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Abstract Excessive allostatic load as a consequence of

deregulated brain inflammation participates in the devel-

opment and progression of multiple brain diseases,

including but not limited to mood and neurodegenerative

disorders. Inhibition of the peripheral and brain Renin–

Angiotensin System by systemic administration of Angio-

tensin II AT1 receptor blockers (ARBs) ameliorates

inflammatory stress associated with hypertension, cold-

restraint, and bacterial endotoxin administration. The

mechanisms involved include: (a) decreased inflammatory

factor production in peripheral organs and their release to

the circulation; (b) reduced progression of peripherally

induced inflammatory cascades in the cerebral vasculature

and brain parenchyma; and (c) direct anti-inflammatory

effects in cerebrovascular endothelial cells, microglia, and

neurons. In addition, ARBs reduce bacterial endotoxin-

induced anxiety and depression. Further pre-clinical

experiments reveal that ARBs reduce brain inflammation,

protect cognition in rodent models of Alzheimer’s disease,

and diminish brain inflammation associated with genetic

hypertension, ischemia, and stroke. The anti-inflammatory

effects of ARBs have also been reported in circulating

human monocytes. Clinical studies demonstrate that ARBs

improve mood, significantly reduce cognitive decline after

stroke, and ameliorate the progression of Alzheimer’s

disease. ARBs are well-tolerated and extensively used to

treat cardiovascular and metabolic disorders such as

hypertension and diabetes, where inflammation is an inte-

gral pathogenic mechanism. We propose that including

ARBs in a novel integrated approach for the treatment of

brain disorders such as depression and Alzheimer’s disease

may be of immediate translational relevance.
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Introduction

Mood and neurodegenerative disorders are devastating

diseases of high prevalence and poorly understood etiol-

ogy, without adequate treatment. These diseases are the

consequence of failure to maintain homeostasis, a condi-

tion associated with multiple constellations of factors on a

background of genetic vulnerability (Fig. 1).

A major influence in the development and progression

of many brain disorders is the failure of the mechanisms to

regulate and control the necessary, adaptive inflammatory

responses in the brain (Dantzer et al. 2008; Rivest 2010).

When not adequately restricted, brain inflammation may

lead to altered behavior and neuronal damage, depression,

progressive loss of cognition, and reduced neurological

performance (Pascoe et al. 2011; Marchesi 2011; Anisman

2009; Leonard 2007; Tansey and Goldberg 2010). Unfor-

tunately, at present there are no effective and safe treat-

ments to control deregulated inflammatory processes in the

brain (Editorial 2007; Nimmo and Vink 2009). For these

reasons the search for novel, safe, and effective central

anti-inflammatory drugs is of major interest.
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The present review summarizes our observations

demonstrating that inhibition of the peripheral and brain

Renin–Angiotensin System (RAS) by systemic adminis-

tration of Angiotensin II AT1 receptor blockers (ARBs)

ameliorates brain inflammatory stress. ARBs are safe

compounds that while commonly used for the treatment of

cardiovascular and metabolic disorders where inflamma-

tion is a major pathogenic factor (Savoia and Schiffrin

2007; Barra et al. 2009), may have other uses that have not

been adequately tested. For example, there is accumulating

evidence that ARBs are not only neuroprotective in stroke

and diabetes, but also ameliorate age-related cognitive loss,

anxiety, and depression (Saavedra et al. 2011). Because of

their safety and demonstrated central anti-inflammatory

effects, we propose to utilize ARBs as a novel additional

component of an integrative treatment of brain disorders

such as depression and Alzheimer’s disease, a concept of

potential immediate translational value.

What follows is a description of our research findings

leading to this proposal, and a brief description of sup-

portive pre-clinical and clinical evidence obtained by other

laboratories.

For both our pre-clinical experiments using rodents and

for our studies on human circulating monocytes, we used

the ARB candesartan at doses and concentrations in the

same order of magnitude than those used in clinical set-

tings, supporting the clinical relevance of our findings (Lee

et al. 1995; Nishimura et al. 2000a, b; Weinberg et al.

2004; Benicky et al. 2011).

The Brain Angiotensin II System

Angiotensin II was discovered as a circulating pro-hyper-

tensive peptide of renal origin, the active principle of the

RAS. Circulating Angiotensin II, through activation of its

physiological AT1 receptors, was characterized as a major

regulator of vascular tone and fluid metabolism (Skrbic and

Igic 2009). Inhibition of peripheral Angiotensin II AT1

receptors may be achieved with the use of ARBs, non-

peptidic, orally active, and well-tolerated compounds

(Timmermans et al. 1993). ARBs are currently a main-

stream treatment for cardiovascular and metabolic diseases,

including essential hypertension and diabetes (McFarlane

2009). The beneficial effects of ARBs are not only limited

to reduction of vasoconstriction, but also include a signif-

icant decrease in vascular and end-organ inflammation, the

result of excessive AT1 receptor activation and a major

participant in the pathogenesis of hypertension and diabe-

tes (Savoia and Schiffrin 2007; Marchesi et al. 2008)

(Fig. 2).

Initially, the effects of Angiotensin II in the brain were

thought to be restricted to regulation of thirst and sodium

appetite (Skrbic and Igic 2009). Later, multiple local RAS

systems were described in all tissues studied, including the

brain (Bader 2010; Saavedra 1992). Subsequent studies

demonstrated that brain Angiotensin II is a pleiotropic

neuroregulator, and that brain AT1 receptors are involved

Fig. 1 Brain inflammation participates in the development and

progression of brain disorders. Excessive inflammation is one of the

multiple factors increasing allostatic load. Superimposed on a

background of genetic vulnerability, brain inflammation contributes

to loss of homeostasis, and this may lead to neuropsychiatric diseases

such as mood and neurodegenerative disorders (modified from

Benicky et al. 2011)

Fig. 2 Angiotensin II and its physiological AT1 receptors. Angio-

tensin II is the main mediator of the Renin–Angiotensin System, and

the activity of this system is determined by the degree of AT1 receptor

stimulation. The physiological functions of AT1 receptors include, but

are not restricted to, regulation of vascular tone and blood volume, the

integrity of the blood brain barrier, cerebrovascular autoregulation,

the innate immune response, insulin sensitivity, sensory information,

the response to stress and multiple aspects of behavior and cognition.

Consequently, AT1 receptor overactivity is involved in hypertension,

blood brain barrier breakdown, vulnerability to ischemia as a

consequence of loss of cerebrovascular compliance, metabolic

alterations including diabetes, neuropathic pain, stress disorders,

anxiety, and depression. A result of AT1 receptor overactivity is

increased peripheral and brain inflammation. AT1 receptor overac-

tivity may be normalized by ARB administration
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in multiple functions including, but not limited to the con-

trol of the cerebral circulation, hormonal, and autonomic

regulation and in particular the regulation of the response to

stress and behavior (Tsutsumi and Saavedra 1991; Saavedra

1992; Saavedra 2005; Saavedra et al. 2011) (Fig. 2).

In the brain and the periphery, Angiotensin II has been

proposed to stimulate, in addition to AT1 receptors, a

second receptor type, the AT2 receptor. AT2 receptor

stimulation by Angiotensin II has been proposed to play a

protective role and to balance AT1 receptor stimulation.

However, the emerging consensus is that the AT2 receptor

expression in the human brain is limited, the receptor can

be activated without Angiotensin II participation, published

results are controversial, and there is no clear mechanistic

model for its signal transduction (Porrello et al. 2009; De

Gasparo and Siragy 1999; Allen et al. 1999; Saavedra

2005; Rompe et al. 2010). For these reasons the proposed

role of AT2 receptors in the neuroprotective effects of

ARBs will not be discussed here.

The Consequences of Enhanced Brain Angiotensin II

AT1 Receptor Activity

Evidence accumulated in many laboratories including ours

demonstrated an association of enhanced brain Angiotensin

II activity with increased allostatic load leading to vul-

nerability to stress, anxiety, depression, brain ischemia

with associated cerebrovascular remodeling and loss of

compliance, and inflammation (Castrén and Saavedra

1988; Xang et al. 1993; Edwards et al. 1999; Nishimura

et al. 2000a; Saavedra and Benicky 2007; Zhang et al.

2010; Saavedra et al. 2011) (Fig. 2). Some of the initial

information was obtained in a rodent model of essential,

genetic hypertension, the Spontaneously Hypertensive Rat

(SHR). In this model, enhanced Angiotensin II AT1

receptor expression is indicative of increased activation

and it is associated with cerebrovascular stiffness and

inflammation (Nishimura et al. 2000a).

The Results of AT1 Receptor Blockade

Since it was demonstrated that ARBs reverse peripheral

vascular inflammation and excessive vascular remodeling

in hypertension, atherosclerosis, and diabetes (Savoia and

Schiffrin 2007), we hypothesized that the beneficial effects

of ARBs may extend to the brain circulation in hyperten-

sive animals. To test our hypothesis we asked:

Are ARBs able to reverse the cerebrovascular alterations

characteristic of genetic hypertension? First, we demon-

strated that systemically administered ARBs crossed the

blood brain barrier and blocked AT1 receptors in the brain

parenchyma (Nishimura et al. 2000b). We subsequently

found that systemic administration of the ARB candesartan

protected cerebrovascular flow, reversing cerebrovascular

remodeling and inflammation in SHR, effects independent

of its blood pressure-lowering effects (Ito et al. 2002;

Yamakawa et al. 2003; Ando et al. 2004; Zhou et al. 2005).

The end result of ARB therapy was to reduce stroke damage

(Fig. 3).

Parallel experiments in our laboratory revealed that

systemic candesartan administration completely prevented

the hormonal and sympathoadrenal response to isolation

stress in normotensive rats (Armando et al. 2001, 2007) and

the stimulation of central sympathetic activity during cold-

restraint stress in SHR (Bregonzio et al. 2008). Although

anti-stress properties of ARBs were of a major interest, we

recognized that elimination of the stress response to psy-

chogenic stimuli may not necessarily be a beneficial effect.

To establish whether or not ARBs manifested anti-stress

properties of therapeutic benefit, we asked:

May systemic administration of ARBs prevent a stress-

induced disorder? To answer this question we used a

Fig. 3 ARBs decrease cerebrovascular remodeling and inflammation

in genetic hypertension. Genetic hypertension, such as that develop-

ing in SHR, is associated with pathological growth and fibrosis of

cerebral arteries (remodeling, right figure) limiting compliance to

changes in cerebrovascular flow and increasing vulnerability to brain

ischemia and stroke. Cerebrovascular inflammation and macrophage

infiltration of the brain parenchyma (center figure) aggravates this

condition. Experimental stroke in vulnerable SHR produces major

loss of brain tissue (left figure). ARB administration reverses

cerebrovascular remodeling improving vascular compliance and

protecting blood flow to the brain (right figure), ameliorates

macrophage infiltration into the brain parenchyma (center figure),

reducing inflammation, and reduces stroke damage (left figure)

(modified from Nishimura et al. 2000a; Ando et al. 2004)
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rodent model of cold-restraint gastric ulceration. We found

that systemic candesartan effectively abolished gastric

ulceration in stress-vulnerable SHR (Bregonzio et al.

2003). A mechanistic analysis revealed that in addition to

prevention of circulatory vasoconstriction by reduction of

the stress-induced sympathoadrenal activation, candesartan

significantly prevented the inflammatory response to stress

in the gastric mucosa (Bregonzio et al. 2003) (Fig. 4). It

was of interest that, while ARBs prevented the HPA axis

response to the psychogenic stress of isolation, they did not

influence the glucocorticoid production and release during

cold-restraint stress (Bregonzio et al. 2003). We interpreted

this observation, initially surprising, as further evidence of

selective, beneficial anti-stress effects of ARBs, since

production and release of glucocorticoids, major anti-

inflammatory hormones, is essential for the protection of

the gastric mucosa during stress (Bregonzio et al. 2003).

Thus, two independent lines of evidence strongly sug-

gested major beneficial anti-inflammatory effects of ARBs,

ameliorating inflammation in the cerebral vasculature

during hypertension and in the gastric mucosa during

stress. For these reasons we hypothesized that ARBs might

possess general anti-inflammatory properties, not only in

the periphery but also in the brain, and that amelioration of

pathological inflammation might be beyond their direct

cardiovascular effects.

AT1 Receptor Blockade in Normotensive Rats

To rule out the participation of blood pressure changes on

the anti-inflammatory effects of ARBs, we asked: Does

ARB administration ameliorate brain inflammation unre-

lated to alterations in blood pressure? To test our

hypothesis, we selected a well-characterized model of

inflammation, the activation of the innate immune response

in the periphery and the brain by systemic administration of

the bacterial endotoxin lipopolysaccharide (LPS) (Dantzer

et al. 1998; Rivest 2010). Brain inflammatory processes are

necessary for the maintenance of homeostasis. The brain

innate immune response, the initial reaction to inflamma-

tory challenges, is an essential mechanism to restore

homeostasis in response to stress, infection, or neuronal

injury (Dantzer et al. 1998; Rivest 2010). Exaggerated,

disturbed inflammatory responses, however, lead to chronic

inflammation and neuronal damage (Dantzer et al. 1998;

Rivest 2010). It was therefore of interest to establish whe-

ther systemic ARB administration controlled, but not

eliminated, the innate immune response to LPS.

To avoid confounding cardiovascular effects we

administered LPS to normotensive rats at a subseptic dose

not influencing blood pressure (Sánchez-Lemus et al.

2008). These concentrations are similar to those found in

humans affected by metabolic disorders (Schwartz et al.

2010), supporting the clinical relevance of our findings.

Systemic LPS stimulates peripheral target cells, namely

vascular endothelial cells and circulating and tissue mac-

rophages located in multiple organs (Guha and Mackman

2001; Quan and Banks 2007; Rivest 2010). In turn, these

cells produce and release to the circulation large amounts

of pro-inflammatory cytokines directly affecting the brain

(Rivest 2010). Circulating pro-inflammatory cytokines and

LPS target cerebrovascular endothelial cells, stimulating

inflammatory cascades that promote further inflammation

and microglia activation in the brain parenchyma (Quan

and Banks 2007). If the inflammatory response is not bal-

anced, it leads to neuronal injury (Guha and Mackman

2001; Quan and Banks 2007; Rivest 2010). In addition,

systemic LPS strongly activates the HPA axis, a charac-

teristic inflammatory stress with enhanced production and

release of pro-inflammatory aldosterone from the adrenal

gland (Sánchez-Lemus et al. 2008). The HPA axis reaction

to LPS includes enhanced production and release of anti-

inflammatory corticosterone, responsible for the feedback

control and regulation of the hormonal and systemic

inflammatory responses (Sánchez-Lemus et al. 2008). The

Fig. 4 ARBs prevent development of stress-induced gastric ulcers.

Cold-restraint stress produces massive acute gastric ulcerations (right
figure), the consequence of enhanced sympathoadrenal-mediate local

vasoconstriction and inflammation (left figure, representing neutrophil

infiltration to the gastric mucosa). ARBs prevent gastric ulcer

formation, reducing gastric mucosal vasoconstriction, and ameliorat-

ing the local inflammatory response (modified from Bregonzio et al.

2003)
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LPS-induced peripheral and brain inflammation is associ-

ated with an initial behavioral reaction or ‘‘sickness syn-

drome’’ with fever, diminished locomotion, decreased

social interactions, and anorexia leading to body weight

loss and depression (Dantzer et al. 1998).

Effects of ARBs on the Peripheral and Brain Innate

Immune Response

Consequently, we tested the effects of ARB administration

on the LPS-induced innate immune response, and we asked

the following questions: Does ARB administration influ-

ence circulating biomarkers of inflammation? In normo-

tensive rats, a subseptic LPS dose not affecting systemic

blood pressure produced a major increase in inflammatory

factors in the general circulation (Benicky et al. 2011). The

ARB candesartan decreased or eliminated LPS induction of

circulating inflammatory factors without affecting LPS

induction of anti-inflammatory factors. This significantly

decreased the LPS-induced pro-inflammatory profile in the

general circulation (Benicky et al. 2011; Sánchez-Lemus

et al. 2008, 2009a, b) (Fig. 5).

Does ARB administration influence peripheral inflam-

matory responses in target organs, indirectly affecting the

brain? Circulating markers of inflammation have their origin

in target cells for LPS, namely endothelial cells in the vas-

culature, macrophages in peripheral organs and components

of the HPA axis. We studied the pituitary and adrenal glands,

major components of the HPA axis, and the macrophage-rich

spleen, a major target for systemic LPS (Sánchez-Lemus

et al. 2008, 2009a, b). LPS-induced profound inflammatory

responses in all tissues studied. In the adrenal gland, can-

desartan prevented LPS-induced upregulation of pro-

inflammatory aldosterone production without affecting that

of anti-inflammatory glucocorticoids (Sánchez-Lemus et al.

2008). In the adrenal gland, pituitary gland, and spleen,

candesartan significantly reduced the LPS-induced upregu-

lation of all inflammatory pathways studied, including

cytokine production, COX-2 and iNOS transcription,

ROS formation and NF-jB activation (Sánchez-Lemus

et al. 2008, 2009a, b) (Fig. 6). This indicates that the

Fig. 5 ARBs decrease bacterial endotoxin production and release of

inflammatory factors affecting the brain. Systemic LPS administration

markedly induces circulatory biomarkers of inflammation, including

but not limited to IL-6, IL-1b, PGE2, and aldosterone. Anti-

inflammatory factors (corticosterone, IL-10) are also increased by

LPS. Pretreatment with the ARB candesartan significantly decreases

pro-inflammatory factors without affecting levels of anti-inflamma-

tory markers. The net result is a significant decrease in the LPS-

induced pro-inflammatory profile in the circulation (modified from

Benicky et al. 2011; Sánchez-Lemus et al. 2008)

Fig. 6 ARBs decrease inflammatory stress in LPS target organs.

ARBs significantly reduce LPS induction of gene expression of all

inflammatory factors studied in adrenal gland, pituitary gland, and

spleen, including but not restricted to IL-6 and COX-2, and PGE2

formation in the spleen (modified from Sánchez-Lemus et al. 2008,

2009a, b)
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anti-inflammatory effect of ARBs was widespread through-

out the organism, and amelioration of peripheral inflamma-

tion was not the consequence of hemodynamic effects.

We had demonstrated that systemic ARB administration

reduces inflammation in peripheral tissues and diminishes

production of circulating inflammatory factors affecting the

brain. The reduction in peripheral inflammation may

decrease inflammatory stress to the brain (Dantzer et al.

2008; Rivest 2010). To answer this question, we asked:

Does systemic ARB administration influence brain

inflammation? LPS increased AT1 receptor mRNA in the

PVN, suggesting a participation of AT1 receptor activation

in inflammatory stress (Sánchez-Lemus et al. 2009b).

Systemic candesartan administration blocking not only

peripheral but also brain AT1 receptors significantly

decreased LPS-induced upregulation of inflammatory

cytokines, their receptors, adhesion molecules, iNOS and

COX-2 production, c-fos and NF-jB induction, and

microglia activation (Benicky et al. 2009; Benicky et al.

2011) (Figs. 7, 8). The effects of LPS were widespread,

and were documented not only in the PVN and SFO,

characteristic brain targets for circulating LPS and pro-

inflammatory cytokines, but also in the prefrontal cortex,

amygdala and hippocampus (Benicky et al. 2011) (Figs. 7,

8). In all cases, candesartan significantly limited LPS

inflammatory effects (Benicky et al. 2011). In parallel with

the peripheral anti-inflammatory effects and decreased

circulating inflammatory factors, systemic administration

of candesartan reduced brain inflammation.

Since systemically administered candesartan blocks both

peripheral and brain AT1 receptors (Nishimura et al.

2000b), and all sartans studied, when administered periph-

erally, are able to cross the blood–brain barrier and enter the

brain (Li et al. 1993; Polidori et al. 1998; Wang et al. 2003)

the question remained as to the relative role of peripheral

and brain AT1 receptor blockade on the anti-inflammatory

effects of ARBs. To address this point, we asked:

Is there a central component to the anti-inflammatory

effects of systemically administered ARBs in the brain? We

believe this question may be answered in the affirmative,

since we have earlier demonstrated that brain AT1 receptors

were involved in the effects of systemically administered

ARBs; orally administered candesartan administration

abrogated the drinking response and the increase in blood

pressure produced by intracerebral administration of

Angiotensin II (Seltzer et al. 2004). In addition, ARBs

administered into the cerebral ventricles in preclinical ani-

mal studies prevent the effects of peripherally administered

Angiotensin II in the brain (Kang et al. 2009). However,

since direct infusion of ARBs into the brain is not used in

clinical settings, these experiments do not directly clarify

whether or not ARBs, as administered in the clinic, have

central effects in addition to peripheral actions.

To definitely answer the question of a participation of

brain AT1 receptors in the anti-inflammatory effects of

systemically administered ARBs, we asked:

Do ARBs reduce inflammation directly in brain cells?

We studied the direct effects of candesartan on LPS

inflammation in cultured brain cells. We selected rat pri-

mary cerebellar granule cells because brain AT1 receptors

have a predominant expression in neurons (Tsutsumi and

Saavedra 1991), microglia because of their fundamental

role in central inflammatory responses (Hanisch 2002), and

cerebral microvascular endothelial cells as targets of LPS,

circulating pro-inflammatory factors and Angiotensin II

(Benicky et al. 2011). Candesartan reduced LPS-induced

production of inflammatory cytokines in all cultures,

TNF-a release from cerebellar granule cells, and IL-1b
release from microglia (Benicky et al. 2011) (Fig. 9). In

addition, candesartan prevented NF-jB activation, IL-1b,

IL-6, and TNF-a mRNA expression in cerebellar granule

cells, iNOS upregulation in cerebral microvascular endo-

thelial cells, and IL-1b mRNA expression in cultured cortical

microglia (Benicky et al. 2011). We concluded that ARBs

are capable of reducing inflammation directly on cerebro-

vascular endothelial cells, neurons, and microglia through

multiple mechanisms. For this reason, and because orally

administered ARBs prevent the effects of centrally admin-

istered Angiotensin II (Seltzer et al. 2004), we hypothesize

that part of the anti-inflammatory effects of ARBs may be the

consequence of direct actions in the brain (Figs. 10, 11).

ARB Effects on Behavior

Severe brain inflammation is accompanied by profound

mood and behavioral alterations, including enhanced anxiety

and sickness behavior, representing depressive symptom-

atology (Dantzer et al. 1998; Dantzer et al. 2008). We have

previously demonstrated that systemically administered

ARBs reduced anxiety (Saavedra et al. 2006), an effect

associated with a normalization of stress-induced alterations

in the cortical corticotrophin-releasing factor 1 receptors, a

pro-anxiety regulatory system (Keck and Holsboer 2001;

Bravo et al. 2011), and the anti-anxiety benzodiazepine-1

receptors, part of the inhibitory GABAA complex (Domschke

and Zwanzger 2008). Again, a separated line of evidence

suggested that ARBs may ameliorate anxiety and depression

associated with brain inflammation (Saavedra et al. 2006).

To test our hypothesis, we asked:

Does ARB administration influence inflammation-

induced sickness behavior and anxiety? We found that

candesartan prevented the LPS-induced sickness behavior,

the anorexia leading to weight loss, which are core

symptoms of depression, and reduced anxiety (Benicky

et al. 2011) (Fig. 12). We conclude that ARBs may exert

anti-depressant and anti-anxiety properties.
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Fig. 7 ARBs ameliorate

inflammatory stress in brain

structures controlling the

hormonal and behavioral

responses to stress. ARBs

decrease LPS-induced

inflammatory cascades in the

brain parenchyma, including but

not restricted to amelioration of

LPS-induced TNF-a and IL-1b
gene expression. These effects

are widespread and include the

subfornical organ, the

hypothalamic paraventricular

nucleus, controlling the HPA

axis response, and the prefrontal

cortex, central nucleus of the

amygdala and hippocampus,

involved in the behavioral

responses to stress (modified

from Benicky et al. 2011)
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Results obtained in pre-clinical experiments are not

always substantiated in the clinic. For this reason it was

important to consider whether ARBs ameliorated inflam-

matory stress in normal human cells. To answer this

question, we asked:

Do ARBs directly ameliorate inflammation in human

cells? We studied human circulating monocytes obtained

from healthy volunteers. We used LPS at a concentration

substantially below the levels encountered during sepsis

(Larrayoz et al. 2009), and similar to the LPS

Fig. 8 ARBs reduce neuronal

and microglia activation in the

PVN. Candesartan reduces the

number of c-fos positive

neurons and the microglia

activation in the PVN, as

determined by expression of the

specific marker OX-42 and

microglial morphology

(modified from Benicky et al.

2011)

Fig. 9 Direct anti-

inflammatory effects of ARBs

in brain cells. ARBs reduce

inflammatory stress directly on

brain targets for circulating

inflammatory factors, the

cerebrovascular endothelial

cells, and in cells within the

brain parenchyma, including

microglia and neurons. The

effects of ARBs include

reduction of LPS-induced

inflammatory factors, including

but not restricted to TNF-a and

IL-1b gene expression and

release (modified from Benicky

et al. 2011)
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concentrations found in obesity, insulin resistance, diabe-

tes, and those resulting from a high fat and carbohydrate

meal (Schwartz et al. 2010). In human monocytes, cande-

sartan significantly reduced LPS-induced inflammation,

including a reduction of inflammatory cytokine production

and release to the medium, decreased ROS formation and

diminishing NF-jB activation, without affecting secretion

of the anti-inflammatory cytokine IL-10 (Larrayoz et al.

2009) (Fig. 13). We conclude that ARBs directly amelio-

rate inflammatory stress in human circulating monocytes.

Additional Supportive Pre-clinical Evidence

Findings from a single laboratory may not be sufficient to

consider further investment on potential clinical applica-

tions. A consideration of the literature revealed substantial

and highly relevant contributions from other laboratories.

Early developmental stress produces life-long increases in

basal HPA axis and RAS activity (Edwards et al. 1999).

Conversely, anti-anxiety effects of ARBs, of potency

similar to that of benzodiazepines, and antidepressant

effects in mice and rats have been reported by other groups

(Kaiser et al. 1992; Gard et al. 2001; Shekhar et al. 2006).

Other pre-clinical studies on stroke models confirmed our

initial observations of the neuroprotective, anti-inflamma-

tory effects of ARBs (Ozacmak et al. 2007; Hallevi et al.

2007; Jung et al. 2007). These studies also substantiated

our hypothesis of beneficial effects of ARBs unrelated to

hypertension (Sironi et al. 2004), because they demon-

strated that ARBs protect from experimental stroke in

normotensive animals (Lou et al. 2004). Other studies

revealed that ARBs protect from neuronal injury during

retinal inflammation, whole brain irradiation, hypoxia

and experimental injury of dopamine neurons (Robbins

et al. 2009; Kurihara et al. 2006; Mertens et al. 2010;

Grammatopoulos et al. 2007; Nagai et al. 2007; Conner

et al. 2010; Saavedra et al. 2011). ARB administration was

reported to be neuroprotective in experimental models of

autoimmune diseases, such as experimental autoimmune

encephalomyelitis, an animal model of multiple sclerosis,

where ARBs decrease macrophage infiltration and reduce

paralysis (Platten et al. 2009; Lanz et al. 2010). Other

research revealed that ARBs decreased the cognitive

decline produced by central administration of amyloid-beta

(Tsukuda et al. 2009).

Supportive Evidence from Clinical Studies

Clinical reports have been for the most part focused on the

role of ARBs on the prevention and treatment of stroke.

Multicenter studies demonstrated that ARBs are of superior

benefit when compared to other anti-hypertensive therapies

for the treatment of stroke and the preservation of cognition

(Papademetriou et al. 2004; Zanchetti and Elmfeldt 2006;

Julius et al. 2006; Chrysant 2006; Devereux and Dahlöf

2007; Saxby et al. 2008; Lu et al. 2009). Although nor-

malization of blood pressure is the cornerstone for the

treatment and prevention of cardiovascular disease, these

findings strongly suggest that factors in addition to simple

blood pressure normalization account for the superior

beneficial effects of ARBs.

Previous uncontrolled studies suggesting that decreased

activation of the brain RAS improved the quality of life and

exerted beneficial effects on mood (Braszko et al. 2003;

Weber 2005) are increasingly confirmed by further clinical

observations (Fogari and Zoppi 2004). ARBs have been

Fig. 10 Decreased LPS-induced inflammatory factors after treatment

with ARBs decreases the production of inflammatory cascades in the

brain and microglia activation. ARBs decrease circulating inflamma-

tory factors (right figure), and as a consequence there is a decrease in

inflammatory cascades in the brain parenchyma (center figure),

followed by a decrease in activation of microglia (left figure).

Decreased parenchymal inflammation protects neurons from inflam-

matory injury (modified from Saavedra et al. 2011)
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reported to improve mood and the regulation of the HPA

axis in diabetic patients (Pavlatou et al. 2008). Depressed

patients medicated with ARBs to treat co-morbid hyper-

tension improve their response to and require lower doses

of antidepressants to achieve therapeutic efficacy (Nasr

et al. 2011), and a similar finding was earlier reported in

patients treated with inhibitors of Angiotensin II formation

the Angiotensin Converting Enzyme inhibitors (ACEI)

(Braszko et al. 2003; Hertzman et al. 2005).

A recent cohort prospective analysis revealed that ARB

administration protects cognition and significantly decrea-

ses the progression of Alzheimer’s disease (Li et al. 2010).

This indicated that ARBs have not only potent anti-

inflammatory but also neuroprotective properties, in

Fig. 11 Circulating inflammatory signals stimulate target cells in the

brain increasing inflammatory cascades and leading to microglia

activation and neuronal damage. Circulating inflammatory factors

include Angiotensin II, LPS, PGE2, and pro-inflammatory cytokines

activating interacting receptors in the cerebrovascular endothelial

cells: AT1, CD14 and TLR4, EP4 and cytokine receptors (1–4). This

leads to activation of transcription factors AP-1 and NF-jB (5), with

further production of inflammatory cascades within the endothelial

cells and additional stimulation of inflammatory factor receptors and

adhesion molecules (6–10). Enhanced release of inflammatory factors

including but not limited to PGE2, NO, TNF-a, IL-6, and IL-1b into

the brain parenchyma leads to activation of microglia (11) further

production of inflammatory cascades, and neuronal injury (12).

Inflammatory signals generated in brain parenchyma activate microg-

lia in the brain parenchyma and injure neurons in association with or

independently of circulating inflammatory factors.

676 Cell Mol Neurobiol (2012) 32:667–681

123



agreement with the multicenter clinical studies on stroke

(Papademetriou et al. 2004; Zanchetti and Elmfeldt 2006;

Julius et al. 2006; Saxby et al. 2008; Lu et al. 2009;

Matsumoto et al. 2010). The neuroprotective effects of

ARBs are increasingly recognized in the cardiovascular

field (Anderson 2010). If the initial data analysis is con-

firmed by well-controlled studies, the beneficial effects of

ARBs on the long-term protection of cognitive function

will represent a major innovative finding of immediate

translational value.

Cardiovascular, metabolic, neurodegenerative, and mood

disorders are substantially influenced by age. This is not sur-

prising because allostatic load is strongly dependent on time.

In pre-clinical studies, it is well-recognized that long-term

ARB or ACEI administration prolongs life (Linz et al. 2000;

Baiardi et al. 2004), a result commonly considered as the

consequence of decreased allostatic load to the cardiovascular

system. These findings have been recently confirmed by the

observation that life-long depletion (Benigni et al. 2009) of

AT1 receptors also significantly increases the life span.

We are left with the intriguing question of whether or

not long-term ARB administration will extend the life span

and improve the quality of life in human populations.

Conclusions

1. Systemic ARB administration ameliorates inflam-

matory stress in the brain.

2. These effects can be demonstrated in genetically

hypertensive rats by the reversal of cerebrovascular

inflammation, after stroke, and following systemic

administration of LPS to normotensive animals.

3. The anti-inflammatory effects of ARBs can be

demonstrated in peripheral organs, the circulation

and the brain, and are independent of their hemody-

namic effects.

4. In the brain, anti-inflammatory effects of ARBs are

widespread, occurring not only in the hypothalamic

centers regulating the HPA axis response to stress,

but also in regions modulating the behavioral

responses to stress, such as the prefrontal cortex

and the hippocampus.

5. ARBs reduce the unwanted behavioral consequences

of brain inflammation, protecting from anxiety and

sickness behavior, core symptoms associated with

depression.

6. ARBs reduce stress-induced allostatic load. While

these compounds prevent the HPA axis and sympa-

thetic over activation characteristic of emotional

stress, they protect from stress-induced disorders

such as gastric ulcerations while conserving benefi-

cial aspects of the HPA axis response (secretion of

anti-inflammatory glucocorticoids) and decreasing its

negative consequences (secretion of pro-inflamma-

tory aldosterone).

Fig. 12 Beneficial behavioral effects of ARBs. ARBs significantly

reduce LPS-induced sickness behavior leading to anorexia and weight

loss, and decrease anxiety in control and LPS-treated rats, as

determined in the elevated plus-maze (modified from Benicky et al.

2011)

Fig. 13 Direct anti-inflammatory effects of ARBs on human circu-

lating monocytes. ARBs ameliorate LPS-induced inflammatory

responses in human circulating monocytes, including but not

restricted to decreased IL-6 gene expression and reduced reactive

oxygen species (ROS) formation (modified from Larrayoz et al. 2009)
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7. Associated mechanisms are responsible for the anti-

inflammatory effects of ARBs. They include reduc-

tion of pro-inflammatory factors in the circulation

leading to the production of inflammatory cascades in

the brain parenchyma. They also exert direct anti-

inflammatory effects on brain cells target for circu-

lating inflammatory factors, such as the cerebrovas-

cular endothelial cells, and in cells located within the

brain parenchyma, including microglia and neurons.

8. Amelioration of inflammatory stress in the brain is a

factor involved in the neuroprotective effects of

ARBs in a number of conditions (stroke, irradiation,

hypoxia) leading to neuronal injury.

9. The neuroprotective effects of ARB explain the

increasing evidence linking the use of these com-

pounds with the protection of cognition in stroke and

Alzheimer’s disease.

10. ARB-induced neuroprotection may be the combina-

tion not only of their anti-inflammatory effects but of

a number of additional mechanisms, including pro-

tection of the cerebrovascular flow, regulation of the

HPA axis response to stress and direct neuroprotec-

tive effects in the brain parenchyma.

Relevance

Excessive, poorly controlled inflammation is recognized as

a major stress factor increasing allostatic load in peripheral

organs, contributing to the loss of homeostasis and cardio-

vascular and metabolic disease. Regulatory mechanisms

and disease factors share multiple points of contact between

the periphery and the brain, and allostatic load in the

periphery and the brain influence each other. This explains

the significant co-morbidity between mood and degenera-

tive diseases of the brain, cardiovascular, and metabolic

disorders (Johnson and Grippo 2006; Szczepanska-Sado-

wska et al. 2010). Because of their pleiotropic anti-inflam-

matory and beneficial metabolic effects and their excellent

safety record, ARBs are increasingly utilized as first line of

treatment in hypertension, metabolic syndrome, and dia-

betes. The willingness to consider alternative and additional

research avenues has lead to the utilization of novel thera-

pies for the treatment of hypertension and diabetes, result-

ing in incremental and sustained improvements in the

treatment of these conditions. In contrast, there have been

no major advances in the therapy of mood and neurode-

generative disorders during the last decades, and several

major pharmaceutical companies have recently made the

decision to substantially reduce or eliminate their CNS drug

discovery operations (Miller 2010). The treatment of major

brain disorders remains incomplete and unsatisfactory.

Several conclusions may be drawn from the above.

Research in the mechanisms and treatment of brain disor-

ders should be open to the consideration of novel alterna-

tives. Increasing consideration should be made not only of

the fundamental differences between brain and peripheral

disorders, but also on their points of contact leading to their

recognized co-morbidity (Szczepanska-Sadowska et al.

2010). Considering the above, the findings demonstrating

that ARBs ameliorate inflammatory stress in the brain,

reduce allostatic load and are neuroprotective remain,

while novel, not entirely surprising. However, the use of

ARBs in mood and neurodegenerative disorders has not

been adequately tested. We propose to consider the ARBs

as part of an integrative novel approach for the treatment of

brain disorders.
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