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Inflammation: Implications for understanding
the heart-brain connection

utonomic dysfunction is a strong correlate of
morbidity and mortality in cardiovascular
disease. While increased sympathetic stimu-
lation drives many adverse events in coro-
nary artery disease and heart failure,' beta-adrenergic
blockade is associated with improved outcomes.””’
Similarly, diminished parasympathetic tone is also
associated with adverse outcomes in cardiovascular
disease, suggesting a key role for this limb of the auto-
nomic system in maintenance of cardiac homeostasis.*
The mechanism of parasympathetic protection,
however, is not clearly understood. Although an anti-
arrhythmic mechanism appears intuitive, such a
mechanism has not been corroborated by animal stud-
ies.* Recently, Tracey and colleagues provided new
insight by demonstrating that parasympathetic stimu-
lation in mice and in human macrophages results in a
decreased release of mediators of systemic inflamma-
tion.”® Given the importance of inflammation in ath-
erosclerosis and adverse remodeling in congestive
heart failure, it is possible that parasympathetic tone
assuages atherogenesis and deleterious cardiac remod-
eling by directly inhibiting inflammation.™

M PARASYMPATHETIC NERVOUS SYSTEM
AND CARDIOVASCULAR MORTALITY

Several studies have shown an inverse relationship
between parasympathetic tone and cardiovascular
mortality.

In the Autonomic Tone and Reflexes After Myo-
cardial Infarction (ATRAMI) study,'® La Rovere and
colleagues studied 1,284 patients with a recent (< 28
days) myocardial infarction by measuring heart rate
variability and baroreflex sensitivity, both of which
are markers of cardiac vagal tone.' Multivariate analy-
sis showed that low heart rate variability and low
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baroreflex sensitivity (both markers of decreased
parasympathetic input) were independently associated
with cardiac mortality."

Similarly, Nolan and colleagues measured heart
rate variability in 433 patients with congestive heart
failure (New York Heart Association classes I to III)."
Multivariate analysis showed that poor heart rate
variability was an independent predictor of all-cause
mortality and was the most powerful predictor of
death secondary to progressive heart failure.

In exercise testing, correlates of parasympathetic
tone, such as heart rate recovery and ventricular
ectopy in recovery, are also independent predictors of
mortality.'>"”’ Moreover, heart rate recovery has been
associated with the metabolic syndrome, psychosocial
stress, educational level, smoking, and obesity.'"*'" In
a recent study by Jouven et al, heart-rate profile dur-
ing exercise was a strong predictor of sudden death
among 5,713 asymptomatic working men."

Taken together, the above studies indicate that the
autonomic nervous system, particularly the parasym-
pathetic nervous system, is integral to cardiovascular
health, morbidity, and mortality.

B PARASYMPATHETIC NERVOUS SYSTEM
AND INFLAMMATION

The vagus nerve innervates the cardiovascular system
in addition to other visceral organs such as the liver,
spleen, and gut. Tracey and colleagues demonstrated
that injection of lipopolysaccharides in animals that
underwent vagus nerve stimulation resulted in
reduced macrophage release of inflammatory cyto-
kines (tumor necrosis factor [TNF]-o, interleukin [IL]-
1B, IL-18, and IL-6) and death without affecting
release of IL-10, an anti-inflammatory cytokine.’
However, vagal nerve transection removed this pro-
tection. Furthermore, in human macrophage cultures,
acetylcholine inhibited TNF-a release when the cul-
tures were exposed to lipopolysaccharide. These
results indicated that the vagus nerve plays a role in
the anti-inflammatory response.’
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FIGURE 1. (A) The systemic anti-inflammatory reflex, which involves anti-inflammatory cytokines, glucocorticoids, and other humoral mediators,

reflex is quick and integrated. Reprinted by permission from Macmillan

is slow and diffuse. (B) In contrast, the cholinergic anti-inflammato
Publishers Ltd: Nature 2002; 420:853-859, copyright 2002 .

In humans, abnormal heart rate variability, a meas-
ure of parasympathetic function, is significantly asso-
ciated with elevated levels of inflammatory cytokines
such IL-6 and C-reactive protein (CRP)."” Lanza et al
showed that serum levels of CRP were significantly
associated with abnormal heart rate variability in
patients with unstable angina.*® This association has
also been observed in healthy subjects, patients with
stable coronary artery disease, and patients with heart
failure. Overall, in all these studies a significant
inverse correlation has been observed between CRP
levels and measurements of heart rate variability.

More recently, the mechanisms by which vagus
nerve stimulation leads to an anti-inflammatory
response have been described by Tracey and col-
leagues.®”"** Macrophages express nicotinic (choliner-
gic) receptors, composed of five a7 subunits, which are
thought to be involved in the cholinergic anti-inflam-
matory reflex.’ In a7 subunit knockout mice, electrical
vagal stimulation no longer prevented release of
inflammatory cytokines, indicating that this receptor
plays an important function in the vagally mediated
anti-inflammatory response.” In fact, a7 subunit
knockout mice demonstrate a greater release of inflam-
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matory cytokines in response to lipopolysaccharides
than do wild-type mice.® Furthermore, inhibition of
this receptor in primary human macrophages stimulated
with endotoxin (200 ng/mL) led to a significant reduc-
tion in high mobility group box 1 (HMGB1) inflam-
matory cytokines in a dose-dependent manner.®
Interestingly, atropine, a muscarinic antagonist, was
not able to inhibit this reaction, but a-conotoxin, a
nicotinic antagonist, inhibited the action of acetyl-
choline on this receptor,’ indicating that acetylcholine
inhibits HMGBI release through the nicotinic cholin-
ergic pathway mediated by the a7 nicotinic acetyl-
choline receptor. Nicotine also reduces systemic levels
of HMGBI after induction of lethal endotoxemia in
animals, and this inhibition led to a significant
decrease in mortality in these animals in a dose-
dependent fashion.®

M CHOLINERGIC ANTI-INFLAMMATORY REFLEX

As shown in Figure 1, the systemic anti-inflammatory
reflex (which involves anti-inflammatory cytokines,
glucocorticoids, and other humoral mediators) is slow
and diffuse, whereas the cholinergic anti-inflammatory
reflex is quick, precise, and integrated, typically releas-

FEBRUARY 2007

Downloaded from www.ccjm.org on August 3, 2025. For personal use only. All other uses require permission.


www.nature.com
http://www.ccjm.org/

SHISHEHBOR ET AL

ing inflammatory cytokines at the site of inflamma-
tion.”! As illustrated in Figure 2, cytokines activate
the afferent vagus fibers that travel to the nucleus trac-
tus solitarius.”’ Subsequently, efferent vagal nerve
fibers activate the a7 nicotinic acetylcholine receptor
on peripheral macrophages, leading to decreases in
systemic inflammatory cytokines such as IL-6, TNE
and HMGBI1.” In addition, fibers communicating
between the brainstem and hypothalamus stimulate
release of adrenocorticotropic hormone, leading to
increased glucocorticoid secretion, which further sup-
presses inflammation.

B JAK-STAT PATHWAY AND CHOLINERGIC
ANTI-INFLAMMATORY RESPONSE

The Janus kinases (JAKs) and STAT (signal trans-
ducers and activators of transcription) class of tran-
scription factors are the signaling pathway for a wide
variety of extracellular signals, including many
cytokines, lymphokines, and growth factors. These
signal through a related superfamily of cell surface
receptor tyrosine kinases that are associated with and
activate the JAKs.” The JAK-STAT signaling path-
way has been previously described as being involved
in the signaling mechanisms of growth hormone, pro-
lactin, epoetin alfa, thrombopoietin, granulocyte
macrophage colony-stimulating factor, leptin, and
various cytokines.

Mechanistically, once the ligand binds to the asso-
ciated receptor, it induces the dimerization of the
receptor and causes the reciprocal phosphorylation of
tyrosine residues on the associated JAKs; this, in turn,
phosphorylates tyrosine residues on the cytoplasmic
tail of the receptor.”?** These phosphorylated
tyrosines serve as docking sites for the Src homology
2 (SH-2) domain of the various STAT proteins, and
JAK then catalyzes the tyrosine phosphorylation of
the receptor-bound STATs. Phosphorylation of the
STAT: at a conserved tyrosine residue induces SH-2-
mediated homodimerization or heterodimerization,
followed by translocation of the STAT dimer to the
nucleus.”* It is there that the STAT dimers bind to
specific DNA response elements in the promoter
region of target genes to activate gene expression.

The vagus nerve inhibits peripheral inflammation
centrally through muscarinic receptors and, more
importantly, peripherally through cholinergic recep-
tors, and acetylcholine released by efferent vagus
nerve fibers inhibits peripheral macrophage activa-
tion. The molecular mechanism ultimately involves
prevention of nuclear factor (NF)-kB p65 nuclear
translocation and activation, but the upstream media-
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FIGURE 2. The cholinergic anti-inflammatory pathway. Inflammatory
cytokines are released at the site of inflammation, activating afferent
signals that are relayed to the nucleus tractus solitarius. Subsequently,
efferent vagus nerve activates the o7 nicotinic acytelcholine receptor
on peripheral macrophages, reducing systemic inflammatory cyto-
kines. Additionally, fibers communicating between the brainstem and
hypothalamus stimulate release of adrenocorticotropic hormone,
which increases glucocorticoid secretion, further suppressing inflam-
mation. Reprinted by permission from Macmillan Publishers Ltd:

Nature 2002; 420:853-859, copyright 2002 [www.nature.com).

tors linking the downstream effector vagal stimuli to
macrophage deactivation have only recently been
uncovered, by Tracey et al. They showed that the anti-
inflammatory action of the nicotinic receptor’s activa-
tion in peritoneal macrophages was dependent on
activation of JAK2 by the a7 acetylcholine receptor
subunit and on subsequent transactivation of the tran-
scription factor STAT3.”* The anti-inflammatory
effect of nicotine required the ability of phosphorylated
STAT3 to bind and transactivate its DNA response
elements.

Furthermore, an in vivo mouse model showed that
stimulation of the vagus nerve ameliorated surgery-
induced inflammation and postoperative ileus by acti-
vating STAT3 in intestinal macrophages.®” Another
study described the effects of inhibiting STAT1 and
STAT3 in peritoneal macrophages harvested from
rats after being incubated and exposed to lipopolysac-
charide.” It showed a powerful association between
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lipopolysaccharide stimulation and HMGB1 mRNA
synthesis, which decreased significantly (P < .01)
after specific inhibition of STAT1 and STAT3 with
fludarabine and rapamycin, respectively.”’

Studies have also implicated JAK2, STAT3, and
STAT 4 in an experimental model of autoimmune
arthritis and multiple sclerosis, in that a powerful
inhibitor of IL-12 activation of JAK2, STATS3,
STATH4, and tyrosine kinase 2 ameliorates the clinical
condition of experimental rats by blocking T-cell pro-
liferation and T helper 1 cell differentiation.*

The data suggest that the molecular mechanism of
the cholinergic anti-inflammatory pathway seems to
involve the concurrent activation of JAK2 and
STAT3 within macrophages, in a manner similar to,
but independent of, activation of the anti-inflamma-
tory cytokine IL-10, and which ultimately decreases
the activation of a central proinflammatory transcrip-

tion factor NF-kB (p65).
Il THERAPEUTIC OPTIONS

The above-mentioned mechanisms bring into focus
the importance of the anti-inflammatory properties of
these pathways. Although nicotine’s therapeutic use
is limited by its short half-life in the body and its tox-
icity at low levels, other compounds are under devel-
opment that have the same beneficial properties
without the associated side effects. One of these,
named CAP55, emerged as a leading cholinergic
compound and has been shown to significantly inhibit
TNF production by lipopolysaccharide-stimulated
macrophages. In a recent report, CAP55 was found to
inhibit both vascular cell adhesion molecule 1 and E-
selectin expression by the endothelium and, hence,
endothelial cell activation in vivo by 50%; it also
reduced leukocyte activation and migration during
acute inflammatory responses.”” Further experiments
delineating how this and other compounds affect
clinical outcomes in animals—and eventually
humans—are eagerly anticipated.

M CONCLUSION

In the past few years, Tracey and colleagues have con-
tributed significantly to our understanding of the
cholinergic anti-inflammatory response, bolstering the
belief that inflammation has important implications for
the heart-brain connection. In vitro and animal studies
have revealed a potential mechanistic relationship
between the autonomic nervous system (especially the
parasympathetic nervous system) and inflammation.
The parasympathetic system, through the “cholinergic
anti-inflammatory pathway,” inactivates macrophages,
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a critical inflammatory component of atherogenesis,
vulnerable plaque, and injured myocardium. This inac-
tivation leads to inhibition of inflammatory cytokines
such as nitric oxide, reactive oxygen species, TNE IL-1,
and HMGBI. Many of these cytokines play a signifi-
cant role in atherosclerosis formation and progression
as well as plaque rupture.

Despite the preponderance of evidence linking
inflammation to atherosclerosis and cardiovascular
morbidity and mortality, few therapeutic options are
available for the treatment of low-grade chronic sys-
temic inflammation in coronary artery disease.
Recently, novel medications such as CAP55 have
shown some promise. As we maximize our therapeu-
tic armamentarium against established risk factors
such as hypertension and diabetes, new therapeutic
options to treat novel risk factors such as inflamma-
tion are on the rise.
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