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Abstract

The discovery of beneficial neuroprotective effects of the angiotensin converting enzyme 2—
angiotensin-(1-7)-Mas axis [ACE2-Ang-(1-7)-Mas] in ischemic and hemorrhagic stroke has
spurred interest in a more complete characterization of its mechanisms of action. Here, we
summarize findings that describe the protective role of the ACE2-Ang-(1-7)-Mas axis in stroke,
along with a focused discussion on the potential mechanisms of neuroprotective effects of Ang-
(1-7) in stroke. The latter incorporates evidence describing the actions of Ang-(1-7) to counter the
deleterious effects of angiotensin 11 (Angll) via its type 1 receptor, including anti-inflammatory,
anti-oxidant, vasodilatory, and angiogenic effects, and the role of altered kinase—phosphatase
signaling. Interactions of Mas with other receptors, including bradykinin receptors and Angll type
2 receptors are also considered. A more complete understanding of the mechanisms of action of

© Springer Science+Business Media New York 2015
Correspondence to: Douglas M. Bennion, dougl asbenni on@f | . edu; Colin Sumners, csummer s@if | . edu.

Conflict of Interest Douglas M. Bennion, Emily Haltigan, Robert W. Regenhardt, U. Muscha Steckelings, and Colin Sumners declare

that they have no conflicts of interest.

Human and Animal Rightsand Informed Consent This article does not contain any studies with human or animal subjects
performed by any of the authors.

This article is part of the Topical Collection on Hypertension and the Kidney



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bennion et al. Page 2

Ang-(1-7) to elicit neuroprotection will serve as an essential step toward research into potential
targeted therapeutics in the clinical setting.
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Introduction

Since the development of the first orally active angiotensin converting enzyme (ACE)
inhibitor, captopril, in 1975, the renin-angiotensin system (RAS) has been a primary
therapeutic target for the treatment of hypertension and related diseases. The original view
of the RAS holds that conversion of angiotensin | into angiotensin 1l (Angll) by ACE leads
to activation of the angiotensin type 1 receptor (AT1R) in multiple tissues to induce various
effects that act in concert to defend and increase blood pressure, elicit electrolyte and water
retention by the kidney, and increase thirst via central mechanisms. In the case of prolonged
overstimulation of AT1Rs, however, Angll signaling increases inflammation, fibrosis, and
cellular hypertrophy, which contribute to disease pathophysiology. High blood pressure and
cerebrovascular health are inextricably linked, with hypertension as the leading modifiable
risk factor for stroke. Studies in both animals and humans have shown that in addition to
having efficacy in treating hypertension, ACE inhibitors and AT1R blockers are protective
in stroke [1-3]. Furthermore, recent work from our group and from others has shown that
signaling through the Angll type 2 receptor (AT2R) is neuroprotective in preclinical models
of ischemic [4-7, 8+¢] and hemorrhagic stroke [9]. The classical view of the RAS has been
further expanded with the discovery of an alternative pathway for angiotensin peptide
metabolism and signaling in which Angll is hydrolyzed by angiotensin converting enzyme 2
(ACE2) to form angiotensin-(1-7) [Ang-(1-7)]. This heptapeptide binds to and activates a
unique G-protein coupled receptor known as Mas to exert effects that are largely in direct
opposition to those of AT1R activation. Here, we review evidence to date for the
neuroprotective actions of Ang-(1-7) in stroke, followed by an in-depth look into specific
mechanisms that may account for its protective effects.

The Angiotensin-(1-7)-Mas Axis and Stroke

As a leading cause of death and disability worldwide, stroke is an exceptionally important
disease for continued translational research [10]. To date, tissue plasminogen activator, a
thrombolytic drug designed to reestablish tissue perfusion, remains the only FDA-approved
medical treatment for ischemic stroke [11]. Unfortunately, the vast majority of stroke
patients are not eligible to receive this treatment due mainly to its narrow therapeutic time
window and high risk of bleeding. Although testing of many potential treatments has been
performed in a large number of animal and human trials, the discovery and successful
clinical testing of other efficacious drugs has proven difficult [12]. Despite their failure to
identify a clinically validated drug target, these studies have provided vastly improved
insight into the pathophysiology of stroke and helped to define characteristics that may
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determine successful testing of future targets [13]. The ACE2—Ang-(1-7)-Mas pathway has
many characteristics that lend promise to its potential as a target for treatments to
successfully induce stroke neuroprotection. First, the Ang-(1-7)-Mas axis undergoes
dynamic changes in stroke [14], which may allow targeted treatments to act synergistically
with endogenous mechanisms. Second, its effects are robust; neuroprotection has been
observed in various models of ischemic and hemorrhagic stroke from different laboratories,
as detailed below. Last, it is hypothesized that drug targets with multiple therapeutic effects
such as those described below for the Ang-(1-7)-Mas axis, as opposed to a single
mechanism of action, will prove more likely to translate [15]. For all of these and other
reasons, it has been recently suggested that the Ang-(1-7)—Mas axis in stroke represents an
especially promising candidate for targeted stroke therapy [16].

Stroke and the Brain RAS

Importantly for stroke, the cells of the CNS express all of the components of the ACE2—
Ang-(1-7)-Mas [17]. Until recently, it was not entirely clear whether expression levels of
components of this protective axis were altered following stroke. Studies had shown that
levels of Angll are increased after stroke in the ventral cortex [18] and the rostral
ventrolateral medulla (RVLM) [19]. In addition, AT1R expression was shown to be
decreased in the cerebral cortex following transient middle cerebral artery occlusion
(MCADOQ) [18], but increased in the RVLM [19]. In a broader study, Lu et al. recently
demonstrated that ischemic stroke resulted in increased levels of Ang-(1-7), ACE2, and Mas
in samples of rat ischemic cortex in the 48 h following stroke [14]. Within the RVLM,
stroke resulted in decreased Ang-(1-7) levels for up to 3 days post-stroke and an initial
decrease in Mas 1 day following stroke, followed by significant increases 3 and 7 days after
MCADO in rats [19]. Gene array results from this study indicated an increase in ACE2
expression 1 day following stroke. Another study using samples from human stroke patients
found that serum ACE?2 levels were significantly higher among cardioembolic strokes and
concluded that changes in ACE2 might be useful in diagnosing stroke subtype and
predicting outcome [20]. Further research in this area is needed to substantiate the changes
observed in these studies and to clarify ways in which the Ang-(1-7)-Mas axis can be
targeted to act in synergy with endogenous post-stroke alterations in the components of this
system.

Ang—(1-7) and Stroke Neuroprotection

A growing number of studies have now demonstrated neuroprotective effects of Ang-(1-7)
in both ischemic and hemorrhagic stroke, some of which have been reviewed previously [17,
21-23]. Our group first used an ischemic stroke model of endothelin-1 (ET-1)-induced
MCAO and found that rats that were infused centrally via the intracerebroventricular (ICV)
route with Ang-(1-7) performed better on neurological function testing and had an ~50 %
reduction in infarct sizes [24s+, 25], which was prevented by co-administration of the Mas
antagonist A-779, findings that have subsequently been verified in models of permanent
MCAOQ [26, 27¢]. In a study using Angll-overexpressing mice subjected to permanent focal
ischemic stroke, neuronal ACE2 overexpression resulted in similar cerebroprotection in vivo
[28] and in vitro [29]. Additionally, lentiviral ACE2 priming of endothelial progenitor cells
enhanced the ability of these cells to reduce infarct size and improve neurological function
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[30+]. These findings are especially relevant from a translational perspective, as systemic
treatment infusions were not started until 2 h after stroke. Importantly, the protective effects
of the Ang-(1-7)-Mas system in stroke are preserved and may even be enhanced in aged
animals [31e].

The protective effects of this axis have also been demonstrated in models of hemorrhagic
stroke, including the use of stroke-prone spontaneously hypertensive rats (spSHR) fed a
high-salt diet, which models the human disease condition in that spSHRs develop chronic
vascular pathology and hypertension leading to intracerebral hemorrhages [25]. Our group
found that chronic central administration of Ang-(1-7) in spSHRs increased lifespan,
decreased the number of hemorrhages, and improved neurological function [25]. Similar
Ang-(1-7)-induced cerebroprotection has been demonstrated in a second model of
collagenase-induced intracranial hemorrhage [17, 32]. In summary, there is a growing body
of evidence that activation of the central Ang-(1-7)-Mas axis can exert profound protective
effects in stroke. As discussed in the following sections, there are likely to be multiple
mechanisms and sites of action for these beneficial effects of Ang-(1-7).

Mechanisms of Ang-(1-7)-Induced Neuroprotection

The beneficial effects of Ang-(1-7)-Mas signaling extend beyond stroke and have been
demonstrated in a variety of inflammation-related disease models including arthritis,
hypertensive kidney disease, atherosclerosis, asthma, and acute respiratory distress
syndrome [33-37]. Similarly, the ACE2-Ang-(1-7)-Mas axis has recently been examined
for its potential to be manipulated as a therapy for cardiovascular disease, where its
activation has been demonstrated to have therapeutic potential for hypertension and related
pathologies, myocardial infarction, heart failure, as well as several types of cancer [38-45]
and other diseases [46]. The mechanisms of protection in these varied disease pathologies
are likely to overlap, as many tissues, including the brain, express tissue-specific RAS
components. In this section, we review the studies that have focused on the mechanisms of
Ang-(1-7)-induced protection in stroke, and we supplement these data with conclusions
drawn from studies in other inflammatory and related disorders to propose a multifaceted
mechanistic hypothesis for the neuroprotective actions of the ACE2-Ang-(1-7)-Mas
pathway in stroke (see Fig. 1).

Anti-inflammation and Anti-oxidation

Many studies, including several in stroke, have explored the specific hypothesis that Mas
activation by Ang-(1-7) has antiinflammatory and anti-oxidative effects. Our group
demonstrated that central administration of Ang-(1-7) during ischemic stroke attenuated the
increased levels of pro-inflammatory markers within the cerebral cortex [47+]. Activation of
the Ang-(1-7) axis may also decrease oxidative stress and thus limit neuronal cell death, as
the levels of inducible nitric oxide synthase (iNOS), a pro-oxidant molecule that is increased
in stroke, were also reduced by this peptide [48]. In an animal model of permanent cerebral
ischemia, Mas activation exerted similar changes, decreasing oxidative stress and
suppressing nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) activity
and consequent tumor necrosis factor alpha (TNF-a) signaling [27+¢]. NF-xB inhibition by
Ang-(1-7) also occurs in other animal disease models, including hypertensive kidney disease
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[34], pulmonary fibrosis [49], and fatty liver disease [50]. Inhibition of nuclear translocation
of NF-xB by Ang-(1-7) has also been shown to prevent the upregulation of vascular cell
adhesion protein-1 by Angll [51], as well as reduced leukocyte chemotactic signaling,
rolling, and adhesion [33]. These effects may be particularly relevant in the subacute period
of stroke to limit excessive inflammatory cell infiltration across the compromised blood-
brain barrier. In addition to reducing stroke infarct size, ACE2 overexpression in neurons of
mice engineered to overproduce Angll resulted in attenuated levels of reactive oxygen
species following stroke in vivo [28], in vitro [29], and in aged mice [31¢], likely secondary
to the observed reduction in NADPH oxidase levels. While it remains to be more clearly
demonstrated, it is possible that the augmented activity of neuronal ACE2 in these mice may
be exerting anti-oxidative effects indirectly through alterations in neuron-to-microglia
signaling, possibly in a way that limits the activation of inflammatory microglia. In support
of this possibility, we have observed in rats that administration of Ang-(1-7) in stroke
resulted in attenuated cerebral cortical expression of markers of activated microglia and
neuronalderived chemokines [47¢], as well as decreased numbers of activated microglia
[25]. In hypertension, administration of Ang-(1-7) to SHRs lowered oxidative stress,
neuronal autophagy and apoptosis, levels of NADPH and iNOS, and expression of the
AnglI-AT1R axis while improving endogenous anti-oxidant function [26], effects that were
at least partially reversible by Mas antagonism. The anti-inflammatory/anti-oxidant effects
of Ang-(1-7) in stroke as well as other disease states are becoming well-established [16, 52,
53], and future work will help to clarify the specific signaling mechanisms and cell subtypes
through which this peptide may be acting.

Vascular Effects and Angiogenesis

We have previously reviewed evidence which indicates that Ang-(1-7) may have a
vasodilatory effect to increase regional blood flow to certain tissues, including cerebral
blood flow (CBF), which might contribute to its neuroprotective efficacy [17]. This
hypothesis is supported by findings from multiple groups that axis activation resulted in
upregulation of endothelial NOS (eNOS) and NO production in stroke [28,29, 30e, 54, 55],
as well as improved endothelial function in spSHRs [56, 57]. It was very recently
demonstrated that application of Ang-(1-7) into the RVLM resulted in complete attenuation
of the detrimental stroke-induced pressor response as well as preventing increased heart rate
[19]. In addition to a vasodilatory role, the vasoprotection conferred to the endothelium by
activation of the ACE2-Ang-(1-7)-Mas axis has been abundantly demonstrated in the
context of exercise [58], aging [16], pulmonary hypertension [59, 60], atherosclerosis [61],
and vascular remodeling [53], to name a few. In line with these findings, several recent lines
of evidence indicate an angiogenic role for the Ang-(1-7)-Mas system in stroke. The
priming of endothelial progenitor cells with ACE2 enhanced their angiogenic effect within
the peri-infarct region of the mouse cerebral cortex following ischemic stroke [30¢]. Infusion
with Ang-(1-7) by the ICV route resulted in significantly increased brain capillary density
[55], and ACE2 overexpression within neurons increased angiogenic cytokines in stroke in
addition to improving levels of CBF [28]. It is clear that Ang-(1-7)-induced increases in
perfusion and angiogenesis would result in great benefit in the setting of cerebral ischemia,
and evidence to date points to this as one likely mechanism of protective action.
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Anti-AT1R Effects via Altered Kinase—Phosphatase Signaling

Many of the effects mediated by Ang-(1-7) described above are in direct opposition to the
action of Angll binding to AT1Rs. Indeed, Mas can hetero-oligomerize with AT1Rs and
could thus act as a direct antagonist [62], which is feasible within the cells of the brain as
both Mas and AT1Rs are expressed in the neurons [25, 63], microglia [25, 64], and
endothelial cells [65]. Increases in Angll levels in the brain, as occurs during stroke [18], are
associated with disease pathophysiology, including enhanced vascular contraction,
endothelial damage, neuronal apoptosis and inflammation, and stimulation of reactive
oxygen species (ROS), effects which are each counteracted by Ang-(1-7)-Mas signaling.
We now turn our consideration to recent findings that specifically point toward a role for
Ang-(1-7)-Mas in regulating kinase signaling to counter deleterious effects of Angll binding
to the AT1R within any or all of the cellular subpopulations of the brain that could account
for many of its other observed beneficial effects (see Fig. 1). Although inhibition of AT1R-
coupled signaling will be the focus of this discussion, such Ang-(1-7)-induced phosphatase
activity may also mediate its other beneficial effects by additionally regulating cytokine and
growth factor signaling, such as by disrupting the NF-xB pathway as described earlier.
Activation of the AT1R by Angll initiates intracellular kinase signaling, including mitogen-
activated protein kinase (MAPK)-associated pathways, to induce regulatory effects on blood
pressure and fluid balance [66]. Importantly, the AT1R-extracellular signal-regulated kinase
(ERK)—p38 MAPK pathway has been shown to induce expressional upregulation of ACE
and downregulation of ACE2 [67], with further suppression by Angll-induced ACE2
shedding [68]. Considering the importance of kinase signaling in the signal transduction that
results from AT1R activation [66], mechanisms of anti-Angll action that involve kinase
inhibition seem particularly plausible. Along these lines, it has recently been reported that
the administration of an ACE2 activator [69], diminazene aceturate (Berenil®), resulted in
significantly downregulated phosphorylation of MAPKSs, including ERK, p38, and c-Jun N-
terminal kinases, as well as the NF-xB p65 subunit in mice [70]. We have shown that
administration of diminazene aceturate significantly reduces infarct size in rat ischemic
stroke [24e¢], which may be the result of such reductions in inflammation, oxidative stress,
and apoptosis secondary to the decreased phosphorylation of these pro-inflammatory
mediators. In a study using vascular smooth muscle cells of the rat thoracic aorta, Ang-(1-7),
via Mas activation, was shown to counteract Angll-induced decreases in ACE2 expression.
Importantly, the effect of Ang-(1-7) was dependent on the activity of MAPK phosphatases,
suggesting that Mas signaling may involve activation of phosphatase activity that directly
counters AT1R-regulated kinase signaling [71].

Further evidence for the role of Ang-(1-7) in activating phosphatases was reported in rat
primary astrocytes subjected to radiation-induced inflammation, a setting in which Ang-
(1-7) treatment inhibits MAPK activation and reduces markers of inflammation in addition
to increasing levels of dual specificity phosphatase 1 (DUSP-1), which is a negative
regulator of the MAPK pathway [72¢]. These latter findings are of particular interest in the
setting of stroke, where inflammation also plays a key role in the pathophysiology of the
disease. Similar enhanced negative regulation of Angll-associated MAPK signaling by Ang-
(1-7) is known to occur in a variety of other tissues in both animals and humans.
Interestingly, Ang-(1-7) attenuates the increased levels of ACE, AT1Rs, and Angll in
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addition to improving hemodynamic parameters in a rat model of vascular calcification [73].
In the setting of stroke where Angll levels are increased [74], we and others believe it is
likely that the beneficial action of Ang-(1-7) may result, at least in part, from phosphatase
activation and subsequent downregulation of Angll-induced intracellular kKinase signaling
[75], resulting in a decrease in the deleterious Angll — AT1R effects as well as disinhibition
of ACE2 to further increase activity of the protective ACE2—-Ang-(1-7)-Mas axis.

Interactions with Bradykinin and AT2Rs

Several lines of evidence suggest that in addition to the intracellular modifications of kinase
signaling, and perhaps as a precursor to such changes, the Ang-(1-7) receptor Mas may
interact with other receptors during its activation, specifically the bradykinin receptors and
the AT2R, which we briefly discuss in turn here. The interplay of the RAS and the kinin—
kallikrein system has been an area of research and clinical interest in the decades since the
discovery that ACE acts to cleave and inactivate bradykinin. Although the precise nature of
the interaction between the important vasodilatory systems is not entirely clear, Mas
signaling appears to play an essential role, as the vasorelaxant effects of both bradykinin and
Ang-(1-7) were completely inhibited by antagonists of the Mas receptor in human umbilical
vein endothelial cells, and were absent in Mas-deficient murine microvessels. These effects
appear to be mediated by altered phosphorylation of NO synthase [76]. Central infusion of
Ang-(1-7) during stroke resulted in significantly increased levels of bradykinin, and at
higher doses, upregulated expression of the bradykinin B1 and B2 receptors [77].
Additionally, the effects of bradykinin to dilate porcine arteries were potentiated by Ang-
(1-7) [78]. Current evidence seems to indicate that activation of Ang-(1-7)-Mas augments
the vasodilatory actions of brady-kinin signaling by increasing expression of kinin system
components, potentiating its effects, and preventing its metabolism, but future research will
be helpful in clarifying more precisely the interaction of these systems.

Accumulating evidence also suggests the possibility of an interaction between Mas and the
neuroprotective AT2R which may contribute to the protective effects of Ang-(1-7) in stroke
as illustrated in Fig. 1. The involvement of AT2Rs in the stimulation of Ang-(1-7) effects
has been demonstrated in numerous studies through their inhibition or attenuation by AT2R
antagonists such as PD 123319 and PD 123177 [79-84]. For example, Ang-(1-7)-mediated
prostaglandin synthesis [85], vasodilation of coronary arteries [86], and reduction of mean
arterial pressure [87] were all significantly halted by administration of PD 123319.
Importantly, the cerebroprotective effects of Ang-(1-7) in stroke can be blocked by AT2R
antagonism, as can the protection conferred by administration of AT2R agonist compound
21 by Mas antagonism [88]. Many studies in other disease models have demonstrated cross-
inhibition of these receptors through their respective antagonists within Ang-(1-7) signaling
pathways [35, 89-93], providing additional evidence to indicate the potential formation of
Mas—-AT2R heterodimer complexes. Further, dimerization of other RAS and related
receptors have been reported, including interactions of AT1R with Mas [62], AT2R [94],
bradykinin B2 receptor [95], and AT1R homodimerization [96], to name just a few. Indeed,
a proposed mechanism of increasing NO production involves the dimerization of AT2R to
the bradykinin B2 receptor [95]. Through direct binding, the AT2R may act as an antagonist
of the AT1R by inhibiting G-protein activation and subsequent signaling [94]. Similarly,
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Mas serves as an AT1R antagonist through heterodimer complex formation which attenuates
Angll actions [62]. These studies illustrate the common occurrence of oligomeric complexes
within the RAS, making plausible the idea of Mas—AT2R heterodimerization. Future studies
in this area are anticipated to clarify the nature and the functional implications of these
intriguing interactions.

In discussing the potential linkages between the Mas and AT2R signaling pathways, it is
important to consider the likely localization for a direct Mas—AT2R interaction. It is
expected that an interaction between Mas and AT2R would be within shared expression
sites. As stated earlier, Mas expression in the brain has been reported in microglia and
neurons [25], as well as endothelial cells [65], while AT2R is found primarily within
neurons [97] and endothelial cells [65], with some evidence for its expression in cultured
microglia [98, 99]. Following cerebral ischemia, there is an excessive activation of pro-
inflammatory cells such as microglia. Additionally there are reports of an enhancement of
AT2R levels in the tissue surrounding the infarcted region [100, 101]. One consequence of
this upregulation may be an increased potential for Mas—AT2R interactions on neuronal or
microglial cells with subsequent ligand binding and pathway activation to induce their
protective responses.

Along with the evidence suggesting a direct Mas—AT2R interaction, there are several
important findings that indicate their roles as independent protective pathways. Two studies
have shown Ang-(1-7) induced effects in AT2R knockout mice [102, 103], and another
report demonstrated successful vasodilation by an AT2R agonist in Mas-deficient mice
[104]. Additionally, multiple studies have reported AT2R antagonists having no influence
on Ang-(1-7) effects, suggesting that certain Mas-mediated actions may be signaled through
AT2R-independent cascades [27¢¢, 105-108]. The reasons for these different findings
remain to be clarified, but could be explained by differences in species, animal models of
disease, timing of drug administration, or age [90] or possibly by tissue type, as formation of
receptor dimers has been shown to be tissue-specific [109]. Considering the currently
available evidence, a direct Mas—AT2R interaction or dimerization seems plausible and may
contribute to the protective effects in studies of stroke resulting from activation of the
ACE2-Ang-(1-7)-Mas axis.

Conclusions

Accumulating evidence has demonstrated that activation of the ACE2-Ang-(1-7)-Mas axis
can exert profound neuroprotective effects in both ischemic and hemorrhagic strokes, a
significant addition to the beneficial actions of this protective arm of the RAS within the
cardiovascular system. Though the studies on ACE2—-Ang-(1-7)-Mas are as yet confined to
experimental animal models, from a translational perspective, the fact that the protective
actions of this axis are robust, repeatable in different stroke models, and likely occur via
multiple sites of action suggest that targeting this system may become a therapeutic option
for stroke. Despite the observations made so far, much work needs to be done to understand
the exact mechanisms and sites of the protective action of this system, in order to uncover
more favorable therapeutic targets. In this light, while the major focus of studies so far has
been on actions of Ang-(1-7) within central tissues, effects within the periphery such as
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enhancing the function of endothelial progenitor cells [30¢] may be as important. Other
aspects that should be further considered are whether co-stimulation of Mas and AT2R may
exert even greater beneficial actions in stroke and whether Mas activation following
application of exogenous Ang-(1-7) or ACE2 activators can be optimized to coincide with
post-stroke changes in RAS components in the brain, e.g., upregulation of Mas.
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The neuroprotective effects that result from Mas activation by Ang-(1-7) are summarized
here. We propose a mechanism of action in which phosphatase activation by Mas signaling
leads to dephosphorylation of essential elements of the Angll-AT1R-induced kinase
signaling cascade, thus inhibiting its deleterious effects. Also summarized are the beneficial
actions of Mas activation that may be induced independently from AnglI-AT1R signaling,
with potential contributions from signaling in neurons, microglia, endothelial cells, and
vasculature. Angll angiotensin 11, Ang-(1-7) angiotensin-(1-7), AT1R angiotensin type 1
receptor, AT2R angiotensin type 2 receptor, MAPK mitogen-activated protein kinase,
DUSP-1 dual specificity phosphatase 1, NF-xB nuclear factor kappa-light-chain-enhancer of
activated B cells, TNF-a tumor necrosis factor alpha, PIC pro-inflammatory cytokine,
VCAM-1 vascular cell adhesion protein 1, IC inflammatory cell, eNOS endothelial nitric
oxide synthase, NO nitric oxide, BK R bradykinin receptor, CBF cerebral blood flow, iINOS
inducible nitric oxide synthase, NADPH nicotinamide adenine dinucleotide phosphate-
oxidase, ROSreactive oxygen species, VEGF vascular endothelial growth factor
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