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A B S TR ACT

Can different pathophysiological mechanisms and risk factors leading to various diseases be linked
with altered transmission of signals by one common pathway? The present article provides
evidence for the hypothesis that adequate vagal nerve activity reduces the risk of major diseases, via
common basic mechanisms and interim risk factors. These diseases include cardiovascular disease,
cancer, Alzheimer’s disease and the metabolic syndrome. Three basic mechanisms contribute to
such illnesses: local oxidative stress and DNA damage, inflammatory reactions and excessive
sympathetic responses, all of which are inhibited by vagal nerve activity. Efferent vagal activity that
can be non-invasively measured by HRV (heart rate variability), derived from an ECG, is inversely

related to all three basic mechanisms, to various risk factors (e.g. diabetes and dyslipidaemia) and,
more broadly, to the diseases as well. Finally, vagal activity is proposed to moderate the effects
of risk factors on developing such illnesses. By proposing an integrative neurobiological model of
major diseases, identifying people at risk for, and treating patients with, such diseases may be done
more efficiently. People with low HRV may be identified and subsequently treated by vagus nerve
activation to possibly prevent or treat such illnesses. This proposed disease paradigm may have
important preventative and therapeutic implications, whose clinical effects need to be investigated.

INTRODUCTION differently, which makes screening, prevention and

treatment complex, requiring lots of means and expenses.
CVD  (cardiovascular disease), cancer and AD  However, these illnesses share more common underlying
(Alzheimer’s disease) are frequent causes of death  pathophysiological mechanisms than is usually believed.
worldwide. These diseases are causes of global How would biomedical sciences benefit if these diseases
mortality and reduced quality-adjusted life-years  could be explained by one common factor linked to their

[1,2]. Furthermore, the MetS (metabolic syndrome), a
cluster of risk factors, including obesity, elevated lipids,

multiple underlying pathophysiological mechanisms?

How would public health authorities benefit from a
clevated glucose and blood pressure, can be seen as  rather simple, non-invasive and inexpensive screening

a disease on its own, as well as a risk factor for the method for identifying people at risk and for possibly

other three major diseases [3,4]. These diseases not preventing such diseases? How would clinicians and

only influence well-being and longevity, but also have
an immense economic impact [5]. A major challenge
in clinical science is that these diseases are manifested

patients benefit from a safe type of treatment which may
improve the prognosis of such diseases, in addition to
routinely used treatments?
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We propose that the common pathway, unifying
the aetiopathogenesis of the above-mentioned diseases,
involves the vagus nerve. First, we hypothesize that
low activity of the vagus nerve is a risk factor for the
diseases (CVD, cancer and AD). Secondly, we theorize
that inadequate vagal activity acts as a risk factor for
these diseases by exacerbating their common underlying
mechanisms (e.g. inflammation). Thirdly, we hypothesize
that vagal activity moderates and statistically interacts
with these underlying mechanisms and with disease risk
factors (e.g. diabetes) in predicting the risk of these
diseases.

These hypotheses led us to propose an integrative
explanatory model linking high vagal nerve activity with
areduced risk of and improved prognosis in CVD, cancer
and AD, via modulation of their aetiological mechanisms
and risk factors. Furthermore, we hypothesize that, in
the presence of risk factors, high vagal activity plays
a protective role against these diseases. Consequently,
activating the vagus nerve may in future serve as an
additional treatment for such diseases, reflecting the
protective role of this cranial nerve.

UNDERLYING MECHANISMS LEADING TO
THE DISEASES

CVD, cancer and AD are characterized by morphological
and functional abnormalities at the cellular level or
by the formation of abnormal materials, including
atherosclerotic plaque formation (in CVD) and B-
amyloid plaques as well as neurofibrillary tangles (in AD),
whose progress depends on key micro-environmental
signals. Three basic mechanisms, namely oxidative stress
and DNA damage, excessive inflammation, and excessive
SNS (sympathetic nervous system) activity, play crucial
roles in these diseases as well as in the MetS. To
understand our hypothesis, we explain the role of the
three mechanisms in these diseases, and thereafter their
modulation by the vagus nerve.

Oxidative stress

Oxidative stress occurs when there is an imbalance
between oxidants and antioxidants in favour of the
former, a process subsequently leading to DNA damage.
This is aetiological to coronary heart disease [6] via
oxidation of LDL (low-density lipoprotein)-cholesterol
and promotion of inflammation in the atherosclerotic
plaques of coronary arteries [7]. Oxidative stress is
pivotal in transformation of cells to malignant ones as it
contributes to DNA mutations, especially if key tumour
suppressor genes and pro-oncogenes are affected [8].
Oxidative stress is also increased in stroke and can lead to
DNA damage in brain tissue [9]. In AD, oxidative stress
induces neuronal apoptosis [10].
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Inflammation

Inflammation refers to the recruitment of immune cells
to a tissue that is under ‘stress’ from injury, irritation
and infections, and, if excessive in extent and time,
constitutes a major contributing factor to various chronic
diseases. Inflammation has been shown to play pivotal
roles in CVD, particularly in atherosclerosis, manifested
by recruitment of immune cells (e.g. macrophages) to
arterial lesions. Inflammation also promotes factors that
lead to plaque rupture, such as plaque destabilization
and elevated blood pressure, and promotes thrombosis
[11]. In cancer, inflammation promotes escape from
apoptosis by inhibiting tumour suppressors (e.g. p53)
at early stages, and promotes angiogenesis (e.g. via
vascular endothelial growth factor) and metastasis (via
matrix metalloproteinases and adhesion molecules) at
later stages [12,13]. In AD, inflammation may mediate
the detrimental effects of B-amyloid peptides on brain
neurons, leading to neurodegeneration [14].

Excessive SNS activity

SNS activity refers to increased activity in sympathetic
nerves, and elevated plasma adrenaline (epinephrine)
and noradrenaline (norepinephrine), also indexed by an
increased heart rate and other stress markers. SNS activity
plays roles in CVD by contributing to vascular wall injury
due to inducing vasoconstriction and increasing blood
pressure, eventually contributing to atherosclerosis and
ischaemia [15]. In cancer, sympathetic neurotransmitters
influence the direction of the metastatic pathway and their
blockade may slow down metastasis [16]. In AD, there is
diminished cerebral blood flow, possibly due to excessive
SNS activity, which is counteracted by vagal enhancing
medication [17].

These three actiological mechanisms, namely oxidative
stress and DNA damage, inflammation and excessive
SNS activity, contribute to interim disease end points,
such as hypertension, dyslipidaemia and diabetes mellitus
[18], which are risk factors on their own for CVD,
cancer and AD [19]. These interim disease end points
can culminate in the MetS, another risk factor for these
diseases [3,4,20]. Our main focus, however, is on the
three diseases mentioned above. Can oxidative stress,
inflammation and SNS activity, other known risk factors
and diseases all be linked to the alteration of one common
protective pathway?

HYPOTHESIS 1: ADEQUATE VAGAL ACTIVITY
PREDICTS THE REDUCED RISK OF DISEASES
AND IMPROVED PROGNOSIS

We consider low vagal activity to be a risk factor of
diseases and poor prognosis. Activity of the efferent
vagal pathways can be measured non-invasively via
determination of HRV (heart rate variability). Evidence
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from correlation studies shows that HRV is inversely
correlated with the risk of, and with poor prognosis in,
CVD [22,23]. Furthermore, HRYV is positively correlated
with longevity in cancer [24] and with better cognitive
performance in AD [25] in some studies, independent of
confounders. Finally, vagus activity is inversely related to
the presence of components of the MetS and to the risk
of having the MetS [26]. HRV is also inversely related
to other interim risk factors (e.g. diabetes, hypertension
and dyslipidaemia) for the above diseases. How can vagus
nerve activity reduce the risk of these diseases?

HYPOTHESIS 2: THE VAGUS NERVE
MODULATES THE PATHOPHYSIOLOGICAL
MECHANISMS CONTRIBUTING TO DISEASES

Anatomically, the motor (efferent) pathways of the
vagus nerve descend from the nucleus ambiguous and
nucleus dorsalis nervi vagi in the brainstem to many
visceral organs, including the lungs, heart, pancreas
and gastrointestinal tract, bridging these organs with
the CNS (central nerve system). Physiologically, the
vagus has a communicative (mediating) and homoeostatic
(modulating) role. The sensory (afferent) vagal pathways
that terminate in the nucleus of the solitary tract transmit
awide range of signals to the brain, reflecting its mediating
role. Importantly, experimental research has revealed
that the vagus nerve informs the brain about peripheral
inflammation that is signalled via vagal-paraganglia-
expressing receptors for IL-1 (interleukin-1) [27].
Evidence exists for the modulatory role of the
vagus in the three aetiological mechanisms in general
and in the diseases we discuss specifically. VNS
(vagus nerve stimulation) reduces oxidative stress
[28] and specifically DNA fragmentation in CVD
[29]. Furthermore, an acetylcholine agonist inhibited
cell proliferation and increased the levels of the
tumour suppressor protein p53 in experimental studies
[30], which may have implications for preventing
tumorigenesis. However, acetylcholine-enhancing drugs
were found to promote tumour cell proliferation in
other studies [31]. Nevertheless, we propose that the
vagus nerve is a more complex homoeostatic system,
which operates via multiple neurotransmitters and affects
several systems (cardiovascular, neuroendocrine and
immunological) [32], which may explain its proposed
protective role. Concerning inflammation, the vagus
nerve triggers modulatory anti-inflammatory effects
at local and systemic levels: the descending vagus
(operating via local a7 nicotinic acetylcholine receptors
on monocytes) and the systemic HPA (hypothalamic-
pituitary—adrenal) axis [32]. In CVD patients, vagal
activity is inversely correlated with inflammation [33]
and, in an animal model of cerebral haemorrhage,
cholinergic anti-inflammatory effects were found as well

[34]. Finally, vagal activity normally counteracts the
sympathetic nervous system [35], a finding specifically
demonstrated in ischaemia [36].

HYPOTHESIS 3: THE ACTIVITY OF THE
VAGUS NERVE INTERACTS WITH THE
PATHOPHYSIOLOGICAL MECHANISMS AND
RISK FACTORS IN PREDICTING DISEASE

In addition to conceptualizing decreased vagal activity
as a risk factor for these three major diseases, the
vagus nerve may also exert modulatory (interactive)
effects. Activity of this nerve can statistically interact
with two groups of variables. The first group includes
the mechanisms described above, whereas the second
includes other contributing risk factors (e.g. hypertension
and diabetes). Low vagal activity may also interact
with genetic susceptibility, which could explain why,
in people with the same low vagal activity, some may
develop AD, whereas others develop cancer or CVD.
The hypothesized interaction could take the following
form: in the presence of these additional risk factors (e.g.
diabetes), high HRV is expected to reduce the risk of
disease onset or of poor prognosis. Evidence for such
an interaction was shown by Sajadieh et al. [37], who
demonstrated the synergistic interaction of low HRV
with high CRP (C-reactive protein) levels to contribute to
future death and myocardial infarction. In that study, low
vagal activity potentiated the effects of CRP on prognosis.
Furthermore, we recently found that high vagal activity
moderates the effects of cancer stage on the tumour
marker PSA (prostate-specific antigen) in prostate cancer
patients (M. De Couck, J. De Greve, D. Van Brummelen
and Y. Gidron, unpublished work). In patients with low
vagal activity, those with a severe cancer stage had higher
PSA levels at 1 year compared with patients with milder
stages. In contrast, in patients with high vagal activity, the
cancer stage did not predict PSA levels at 1 year. Figure 1
depicts in a general schematic manner the protective
interactive role of the vagus nerve, hypothesized to exist
in all diseases described above. Theoretically, it is possible
to have a risk factor, for example hypertension, and
adequate vagal activity, possibly since the risk factor can
result from other causes, such as genetics, environment or
other acute diseases. High basal vagal activity is expected
to moderate its negative effects, hence the interaction
between HRV and the disease risk factor.

INTEGRATIVE MODEL

The evidence given above can be combined into one
integrative model (see Figure 2). Adequate vagal activity
can be understood as a protective factor in the risk and
prognosis of CVD, cancer and AD. At the first stage, the
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Figure I A general scheme of the hypothesized interactive
(protective) role of the vagus nerve, as evaluated by HRY,
with risk factors in predicting general disease risk

vagus nerve inhibits the basic underlying mechanisms,
which are aetiological to these diseases. In addition to its
neuroimmune homoeostatic role [38], we expand this to
modulating oxidative stress and the SNS. Consequently,
at the second stage, the risk of developing interim risk
factors and the MetS is reduced by vagus nerve activity.
All of these processes together lead to a reduced risk and
better prognosis of the diseases.

It is important to note that the interim risk factors and
the MetS are diseases on their own and can be seen as
contributing risk factors for the development of CVD,
cancer and AD. Furthermore, vagus nerve activity also
interacts with the mechanisms and risk factors and is thus
amoderator (see Figure 1). This understanding represents
a new integrative model of the aetiology of these diseases
(Figure 2).

CAVEATS AND FUTURE DIRECTIONS TO
TEST THE HYPOTHESIS

The proposed model rests on converging evidence;
however, we lack more longitudinal and experimental
evidence linking vagal activation with reduced risk of
these three diseases. Furthermore, no study has tested
whether such activation inhibits the three mechanisms
and risk factors, and thus leads to a lower risk of
these diseases. In addition, it is important to keep in
mind that there might be bi-directional effects between
vagal activity and several of the mechanisms and risk
factors. Yet, given the strong genetic component in vagal
activity [39], the role of insufficient activity of this cranial
nerve in preceding these underlying mechanisms and in
contributing to the diseases cannot be easily dismissed.
Furthermore, vagotomy was found to lead to worsening
of such conditions, for example metastasis [40]. Finally,

"
)

m

E

|

o Mechanisms

= | £3 | -sympathetic Nervous
2 —-—| System

> - Oxidative stress

€ - Inflammation

£

1]

T

L —

(-]

f

1]

2 [

a‘:’ L~

<

Moderation (interaction)

_j_SS

Inhibition / reducing
—_—

Positive relationship
-~  Associated factor

-

Risk Factors Diseases
Hypertension - Cardiovascular Disease
Dyslipidaemia - Cancer

Diabetes - Alzheimer’s Disease

Figure 2 Integrative model: vagal activity as a protective factor in the risk and prognosis of CVD, cancer and AD
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Table |
RCT, randomized controlled trial.

Proposed studies for testing our hypothesis (examples and level of evidence)

Design Detail

Level of evidence

Longitudinal studies

Does baseline HRV predict onset of diseases over [0 years? Medium

Does baseline HRV predict prognosis in diseases?

Moderation studies

Do baseline HRV and oxidative stress interact in predicting risk ~ Medium

of the diseases?

Mediation analysis to test the pathophysiological Do biomarkers of inflammation, oxidative stress and SNS Medium/high
mediators mediate the link between HRV and prognosis in diseases?
Experimental (RCT) The effects of vagal-activating treatments (e.g. vagus nerve High

stimulation) on prognosis in diseases

studies need to examine the role of vagal activity in more
acute diseases, such as infectious diseases, possibly reveal-
ing the limits of such a model. We have not described the
relevance of this model to other diseases or pathological
conditions. For example, our model is of relevance to
chronic pain. The three pathophysiological mechanisms
are related to chronic pain [41-43], and vagal activity
is inversely related to pain [44]. Finally, vagal activation
results in brain activity which is partly incongruent with
the pattern observed in pain [45]. Future studies need
to examine this model in relation to other conditions.
Another limitation is that HRV may only partly represent
the activity of the vagus nerve, since it may primarily
reflect cardiac vagal activity. Nevertheless, there is evid-
ence that HRV is strongly correlated with vagal activity
[46]. HRYV is also related to all of the variables described
in our model, including peripheral oxidative stress,
inflammation, SNS activity and to the disease end points.
Table 1 presents the studies that can be performed to
test our hypotheses. Different study designs, details of
such studies and the level of evidence as a result of their
design rigor are shown. These include prospective and
experimental studies, and we provide examples of such
proposed studies. Measuring markers of the three patho-
physiological mechanisms will shed light on their hypo-
thesized role in the proposed model. Experimental studies
testing the effects of vagal stimulation, such as HRV
biofeedback or medication, on the mechanisms and dis-
ease end points would fully test this model. Once all levels
of evidence have been observed, the scientific validity and
clinical significance of the model could be determined.

CONCLUSIONS

Our hypothesized model explains results of epidemi-
ological studies linking high vagal activity with lower
risk of diseases. This hypothesized framework expands
a previous model in cancer [47] to other diseases, all of
which are the main causes of morbidity and mortality. The
proposed integrative model can enable researchers and
clinicians to understand the aetiopathogenesis of different
diseases characterized by the alteration of common

biological variables, identify people at risk and possibly
treat patients with such diseases more efficiently. The
non-invasive index of vagal activity, HRV, could be used
in population surveys to easily identify people who may
benefit from monitoring and preventative interventions
to reduce illness burden and economic costs by vagal-
activating interventions (e.g. vagus nerve stimulation).

FUNDING

This work was supported by Reliable Cancer Therapies
(to Y.G.).

REFERENCES

1 Mathers, C. D., Boerma, T. and Ma Fat, D. (2009) Global
and regional causes of death. Br. Med. Bull. 92, 7-32

2 World Health Organization (2003) World Health Report
2003: Shaping the Future, WHO, Geneva

3 Johansen, D., Stocks, T., Jonsson, H., Lindkvist, B., Bjorge,
T., Concin, H., Almquist, M., Higgstrom, C., Engeland,
A., Ulmer, H. et al. (2010) Metabolic factors and the risk of
pancreatic cancer: a prospective analysis of almost 580,000
men and women in the Metabolic Syndrome and Cancer
Project. Cancer Epidemiol. Biomarkers Prev. 9, 2307-2317

4 Arnlov, J., Ingelsson, E., Sundstrom, J. and Lind, L. (2010)
Impact of body mass index and the metabolic syndrome on
the risk of cardiovascular disease and death in middle-aged
men. Circulation 121, 230-236

5 Tarride, J. E., Lim, M., DesMeules, M., Luo, W., Burke, N.,
O’Reilly, D., Bowen, J. and Goeree, R. (2009) A review of
the cost of cardiovascular disease. Can. J. Cardiol. 25,
195-202

6 Nagayoshi, Y., Kawano, H., Hokamaki, J., Miyamoto, S.,
Kojima, S., Shimomura, H., Tsyjita, K., Sakamoto, T.,
Yoshimura, M. and Ogawa, H. (2005) Urinary
8-hydroxy-2’-deoxyguanosine levels increase after
reperfusion in acute myocardial infarction and may predict
subsequent cardiac events. Am. J. Cardiol. 95, 514-517

7 Westhuyzen, J. (1997) The oxidation hypothesis of
atherosclerosis: an update. Ann. Clin. Lab. Sci. 27, 1-10

8 Valko, M., Izakovic, M., Mazur, M., Rhodes, C. J. and
Telser, J. (2004) Role of oxygen radicals in DNA damage
and cancer incidence. Mol. Cell. Biochem. 266, 37-56

9 Cherubini, A., Ruggiero, C., Polidori, M. C. and Mecocci,
P. (2005) Potential markers of oxidative stress in stroke.
Free Radical Biol Med. 39, 841-852

10 Kruman, I., Bruce-Keller, A. J., Bredesen, D., Waeg, G. and
Mattson, M. P. (1997) Evidence that 4-hydroxynonenal
mediates oxidative stress-induced neuronal apoptosis. J.
Neurosci. 17, 5089-5100
11 Ross, R. (1999) Atherosclerosis: an inflammatory disease.

N. Engl. J. Med. 340, 115-126

© The Authors Journal compilation © 2012 Biochemical Society



328

M. De Couck, B. Mravec and Y. Gidron

12

13

14

15

16

17

18

19

20

21
22

23

24

25

26

27

28

29

Voronov, E., Shouval, D. S., Krelin, Y., Cagnano, E.,
Benharroch, D., Iwakura, Y., Dinarello, C. A. and Apte, R.
(2003) IL-1 is required for tumor invasiveness and
angiogenesis. Proc. Natl. Acad. Sci. U.S.A. 100, 2645-2650
Mantovani, A., Allavena, P,, Sica, A. and Balkwill, E. (2008)
Cancer-related inflammation. Nature 454, 436444

Aisen, PS. (2005) The potential of anti-inflammatory drugs
for the treatment of Alzheimer’s disease. Lancet Neurol. 1,
279-284

Remme, W. J. (1998) The sympathetic nervous system and
ischaemic heart disease. Eur. Heart J. 19, F62-F71
Entschladen, F, Drell, IV, T.L., Lang, K., Joseph, J. and
Zaenker, K. S. (2004) Tumour-cell migration, invasion, and
metastasis: navigation by neurotransmitters. Lancet Oncol.
5,254-258

Van Beek, A. H. and Claassen, J. A. (2010) The
cerebrovascular role of the cholinergic neural system in
Alzheimer’s disease. Behav. Brain Res. 221, 537-542
Goodarzi, M. T., Navidi, A. A., Rezaei, M. and
Babahmadi-Rezaei, H. (2010) Oxidative damage to DNA
and lipids: correlation with protein glycation in patients
with type 1 diabetes. J. Clin. Lab. Anal. 24, 72-76

Dzau, V.J., Antman, E. M., Black, H. R., Hayes, D. L.,
Manson, J. E., Plutzky, J., Popma, J. J. and Stevenson, W.
(2006) The cardiovascular disease continuum validated:
clinical evidence of improved patient outcomes: part I:
Pathophysiology and clinical trial evidence (risk factors
through stable coronary artery disease). Circulation 114,
2850-2870

Ridker, P. M., Buring, J. E., Cook, N. R. and Rifai, N.
(2003) C-reactive protein, the metabolic syndrome, and
risk of incident cardiovascular events: an 8-year follow-up
of 14 719 initially healthy American women. Circulation
107, 391-397

Reference deleted

La Rovere, M. T,, Bigger, Jr, J. T., Marcus, F. 1., Mortara, A.
and Schwartz, P. J. (1998) Baroreflex sensitivity and
heart-rate variability in prediction of total cardiac
mortality after myocardial infarction. Lancet 351, 478—484
He, L., Li, C.,, Luo, Y., Dong, W. and Yang, H. (2009)
Clinical prognostic significance of heart abnormality and
heart rate variability in patients with stroke. Neurol. Res.
32,530-534

Chiang, J. K., Koo, M., Kuo, T. B. and Fu, C. H. (2010)
Association between cardiovascular autonomic functions
and time to death in patients with terminal hepatocellular
carcinoma. J. Pain Symptom Manage. 39, 673-679

Toledo, M. A. and Junqueira, Jr, L. F. (2010) Cardiac
autonomic modulation and cognitive status in Alzheimer’s
disease. Clin. Auton. Res. 20, 11-17

Licht, C. M., Vreeburg, S. A., van Reedt Dortland, A. K.,
Giltay, E. J., Hoogendijk, W. J., DeRijk, R. H., Vogelzangs,
N., Zitman, E G., de Geus, E. J. and Penninx, B. W. (2010)
Increased sympathetic and decreased parasympathetic
activity rather than changes in
hypothalamic—pituitary—adrenal axis activity is associated
with metabolic abnormalities. J. Clin. Endocrinol. Metab.
95, 2458-2466

Ek, M., Kurosawa, M., Lundeberg, T. and Ericsson, A.
(1998) Activation of vagal afferents after intravenous
injection of interleukin-18: role of endogenous
prostaglandins. J. Neurosci. 18, 9471-9479

Tsutsumi, T., Ide, T., Yamato, M., Kudou, W., Andou, M.,
Hirooka, Y., Utsumi, H., Tsutsui, H. and Sunagawa, K.
(2008) Modulation of the myocardial redox state by vagal
nerve stimulation after experimental myocardial infarction.
Cardiovasc. Res. 77, 713-721

Ottani, A., Giuliani, D., Mioni, C., Galantucci, M.,
Minutoli, L., Bitto, A., Altavilla, D., Zaffe, D., Botticelli,
A. R, Squadrito, F. and Guarini, S. (2009) Vagus nerve
mediates the protective effects of melanocortins against
cerebral and systemic damage after ischemic stroke. J.
Cereb. Blood Flow Metab. 29, 512-523

© The Authors Journal compilation © 2012 Biochemical Society

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Loreti, S., Ricordy, R., Egle De Stefano, M.,
Augusti-Tocco, G. and Maria Tata, A. (2007) Acetylcholine
inhibits cell cycle progression in rat Schwann cells by
activation of the M2 receptor subtype. Neuron Glia Biol. 3,
269-279

Zhao, Y., Wang, X., Wang, T., Hu, X., Hui, X., Yan, M.,
Gao, Q., Chen, T., Li, J., Yao, M. et al. (2011)
Acetylcholinesterase, a key prognostic predictor for
hepatocellular carcinoma, suppresses cell growth and
induces chemosensitization. Hepatology 53, 493-503
Tracey, K. J. (2009) Reflex control of immunity. Nat Rev
Immunol. 9, 418-428

Janszky, L., Ericson, M., Lekander, M., Blom, M., Buhlin,
K., Georgiades, A. and Ahnve, S. (2004) Inflammatory
markers and heart rate variability in women with coronary
heart disease. J. Intern. Med. 256, 421-428

Lee, S. T., Chu, K., Jung, K. H., Kang, K. M., Kim, J. H.,
Bahn, J. J., Jeon, D., Kim, M., Lee, S. K. and Roh, ]J. K.
(2010) Cholinergic anti-inflammatory pathway in
intracerebral hemorrhage. Brain Res. 1309, 164-171
Vlcek, M., Radikova, Z., Penesova, A., Kvetnansky, R. and
Imrich, R. (2008) Heart rate variability and catecholamines
during hypoglycemia and orthostasis. Auton. Neurosci.
143, 53-57

Kawada, T., Yamazaki, T., Akiyama, T., Uemura, K.,
Kamiya, A., Shishido, T., Mori, H. and Sugimachi, M.
(2006) Effects of Ca>* channel antagonists on nerve
stimulation-induced and ischemia-induced myocardial
interstitial acetylcholine release in cats. Am. J. Physiol.
Heart Circ. Physiol. 291, H2187-H2191

Sajadieh, A., Nielsen, O. W., Rasmussen, V., Hein, H. O.
and Hansen, J. E (2006) C-reactive protein, heart rate
variability and prognosis in community subjects

with no apparent heart disease. J. Intern. Med. 260,
377-387

Downing, J. E. G. and Miyan, J. A. (2000) Neural
immunoregulation: emerging roles for nerves in immune
homeostasis and disease. Immunol. Today 21, 281-289
Kupper, N. H., Willemsen, G., van den Berg, M., de Boer,
D., Posthuma, D., Boomsma, D. I. and de Geus, E. J.
(2004) Heritability of ambulatory heart rate variability.
Circulation 110, 2792-2796

Erin, N., Akdas Barkan, G., Harms, J. F. and Clawson, G.
A. (2008) Vagotomy enhances experimental metastases of
4THMpc breast cancer cells and alters substance P level.
Regul. Pept. 151, 35-42

Ozgocmen, S., Ozyurt, H., Sogut, S. and Akyol, O. (2006)
Current concepts in the pathophysiology of fibromyalgia:
the potential role of oxicﬁtive stress and nitric oxide.
Rheumatol. Int. 26, 585-597

Tal, M. (1999) A role for inflammation in chronic pain.
Curr. Rev. Pain 3, 440-446

Schlereth, T. and Birklein, F. (2008) The sympathetic
nervous system and pain. Neuromolecular Med. 10,
141-147

Tan, G., Fink, B., Dao, T. K., Hebert, R., Farmer, L. S.,
Sanders, A., Pastorek, N. and Gevirtz, R. (2009)
Associations among pain, PTSD, mTBI, and heart rate
variability in veterans of Operation Enduring and Iraqi
Freedom: a pilot study. Pain Med. 10, 1237-1245

Kraus, T., Hosl, K., Kiess, O., Schanze, A., Kornhuber, J.
and Forster, C. (2007) BOLD fMRI deactivation of limbic
and temporal brain structures and mood enhancing effect
by transcutaneous vagus nerve stimulation. J. Neural
Transm. 114, 1485-1493

Kuo, T. B., Lai, C. J., Huang, Y. T. and Yang, C. C. (2005)
Regression analysis between heart rate variability and
baroreflex-related vagus nerve activity in rats. J.
Cardiovasc. Electrophysiol. 16, 864-869

Gidron, Y., Perry, H. and Glennie, M. (2005) The vagus
may inform the brain about sub-clinical tumors and
modulate them: an Hypothesis. Lancet Oncol. 6,

245-248

Received 9 June 201 1/30 August 201 |; accepted 27 September 201 |
Published on the Internet 7 December 2011, doi:10.1042/CS201 10299



