons from a small thiol.
Ann. NY Acad. Sci. 2002, 973, 488–504.
126. Shelton, M.D.; Chock, P.B.; Mieyal, J.J. Glutaredoxin: Role in reversible protein s-glutathionylation
and regulation of redox signal transduction and protein translocation. Antioxid. Redox Signal. 2005,
7, 348–366.

Healthcare 2015, 3

250

127. Reed, D.M. The paradox of high risk of stroke in populations with low risk of coronary heart disease.
Am. J. Epidemiol. 1990, 131, 579–588.
128. Bailey, E.L.; Smith, C.; Sudlow, C.L.; Wardlaw, J.M. Is the spontaneously hypertensive stroke prone
rat a pertinent model of sub cortical ischemic stroke? A systematic review. Int. J. Stroke 2011, 6,
434–444.
129. Chiba, T.; Itoh, T.; Tabuchi, M.; Satou, T.; Ezaki, O. Dietary protein, but not carbohydrate, is a
primary determinant of the onset of stroke in stroke-prone spontaneously hypertensive rats. Stroke
2009, 40, 2828–2835.
130. Ueshima, H.; Iida, M.; Shimamoto, T.; Konishi, M.; Tsujioka, K.; Tanigaka, M.; Nakanishi, N.;
Ozawa, H.; Kojima, S.; Komachi, Y. Multivariate analysis of risk factors for stroke. Eight-year
follow-up study of farming villages in Akita, Japan. Prev. Med. 1980, 9, 722–740.
131. Yamori, Y.; Kihara, M.; Fujikawa, J.; Soh, Y.; Ohtaka, M.; Horie, R.; Tsunematsu, T.; Note, S.;
Fukase, M. Dietary risk factors of stroke and hypertension in Japan—Part 3: Comparative study on
risk factors between farming and fishing villages in japan. Jpn. Circ. J. 1982, 46, 944–947
132. Kagan, A.; Popper, J.S.; Rhoads, G.G.; Yano, K. Dietary and other risk factors for stroke in Hawaiian
Japanese men. Stroke 1985, 16, 390–396.
133. Iso, H.; Sato, S.; Kitamura, A.; Naito, Y.; Shimamoto, T.; Komachi, Y. Fat and protein intakes and
risk of intraparenchymal hemorrhage among middle-aged Japanese. Am. J. Epidemiol. 2003, 157,
32–39.
134. Sauvaget, C.; Nagano, J.; Hayashi, M.; Yamada, M. Animal protein, animal fat, and cholesterol
intakes and risk of cerebral infarction mortality in the adult health study. Stroke 2004, 35, 1531–1537.
135. Larsson, S.C.; Virtamo, J.; Wolk, A. Dietary protein intake and risk of stroke in women.
Atherosclerosis 2012, 224, 247–251.
136. Larsson, S.C.; Virtamo, J.; Wolk, A. Red meat consumption and risk of stroke in Swedish women.
Stroke 2011, 42, 324–329.
137. Bernstein, A.M.; Pan, A.; Rexrode, K.M.; Stampfer, M.; Hu, F.B.; Mozaffarian, D.; Willett, W.C.
Dietary protein sources and the risk of stroke in men and women. Stroke 2012, 43, 637–644.
138. McCarty, M.F. IGF-I activity may be a key determinant of stroke risk—A cautionary lesson for
vegans. Med. Hypotheses. 2003, 61, 323–334.
139. Michell, B.J.; Griffiths, J.E.; Mitchelhill, K.I.; Rodriguez-Crespo, I.; Tiganis, T.; Bozinovski, S.;
de Montellano, P.R.; Kemp, B.E.; Pearson, R.B. The Akt kinase signals directly to endothelial nitric
oxide synthase. Curr. Biol. 1999, 9, 845–848.
140. Allen, R.T.; Krueger, K.D.; Dhume, A.; Agrawal, D.K. Sustained Akt/PKB activation and transient
attenuation of c-jun N-terminal kinase in the inhibition of apoptosis by IGF-1 in vascular smooth
muscle cells. Apoptosis 2005, 10, 525–535.
141. Conn, K.J.; Rich, C.B.; Jensen, D.E.; Fontanilla, M.R.; Bashir, M.M.; Rosenbloom, J.; Foster, J.A.
Insulin-like growth factor-I regulates transcription of the elastin gene through a putative
retinoblastoma control element. A role for Sp3 acting as a repressor of elastin gene transcription.
J. Biol. Chem. 1996, 271, 28853–28860.
142. Mauro, L.; Bartucci, M.; Morelli, C.; Ando, S.; Surmacz, E. IGF-I receptor-induced cell-cell
adhesion of MCF-7 breast cancer cells requires the expression of junction protein ZO-1. J. Biol.
Chem. 2001, 276, 39892–39897.

Healthcare 2015, 3

251

143. Ko, J.A.; Murata, S.; Nishida, T. Up-regulation of the tight-junction protein ZO-1 by substance P
and IGF-1 in A431 cells. Cell Biochem. Funct. 2009, 27, 388–394.
144. Johnsen, S.P.; Hundborg, H.H.; Sorensen, H.T.; Orskov, H.; Tjonnedland, A.; Overvad, K.;
Jorgensen, J.O. Insulin-like growth factor (IGF) I, -II, and IGF binding protein-3 and risk of ischemic
stroke. J. Clin. Endocrinol. Metab. 2005, 90, 5937–5941.
145. Aoi, N.; Nakayama, T.; Soma, M.; Kosuge, K.; Haketa, A.; Sato, M.; Hinohara, S.; Doba, N.; Asai, S.
The insulin-like growth factor-1 gene is associated with cerebral infarction in Japanese subjects.
Hereditas 2012, 149, 153–162.
146. Cheng, J.; Liu, J.; Li, X.; Peng, J.; Han, S.; Zhang, R.; Xu, Y.; Nie, S. Insulin-like growth factor-1
receptor polymorphism and ischemic stroke: A case-control study in Chinese population. Acta Neurol.
Scand. 2008, 118, 333–338.
147. Fontana, L.; Klein, S.; Holloszy, J.O. Long-term low-protein, low-calorie diet and endurance exercise
modulate metabolic factors associated with cancer risk. Am. J. Clin. Nutr. 2006, 84, 1456–1462.
148. McCarty, M.F. Insulin and IGF-I as determinants of low “Western” cancer rates in the rural third
world. Int. J. Epidemiol. 2004, 33, 908–910.
149. Levine, M.E.; Suarez, J.A.; Brandhorst, S.; Balasubramanian, P.; Cheng, C.W.; Madia, F.; Fontana,
L.; Mirisola, M.G.; Guevara-Aguirre, J.; Wan, J.; et al. Low protein intake is associated with a major
reduction in IGF-1, cancer, and overall mortality in the 65 and younger but not older population.
Cell Metab. 2014, 19, 407–417.
150. McCarty, M.F. Mortality from Western cancers rose dramatically among African-Americans during
the 20th century: Are dietary animal products to blame? Med. Hypotheses. 2001, 57, 169–174.
151. McCarty, M.F. A low-fat, whole-food vegan diet, as well as other strategies that down-regulate IGFI activity, may slow the human aging process. Med. Hypotheses. 2003, 60, 784–792.
152. Bartke, A. Impact of reduced insulin-like growth factor-1/insulin signaling on aging in mammals:
Novel findings. Aging Cell 2008, 7, 285–290.
153. McCarty, M.F.; Barroso-Aranda, J.; Contreras, F. The low-methionine content of vegan diets may
make methionine restriction feasible as a life extension strategy. Med. Hypotheses. 2009, 72, 125–128.
154. McCarty, M.F. Vegan proteins may reduce risk of cancer, obesity, and cardiovascular disease by
promoting increased glucagon activity. Med. Hypotheses. 1999, 53, 459–485.
155. McCarty, M.F. Upregulation of lymphocyte apoptosis as a strategy for preventing and treating
autoimmune disorders: A role for whole-food vegan diets, fish oil and dopamine agonists.
Med. Hypotheses. 2001, 57, 258–275.
156. Barnard, N.D.; Cohen, J.; Jenkins, D.J.; Turener-McGrievy, G.; Gloede, L.; Jaster, B.; Seidl, K.;
Green A.A.; Talpers, S. A low-fat vegan diet improves glycemic control and cardiovascular risk
factors in a randomized clinical trial in individuals with type 2 diabetes. Diabetes Care 2006, 29,
1777–1783.
157. Campbell, T.C.; Junshi, C. Diet and chronic degenerative diseases: Perspectives from China.
Am. J. Clin. Nutr. 1994, 59, 1153S–1161S.
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

