Cardiovascular Psychiatry and Neurology

Hypotheses on Mechanisms
Linking Cardiovascular and
Psychiatric/Neurological
Disorders
Guest Editor: Hari Manev

Hypotheses on Mechanisms Linking
Cardiovascular and Psychiatric/Neurological
Disorders

Cardiovascular Psychiatry and Neurology

Hypotheses on Mechanisms Linking
Cardiovascular and Psychiatric/Neurological
Disorders
Guest Editor: Hari Manev

Copyright © 2009 Hindawi Publishing Corporation. All rights reserved.
This is a special issue published in volume 2009 of “Cardiovascular Psychiatry and Neurology.” All articles are open access articles
distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Editor-in-Chief
Hari Manev, University of Illinois at Chicago, USA

Associate Editors
Gjumrakch Aliev, USA
Karl-Jürgen Bär, Germany
Bernhard Baune, Australia
Robert M. Carney, USA
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This special issue of Cardiovascular Psychiatry and Neurology
marks its first year since we launched the open access
journal dedicated to publishing original preclinical/basic
and research on biological mechanisms of and treatments
for co-occurring cardiovascular disorders and disorders of
the central nervous system (CNS). As suggested earlier
(by the paper entitled “The heart-brain connection begets
cardiovascular psychiatry and neurology” by Hari Manev),
at least three scenarios could be at play in these disorders: (1)
the primary pathological mechanism in the cardiovascular
system triggers a nervous system dysfunction, (2) the primary pathological mechanism in the nervous system triggers
a cardiovascular pathology by disrupting the physiological links between the two systems, and (3) the primary
pathology is in a biological mechanism that is normally
operative in both the nervous and the cardiovascular systems,
thus causing the cooccurrence of pathologies, that is, the
cooccurring pathologies share a pathobiological mechanism
but do not necessarily cause each other. The ongoing research
explores the validity of these conceptual scenarios.
Whereas the evidence for the association of cardiovascular and CNS disorders derives primarily from epidemiological studies, direct evidence and experimental data are just
beginning to emerge to support this notion. Diﬃculties in
directly demonstrating and explaining the cooccurrence of
cardiovascular and CNS disorders lie in part in the limitations of their respective animal models (in particular animal
models of psychiatric disorders) and in part in conceptual
uncertainties regarding the mechanisms linking heart-brain
pathologies that hamper respective clinical research. Historically, bold hypotheses along with serendipitous observations
have been instrumental in breakthrough discoveries.
This collection of hypotheses on mechanisms linking
cardiovascular and psychiatric/neurological disorders has

been assembled with the goal of stimulating discussions
in this field of bioscience and medicine. The postulated
mechanisms range from molecular targets and pathways
(the papers by Sébastien S. Hébert entitled “Putative role
of microRNA regulated pathways in comorbid neurological and cardiovascular disorders”, by David P. Gavin and
Rajiv P. Sharma entitled “Chromatin from peripheral blood
mononuclear cells as biomarkers for epigenetic abnormalities in schizophrenia”, by Neil R. Smalheiser entitled “Do
neural cells communicate with endothelial cells via secretory
exosomes and microvesicles?” by Stephen D. Skaper and
Pietro Giusti entitled “P2X7 receptors as a transducer in the
cooccurrence of neurological/psychiatric and cardiovascular
disorders: A hypothesis”, by Charles D Nichols entitled
“Serotonin 5-HT2A receptor function as a contributing
factor to both neuropsychiatric and cardiovascular diseases”
by Hu Chen entitled “Possible role of platelet GluR1 receptors in comorbid depression and cardiovascular disease”,
by Susana Roque, Margarida Correia Neves, Ana Raquel
Mesquita, Joana Almeida Palha, and Nuno Sousa entitled
“Interleukin-10: A key cytokine in depression?” by Jin Chu
and Domenico Praticò entitled “The 5-Lipoxygenase as
a common pathway for pathological brain and vascular
aging”, by Jane Pei-Chen Chang, Yi-Ting Chen, and KuanPin Su entitled “Omega-3 polyunsaturated fatty acids (n-3
PUFAs) in cardiovascular disease (CVD) and depression: The
Missing Link?” by Janusz K. Rybakowski entitled “Matrix
metalloproteinase-9 (MMP9)—a mediating enzyme in cardiovascular disease, cancer, and neuropsychiatric disorders”,
and by Thomas Müller entitled “Possible treatment concepts
for the Levodopa related hyperhomocysteinemia”) to system
functioning (the papers by Britta A. Larsen and Nicholas J. S.
Christenfeld entitled “Cardiovascular disease and psychiatric
comorbidity: The potential role of perseverative cognition”
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and by Hadar Shalev, Yonatan Serlin, and Alon Friedman
entitled “Breaching the blood-brain barrier as a gate to
psychiatric disorder”). We hope that exploring the hypotheses presented in this special issue and, more generally,
focusing on the putative mechanisms of the cooccurrence
of cardiovascular and CNS disorders will help us to identify
unexpected and novel therapeutic targets and to ultimately
lead to better treatment of both types of disorders.
Hari Manev
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Background. The conserved noncoding microRNAs (miRNAs) that function to regulate gene expression are essential for the
development and function of the brain and heart. Changes in miRNA expression profiles are associated with an increased risk
for developing neurodegenerative disorders as well as heart failure. Here, the hypothesis of how miRNA-regulated pathways could
contribute to comorbid neurological and cardiovascular disorders will be discussed. Presentation. Changes in miRNA expression
occurring in the brain and heart could have an impact on coexisting neurological and cardiovascular characteristics by (1)
modulating organ function, (2) accentuating cellular stress, and (3) impinging on neuronal and/or heart cell survival. Testing.
Evaluation of miRNA expression profiles in the brain and heart tissues from individuals with comorbid neurodegenerative and
cardiovascular disorders will be of great importance and relevance. Implications. Careful experimental design will shed light to the
deeper understanding of the molecular mechanisms tying up those diﬀerent but yet somehow connected diseases.
Copyright © 2009 Sébastien S. Hébert. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Background
In recent years, increasing evidence suggests that genetic and
epigenetic factors could be involved in disease comorbidity
[1–3]. On this line of thought, Lee et al. have identified
a common network of genes (and metabolic pathways)
that was altered in Alzheimer’s disease (AD) coinciding
with myocardial infarction (MI) [1]. Indeed, increased
activity of ACE and APOE genes, both involved in lipid
metabolism, was significantly associated to the coexistence
of these disorders. Given the central role of the genome and
proteome in biology and pathobiology, it is safe to predict
that misregulation of specific gene expression networks could
influence disease state and in some cases comorbidity.
Following the discovery of microRNAs (miRNAs) in
C. elegans more than a decade ago [4], research has majorly
evolved in order to gain insight of how the miRNA gene
network can have an impact on health and disease in
humans. Studies in animal models demonstrate that miRNA
genes are essential for life [5, 6], whereas changes in miRNA
expression profiles in humans are found in several diseases,
such as cancer [7] as well as neurological and cardiovascular
disorders (see below).

The miRNA gene family comprises a class of highly
conserved small (∼19–23 nt) nonprotein-coding RNAs that
function in the cell to regulate gene expression at the
posttranscriptional level [6]. Like protein-coding genes,
miRNAs are embedded in the genome and generated by
a multistep process ([8] and references therein). The fully
processed mature miRNA molecule functions as part of the
RNA-induced silencing complex (RISC) and aﬀects gene
expression. This is achieved by binding to the 3 UTR of target
messenger RNAs (mRNAs), leading to their translational
repression or degradation. Individual or families of miRNAs
can target up to several hundred mRNAs, thus controlling
complex gene expression pathways and biological systems
[9].
The role of miRNAs, in accordance with most biological
systems, has been best studied in development. Initial studies
inactivating Dicer, a type III RNase involved in miRNA
maturation (and therefore function), demonstrate that miRNAs are essential for life [10]. Tissue-specific deletion of
Dicer (and subsequently mature miRNAs) causes abnormal
brain and heart development in both Zebrafish and mouse
[11–14]. Cell-specific functional roles for miRNAs in these
organs are also emerging. In detail, the brain-specific miRNA
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miR-134 is involved in dendritic spine formation as well as
in synaptic plasticity [15], while miR-124 [16] and miR132 [17] are implicated in neurite outgrowth. In addition,
muscle-enriched miR-1 and miR-133 seem to control heart
muscle growth and diﬀerentiation [18, 19] and recently
shown to regulate muscle gene expression and influence
sarcomere assembly [20].

2. Presentation of the Hypothesis
Taking into account the growing evidence that miRNAs
are key regulators of gene expression and necessary for the
function and maintenance of all major biological systems,
it is reasonable to speculate that loss of the fine-tuning
of this network could be relevant for the development
of comorbid diseases. One would therefore anticipate that
miRNA dysfunction occurs concomitantly (or in some
cases consecutively) in the brain and heart. Obviously,
nonautonomous eﬀects should not be ruled out, since they
could indirectly lead to changes in miRNA expression and
function.
Out of the known 706 human (547 mouse) miRNAs
(http://microrna.sanger.ac.uk), an abundant and particularly
diverse group is expressed in the mammalian brain and heart
[21–25]. Several of these miRNAs are coexpressed in both
tissues (e.g., miR-29, let-7, miR-21, miR-103, miR-106, miR17-5p) at various relative levels of expression [22, 26–28].
Interestingly, a study by Kuhn et al. showed that a subset of
chromosome 21-derived miRNAs are overexpressed in both
the brain and heart tissues of down syndrome patients, thus
providing genetic proof-of-concept for the possibility that
specific miRNAs can be coregulated in these organs [29].
It is noteworthy that despite the fact that certain miRNAs
are likely more involved in tissue development (e.g., miR106, miR-17-5p) [30], the expressions of some are specifically
altered (either up- or downregulated) in disease or diseasesimulated conditions in mouse models and/or in humans.
Recent studies have indeed documented changes in the
levels of specific miRNAs in several major neurodegenerative
disorders including AD [27, 31], Huntington’s disease [32],
and Parkinson’s disease [33]. Alterations in miRNA levels
have been shown as well in various heart pathologies
including arrhythmia, cardiac fibrosis, angiogenesis, and
cardiac hypertrophy (reviewed in [26, 34, 35]). Whether all
the reported changes in miRNA expression are involved in
respective diseases is doubtful (see below) but remains to be
explored.
Given recent findings, the hypothesis that specific variations in miRNA expression could play a significant role
in comorbid neurological and cardiovascular pathologies
is attractive. Alterations of a single miRNA could have
profound eﬀects on hundreds of target genes [36, 37], thus
possibly implicating multiple biological pathways. However,
not all reported changes in miRNA expression would
necessarily be relevant to disease progression. Indeed, only a
few miRNAs could exert their regulatory function directly or
indirectly on disease-related genes, such as ACE and APOE.
Downregulation of miR-29 in AD brain as well as in
MI (commonly known as heart attack) is an appealing
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example of how a specific miRNA (or miRNA family)
network could be involved in simultaneous existence of
neurological and cardiovascular pathological features. In
vitro and in vivo studies performed in the mouse heart have
shown that miR-29 (expressed mainly in cardiac fibroblasts)
could regulate various collagens and other ECM proteins
involved in cardiac remodeling after MI [38]. In the brain,
it is suggested that miR-29 (expressed in both neurons and
glia) could contribute to the production of toxic amyloidβ peptides by regulating BACE1/β-secretase [31]. Other
studies have shown that accumulation of amyloid-β peptides
causes degeneration of cells in the walls of blood vessels,
aﬀects vasoactivity, and improves proteolytic mechanisms,
such as fibrinolysis, anticoagulation, and degradation of the
ECM [39]. Of notice, changes in the ECM are linked to
neurodegeneration [40] and may play a role in AD pathology
[41], whereas it is suggested that collagen levels could
modulate amyloid-β peptide toxicity in neurons [42]. Thus,
the combined action of miR-29 downregulation in the brain
and heart could contribute to a detrimental feedback loop
between toxic amyloid-β production, changes in the ECM,
increased cellular stress, and ultimately cell dysfunction
and death. In this way, the collective eﬀects of miR-29
downregulation in the brain and heart could significantly
increase the risk for MI in AD patients and perhaps be
involved in other comorbid neurological and cardiovascular
disorders (such as AD and congestive heart failure). It
should be noticed that the physiological role(s) of miR29, as with most miRNAs, remains unknown. Nonetheless,
it is safe to predict that changes in (single or numerous)
miRNA-regulated pathways may have multiple eﬀects on
numerous cellular and biological pathways involved in
neurological and cardiovascular physiology and pathophysiology, including apoptosis, lipid metabolism, and oxidative
stress.

3. Testing the Hypothesis
Simple studies can be performed to evaluate whether a
link between miRNA misexpression and neurological and
cardiovascular comorbidity exists. The first step would be to
analyze global miRNA expression profiles from total RNA
isolated from the brain and heart tissues from (the same)
individuals with coinciding characteristics of neurodegenerative and cardiovascular disorders. Several miRNA gene
platforms (arrays) are commercially available. In this way, it
would be possible to map the individual (i.e., brain- or heartspecific) and shared (i.e., both organs) changes in miRNA
expression. Thus, heart and brain tissue banks for research
on cooccurring cardiovascular and neurological/psychiatric
disorders could be easily used for miRNA studies. Subsequent steps would be focused on the identification of miRNA
target genes and pathways, ideally previously associated
with (respective or shared) disease(s). Several bioinformatics
logarithms for miRNA prediction sites in 3 UTR of genes
are freely available online (Pictar, miRANDA, TargetScan,
etc.). Functional validation of miRNA target genes in the
physiological and pathological contexts may be guided
through current literature (e.g., see [31]).
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“What causes changes in miRNA expression?” Unfortunately, the underlying mechanisms of the ways and reasons
miRNAs become deregulated in disease (and specifically in
comorbid disease) remain largely unknown. It is possible
that accumulating genetic, cellular, or environmental insults,
for instance, during ageing, could aﬀect miRNA gene expression. Some of these eﬀects are perhaps governed themselves
by transcription and/or cellular factors, since miRNAs have
regulatory promoter regions and are transcribed mainly by
RNA polymerase II [43, 44]. An elegant study by Wang et al.
showed that, in myoblasts, the miR-29 promoter (and more
particularly the miR-29b-2/miR-29c cluster) is regulated by
the transcription factors NFκB and YY1 [45]. During myogenesis, NFκB and YY1 downregulation causes derepression of
miR-29 that, in turn, accelerates diﬀerentiation by targeting
its repressor YY1. Whether this complex regulatory feedback
loop between miR-29, NFκB, and YY1 exists in neurons
remains to be explored. Interestingly, both NFκB and YY1
have been involved in BACE1 regulation [46, 47], and an
increase in YY1 expression was observed in human heart
failure [48]. It remains therefore an interesting hypothesis
that changes in NFκB and/or YY1 may contribute, at least
in part, to abnormal miR-29 expression in both the heart
and brain. It has been shown already that decreased miR-29
correlates with increased BACE1 in AD brain [31]. Whether
a similar correlation exists between NFκB/YY1 and BACE1
(and perhaps ECM proteins) in these cases needs to be tested.
On this line of thought, it would be interesting to see if these
elements are aﬀected in the heart of these individuals, or
others, suﬀering from various heart conditions. It is worth
mentioning that NFκB seems also to be involved in the
regulation of miR-146a expression and could play a role in
the inflammation response in AD brain [49].
Secondary (downstream) eﬀects should also not be
ignored, as comorbidity may result from a primary disease.
This latter hypothesis could be tested in disease-prone animal
models, where, for example, excessive soluble amyloid-β
peptides produced in the brain of transgenic AD mouse
models could induce or modulate miRNA expression in the
heart.

4. Implications of the Hypothesis
These results could lead to the identification of common
miRNAs and target genes/pathways involved in cooccurring
neurological and cardiovascular disorders. The use of RNA
interference and miRNA oligonucleotides into clinic could
help alleviate the risk for heart failure in patients suﬀering
from AD and possibly other neurodegenerative disorders.
Concretely, miR-29 mimics can be used to reduce cardiac
fibrosis, thus providing an alternative method of maintaining physiological levels of critical target genes of miR-29.
Cardiac fibrosis results in stiﬀening of the heart, diminished
contractility, and abnormalities in cardiac conductance. A
beneficial eﬀect of miR-29 mimics on BACE1 and amyloidβ levels in the brain (and vascular system) is equally
envisaged. Reversing one or both of these processes could
therefore represent an important therapeutic target of MI
management and neurodegeneration. However, a word of
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caution is needed especially with regard to unwanted oﬀtarget eﬀects and the multiplicity of miRNA targets. Thus,
many optimization eﬀorts will be required before miRNAs
can be used into clinic.

5. Competing Interests
None is declared.

List of Abbreviations
BACE1:
ACE:
APOE:
ECM:
3 UTR:

Beta-site APP cleaving enzyme
Angiotensin I converting enzyme
Apolipoprotein E
Extracellular matrix
3 untranslated region.

Acknowledgments
The author like to thank Aikaterini S. Papadopoulou for
critical reading of this article. This work was supported by
the NSERC Individual Discovery 092850 Grant.

References
[1] D. S. Lee, J. Park, K. A. Kay, N. A. Christakis, Z. N. Oltvai,
and A. L. Barabasi, “The implications of human metabolic
network topology for disease comorbidity,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 105, no. 29, pp. 9880–9885, 2008.
[2] J. Park, D. S. Lee, N. A. Christakis, and A. L. Barabasi, “The
impact of cellular networks on disease comorbidity,” Molecular
Systems Biology, vol. 5, article 262, 2009.
[3] R. C. McEachin, B. J. Keller, E. F. Saunders, and M. G. McInnis,
“Modeling gene-by-environment interaction in comorbid
depression with alcohol use disorders via an integrated
bioinformatics approach,” BioData Mining, vol. 1, p. 2, 2008.
[4] R. C. Lee, R. L. Feinbaum, and V. Ambros, “The C. elegans
heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14,” Cell, vol. 75, no. 5, pp. 843–854,
1993.
[5] A. E. Williams, “Functional aspects of animal microRNAs,”
Cellular and Molecular Life Sciences, vol. 65, no. 4, pp. 545–
562, 2008.
[6] V. Ambros, “The functions of animal microRNAs,” Nature,
vol. 431, no. 7006, pp. 350–355, 2004.
[7] Y. S. Lee and A. Dutta, “MicroRNAs in cancer,” Annual Review
of Pathology.
[8] S. S. Hebert and B. De Strooper, “Alterations of the microRNA
network cause neurodegenerative disease,” Trends in Neurosciences, vol. 32, no. 4, pp. 199–206, 2009.
[9] O. Hobert, “Gene regulation by transcription factors and
microRNAs,” Science, vol. 319, no. 5871, pp. 1785–1786, 2008.
[10] E. Bernstein, S. Y. Kim, M. A. Carmell, et al., “Dicer is essential
for mouse development,” Nature Genetics, vol. 35, no. 3, pp.
215–217, 2003.
[11] A. J. Giraldez, R. M. Cinalli, M. E. Glasner, et al., “MicroRNAs
regulate brain morphogenesis in zebrafish,” Science, vol. 308,
no. 5723, pp. 833–838, 2005.
[12] T. H. Davis, T. L. Cuellar, S. M. Koch, et al., “Conditional
loss of dicer disrupts cellular and tissue morphogenesis in the
cortex and hippocampus,” Journal of Neuroscience, vol. 28, no.
17, pp. 4322–4330, 2008.

4
[13] J. F. Chen, E. P. Murchison, R. Tang, et al., “Targeted deletion
of Dicer in the heart leads to dilated cardiomyopathy and heart
failure,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 105, no. 6, pp. 2111–2116, 2008.
[14] P. A. da Costa Martins, M. Bourajjaj, M. Gladka, et al., “Conditional Dicer gene deletion in the postnatal myocardium
provokes spontaneous cardiac remodeling,” Circulation, vol.
118, no. 15, pp. 1567–1576, 2008.
[15] G. M. Schratt, F. Tuebing, E. A. Nigh, et al., “A brain-specific
microRNA regulates dendritic spine development,” Nature,
vol. 439, no. 7074, pp. 283–289, 2006.
[16] J. Y. Yu, K. H. Chung, M. Deo, R. C. Thompson, and D.
L. Turner, “MicroRNA miR-124 regulates neurite outgrowth
during neuronal diﬀerentiation,” Experimental Cell Research,
vol. 314, no. 14, pp. 2618–2633, 2008.
[17] N. Vo, M. E. Klein, O. Varlamova, et al., “A cAMP-response
element binding protein-induced microRNA regulates neuronal morphogenesis,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 102, no. 45, pp.
16426–16431, 2005.
[18] N. Liu, S. Bezprozvannaya, A. H. Williams, et al., “microRNA133a regulates cardiomyocyte proliferation and suppresses
smooth muscle gene expression in the heart,” Genes and
Development, vol. 22, no. 23, pp. 3242–3254, 2008.
[19] J. F. Chen, E. M. Mandel, J. M. Thomson, et al., “The
role of microRNA-1 and microRNA-133 in skeletal muscle
proliferation and diﬀerentiation,” Nature Genetics, vol. 38, no.
2, pp. 228–233, 2006.
[20] Y. Mishima, C. Abreu-Goodger, A. A. Staton, et al., “Zebrafish
miR-1 and miR-133 shape muscle gene expression and regulate sarcomeric actin organization,” Genes and Development,
vol. 23, no. 5, pp. 619–632, 2009.
[21] E. A. Miska, E. Alvarez-Saavedra, M. Townsend, et al.,
“Microarray analysis of microRNA expression in the developing mammalian brain,” Genome Biology, vol. 5, no. 9, article
R68, 2004.
[22] L. F. Sempere, S. Freemantle, I. Pitha-Rowe, E. Moss, E.
Dmitrovsky, and V. Ambros, “Expression profiling of mammalian microRNAs uncovers a subset of brain-expressed
microRNAs with possible roles in murine and human neuronal diﬀerentiation,” Genome Biology, vol. 5, no. 3, article
R13, 2004.
[23] O. Barad, E. Meiri, A. Avniel, et al., “MicroRNA expression
detected by oligonucleotide microarrays: system establishment
and expression profiling in human tissues,” Genome Research,
vol. 14, no. 12, pp. 2486–2494, 2004.
[24] H. Hohjoh and T. Fukushima, “Marked change in microRNA
expression during neuronal diﬀerentiation of human teratocarcinoma NTera2D1 and mouse embryonal carcinoma P19
cells,” Biochemical and Biophysical Research Communications,
vol. 362, no. 2, pp. 360–367, 2007.
[25] M. Kapsimali, W. P. Kloosterman, E. de Bruijn, F. Rosa, R.
H. A. Plasterk, and S. W. Wilson, “MicroRNAs show a wide
diversity of expression profiles in the developing and mature
central nervous system,” Genome Biology, vol. 8, no. 8, article
R173, 2007.
[26] T. Thum, D. Catalucci, and J. Bauersachs, “MicroRNAs: novel
regulators in cardiac development and disease,” Cardiovascular
Research, vol. 79, no. 4, pp. 562–570, 2008.
[27] W. X. Wang, B. W. Rajeev, A. J. Stromberg, et al., “The expression of microRNA miR-107 decreases early in Alzheimer’s
disease and may accelerate disease progression through regulation of beta-site amyloid precursor protein-cleaving enzyme
1,” The Journal of Neuroscience, vol. 28, pp. 1213–1223, 2008.

Cardiovascular Psychiatry and Neurology
[28] X. Cao, G. Yeo, A. R. Muotri, T. Kuwabara, and F. H. Gage,
“Noncoding RNAs in the mammalian central nervous system,”
Annual Review of Neuroscience, vol. 29, pp. 77–103, 2006.
[29] D. E. Kuhn, G. J. Nuovo, M. M. Martin, et al., “Human
chromosome 21-derived miRNAs are overexpressed in down
syndrome brains and hearts,” Biochemical and Biophysical
Research Communications, vol. 370, no. 3, pp. 473–477, 2008.
[30] J. T. Mendell, “miRiad roles for the miR-17-92 cluster in
development and disease,” Cell, vol. 133, no. 2, pp. 217–222,
2008.
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Background. Studies have implicated abnormalities in epigenetic gene regulation in schizophrenia. Presentation. We hypothesize
that identifying abnormalities in chromatin structure and the epigenetic machinery in peripheral blood mononuclear cells (PBMC)
from schizophrenia patients could (a) help characterize a subset of schizophrenia patients and (b) lead to targeted pharmacological
interventions. Testing. Investigate the relationship between clinical symptoms, demographics, hormonal fluctuations, substance
abuse, disease characteristics across the major mental illnesses, and epigenetic parameters in PBMC. In addition, examine the
eﬀects of individual antipsychotics, mood stabilizers, as well as experimental agents both as clinically prescribed as well as in
cultured PBMC to understand the eﬀects of these agents on chromatin. Implications. If PBMC could serve as a reliable model
of overall epigenetic mechanisms then this could lead to a “biomarker” approach to revealing pathological chromatin state in
schizophrenia. This approach may provide an informed method for selecting chromatin modifying agents for psychiatric disorders.
Copyright © 2009 D. P. Gavin and R. P. Sharma. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. Background
Chromatin conformation regulates the access and attachment of transcriptional regulators (either activators or
repressors) to gene promoters. Deacetylation of histones, catalyzed by the histone deacetylase (HDAC) family of enzymes,
dimethylation of lysine 9 of histone 3 (H3K9me2), and DNA
hypermethylation, catalyzed by the DNA methyltransferase
(DNMT) family of enzymes, are several examples of chromatin modifications that lead to a restrictive chromatin state
both site specifically and globally [1], while hyperacetylation
of histones 3 and 4 promote gene regulation. Because
chromatin “plasticity” can be modified by conventional
pharmacology, a novel approach to the regulation of gene
expression in clinical populations is possible.
Increasing evidence indicates the existence of epigenetic
gene regulatory abnormalities in schizophrenia. Evidence
supporting this hypothesis includes studies in which mice
administered methionine were found to exhibit some of the
endophenotypes of schizophrenia [2], as well as studies using
animal and cell models demonstrating that the schizophrenia candidate genes the 67 kDa isoform of glutamic acid

decarboxylase (GAD67) and reelin are regulated through
epigenetic mechanisms [3–5]. Several postmortem studies
have found an increase in the gene expression of repressive
enzymes including DNMT1 and HDAC1 in schizophrenia
[6–8], while others have demonstrated abnormalities in
the coordination of repressive processes [9]. Finally, studies
using peripheral blood mononuclear cells (PBMC) from
human subjects have found reduced levels of the “open”
chromatin mark, acetylated histone 3, in schizophrenia
patients compared to nonpsychiatric controls or bipolar
subjects [10, 11], increased levels of the “closed” chromatin
mark H3K9me2 compared to controls [12], and a reduced
ability to alter chromatin structure using HDAC inhibitors
both as clinically administered [13] as well as in culture
[10, 12].

2. Presentation of the Hypothesis
2.1. Understanding Epigenetic Gene Regulatory Abnormalities
in Subsets of Schizophrenia Patients Using PBMC. Unlike
many illnesses in which investigators and clinicians are
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capable of assessing the diseased tissue while the aﬄicted
patient is still alive, psychiatry is limited by the inaccessibility
of the organ of interest. In addition, representing the higher
order cognitive dysfunctions present in schizophrenia using
animal models is diﬃcult if not impossible. Therefore, there
exists a long history of searching for peripheral markers
capable of reflecting the pathology within the brain. There
are several factors which make PBMC particularly useful for
serving as a model of epigenetic gene regulation in the brain.
Firstly, previous studies have demonstrated that PBMC
can provide a reliable means for studying the impact of
environment/life experiences on chromatin structure and
DNA methylation. Fraga et al. [14] examined several epigenetic parameters in lymphocytes from monozygotic twins
at ages between 3 and 70 years old. They found that while
3-year-old twins are virtually indistinguishable in terms of
their global levels of DNA methylation, acetylated histone 3,
and acetylated histone 4, 50-year-old twins had significant
diﬀerences on these measures. In general, older twins had
greater diﬀerences in terms of epigenetic parameters than
younger twins. In addition, it is important to note that
these diﬀerences were consistent in subjects across at least 12
weeks, indicating that global measures of epigenetic parameters in lymphocytes are a reliable method for ascertaining
chromatin state. These findings indicate that chromatin
from lymphocytes may provide a “molecular fingerprint”
reflective of an individual’s environment, life experience,
and stochastic factors which would not be revealed through
genetic testing.
Secondly, the analysis of gene regulation in nucleated
blood cells from living patients undergoing the full evolution
of their disorder, including response to pharmacological,
metabolic and environmental events is the only foreseeable
approach for prospective longitudinal clinical research, and
appears to be a natural progression from single point postmortem brain studies. This is because PBMC share much
of the nonsynaptic biochemical environment of neurons,
such as neurohormones, neuropeptides, chemo/cytokines,
metabolites, and medication blood levels. Examples of
epigenetically relevant substances present in the blood
that are found to have relevance to schizophrenia include
methionine, which both worsens psychosis in schizophrenia
and alters chromatin structure in the brain [4, 15, 16],
homocysteine, which has been found to be elevated in
the plasma of schizophrenia patients and is the metabolite
of the DNA methyl donor S-adenosylmethionine [17–20],
and valproic acid (VPA), which we have previously shown
to significantly alter global chromatin structure in a dose
dependent manner and aﬀect clinical symptoms [13].
Finally, PBMC contain the full complement of epigenetic
enzymes and machinery found in most tissues including
both neurons and peripheral nucleated cells [21, 22].
Previous studies have shown that PBMC are capable of
reflecting overall abnormalities in epigenetic mechanisms
also thought to be present in the brain. For example, in
Huntington disease, a disorder known to be associated with
dysfunctions in histone acetyltransferase, a similar pattern of
transcriptional repression across several chromosomes was
found in blood and brain [23]. Also, several studies have
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shown that peripheral markers are able to discern diﬀerences
in chromatin structure in twins discordant for mental illness
[24–26], as well as show similarities in epigenetic parameters
among individuals aﬀected by the same illness [24, 25].
Although, PBMC may be capable of reflecting overall
changes in epigenetic mechanisms they would not be appropriate for studying brain-specific processes such as synaptic
plasticity and neurotransmission. Also, the expression of any
one gene at a particular time in a PBMC may not be reflective
of the expression of the same gene in the brain, just as the
expression of a particular gene in a pyramidal cell at a given
time may not be the same as that in an interneuron or glial
cell. In addition, there are some disorders in which abnormal
epigenetic parameters are tissue specific. For example, cancer
cells have particular abnormalities that one would not expect
to find in healthy tissue. Therefore, if schizophrenia is
characterized by brain-specific chromatin alterations then
one would not expect to see changes in PBMC. Also,
global DNA methylation tissue patterns have been found to
significantly diﬀer between tissue types [27, 28]. However,
the diﬀerences between individuals or diagnostic groups on
global epigenetic measures have been found to be present
across tissues [23].
We now hypothesize that PBMC may be capable of
reflecting the epigenetic machinery within an individual
and provide a means for discerning those subsets of
schizophrenia patients who possess profound abnormalities
in chromatin structure or DNA methylation. It may also help
understand the impact of hormones, medications, and drugs
of abuse on chromatin. Finally, it could provide a tool to both
aid in the development of new chromatin altering agents as
well as identify patients most likely to benefit from these
types of medications.
There is now a growing literature to support the idea that
PBMC may be a useful tool for understanding the overall
epigenetic machinery within an individual. In a previous
study we clinically treated schizophrenia and bipolar subjects
for four weeks with the only HDAC inhibitor approved for
psychiatric use, VPA. Similar to animal models in which VPA
was shown to increase GAD67 mRNA expression in the brain
[2], we found that in subjects with clinically relevant serum
levels of VPA there was a significant increase in GAD67
mRNA expression in PBMC [11]. It was our hypothesis
at the time that chromatin in PBMC from schizophrenia
subjects would be less responsive to VPA. This hypothesis was
confirmed when it was noted that there was less of an increase
in the “open” chromatin marks, acetylated histones 3 and
4 in schizophrenia subjects [13]. However, unexpectedly
we also found that at baseline schizophrenia subjects had
significantly lower levels of acetylated histone 3 compared
to bipolar subjects [11]. Moreover, we found associations
with these measures of chromatin state and symptomatology.
In these preliminary analyses we found subjects with higher
baseline Young Mania Rating Scale (YMRS) scores to have
higher acetylated histone 3 levels and show greater increases
in acetylated histone 3 after four weeks of clinical treatment.
In addition, subjects with higher baseline acetylated 3 levels
showed greater improvement on the YMRS as well as
the total Positive and Negative Syndrome Scale (PANSS).
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In other words, those subjects who had the most mania
symptoms were more likely to alter their chromatin in
response to VPA, and those subjects with higher acetylated
histone 3 levels were more likely to respond favorably to VPA
treatment [11].
As a consequence of these studies it was decided to
attempt to perform similar analyses using cultured PBMC.
This model held several advantages relative to clinical
treatment using HDAC inhibitors. Namely, chromatin from
cultured PBMC are protected from unforeseeable or undisclosed changes in a patient’s physiology such as medication
noncompliance, substance use, environmental exposures
such as infections and diet, hormonal fluctuations, and
diﬀerences in metabolism of HDAC inhibitors. Further,
the in vivo study was limited by the fact that VPA is
the only known chromatin altering drug approved for use
in psychiatric patients, and an in vivo comparison using
chromatin altering medications to nonpsychiatric controls
would not be ethical.
Similar to the previous studies in which systemic administration of VPA was found to increase GAD67 mRNA
expression in human PBMC and in brains from mice, we
found comparable increases in GAD67 mRNA in human
PBMC cultured with equivalent doses of VPA [11]. Also in
keeping with the in vivo study schizophrenia subjects were
found to have an abnormally restrictive chromatin state as
indicated by lower levels of acetylated histone 3 and higher
levels of the “closed” chromatin mark, H3K9me2 [10, 12].
Moreover, cultured PBMC were found to be capable of
demonstrating the lack of “plasticity” in schizophrenia chromatin structure discovered in the in vivo study, in that we
found less change in GAD67 mRNA expression, H3K9me2
levels, and acetylated histone 3 levels in PBMC cultured with
an HDAC inhibitor compared to nonpsychiatric controls
[10, 12]. Finally, we found that subjects with earlier ages of
onset had higher levels of H3K9me2 [12].

3. Testing the Hypothesis
One means of testing the impact of particular environmental
factors on chromatin would be to culture PBMC with
substances such as hormones, medications, or drugs of
abuse and evaluate the impact of these agents on chromatin
structure. These findings could then be evaluated in light
of findings from PBMC taken directly from subjects. For
example, recent epidemiological evidence indicates that
women may be less prone to develop schizophrenia [29],
and data from PBMC cultures reveal sex diﬀerences in the
ability of HDAC inhibitors to alter chromatin structure
[10]. Therefore, it is a reasonable hypothesis that female
sex hormones may have a protective eﬀect in terms of
schizophrenia risk through their ability to alter chromatin.
The impact of sex hormones on chromatin structure could
be tested by culturing PBMC with estrogen, progesterone,
or testosterone. Findings from these experiments could also
be compared to chromatin from animal and postmortem
studies to ascertain whether similar eﬀects are seen in other
tissues.
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In addition, extensive studies could be conducted both
in vivo and in vitro using human subjects to examine
whether schizophrenia or characteristics of schizophrenia
are associated with abnormalities in epigenetic machinery
in PBMC. An examination of baseline levels of epigenetic
parameters, such as histone modifications, DNA methylation, and epigenetic enzyme expression could be conducted
using samples from human subjects to determine whether
abnormalities exist. Previous studies indicate abnormalities
in the coordination of epigenetic processes in schizophrenia [9–11, 13]. Chromatin altering medications could be
administered either directly to human subjects or cultured
with their PBMC as molecular probes into this system.
However, considering VPA is the only chromatin altering
agent clinically approved in psychiatry, this greatly limits
the in vivo approach. If an in vitro culture is capable of
determining those schizophrenia patients with abnormalities
in epigenetic gene regulation then information derived from
the culture could be used to select subjects most likely to benefit from chromatin altering drugs. Once established using in
vitro methods, clinical trials could be implemented whereby
subjects most aﬄicted by abnormal epigenetic mechanisms
could be treated with agents aimed at normalizing these
abnormalities.

4. Implications of the Hypothesis
If PBMC, whether exposed to chromatin altering medications as clinically administered or through in vitro culturing, could serve as a reliable model of overall epigenetic
mechanisms, then this could lead to a “biomarker” approach
to revealing pathological chromatin state in schizophrenia.
This approach could also provide information regarding the
reaction of a subject’s chromatin to medications prior to
clinical treatment, thereby perhaps providing an informed
method for selecting psychiatric medications for certain disorders. Finally, associating certain epigenetic abnormalities
with symptoms and disease characteristics could lead to a
better understanding of the etiology of symptoms with the
potential for improved diagnostic validity more informed by
a patient’s biology.
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Neurons, glial, cells, and brain tumor cells tissues release small vesicles (secretory exosomes and microvesicles), which may
represent a novel mechanism by which neuronal activity could influence angiogenesis within the embryonic and mature brain. If
CNS-derived vesicles can enter the bloodstream as well, they may communicate with endothelial cells in the peripheral circulation
and with cells concerned with immune surveillance.
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1. Introduction
About a year and a half ago, I reviewed evidence that
cells within the central nervous system may transfer vesicles
containing RNAs and proteins among themselves in a novel
type of cell-cell communication [1]. That paper emphasized
the possible role of secretory exosomes as a mechanism
providing dynamic activity-dependent transfer of molecules
across synapses, corresponding to the morphological appearance of “synaptic spinules” which had been long noted by
neuroanatomists. However, there are numerous additional
examples in the nervous system of transfer of molecules by
vesicles moving freely from cell to cell or by cytoplasmic
“fingers” intruding directly from one cell into another. For
example, astrocytes can provide neuroprotective HSP70 to
neurons via exosomes [2], and Schwann cells can provide
polyribosomes to the axons that they ensheath [3]. In this
brief hypothesis paper, I point out the possibility that central
nervous system-(CNS-) derived vesicles may potentially
interact with endothelial cells within the brain, and that they
may potentially find their way to the bloodstream, where
they could interact with endothelial cells and with cells of the
immune system.
Secretory exosomes are formed by a specific process of
invagination that occurs within endosomes, resulting in the
formation of multivesicular bodies [4], or on the cell surface,
resulting in budding-out from lipid raft regions of the plasma

membrane [5]. Microvesicles are little fragments that are
shed or pinched-oﬀ from the plasma membrane. Microvesicles are generally thought to be larger than exosomes, but
their features and biogenesis may not be entirely distinct [6],
and there may be additional types of vesicles that cannot be
easily classified at present [7]. Exosomes and microvesicles
have been shown to be shed in a regulated fashion by many
cell types in culture, including neurons [8] and astrocytes
[9]; they have cell-adhesion molecules on their surface which
allow them to bind specifically to certain target cell types and
to be internalized (e.g., [9, 10]).
In several cases, the internalized mRNAs have been
shown to be translated, suggesting that they provide a form
of gene transfer to the target cells [9–11]. Studies of endothelial cells have shown that exosomes and/or microvesicles
can alter their gene expression and activate thrombogenicity,
apoptosis, and angiogenesis [11–15].

2. Do CNS-Derived Vesicles Interact with
Endothelial Cells within the Brain?
Secretory exosomes have been detected within the cerebrospinal fluid both in the embryonic and mature brain [16,
17], and neuron-enriched microRNAs have been detected in
the cerebrospinal fluid (CSF) as well [18]. This suggests that
neural cells do release vesicles into the extracellular space in
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vivo. Vascularization and neurogenesis proceed concurrently
within the developing brain [19, 20]; both involve similar
events such as cell migration and diﬀerentiation, and both
respond to some of the same patterning cues, growth factors
(e.g., vascular endothelial growth factor), and so forth.
Endothelial cells interact with neurons and glial cells to
form a so-called functional “neurovascular unit” [21], and
these interactions are necessary in order for endothelial
cells to express tight junctions that underlie the bloodbrain barrier [22]. Transfer of vesicles is potentially one
way in which neural cells may interact with endothelial
cells during embryogenesis. Moreover, new growth of blood
vessels occurs in the mature brain and can be stimulated in
response to neuronal activity (e.g., environmental enrichment [23]), another arena in which neural-derived cues
interact with endothelial cells. Finally, Skog et al. (2008) have
shown that glioblastoma-derived microvesicles can stimulate
angiogenesis of brain capillary endothelial cells in vitro, a
process that would be expected to support tumor growth in
vivo [11].

3. Can CNS-Derived Vesicles Reach the
Bloodstream?
Blood plasma or serum is an abundant source of microRNAs
and mRNAs, which appear to be contained within secretory
exosomes and/or microvesicles (e.g., [24–33]). Many diﬀerent normal as well as tumor cell types contribute vesicles
to the bloodstream. Placental-derived microRNAs have been
shown to provide a biomarker of pregnancy [24], whereas
vesicles bearing tumor-specific antigens have been shown to
express microRNA profiles related to the tumor cells from
which they derive (e.g., [25]). Acetaminophen overdose,
which damages the liver as well as other organs, results in
elevated levels of the liver-specific microRNA mir-122 [33].
To date, no evidence has been published demonstrating
that vesicles shed by CNS neurons or glial cells can enter
the bloodstream. (Glioblastoma cells have been reported to
shed vesicles into the blood [11], but their relation to nearby
blood vessels may be aberrant and not representative of
normal glial cells.) However, acetaminophen overdose causes
elevated levels of numerous microRNAs in the blood that
are generally thought to be brain-enriched [33]. This was
interpreted by the authors as likely due to neural damage
produced by the drug. Moreover, Dr. Samuil Umansky, Chief
Scientific Oﬃcer of Xenomics, Inc., presented unpublished
data at the Cambridge Healthtech Institute conference on
“microRNA in Human Disease and Development” in Boston,
MA, in March 2009, showing that microRNAs characteristics
of brain expression were detectable in human blood and
urine. Levels of these microRNAs were elevated in individuals poststroke in a time-dependent manner and were elevated
in individuals diagnosed with Alzheimer disease, though it
was not examined whether the microRNAs were contained
within vesicles.
What mechanisms might permit CNS-derived vesicles to
reach the bloodstream? The blood-brain barrier is thought
to prevent movement of large molecules into and out of
the brain, and it is unlikely that vesicles would be actively
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transported across capillaries. However, the blood-brain
barrier appears gradually during gestation [34] and so
exosomes may be free to communicate with the blood at
developmental stages. In the mature brain, it is conceivable
that clearance of the cerebrospinal fluid into the blood may
permit exit of intact vesicles. As well, the circumventricular
regions of the brain appear to be devoid of a bloodbrain barrier (including the pineal gland, area postrema,
choroid plexus, subfornical organ, supraoptic crest, median
eminence, and posterior pituitary) [35]. Furthermore, exit
of vesicles may be expected to occur under pathological
conditions in which the blood-brain barrier is compromised,
for example, following trauma, cell death, or inflammation.

4. Conclusion
There is a growing appreciation that secretory exosomes,
microvesicles, and possibly other types of cell-derived vesicles comprise a physiological channel for cell-cell communication, both among neighboring cells and within the bloodstream. Neurons and glial cells in the brain also appear to
shed vesicles that potentially may contribute to trophic interactions and synaptic plasticity [1]. CNS-derived secretory
exosomes and/or microvesicles have the potential to interact
with endothelial cells during developmental stages and during angiogenesis within the mature brain. These interactions
should have functional significance, insofar as neurogenesis
and angiogenesis are, in part, coordinated responses both in
the developing and mature brain [20, 36, 37].
Recent studies also raise the possibility that CNSderived vesicles may enter the bloodstream and interact with
endothelial cells in the peripheral circulation. This would
represent a novel communication channel between the
nervous system and the cardiovascular system. Circulating
vesicles also appear to have an important role in immune
surveillance and activation [7]. Perhaps future issues of
Cardiovascular Psychiatry and Neurology will contain articles
that provide evidence for this channel and that explore the
meaning of its messages.
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Background. Over-stimulation of the purinergic P2X7 receptor may bring about cellular dysfunction and injury in settings of
neurodegeneration, chronic inflammation, as well as in psychiatric and cardiovascular diseases. Here we speculate how P2X7
receptor over-activation may lead to the co-occurrence of neurological and psychiatric disorders with cardiovascular disorders.
Presentation. We hypothesize that proinflammatory cytokines, in particular interleukin-1β, are key players in the pathophysiology
of neurological, psychiatric, and cardiovascular diseases. Critically, this premise is based on a role for the P2X7 receptor in triggering
a rise in these cytokines. Given the broad distribution of P2X7 receptors in nervous, immune, and vascular tissue cells, this receptor
is proposed as central in linking the nervous, immune, and cardiovascular systems. Testing. Investigate, retrospectively, whether
a bidirectional link can be established between illnesses with a proinflammatory component (e.g., inflammatory and chronic
neuropathic pain) and cardiovascular disease, for example, hypertension, and whether patients treated with anti-inflammatory
drugs have a lower incidence of disease complications. Positive outcome would indicate a prospective study to evaluate therapeutic
eﬃcacy of P2X7 receptor antagonists. Implications. It should be stressed that suﬃcient direct evidence does not exist at present
supporting our hypothesis. However, a positive outcome would encourage the further development of P2X7 receptor antagonists
and their application to limit the co-occurrence of neurological, psychiatric, and cardiovascular disorders.
Copyright © 2009 S. D. Skaper and P. Giusti. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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1. Background
The P2X7 receptor (P2X7 R) was originally described in cells
of hematopoietic origin, and mediates the influx of Ca2+ and
Na+ ions as well as the release of proinflammatory cytokines.
P2X7 Rs may aﬀect cell death through their ability to regulate
the processing and release of interleukin-1β (IL-1β), a key
mediator in neurodegeneration, chronic inflammation, and,
perhaps, some psychiatric diseases [1]. There is now ample
evidence that elevated IL-1β levels, associated in many cases
with P2X7 R activation, occur in Alzheimer’s disease, spinal
cord injury, proinflammatory tissue trauma, neuropathic
and inflammatory pain, and depressive illness. Preliminary,
albeit intriguing observations suggest that elevated blood
pressure may be associated with polymorphic variations in
the P2X7 R gene. Collectively, these findings have led us
to propose a hypothesis in which the P2X7 R is viewed

as a common transducer of communication between the
nervous, immune, and cardiovascular systems, whereby
receptor over-activation may lead to the co-occurrence of
neurological and psychiatric disorders with cardiovascular
disorders, and vice versa.

2. Presentation of the Hypothesis
2.1. P2X7 R as a Transducer in the Co-Occurrence of Neurological/Psychiatric and Cardiovascular Disorders. ATP-sensitive
P2X7 Rs are localized on cells of hematopoietic lineage
including mast cells, erythrocytes, monocytes, peripheral
macrophages, dendritic cells, T- and B-lymphocytes, epidermal Langerhans cells, and glial cells in the CNS [2, 3]. Activation of P2X7 Rs leads to rapid changes in intracellular calcium
concentrations, release of the proinflammatory cytokine
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Figure 1: Schematic representation of potential interactions between the cardiovascular and nervous systems, which may lead to the cooccurrence of cardiovascular, neurological, and psychiatric disorders. In this hypothesis, the P2X7 purinergic receptor plays a pivotal role in
linking these disorders, as a result of elevated levels of extracellular ATP and the release of pro-inflammatory cytokines such as interleukin-1β
(IL-1β) and tumor necrosis factor-α (TNF-α). AD, Alzheimer’s disease.

IL-1β and following prolonged exposure, the formation of
cytotoxic pores in plasma membranes. P2X7 Rs could aﬀect
IL-1β also via the 5-lipoxygenase pathway; that is, P2X7 R
activation leads to leukotriene formation (e.g., in astrocytes)
[4] and leukotrienes increase IL-1β expression and release
[5]. Both the localization and functional consequences of
P2X7 R activation indicate a role in inflammatory processes.
Activated immune cells (lymphocytes) [6], macrophages [7],
microglia [8], and platelets [9], and dying cells may release
high concentrations of ATP into the extracellular space
[10], while extracellular ATP concentrations increase under
inflammatory conditions in vivo [11] and in response to
tissue trauma [12]. In addition, pro-inflammatory cytokines
and bacterial products upregulate P2X7 R expression and
increase its sensitivity to extracellular ATP [13].
We hypothesize that pro-inflammatory cytokines, in
particular IL-1β, are key players in the pathophysiology
of neurological, psychiatric, and cardiovascular diseases.
Critically, this premise is based on a role for the P2X7 R in
triggering a rise in these cytokines. One of the most striking
features of ATP is its unmatched ability to promote massive
release of mature IL-1β from lipopolysaccaride primed
mononuclear phagocytes and other cell types, including
microglia [14]. ATP-driven maturation and release of IL1β are specifically mediated by the P2X7 receptor for
extracellular ATP [15, 16]. Given the broad distribution of
P2X7 Rs in nervous, immune, and vascular tissue cells, this
receptor is proposed as playing a common transductional
role in linking the nervous, immune, and cardiovascular
systems. We also hypothesize that P2X7 R over-activation may
lead to the co-occurrence of neurological and psychiatric
disorders with cardiovascular disorders (Figure 1).

These speculative hypotheses are based on an extensive
body of published studies describing pro-inflammatory
cytokine elevations and P2X7 R over-activity in neurodegenerative diseases, pain, depression, and cardiovascular disease.
Activation of P2X7 Rs provides an inflammatory stimulus
[17], and P2X7 R-deficient mice have substantially attenuated
inflammatory responses [15, 18]. Acute spinal cord injuries
produce highly inflammatory environments [19]. In rats
subjected to spinal cord injury, areas surrounding the
traumatic lesion displayed an abnormally high and sustained
pattern of ATP release, and delivery of a P2X7 R antagonist
after acute impact injury improved functional recovery and
diminished cell death in the peritraumatic zone [20]. P2X7 Rlike immunoreactivity was upregulated around β-amyloid
plaques in a transgenic mouse model of Alzheimer’s disease,
and was regionally localized with activated microglia and
astrocytes [21]. Up-regulation of P2X7 Rs on microglia is seen
after ischemia in the cerebral cortex of rats [22], and on
reactive astrocytes in multiple sclerosis autopsy brain tissue
[23]. Genetic and pharmacological approaches have been
used to show that P2X7 R activation on microglia is necessary
for microglial cell-mediated injury of neurons [24].
Phenotypic data from P2X7 R null mice provide important evidence for participation of this channel in proinflammatory tissue trauma. There is a lower incidence and
severity of collagen antibody-induced arthritis in P2X7 R
knockout mice [25], and inflammatory and neuropathic
hypersensitivity is completely absent to both mechanical
and thermal stimuli in these mice [18]. Moreover, P2X7 R
is upregulated in human dorsal root ganglia and injured
nerves obtained from chronic neuropathic pain patients [18].
Endogenous IL-1 levels are increased in the nervous system
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in response to trauma associated with mechanical damage,
ischemia, seizures, and hyperexcitability [26].
There appears to be a strong relationship between depression and immunological dysfunction in depressed patients
[27]. Cytokines like IL-1β are suggested to be involved in
the pathophysiology of depression, and excessive secretion
of macrophage cytokines (IL-1β, tumor necrosis factor-α,
interferon-γ) could be a potential causative factor [28].
Central and systemic administration of proinflammatory
cytokines to animals induces “sickness behavior”, which
is characterized by many of the physiological and behavioral changes associated with depression [27, 29]. Clinical
use of cytokines (e.g., interferon-α) produces depressivelike symptoms that can be attenuated with antidepressant
treatment [30], and major depressive illness is associated
with significant elevations in the density of microglia and
hypersecretion of proinflammatory cytokines, suggesting
that the latter could be involved in the etiopathogenesis of
depression [31–34].
Apoptotic cell death occurs in a number of vascular
diseases, including atherosclerosis and hypertension [35].
Shear stress that occurs during changes in blood flow causes
a substantial release of ATP from vascular endothelial cells
[36]. ATP may also be released from cardiomyocytes in
ischemic or hypoxic conditions [37]. P2X7 R-associated production of proinflammatory cytokines like tumor necrosis
factor-α could promote endothelial cell apoptosis [34], and
play a role in vascular remodeling in hypertension [38]. P2X
receptor channels are involved in transducing aldosteronemediated signaling in the distal renal tubule and are potential
candidate genes for blood pressure regulation [39]. On an
intriguing note, there is evidence to suggest that elevated
nighttime diastolic blood pressure is associated with single
nucleotide polymorphisms of the P2X7 R gene [40]. P2X7 Rs
are expressed in human saphenous vein myocytes [41],
and venous diseases may favor conditions allowing P2X7 R
activation and lysis of venous myocytes. ATP released after
hypoxia, stress and inflammation, or membrane damage,
conditions found in the vessel wall of varicose veins, may lead
to P2X7 R-induced pore formation, the disorganization and
loss of contractile myocytes in the muscle layers of the media
of varicose veins, and venous disease.
Fibroblasts are a key structural element of the arterial
wall known to play a major role in atherosclerosis and
diabetic angiopathy [42]. Fibroblasts from type-2 diabetes
patients are characterized by a hyperactive purinergic loop
[43].

3. Testing the Hypothesis
Retrospective studies inform us, for example, that depression
is recognized as having high prevalence in several medical
conditions including infectious, autoimmune, and neurodegenerative diseases, conditions associated with a proinflammatory status [28, 44]. Increasing evidence now points to a
strong relationship between depression and immunological
dysfunction in depressed patients, while clinical use of
cytokines produces depressive-like symptoms responsive
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to antidepressant treatment [30]. While depression and
cardiovascular comorbidity have been recognized for some
time [45], a proinflammatory link has only recently been
investigated [46]. Although a first step, these correlations
are not definitive proof of our concept. More extensive
prospective studies are required to confirm the above,
and to investigate whether a link exists between illnesses
with a proinflammatory component (e.g., inflammatory
and chronic neuropathic pain) and cardiovascular disease,
for example, hypertension, and whether patients treated
with anti-inflammatory drugs have a lower incidence of
cardiovascular complications. This would then need to
be followed with a demonstration that pharmacological
block of P2X7 Rs provides therapeutic benefit in these
conditions.

4. Implications of the Hypothesis
If a strong link between neurological, psychiatric and,
cardiovascular disorders could be established, then within
this framework P2X7 R activity can be viewed as playing a
common transductional (“gatekeeper”) role in the development of comorbidity between the nervous, immune, and
cardiovascular systems. The outcome, if positive, would
provide the impetus for further development and clinical
application of selective and potent P2X7 R antagonists.
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There are high levels of comorbidity between neuropsychiatric and cardiovascular disorders. A key molecule central to both
cognitive and cardiovascular function is the molecule serotonin. In the brain, serotonin modulates neuronal activity and is
actively involved in mediating many cognitive functions and behaviors. In the periphery, serotonin is involved in vasoconstriction,
inflammation, and cell growth, among other processes. It is hypothesized that one component of the serotonin system, the 5-HT2A
receptor, is a common and contributing factor underlying aspects of the comorbidity between neuropsychiatric and cardiovascular
disorders. Within the brain this receptor participates in processes such as cognition and working memory, been implicated in
eﬀective disorders such as schizophrenia, and mediate the primary eﬀects of hallucinogenic drugs. In the periphery, 5-HT2A
receptors have been linked to vasoconstriction and hypertension, and to inflammatory processes that can lead to atherosclerosis.
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Neuropsychiatric disorders have high levels of comorbidity
with cardiovascular disease. A recent retrospective study
indicates that metabolic syndrome was reported in about
40% of schizophrenic patients, 35% of bipolar patients, and
25% of patients with recurrent depression [1]. Environmental factors, including medications, likely underlie some
of the metabolic dysfunction associated with schizophrenia
and depression, however, studies in unmedicated drug naı̈ve
first episode schizophrenics indicate that a pathological
association exists [2]. Significantly, many other studies have
also linked metabolic syndrome, cardiovascular disease, and
psychiatric disorders [3–7], and specific aspects of cardiovascular disease like atherosclerosis and hypertension are
associated with psychiatric disorders [8–10]. Patients with
schizophrenia have an average reduction in life expectancy
of 15 years, largely due to coronary heart disease [11].
Unfortunately, many therapeutics used to treat psychiatric
disorders can have significant negative influences on aspects
of cardiovascular function and have thus clouded the nature
of these links with regard to cause and eﬀect. Antipsychotic
medications, as well as therapeutics for other psychiatric disorders, can have dramatic eﬀects on metabolic processes and
can induce metabolic syndrome, weight gain, and diabetes,
which are all significant risk factors for the development

of cardiovascular diseases [12–15]. Furthermore, prolongation of the interval between ventricular depolarization
and repolarization (QT interval) also has been associated
with antipsychotic medications [16]. Overall, metabolic and
cardiovascular dysfunction associated with neuropsychiatric
disorders, therefore, likely represent a mixture of environmental, medication, and pathological factors.
Whereas the exact biochemical nature of the links
between cardiovascular disease and psychiatric disorders
remains elusive, it is evident that there is a strong association
between these biological processes. The fact that medications
used to treat one condition can influence, and even induce,
the other condition underscores these associations. With
respect to depression, models have been proposed that
largely invoke an underlying dysregulation of the HPA axis,
which through modulation of factors such as cortisol and
CRF influence mood, aﬀect, immunity, and cardiovascular
function [6, 17, 18].
Aspects of cardiovascular disease including endothelial
dysfunction and atherosclerosis are acutely mediated by
inflammatory mechanisms. For example, adipose tissues can
release proinflammatory cytokines into the circulation. As
more adipose tissues are present in an individual, represented
by a higher body mass index, more cytokines can be released.
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These cytokines, primarily Tumor Necrosis Factor-α (TNFα) and IL6, can directly induce inflammation in cardiovascular tissues, as well as activate the HPA axis, which in
turn can lead to metabolic syndrome. Metabolic syndrome
can subsequently lead to oxidative stress and generation
of free radicals that together induce further production of
proinflammatory cytokines, and the two processes of inflammation and metabolic syndrome can interact synergistically
to elevate levels of proinflammatory cytokines and promote
further endothelial dysfunction and atherosclerosis [19].
A detailed review of the development and progression of
atherosclerosis itself will not be given here, and the reader
is referred to other reviews and references therein [20, 21].
A key mediator of the development of atherosclerosis is
the cytokine TNF-α which, acting through its receptors on
the surface of macrophage, endothelial, and smooth muscle
cells of the vasculature, induces signal transduction cascades
leading to NOS activity, activation of transcription factors
such as Nuclear Factor kappa B (NF-κB), and production
of proinflammatory adhesion molecules and cytokines such
as ICAM-1, VCAM-1, and IL6. Together, these processes
facilitate macrophage infiltration of the arterial wall, diﬀerentiation of macrophages to lipid-accumulating foam cells,
and migration of arterial smooth muscle cells to form a
fibrous cap, together constituting the atherosclerotic plaque.
Severe cases cause significant blockage of the artery, and
eventual rupture of the plaque and thrombosis.
Recently, cytokine-mediated inflammation has been
implicated in the development and presentation of psychiatric disorders that include depression and psychosis [22–
24]. In major depression and bipolar disease, increases in
TNF-α, and other proinflammatory cytokines (e.g., IL6,
and other proinflammatory molecules such as ICAM-1 and
MCP-1), have been found within the CNS [23, 25]. Although
the association of inflammation with depression does not
necessarily imply causality, certain symptoms of depression
have been shown in both clinical studies and animal models
to be alleviated by anti-inflammatory therapeutics [26].
Interestingly, knockout mice lacking TNF-α receptors exhibit
antidepressant-like behaviors in several types of assays [27].
Neuroinflammation leading to dysfunction of the adult
CNS as well as inflammatory events in utero leading to
perturbation of normal synaptic development has been
proposed as possible factors contributing to psychiatric
disorders [23, 24].
It has long been recognized that 5-hydroxytryptamine
(serotonin; 5-HT), and its biosynthetic precursor tryptophan, play an important role in regulating immune
functions through non-5-HT receptor interactions involving
circulating tryptophan and kynurenine levels [28–30]. Individual serotonin receptors, however, are expressed in many
immune-related tissues, and interactions at specific receptors
are also known to modulate aspects of the immune response
and inflammation [31–33]. Within the CNS, serotonin
and serotonin receptors have been strongly associated with
normal function. Certain neuropsychiatric disorders that
include depression, bipolar disorder, OCD, anorexia, and
schizophrenia have been linked to dysregulation of CNS
serotonin [34, 35]. Indeed, therapeutics for these disorders
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often include inhibition of the serotonin transporter (SERT)
with selective serotonin reuptake inhibitor (SSRI) medications, or blockade of specific serotonin receptor subtypes.
SSRIs can also show an eﬃcacy in treating aspects of
cardiovascular disease associated with depression [36], and
have been demonstrated in animal models to have an antiinflammatory eﬀect [37]. The mechanisms underlying the
protective eﬀect of antidepressants are not precisely known,
but are predicted by some researchers to involve activation
of the pituitary-adrenocortical system via increased central
serotonin levels [38], by modulation of cytokine levels in
peripheral tissues [39, 40], and by suppression of platelet
activation [41]. Furthermore, acute SSRI administration has
been shown to have a vasodilatory eﬀect on the coronary
artery that may be cardioprotective [42]. Interestingly, TNFα, as well as certain other cytokines, have been shown
to influence both expression and transport activity of the
serotonin transporter. In neuronally derived cells and choriocarcinoma cells, TNF-α, INF-γ, and IL1β increase function
[43–45], whereas in B lymphocytes, IL4 decreases function
[46], and in intestinal epithelial derived Caco-2 cells, TNFα has been found to decrease both expression and transport
activity of SERT [47]. Whereas the nature of the influence of
cytokines on SERT function (e.g., facilitation or repression)
likely depends on the cytokine and tissue, modulation
of synaptic serotonin levels in various brain regions by
inflammatory cytokines would certainly be anticipated to
have some eﬀect on neuronal function relevant to psychiatric
disorders like depression. In summary, there appears to be
a strong link between proper functioning and regulation of
the serotonin system and factors underlying cardiovascular
disease and neuropsychiatric disorders.
We hypothesize that a particular aspect of the serotonin
system, the 5-HT2A receptor, is a common and contributing
factor underlying aspects of normal cardiovascular and CNS
function, and that dysfunction of this receptor results in
certain characteristics of cardiovascular and neuropsychiatric
disorders. There are seven families of serotonin receptors
comprised of fourteen distinct subtypes [48]. With the
exception of the 5-HT3 receptor, which is a ligand-gated ion
channel, all are seven transmembrane-spanning G-proteincoupled receptors. Of all the serotonin receptors, the 5HT2A receptor has been the one most closely linked to
complex behaviors and neuropsychiatric disorders. The 5HT2A receptor is highly expressed within the frontal cortex,
with lower expression levels throughout the brain [48]. There
has been extensive research performed to establish the role
of 5-HT2A receptors within the brain, where they have been
shown to participate in processes such as cognition and
working memory [49], mediate the primary eﬀects of hallucinogenic drugs [50], and been implicated in mechanisms
underlying schizophrenia [51, 52]. Furthermore, abnormal
expression of 5-HT2A receptors has also been linked to
depression. For example, some studies have shown that
receptor protein expression is increased in certain cortical
areas of patients with major depression [53, 54], as well
as suicide victims [55, 56]. 5-HT2A receptor expression
decreases, however, have been found in brain limbic regions
of patients with major depressive disorder [57].
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Significantly, 5-HT2A receptors are found outside the
CNS in many diverse tissues, including those related to
cardiovascular function. Their role in the periphery, however, is less clear. Also, 5-HT2A receptor mRNA is expressed
within vascular smooth muscle and endothelial cells, and
cardiomyocytes, where the receptors are believed to mediate
aspects of vasoconstriction and cellular proliferation [58–
60]. Not only can 5-HT2A receptor activity modulate cardiovascular function in the periphery, but it has been found to
act centrally: activation of 5-HT2A receptors in the nucleus
tractus solitarius of the brain dramatically lowers both blood
pressure and heart rate [61].
Recently, we have found that selective activation of 5HT2A receptors in primary aortic smooth muscle inhibits
TNF-α-mediated inflammatory markers with extraordinary
potency. With an IC50 value of about 10 picomolar, 5HT2A receptor activation with the drug (R)-DOI inhibits
NOS activity, the activation and nuclear translocation of the
p65 subunit of NF-κB, as well as the production of mRNA
for the proinflammatory cell adhesion proteins ICAM-1
and VCAM-1, and mRNA for the cytokine IL6 [33]. Other
chemically diverse molecules that activate 5-HT2A receptors, including the hallucinogen lysergic acid diethylamide
(LSD), also have potent anti-inflammatory eﬀects on aortic
smooth muscle in vitro [33], indicating that this is a
property of 5-HT2A receptor activation and not specific to
a particular drug. Significantly, we have found potent antiinflammatory eﬀects in primary aortic endothelial cells as
well as macrophages (unpublished data). TNF-α signaling in
these three cell types, aortic smooth muscle, endothelial, and
macrophage, is believed to be a major contributing factor
to the inflammatory processes underlying the development
and progression of atherosclerosis. As such, drugs acting
at 5-HT2A receptors, like (R)-DOI, may represent a novel
class of superpotent small molecule inhibitors of TNF-α
pathway signaling with therapeutic potential for treating not
only atherosclerosis but also other inflammatory conditions
involving TNF-α, that are more then 100-fold more potent
than the more potent steroidal anti-inflammatories currently
on the market. Importantly, we have also found potent
anti-inflammatory eﬀects of 5-HT2A receptor activation in
CNS-related cell culture systems, including C6 glioma, and
SH-SY5Y neuroblastoma cells (unpublished data), indicating that the role of 5-HT2A receptors in mediating antiinflammatory pathways is not limited to cardiovascular
tissues, but is likely relevant in the CNS.
As mentioned previously, drugs that interact with or
influence 5-HT2A receptor function can dramatically aﬀect
aspects of cardiovascular function. Some, including atypical
antipsychotic, medications have a negative influence, while
others, including ketanserin and certain antidepressants, are
reported to have a beneficial cardiovascular eﬀect. How do
these eﬀects fit within the framework of our hypothesis?
Ketanserin has been eﬀective in the clinic as an antihypertensive agent as well as an antiarrhythmic. It can
also sometimes induce proarrhythmias, and was withdrawn
from the market largely for this reason. Recent reports
suggest that the antiarrhythmic eﬀects of ketanserin may be
due to direct interactions with certain potassium channels,
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including the HERG channel, and not to blockade of the 5HT2A receptor per se [62–64]. With regards to ketanserin’s
use as an antihypertensive, the underlying mechanisms are
not entirely clear as ketanserin has significant aﬃnity for
the alpha-1 adrenergic receptor, and many reports have
cited this as the putative antihypertensive therapeutic target
rather than antagonism of the 5-HT2A receptor [58, 65,
66]. Nevertheless, many in vitro studies of 5-HT2A receptor
antagonists have clearly demonstrated that 5-HT-induced
vasoconstriction in isolated vascular tissue preparations is
in large part mediated by 5-HT2A receptors [60]. Although
blockade of 5-HT2A receptors can potently inhibit serotoninmediated vasoconstriction in isolated vascular preparations,
aside from ketanserin, other 5-HT2A receptor antagonists
show little to no antihypertensive eﬀect in vivo [66, 67].
Indeed, newer highly selective 5-HT2A receptor antagonists,
like M100907 (volinanserin), ACP-103 (primavanserin), and
SR46349B (eplivanserin), are currently in clinical trials as
novel therapeutics to treat insomnia [68] and there are
no reports in literature describing eﬀects on hypertension,
inflammation, or other cardiovascular processes. One report,
however, examining the physiological and pharmacokinetics
of ACP-103 in a small study comprised of normal human
subjects has been published that concluded that there were
no significant changes in vital signs or ECG associated with
treatment for up to fourteen days [69].
An interesting study recently published detailed the
eﬀects of chronic increases in circulating serotonin levels, as
opposed to large bolus doses. It was predicted that, as occurs
with a bolus dose of serotonin, blood pressure would increase
due to the vasoconstrictive eﬀects of increased 5-HT acting
at 5-HT2 receptors. It was found that increased circulating
5-HT levels actually significantly decreased blood pressure
[70, 71]. The author of this study stated that it was unlikely
that direct activation of vasoralaxant 5-HT receptors was
responsible for this eﬀect, and that further studies are needed
to elucidate underlying mechanisms [70]. If antagonism
of 5-HT2A receptors is expected to produce hypotension
and aﬀect cardiac rhythmicity, then activation would be
anticipated to produce hypertension and potentially aﬀect
rhythmicity. This has not been the case. In humans, the
5-HT2A receptor agonist, psilocybin, which also has high
aﬃnity for 5-HT1A receptors, produces only mild and transient cardiovascular eﬀects at high doses when administered
systemically. Highly hallucinogenic doses (e.g., 30 mg) only
produce minor and transient increases in baseline heart
rate (+10 bpm) and blood pressure (∼15%) and do not
influence heart function as measured by electrocardiogram
[72–74]. Lower non-hallucinogenic doses of psilocybin do
not produce significant changes in heart rate, blood pressure,
or heart function [72–74]. Another 5-HT2A receptor agonist
dimethyltryptamne (DMT) has been given to humans at
highly hallucinogenic doses [75]. In that study, intravenous
injection of DMT was found to only elicit minor and very
transient increases in heart rate and blood pressure [75]. It
should be noted that some of these increase can probably
be attributed to psychological stress and anxiety produced
by the hallucinogenic eﬀects of psilocybin and DMT at high
doses, and not by a direct pharmacological action on blood
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pressure or heart rate. There have been no studies reported
examining the eﬀects of chronic administration of 5-HT2A
receptor agonists in mammals. It will be interesting to see
in future experiments if chronic administration of these
agents aﬀects inflammation-related cardiovascular diseases
or other aspects of cardiovascular function. Our data indicate
that potential anti-inflammatory eﬀects of agonists like (R)DOI would be evident at doses far below that necessary
to elicit behavioral eﬀects like hallucinations. Interestingly,
there are antidepressant-like eﬀects associated with single
hallucinogenic doses of psilocybin [73, 76].
Atypical antipsychotic medications like olanzapine,
clozapine, and risperidone belong to a newer class of drug
that are believed to have a component of their therapeutic
eﬀect mediated by antagonism of 5-HT2A receptors [77].
Unlike traditional antipsychotic medications like haloperidol
that act primarily as antagonists at dopamine D2 receptors,
atypical antipsychotics have some eﬃcacy at treating the
negative, or more cognitive, symptoms of schizophrenia, and
this may be due to their eﬀects on 5-HT2A receptors. As previously mentioned, pathological associations exist between
schizophrenia and metabolic syndrome and cardiovascular
disorders, however, the use of atypical antipsychotics is,
unfortunately, strongly associated with the development
of significant weight gain, metabolic, and cardiovascular
disorders [14, 15, 78]. The substantial weight gain associated with atypical antipsychotics is believed to partially
involve antagonist or inverse agonist activity of these drugs
at 5-HT2C receptors [79]. Indeed, the 5-HT2C knockout
mouse is severely obese [80], and agonists of this receptor
can produce hypophagia [81]. Although many aspects
of metabolic and cardiovascular disorders associated with
atypical antipsychotics are likely a direct consequence of
weight gain, other aspects may be mediated by blockade of
5-HT2A receptor function. For example, 5-HT2A receptors
have been implicated in regulation of glucose homeostasis
[82, 83], and antagonism of the 5-HT2A receptor may
influence insulin sensitivity [84, 85]. Within the framework
of our hypothesis, aberrant 5-HT2A receptor function may
contribute to both psychosis and pathological association
of metabolic and cardiovascular disorders. This dysfunction
could result in hyperacticvity in the CNS, and contribute
to psychosis. In the periphery, receptor dysfunction may
promote processes leading to metabolic disorder and cardiovascular disease through largely unexplored mechanisms.
Whereas blockade of 5-HT2A receptor hyperfunction in
the CNS may be therapeutic for treating psychosis, receptor blockade, both in the CNS and periphery, may also
interfere with endogenous anti-inflammatory processes and
synergistically act with the eﬀects of induced weight gain
to produce significant metabolic and cardiovascular disorders.
Another class of medication that aﬀects psychiatric
disorders, inflammatory processes, and cardiovascular function is selective serotonin reuptake inhibitor antidepressants
(SSRIs). Interestingly, SSRI antidepressant medications have
a biphasic eﬀect on serotonin within the brain. Acute
treatment leads to decreased serotonin release, and chronic
treatment leads to increased release [86, 87]. The acute
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decrease in 5-HT release results from autoreceptor activation and subsequent inhibition of release and synthesis
of serotonin. As these receptors desensitize with chronic
SSRI treatment, however, overall 5-HT transmission is
facilitated. Chronic treatment with SSRI antidepressants also
has been shown to produce significant downregulation and
desensitization of 5-HT2A receptors both in vitro and in
vivo similar to chronic treatment with atypical antipsychotics
[88]. The eﬀects of SSRI induced receptor desensitization
and downregulation would be anticipated to mimic the
eﬀects of chronic treatment with atypical antipsychotics,
and reduce overall 5-HT2A receptor function. Within the
framework of our model, these eﬀects would be predicted
to produce a deficit in receptor function, and increases in
proinflamatory mechanisms potentially leading to cardiovascular disease, metabolic disorders, and neuroinflammation.
SSRI antidepressants, however, have been shown to have
anti-inflammatory activity and to be cardioprotective when
given both acutely and chronically. It is conceivable that
the acute anti-inflammatory and cardioprotective eﬀects of
SSRI antidepressants are mediated by mechanisms other
than manipulation of 5-HT2A receptor function, as discussed
previously, and the beneficial eﬀects of chronic treatment
may involve enhanced 5-HT tone at 5-HT2A receptors.
Although chronic treatment with SSRI antidepressants
produces desensitization and downregulation of 5-HT2A
receptors, our results demonstrate that 5-HT2A receptors in
this state are actually more sensitive to the anti-inflammatory
eﬀects of activation by the agonist (R)-DOI by an order
of magnitude [33]. Together, the anti-inflammatory and
cardioprotective eﬀects of SSRI antidepressants are, therefore, likely a combination of direct modulation of cytokines,
central action within the CNS, and modulation of 5HT2A receptor function, with each component contributing
diﬀerently as therapy progresses to achieve a steady state.
Here, we propose that deficits in 5-HT2A receptor
function underlie at least part of the comorbidity of
cardiovascular disease and neuropsychiatric disorders. If
5-HT2A receptor activation normally appears to exert a
powerful anti-inflammatory influence on a variety of cells,
especially vascular tissues, dysfunction may be anticipated
to lead to a repression of anti-inflammatory influences and
to the expression of proinflammatory markers, sensitization of the cell to inflammatory stimuli, or both, leading
to an increased risk of inflammation and atherosclerosis.
Similarly, 5-HT2A receptor dysfunction also may contribute
to increased risk of hypertension, and cardiac hypertrophies within the cardiovascular system. Unfortunately, there
are few, if any, studies reported in literature examining
expression levels of 5-HT2A receptors in diseased cardiovascular related tissues. This simply may be due to the
fact that no one has looked. If so, then examination
of receptor levels in diseased cardiovascular-related tissues may be a productive avenue of exploration. In rat
models of congestive heart failure, there are two reports
demonstrating increased levels of 5-HT2A receptor mRNA
[59, 89]. It remains to be determined if the increased
expression is causative, or a compensatory response to other
factors.
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Within the CNS, the same receptor dysfunction may
result in or contribute to the development of neuropsychiatric disorders including depression, bipolar disease,
and psychosis. This dysfunction may either come from
alterations in regulation due to promoter polymorphisms
or other regulatory mechanisms influencing expression, or
polymorphisms or mutations aﬀecting the protein itself
that could influence responsiveness and downstream signal
transduction pathways. Polymorphisms in the promoter
region of the human HTR2A locus have been shown
to alter receptor expression levels [90], and these same
polymorphisms have been linked to response to antisychotics
and certain SSRIs [91, 92], and in some studies positively
associated with various CNS conditions including major
depression, bipolar disorder, and schizophrenia [93–96].
Significantly, positive associations also have been detected
for these polymorphisms and symptoms of cardiovascularrelated disorders [97]. Polymorphisms within the coding
regions of the HTR2A locus have been found in some studies
to be positively associated with neuropsychiatric disorders,
as well as to rheumatoid arthritis [98], circulating cholesterol
levels [99], hypertension [100], myocardial infarction [101],
as well as blood pressure and metabolic syndrome [102].
There is significant opportunity for future research to
investigate how 5-HT2A receptor function mediates certain
aspects of both neuropsychiatric and cardiovascular-related
disorders. Greater clarification of the role of receptor antagonists in vivo is needed. This could involve examining the
eﬀects of the new highly selective receptor antagonists in
rodent models of cardiovascular disease and atherosclerosis,
as well as careful examination of clinical trial data for the use
of these drugs as sleep aids and continued analysis for the
eﬀects of chronic use on cardiovascular-related issues after
these therapeutics come to market. Not only could results
from these types of studies be informative about the eﬀects of
selective receptor blockade on cardiovascular-related diseases
but they could also help to address the question of whether
or not the negative cardiovascular and metabolic eﬀects of
atypical antipsychotics have a significant 5-HT2A receptormediated component. If they did, then perhaps long-term
therapy with these new highly selective receptor antagonists
would produce metabolic and cardiovascular disorders. In
our laboratory, we are continuing to study the eﬀects of
agonists on inflammation-related cardiovascular processes,
and attempting to elucidate the molecular mechanisms
underlying their anti-inflammatory eﬀects. An additional
resource that would beneficial to explore is the 5-HT2A
receptor knockout mouse model. Amazingly, given the
widespread expression and importance of the 5-HT2A receptor, the knockout animal appears overtly normal. There are,
however, certain behavioral eﬀects associated with loss of this
receptor [103, 104]. Interestingly, some observed behaviors
are opposite to the eﬀects of receptor antagonists [105],
indicating that caution should be exercised in the interpretation of knockout studies using this model. Nevertheless,
studies utilizing this mouse in models of cardiovascularrelated diseases will likely be of value. A better understanding
of the relationship between 5-HT2A receptor function and its
roles in both the CNS and cardiovascular system should lead
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to development of improved therapeutics to treat diseases
aﬀecting each of these systems either separately or together.
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Rubia, and A. Llerena, “Association between T102C and
A-1438G polymorphisms in the serotonin receptor 2A (5HT2A ) gene and schizophrenia: relevance for treatment
with antipsychotic drugs,” Clinical Chemistry and Laboratory
Medicine, vol. 45, no. 7, pp. 835–838, 2007.

Cardiovascular Psychiatry and Neurology
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The exact nature of the comorbidity between cardiovascular disease (CVD) and major depressive disorder (MDD) is poorly
understood. The proposed mechanisms include various biochemical and molecular pathways as well as health behaviors such
as physical inactivity. One possible link between MDD and CVD is increased platelet activity and blood viscosity. Recently, it
was discovered that platelets express functional subtype of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors, for example, glutamate receptor 1 (GluR1). Here, I propose that this type of AMPA receptor could play a role in
comorbid MDD and CVD, and antidepressants may interfere with platelet activation via direct or indirect eﬀects on platelet GluR1
phosphorylation. Testing this hypothesis could provide a novel view on the pathobiological mechanisms of comorbid MDD and
CVD. With respect to the recently discovered role of AMPA receptors in regulating platelet activation and thrombosis, it appears
that the information about the putative eﬀects of psychoactive AMPA-modifying drugs on platelet AMPA receptors would be
critical in evaluating the putative eﬀects of such drugs on CVD.
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1. Introduction
Epidemiological studies have identified a high incidence
of comorbidity between cardiovascular disease (CVD) and
major depressive disorder (MDD). These studies note that
patients with MDD are at greater risk of developing CVD
[1]. Further, they prompted the American Heart Association
to recommend routine screening for depression in patients
with coronary heart disease, a recommendation that still
needs to be fully implemented [2]. The exact nature of the
MDD-CVD association is poorly understood. The proposed
mechanisms of this link include various biological, that is,
biochemical and molecular pathways as well as the hypothesis that the association between depressive symptoms and
cardiovascular events could be driven by health behaviors,
especially physical inactivity [3].
One prominently hypothesized link between MDD and
CVD includes increased platelet activity and blood viscosity
in these patients [4–7]. It has been suggested that serotonin
and its molecular/cellular targets are altered in patients with
MDD in a way that leads to increased platelet activation

and enhanced risk for CVD [4]. Several studies have shown
that this abnormal activation of platelets can be attenuated
by psychotherapy and by treatment with selective serotonin
reuptake inhibitors (SSRIs) [8–10].
Recently, it was discovered that platelets express the
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors for the excitatory neurotransmitter
glutamate [11]. Furthermore, these authors showed that
an AMPA receptor subtype, glutamate receptor 1 (GluR1),
mediates the action of glutamate as a regulator of platelet
activation, and they suggested that the GluR1 receptor is a
novel antithrombotic target. Here, I propose that this type of
glutamate receptor could play a role in comorbid MDD and
CVD.

2. Presentation of the Hypothesis
Ionotropic glutamate receptors are ligand-gated ion channels
that can be subdivided into three classes: NMDA (Nmethyl-d-aspartate), kainate, and AMPA receptors. GluR1,
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one of AMPA receptor subunits, mediates transmission
and plasticity at excitatory synapses in a manner which is
positively regulated by phosphorylation at Ser845-GluR1,
a protein kinase A (PKA) site, and at Ser831-GluR1, a
calcium/calmodulin-dependent kinase II (CaMKII) or protein kinase C (PKC) site [12, 13].
Recent work by Morrell et al. [11] demonstrated
that activated platelets release glutamate and express
GluR1 AMPA subunits; glutamate increases agonist-induced
platelet activation. Furthermore, glutamate binding to the
AMPA receptors depolarized platelets (an important step in
platelet activation), and platelets treated with an AMPAR
antagonist or platelets derived from GluR1 knockout mice
were resistant to the eﬀects of AMPA. In addition, mice lacking GluR1 have a prolonged time to thrombosis in vivo [11].
Thus, activation of GluR1 plays a role in accelerating thrombus formation and may contribute to development of CVD.
It has been noted that plasma concentrations of glutamate are altered in MDD. Plasma levels of glutamate
increased with the severity of depression [14], and antidepressant therapy was capable of reducing these levels [15].
On the other hand, measurements of the platelet response
to glutamate revealed that platelet glutamate receptors are
supersensitive in MDD [16].
Considering the crucial role of increased GluR1 phosphorylation in the process of membrane insertion of these
subunits and in the consequent increased activity of these
AMPA receptors [17], and also considering known alterations of protein kinase systems (including PKA) in mood
disorders [18], I hypothesize that altered platelet GluR1
phosphorylation in MDD may contribute to comorbid MDD
and CVD.
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human studies suggest that minocycline has antidepressantlike neuroprotective eﬀects, and it has been shown to act
as an antidepressant in a rat model of depression [22]. In
vitro and in vivo studies showed that minocycline induces
GluR1 phosphorylation at both Ser845 and Ser831, and it
increases the surface content of GluR1 [23]. In contrast,
a subanesthetic dose of ketamine, which causes acute and
sustained antidepressant-like eﬀects, significantly lowered
the levels of phosphorylated GluR1 at Ser845 [24].

4. Platelet Activation and Antidepressants
Antidepressants, particularly SSRIs, have been associated
with abnormal bleeding. Drugs with the highest degree
of serotonin reuptake inhibition, for example, fluoxetine,
paroxetine, and sertraline, are more frequently associated
with abnormal bleeding and modifications of hemostasis
markers [25]. Thus, it has been inferred that SSRIs may
also bestow protection from myocardial infarction, even
compared to other classes of antidepressants. This has been
demonstrated in some clinical studies [26]. More recent
studies suggest that SSRIs exert a complex sequence of eﬀects
relevant to platelet activation and that, in some instances,
they may even be prothrombotic [27]. Since the known
antidepressants, in addition to their main eﬀects (e.g., serotonin reuptake inhibition), also aﬀect multiple molecular
pathways (e.g., GluR1 signaling and phosphorylation), I
hypothesize that these drugs may interfere with platelet
activation via direct or indirect eﬀects on platelet GluR1
phosphorylation.

5. Testing the Hypothesis
3. Antidepressants and GluR1 Phosphorylation
The traﬃcking of the GluR1 from intracellular pools to cell
membranes is guided by a well-regulated pattern of receptor
phosphorylation. It has been suggested that phosphorylation
of GluR1 is involved in antidepressant-like actions [19].
However, the data on medication-induced alterations of
GluR1 phosphorylation are complex. Both an increase and
a decrease of GluR1 phosphorylation were observed in
response to antidepressant treatment, and various antidepressants influence the phosphorylation of diﬀerent sites
of GluR1. For example, Svenningsson et al. [20] reported
that treatment with fluoxetine increases phosphorylation at
the Ser845 but not the Ser831 site. In addition, another
antidepressant, tianeptine, which enhances the reuptake of
serotonin instead of inhibiting it, increased Ser831 phosphorylation in the frontal cortex and CA3 region of the
hippocampus but increased Ser845 phosphorylation only
in the CA3 region. Behavioral analyses showed that mice
bearing point mutations at both Ser831 and Ser845 when
treated with saline exhibit increased immobility in the tail
suspension test (i.e., depression-like behavior) compared to
their wild-type counterparts. Chronic tianeptine treatment
reduced this immobility in wild-type mice but not in phosphomutant GluR1 mice [21]. Recent findings in animal and

The hypothesis that altered platelet GluR1 phosphorylation
in MDD may contribute to comorbid MDD, and CVD would
be best tested in a clinical setting. Since several studies
have already established alterations of glutamate levels and
receptor activation in MDD patients versus controls, this
approach could be used to assess the phosphorylation of
platelet GluR1. Moreover, future clinical studies could focus
on patients with comorbid MDD and CVD. In addition, in
vitro studies with human platelets are warranted to verify
whether alterations of platelet GluR1 phosphorylation (e.g.,
induced by kinase inhibitors and activators) influence the
extent of GluR1 insertion into the platelet membrane and
whether they influence platelet activation.
The hypothesis that drugs used for treatment of MDD
may interfere with platelet activation could be tested both in
animal models and in a clinical setting. It would be useful
to compare the eﬀects of SSRIs with novel antidepressants
developed specifically to target AMPA receptors. These
studies would be primarily exploratory because the predicted
mechanisms of action of these drugs on GluR1 receptors
could significantly diﬀer in the central nervous system (CNS)
and in blood cells such as platelets.
With respect to the recently discovered role of AMPA
receptors in regulating platelet activation and possibly
playing a significant role in thrombosis, it appears that
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the information about the putative eﬀects of CNS AMPAacting drugs on platelet AMPA receptors would be critical
in evaluating the putative eﬀects of such drugs on CVD.
More generally, testing the here-proposed hypothesis could
provide a novel view on the pathobiological mechanisms of
comorbid MDD and CVD.
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An increasing body of evidence implicates proinflammatory cytokines in psychiatric disorders, namely, in depression. Of notice,
recent studies showed that anti-inflammatory cytokines, such as IL-10, also modulate depressive-like behavior. In this article,
we propose that the anti-inflammatory cytokine IL-10 is a putative link between two of the most widely reported phenomenon
observed in depressed patients: the disruption of the hypothalamic-pituitary-adrenal axis and the imbalanced production of
cytokines. If so, IL-10 might represent a novel target for antidepressant therapy.
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1. Introduction
The establishment of a bidirectional interaction between the
immune and central nervous systems is one of the most
remarkable findings of the last decades. These two systems
accomplish extremely diﬀerent functions, but a growing
body of evidence shows that both share common mediators,
including cytokines and their receptors. Therefore, the
altered expression of these molecules, triggered by one of the
systems, might influence the other in a reciprocal way [1].
As a consequence, a disruption in this cross-talk has been
causally implicated in neuropathological features associated
with several psychiatric disorders, in particular depression
[2].
Major depression is a global public-health problem
and a leading cause of disability worldwide, representing
the fourth contributor to the global burden of disease in
2000 (in terms of DALYs-Disability Adjusted Life Years)
[3]. Depression is a heterogeneous disorder with a variable
set of symptoms, diverse disease courses, and inconsistent
responses to treatment. The etiology of depression is still
controversial, and several theories have emerged to explain
it. Taking into account the communication between the
immune and central nervous systems, Smith, in the early
1990s, proposed a role for cytokines in depression [4].
The “cytokine theory of depression”, that has been widely
studied in the last two decades, proposes that enhanced

production of proinflammatory cytokines is associated with
the pathogenesis of depression. Indeed, several studies show
a significant increase in the production of proinflammatory
cytokines (namely, IL-6, IL-1β, IFN-γ, and TNF) among
depressed patients [5–8]. Moreover, immunotherapy based
on the administration of IFN-α and IL-2, which is frequently
used as part of the treatment against chronic hepatitis C and
certain cancers, has been associated with depressed mood
and symptoms of cognitive impairment and fatigue [8–
10]. The fact that the symptoms associated with depression
disappear almost immediately after termination of cytokine
administration supports a causal role for cytokines in the
disease; moreover, these symptoms can also be relieved by
the administration of antidepressant drugs [11].
The “cytokine theory of depression” has also been
supported by a large set of results in animals models.
Research using these models demonstrated that alteration in
the proinflammatory cytokine milieu can lead to behavioral
changes overlapping with those found in depressed patients,
including anhedonia, decreased activity, cognitive dysfunction, and altered sleep patterns [12]. In further support of
this link, mice exposed to a chronic mild stress (CMS) protocol, which induces symptoms of depressive-like behavior,
show increased levels of IL-1 in the hippocampus [13]. Furthermore, the depressive-like behavior observed after CMS
can be mimicked by chronic administration of IL-1 [13]
and, when mice lacking the expression of IL-1 receptor are
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exposed to the same CMS paradigm, the behavioral changes
do not occur [13]. Interestingly, mice unable to express the
receptor for TNF, one of the cytokines more consistently
upregulated in depression, show decreased immobility in the
forced swim test (FST), that is, decreased signs of depressivelike behavior in a test that assesses learned helplessness and is
considered one of the gold standard tests to evaluate depression in rodents [14]. These observations suggest that TNF
activation also mediates depressive-like behavior in mice.
Although most studies on the “cytokine theory of
depression” are centered on increased levels of proinflammatory cytokines, the role of anti-inflammatory cytokines
has been recently analyzed. Of notice, IL-10, one of the
most important anti-inflammatory cytokines, proved to be
relevant in depression [15]. Specifically, mice lacking the
expression of IL-10 (IL-10KO) show a decreased latency to
immobility and longer immobilization time than wild-type
(WT) mice in the FST [15]. These results demonstrate that
IL-10KO mice display increased helplessness, a recognized
sign of depressive-like behavior in rodents. Remarkably,
administration of IL-10 is able to revert the depressive-like
phenotype observed in the IL-10KO animals [15]. In further
support of a role for IL-10 in depression, transgenic mice
overexpressing this cytokine show a decreased depressivelike behavior in the FST in comparison with WT animals
[15]. In addition to the increased helplessness in mice that
lack the expression of IL-10, other studies also reported that
modulation of IL-10 impacts on psychophysiological alterations frequently observed in depression. Among these is the
impairment in sleep behavior [16]. Interestingly, IL-10KO
mice show alterations in the sleep pattern, and the exogenous
administration of IL-10 modulates sleep behavior [17–19].
Another feature commonly associated with depression is
altered pain perception [20]. Tu and coworkers described,
using the IL-10KO mouse model, that the absence of this
anti-inflammatory cytokine is associated with decreased
nociception (i.e., the ability to sense painful stimuli). This
study showed that IL-10KO mice have an increased latency
time to paw licking (the time that mice spend to avoid a
heat stimulus by moving away and lick the paw) compared
with WT mice, and this result was confirmed by the blockage
of IL-10 in WT mice [21]. This constitutes an additional
evidence that IL-10 can also be involved in the common
biological pathways shared by pain and depression.
The studies described above show that modulation of IL10 impacts on several symptoms associated with depression,
namely, helplessness, sleep disturbances, and pain perception. Noticeable, administration of IL-10 can modulate these
symptoms which suggests a putative antidepressant eﬀect of
the anti-inflammatory cytokine IL-10. Of relevance for this
hypothesis is the observation, in depressed patients and also
in animal models of depression, of increased IL-10 levels after
treatment with several classes of antidepressants [22–25].
Although it is becoming clear that modulation of IL-10
can lead to changes in the normal behavior of humans and
animals, the mechanisms behind these alterations remain to
be elucidated. One might envisage several pathways through
which IL-10 influences behavior. One of the most obvious
hypotheses is the impact this anti-inflammatory cytokine
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may have on the levels of proinflammatory cytokines. In
fact, it is admissible that the absence of IL-10, in IL-10KO
mice, leads to an increased production of proinflammatory
cytokines that could, in accordance with the “cytokine theory
of depression”, trigger depression. This mechanism could
also explain the abrogation of the depressive-like behavior
in IL-10KO mice upon IL-10 administration [15], as IL10 is known to inhibit the expression of proinflammatory
cytokines [26]. However, this possibility is not supported by
our results, as we were unable to detect two of the most
relevant proinflammatory cytokines (IFN-γ and TNF) in
the serum of IL-10KO mice [15]. More studies are certainly
necessary to clearly define how the lack of IL-10 impacts on
the production of proinflammatory cytokines as it is possible
that subtle (below currently detection limits) changes in the
concentration of these cytokines are present in the serum of
IL-10KO mice, and/or that the absence of IL-10 induces the
upregulation of proinflammatory cytokines in specific brain
regions, which may not be reflected in the serum.
The observations that systemic IL-10 administration to
WT animals induces alterations in their normal behavior
(e.g., increased motor activity and abnormal exploratory
patterns) [27] and that the same protocol reverts the
depressive-like behavior observed in IL-10KO mice [15]
indicate that peripheral IL-10 has an eﬀect in the central
nervous system. However, it is not clear how this cytokine
acts within the central nervous system particularly since
peripheral IL-10 does not seem to cross the intact bloodbrain barrier, at least in detectable amounts [28]. It is
possible that IL-10, like other cytokines, acts directly in the
brain through regions devoided of blood-brain barrier, such
as the circumventricular organs and the choroid plexus, or
by activating vagal aﬀerent fibers that can transmit cytokine
signals to specific brain nuclei [5]. Moreover, IL-10 has been
detected in normal human, rat, and mouse brains [29].
Possible sites of expression are the endothelial cells of the
brain capillaries that irrigate the brain, the choroid plexus
(from where it would be secreted into the cerebrospinal
fluid), and also microglia and astrocytes [29–31]. Of interest,
a recent study showed that several immune mediators are
produced by the choroid plexus in response to systemic
inflammatory stimuli [32]. In addition, the IL-10 receptor
has been indentified in microglia, astrocytes [29, 30], and
oligodendrocytes [29, 30, 33]; probably because of a general
distribution, Ward and coworkers found expression of the
receptor in all five brain regions they analyzed (cortex, cerebellum, hippocampus, hypothalamus, and pituitary) [34].
A direct action of IL-10 within the central nervous system
might be mediated by its role in regulating cell survival. IL10 has been shown to prevent cell death of glial cells [33,
35, 36] and to increase survival of cerebellar neurons [37].
Since an increase in neuronal apoptosis in the hippocampus
has been associated with depression in animal models [38],
this putative role of IL-10 in increasing neuronal survival
should be investigated as a potential mechanisms of action
in preventing depressive-like behavior.
The observation that IL-10KO mice show an increase in
the adrenal and a decrease in the thymus relative weights
[15] oﬀers another alternative mechanism for the action of

Cardiovascular Psychiatry and Neurology

3

Hypothalamus

Hypothalamus
F
CRF

CRF

IL-10

IL-10
Pituitary

Pituitary
ACTH

Pro-inflammatory
cytokines

ACTH

Adrenal
Corticosterone

IL-10

Adrenal
Corticosterone

IL-10

Stimulation
Inhibition
Stimulation
Inhibition

Blockage
(a)

(b)

Figure 1: Schematic representation of the link between IL-10 and HPA axis. (a) in a basal situation and (b) during depression.

IL-10 in depression: the modulation of the hypothalamicpituitary-adrenal (HPA) axis. Indeed, it was shown that,
even in basal conditions, IL-10KO mice have higher levels
of corticosterone and that in the presence of a stressor the
increase of this hormone is even more accentuated than in
WT mice [39]. These findings strongly suggest that IL-10
may have a regulatory eﬀect in the HPA axis. One of the most
consistent neurobiological alterations in depressed subjects
is the hyperactivity of the HPA axis which is associated
with impaired HPA axis glucocorticoid feedback sensitivity
(glucocorticoid resistance) [40]. Thus, it is plausible that IL10 modulation of depressive-like behavior is exerted through
regulation of the HPA axis. In accordance, IL-10 is able to
suppress, in a dose dependent manner, adrenocorticotropic
hormone-(ACTH-) induced steroid production in adrenal
cells [41]. This eﬀect appears to be exerted through downregulation of enzymes responsible for the biosynthetic pathway
of corticosterone [21, 41]. Interestingly, IL-10 receptor was
shown to be expressed in the zona fasciculata (the region
responsible for the production of glucocorticoids) of the
mouse adrenal gland [41]. Accordingly, in vivo studies
demonstrated that, under basal conditions, IL-10KO mice
have clear signs of HPA axis activation, such as increased
adrenal glands, decreased thymus relative weight, and higher
levels of corticosterone [15, 39]. These findings strongly
suggest that IL-10 exerts a negative regulation on corticosterone production by the adrenal gland [41]. A microarray
analysis of adrenal, pituitary, and hypothalamic neural cells
treated with IL-10 clearly showed that this anti-inflammatory
cytokine plays a pivotal role in the regulation of several
genes of the HPA axis [42]. Of notice, murine pituitary
cells were the first identified nonimmune-related sources of
IL-10 [43], and the presence of IL-10 was also found in
human pituitary [44]. Paradoxically, in the hypothalamus

and pituitary, IL-10 seems to have the same eﬀect already
described for some proinflammatory cytokines [45], which
is a positive regulation of corticotrophin releasing factor
(CRF) and ACTH production, respectively [43, 46]. It should
be noticed that while the studies in the hypothalamus and
pituitary were only performed in vitro, the inhibitory action
of IL-10 in corticosterone production by the adrenal gland
is a more consistent result as it is based on in vitro and in
vivo studies. Taking into account that depression is often
associated with hyperactivity of the HPA axis [40], we
hypothesize that IL-10 has a pivotal role in the modulation of
the HPA axis homeostasis, which is likely to have an impact
on the etiology of depression.
Increases in glucocorticoid levels can occur daily in
response to several factors. This glucocorticoid increase
leads to an enhanced production of IL-10 [47] which, in
normal situations, together with glucocorticoids, inhibits the
activity of the HPA axis (Figure 1(a)). However, if these
raises in glucocorticoid levels become too frequent, cells
might develop “resistance to glucocorticoid action” [40, 48].
In fact, impaired negative feedback regulation of HPA axis
function is a hallmark of major depression and is reflected by
decreased responsiveness to glucocorticoids [40]. Of notice,
resistance to glucocorticoids was also described in IL-10
producing cells [48]. The glucocorticoid resistance leads to
a decrease in the production of IL-10 which might impact on
the negative regulation of corticosterone production by the
adrenal glands. In addition, decreased IL-10 can promote an
imbalance in the cytokine milieu that would further activate
the HPA axis (Figure 1(b)). This hypothesis fits well with the
observations that, in certain circumstances, glucocorticoids
trigger a proinflammatory action [49].
In the hypothesis outlined here we proposed IL-10
as an important link between the changes in hormonal
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and cytokine milieus that are of recognized relevance
for depression. In the future, studies in molecules that
might represent a link between the modulation of neural,
endocrine, and immune systems are extremely important to
further understand the etiology of depression. The cross-talk
between these systems, mediated by IL-10, may become a
target for novel antidepressant therapies.
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Epidemiological studies indicate age as a strong risk factor for developing cardiovascular and neurodegenerative diseases. During
the aging process, changes in the expression of particular genes can influence the susceptibility to these diseases. 5-Lipoxygenase
(5-LO) by oxidizing fatty acids forms leukotrienes, potent mediators of oxidative and inflammatory reactions, two key pathogenic
events in both clinical settings. This enzyme is widely distributed in the cardiovascular as well as in the central nervous system,
where its expression levels increase with age, suggesting that it may be involved in their diseases of aging. The central theme of
this article is that during aging, 5-LO acts as biologic link between diﬀerent stressors and the development of cardiovascular and
neurodegenerative diseases. We hypothesize that the age-dependent upregulation of 5-LO represents a “priming” factor in the
vasculature as well as in the brain, where a subsequent exposure to triggering stimuli (i.e., infections) leads to an abnormal chronic
inflammatory reaction, and ultimately results in increased organ vulnerability and functional deficits.
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1. Introduction
Consistent demographic data show that due to the improvements in public health and advances in medical therapy, the
number of older people (over 65 years) is fast increasing
worldwide, and it is expected to triple by 2040.
Since advancing age is the strongest risk factor for
developing chronic diseases, the burden from them is
expected to increase several-fold over the next 15–20 years.
This fact has created a sense of emergency toward this
segment of the population in view of the potential catastrophic socioeconomic consequences. Interestingly, age is a
nonmodifiable risk factor for atherosclerosis and chronic
neurodegenerative diseases such as Alzheimer’s disease (AD)
[1, 2]. The aging process is the most common feature
of the postreproductive phase of life. It manifests in all
multicellular organisms and is characterized by a progressive
reduction in the eﬃcacy of a number of physiological
processes. This decline translates to a reduced capacity to
maintain homeostatic control of important functions and
finally results in increased organ vulnerability.

In experimental models, for example, aged animals have
an exacerbation to experimental vascular injury and develop
atherosclerosis even on a chow diet [3]. On the other hand,
they also exhibit an impaired ability to sustain long-term
potentiation, a form of synaptic plasticity that has been
proposed as biological substrate for learning and/or memory
[4], and have impaired spatial learning in the Morris water
maze [5].

2. The 5-LO Pathway in the Vasculature
and Central Nervous System
5-Lipoxygenase (5-LO) is a member of a large family of
enzymes, called lipoxygenases, which oxidizes free and esterified polyunsaturated fatty acids. 5-LO first introduces active
molecular oxygen to carbon 5 of arachidonic acid resulting
in the formation of 5-Hydroxy-peroxy-eicosatetraenoic acid
(5HPETE). This unstable derivative is either reduced to
5-Hydroxy-eicosatetraenoic acid (5HETE), or converted to
leukotriene (LT) A4. However, LTA4 can serve either as
an intracellular intermediate in the synthesis of LTB4 and
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Figure 1: Schematic representation of the 5-Lipoxygenase enzyme
metabolic pathway. Arachidonic acid is released from diacyglycerol
or membrane phospholipids via the action of Phospholipase A2 .
Once free, arachidonic acid is oxidized by 5-lipoxygenase (5-LO),
which has been activated by the Five-Lipoxygenase-ActivatingProtein (FLAP), at carbon 5 to form the unstable 5-hydroxy-peroxyeicosatetraenoic acid (5HPETE), which is promptly metabolized
into the more stable 5-hydroxy-eicosatetraneoic acid (5HETE). The
5HETE can then be converted in leukotriene A4 (LTA4), which can
serve either as an intracellular intermediate in the synthesis of LTB4
and LTC4, or may be released extracellularly and subsequently be
taken up by adjacent cells devoid of 5-LO activity but expressing
LTA4-hydrolase and/or LTC4 synthase.

LTC4, or may be released extracellularly and subsequently
be taken up by adjacent cells devoid of 5-LO activity but
expressing LTA4-hydrolase and/or LTC4 synthase. LTs and
the cysteinyl derivatives of LTs all have strong pro-oxidant
and proinflammatory activities [6] (see Figure 1).
5-LO is widely expressed in the cardiovascular system,
that is, aorta, coronary, and carotid arteries, as well as in
macrophages and neutrophils. Interestingly, its expression
levels are increased in aortas of old animals when compared
with young ones [7]. This enzymatic pathway is also widely
expressed in the central nervous system (CNS), where it
localizes mainly in neuronal cells of the hippocampus and
cortex, and, similar to the vasculature, its levels increase
significantly with aging [8, 9].
The expression of 5-LO is susceptible to hormonal
regulation, since higher levels are observed in conditions of
melatonin deficiency and/or hyperglucocorticoidemia [10,
11], both of which are common in elderly subjects [12].
Although in general upregulation of 5-LO might serve a
physiological purpose, during the aging process, it may also
increase the vulnerability of the cardiovascular system and
CNS to diﬀerent insults/stressors [13]. Given that older
subjects are at greater risk of health complications and
mortality stemming from altered inflammatory and immune
functions, and aging, via the upregulation of 5-LO, can be
an important risk factor, the eﬀects of stressors on this
enzymatic pathway are of particular importance.

Recent studies have implicated 5-LO in the pathogenesis
of atherosclerosis [14], and have also identified specific
5-LO genotypes in subpopulations with increased risk of
atherosclerosis [15, 16].
Age is an established risk factor for atherosclerosis.
Among primates and rodents, older animals develop more
extensive atherosclerosis than younger animals [17, 18]. Ageaccelerated vascular injury is commonly considered to result
from increased oxidative stress, leading to inflammation and
endothelial dysfunction [19]. Tissues from aged animals
demonstrate increase generation of reactive oxygen species
(ROSs) that lead to damage to vascular cells with ageassociated remodeling changes, and oxidation of lipids,
that is, leukotrienes, with potent proinflammatory and
proatherogenic actions [20, 21]. Interestingly, in experimental models of atherogenesis, the disease process can be exacerbated by inflammatory stress such as lipopolysaccharide
(LPS) exposure [22–24]. LPS binds to the Toll-like receptor
4 (TLR4) on the surface of a variety of cell types stimulating, among other things, the generation of inflammatory
leukotrienes derived from the 5-LO pathway [25]. In this
setting, pharmacologic blockade of this enzyme or its genetic
deficiency aﬀords a significant protective eﬀect against organ
injury and dysfunction [26]. These facts, together with the
upregulation of 5-LO in the aging vasculature support the
hypothesis that this enzymatic pathway plays a functional
role in the development of aging-related cardiovascular
diseases.

4. 5-LO, Aging and Neurodegenerative Diseases
In the CNS, aging, in general, is associated with an
increased incidence of chronic neurodegenerative processes,
and among them, AD is the most frequent [27, 28]. From
a biochemical point of view, brain aging is often associated
with microglia activation and a diﬀuse and chronic brain
inflammation involving also other cell types, that is, neurons
[29]. Interestingly, aged animals show greater increase in
central inflammatory cytokines compared with young adults
following both peripheral and central LPS administration
[30, 31]. This response is accompanied by a greater deficit in
spatial working memory than is seen in young adult mice [32,
33], and suggests a possible modulatory role for 5-LO. Thus,
as stress appears to sensitize the CNS to subsequent insults,
so may aging with the upregulation of 5-LO sensitizes cells of
the immune system to stress itself. Although there is evidence
that stress can influence immune responses and memory
performance in elderly, however, the direct eﬀect of 5-LO on
these phenomena is still largely unknown. In the aging brain,
the prolonged stress-dependent inflammation status could
then serve as precursor for augmented neuronal vulnerability
which often culminates in cell death and loss of function.
Beside the inflammatory hypothesis, recent work has also
highlighted a novel concept that 5-LO can directly modulate
neurotransmitter receptors as well as amyloid beta peptide
metabolism, both of which are well-established mechanisms
involved in brain aging [34, 35].
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Figure 2: Hypothetical model whereby 5-Lipoxygenase influences brain and vascular pathological aging. During aging, peripheral and
central stressors targeting the vasculature and/or the central nervous system find these organs primed to a chronic inflammatory status
secondary to the upregulation of 5-LO in endothelial cells and macrophages, neurons, and microglia, respectively. This fact facilitates an
abnormal and long-lasting inflammatory response, which ultimately results in increased organ vulnerability, functional impairments, and
development of pathology.

5. Peripheral Stressors: Effect on Cardiovascular and Neurodegenerative Diseases

7. Glucocorticoids

Stress is a risk factor for pathological aging because elderly
individuals prone to psychological distress are more likely to
develop cardiovascular and/or neurodegenerative disorders
than age-matched controls, nonstressed individuals. Recent
studies suggest that activation of peripheral immune system
elicits a discordant inflammatory response in aged but, otherwise, healthy subjects compared with younger cohorts, and
the reactive state of immune cells in the aged individuals has
been suggested as the basis for this abnormal inflammatory
response. We hypothesize that the upregulation of 5-LO in
the aging brain and vasculature by releasing high amount
of leukotrienes functions as priming factor for these organs
facilitating an abnormal inflammatory response to stressors,
which ultimately results in increased organ vulnerability and
functional impairments (Figure 2).
Importantly, while these responses are transient and
reversible in young, by contrast they are generally exacerbated and long-lasting in aged subjects.
In what follows, we briefly discuss two models of stress
which have been widely used in the aging field. Both of
them mimick in vivo biologically relevant situations: LPS,
as bacterial infection (very frequent in elderly); high levels
of glucocorticosteroids (as it is typically observed in aging)
[36, 37].

Recent data suggest that glucocorticoid-sensitive mechanism(s) are operative in increasing neuronal vulnerability of the aging brain. Thus, high glucocorticoid levels
appear to be a constant feature of senile dementia [42].
Aged humans with prolonged elevated levels of cortisol exhibit reduced hippocampal volume and deficits in
hippocampus-dependent memory tasks compared with normal cortisol controls. Further, glucocorticoids can negatively aﬀect neuronal survival [43] in vitro, and impairs
cognition in vivo [44]. Similarly, a dysregulated cortisol secretion, may be secondary to abnormalities in
the hypothalamic-pituitary-adrenal axis, has also been
involved in the failure to contain inflammatory reactions
within the vasculature [45, 46]. In both scenarios, the
age-dependent 5-LO upregulation could further sensitize
these organs to glucocorticoid-mediated detrimental eﬀects
(Figure 2).
In both cases, the hypothesis could be easily tested
considering the availability of diﬀerent selective inhibitors
of this enzymatic pathway, together with mice which are
genetically deficient for this enzyme. Thus, treating aged
animals with LPS or corticosteroids in the presence of the
inhibitors, or aged 5-LO knock-out and wild-type mice
with the same stressors could provide us with important
information supporting the functional role of this metabolic
pathway.

6. LPS

8. Conclusions

Administration of LPS has been widely used as a model to
trigger both vascular and neuroinflammatory responses [38–
41]. These inflammatory responses, in part mediated by 5LO activation, could act in concert with aging to accelerate
vascular and neuronal vulnerability and subsequent cell loss.
It is conceivable that the 5-LO upregulation in endothelial
cells and neurons, typical of the aging process, can function
as priming event toward macrophages/microglia in these
systems and sensitizes them to an increased susceptibility and
abnormal biological response to stressors (Figure 2).

Because of the projected aging of the human population,
the burden from diseases of aging is expected to increase
dramatically over the next 20–25 years. The identification of
a putative common molecular mechanism influencing these
diseases and amenable of a therapeutic modulation would
result not only in an improvement of the quality of life for
this segment of the population but also in a significantly
reduced socio-economic impact of these diseases. The fact
that the 5-LO is significantly increased with aging, which
associates with the development of cardiovascular as well as
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neurodegenerative diseases, makes this enzymatic pathway
an excellent candidate that fulfills these criteria.
Several molecular mechanisms have been invoked for the
5-LO-mediated age-dependent increased cardiovascular risk,
and most of them involve modulation of the inflammatory
vascular response to stressors. By contrast, much less is
known about the molecular mechanisms operating in the 5LO-mediated pathologic brain aging. Beside the role of 5-LO
in regulating neuroinflammation, more recent works have
pointed out some novel mechanisms and pathways whereby
this enzyme may be involved in pathological brain aging,
that is, neurotransmitter receptors and amyloid beta peptide
metabolism.
Future studies are warranted to provide a more conclusive evidence for this association, and new or revisited
common molecular mechanisms responsible for it.
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Background. Based on epidemiological data, clinical trials, and meta-analytic reviews, omega-3 polyunsaturated fatty acids (n-3
PUFAs) seem to be a biological link between depression and cardiovascular diseases (CVDs). Presentation. Involvement of n-3
PUFAs in depression and CVDs may be associated with a chronic, low-grade, inflammation. We hypothesize that n-3 PUFAs
link depression and CVDs via “PUFA-prostaglandin E2 (PGE2) cascade.” Testing. To further support our hypothesis, case-control
studies are needed to test the role of COX2 and PLA2 functions in depression and in CVDs. In addition, the eﬀects of n-3 PUFAs
on cardiovascular markers in depression and on depressive symptoms in CVDs should be investigated in clinical trials. Finally, the
eﬀects of manipulating COX2 and PLA2 functions on depression-like behaviors and cardiovascular functions could be explored
in animal studies. Implications. n-3 PUFAs might be a promising treatment for both cardiovascular diseases and depression via its
anti-inflammatory, cardioprotective, and neuroprotective eﬀects.
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1. Background
1.1. The Missing Link from “Sadness” to “Heart-Breaking”.
When people are upset or being hurt emotionally, we often
describe them to have a “broken heart.” In Mandarin, we also
),” which
refer the concept of “sadness” to “sung-shin (
literally means “heart-breaking.” Although this metaphor
by referring a dysfunctioning brain to a breaking heart is
misleading biologically, accumulating evidence from empirical studies reveal that there seems to be a “mind-body
interface” linking between cardiovascular diseases (CVDs)
and depression.
1.2. The “Linking” between Depression to CVD. Depression
and CVD are two highly comorbid diseases with 15 years of
scientific evidence supporting this phenomenon [1]. Depression has an estimated 10% life prevalence rate in the general
population, while an estimated of 17–27% prevalence rate
of depression is noted in population with CVD [2]. In

addition, depression observed following CVD is common
and associated with increased risk of mortality. Depression is
a potential prognostic factor to increase future cardiovascular
event risk by 2–7.5 folds in patients with CVD [3]. One
would expect that depression is the psychological response
to a cardiovascular event; however, depression without any
cardiovascular comorbidity has been found to increase the
odds ratio (OR) for future CVD event (OR = 4.5) in
the 13-year prospective study in Maryland Epidemiological
Catchment Area [4]. Glassman et al. showed that heart rate
variability (HRV) is an indicator reflecting fluctuations in
autonomic activity and moderately strong and independent
predictor of death, also, recovery after acute coronary
syndrome was not observed in patients with major depressive
disorder (MDD) [1]. Medically healthy individuals who
suﬀer from depression are also at significantly increased
risk of developing heart attacks and strokes later in life [5].
These findings imply that there might be a common pathway
between depression and CVD.
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The exact mechanisms interplaying between depression
and CVD are still under investigation, however, clinical
and interventional studies have shown that the bidirectional
relation of the two are connected via adversely aﬀected
autonomic and hormonal homeostasis, which result in
inflammation, metabolic abnormalities, hypercoagulability,
and endothelial dysfunction [6]. Low-grade inflammation
is one possible common mechanism responsible for the
relationship between CVD and depression. Inflammatory
process mediators such as arachidonic acid (AA) and its
metabolites, prostaglandins (PGs) and leukotrienes (LTs),
contribute to diverse circulatory and homeostatic functions [7]. PGs and LTs are highly biologically active, have
proinflammatory action, vasoconstriction action, and are
known to be involved in various pathological processes,
such as atherosclerosis and CVD [8]. In patients with major
depression, the inflammatory biomarkers including PGE2,
IL-1, IL-6, and IL-12 have been found to be significantly
increased as compared with healthy controls [9]. The role
of inflammation in depression has also been demonstrated
in animal models when endotoxin (lipopolysaccharide; LPS)
or interleukin-1 (IL-1) is administered to induce sickness
behavior that resembles depression [9]. In addition, depression is more frequently seen in those with medical disorders
associated with immune dysfunction, for example, diabetes
mellitus [10] and hepatitis C (HCV) patients treated with
interferon alpha [9].
HPA axis hyperactivity has been reported as another
possible mechanism to be associated with major depression
and CVD [11]. Patients with major depression has been
found to have elevated corticotrophin releasing factor (CRF)
concentrations in cerebrospinal fluid (CSF) [12], blunting
of adrenocorticotropic hormone (ACTH) response to CRF
administration, nonsuppression of cortisol secretion following dexamethasone administration, and hypercortisolemia
[13]. HPA axis hyperactivity in depression is also shown
by dysregulation of multidrug resistance p-glycoprotein
(MRD PGP), a membrane steroid transporter in the brain
located on blood-brain-barrier [14]. Overactive MRD PGP
in depressed patients reduces the access of glucocorticoids
to brain and induces glucocorticoid resistance [15]. Administered corticosteroids have long been known to induce
hypercholesterolemia, hypertriglyceridemia, and hypertension, which simulate the HPA hyperactivity condition in
CVD patients [11]. The dysregulations of blood lipids and
blood pressure predispose and exacerbate CVD. Studies have
shown that elevated morning plasma cortisol concentrations
have been significantly correlated with moderate-to-severe
coronary atherosclerosis in young and middle-aged men
[16].

2. Presentation of the Hypothesis
2.1. n-3 PUFAs in Depression and CVD. There are two
main types of bioactive polyunsaturated fatty acids (PUFAs),
the omega-6 (n-6) series (cis-linoleic acid [LA,18 : 2], γlinolenic acid [GLA, 18 : 3, n-6], dihomo-GLA [20 : 3, n-6],
arachidonic acid [AA, 20 : 4, n-6]), and the omega-3 (n-3)
series (α-linolenic acid [ALA, 18 : 3], eicosapentaenoic acid
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[EPA, 20 : 5, n-3], docosahexaenoic acid [DHA]). However,
n-3 and n-6 PUFAs are important constituents of all cell
membranes and essential for survival of humans and other
mammals. Because the n-3 PUFAs cannot be synthesized in
the body and can only be obtained from our diet, they are
also called essential fatty acids [9].
Based on the evidence from epidemiological data, casecontrolled studies, and clinical trials, n-3 PUFAs have been
found to be important in the development of depression
and CVD. In epidemiological studies, it has been observed
that societies with high consumption of n-3 PUFAs appear
to have lower prevalence of CVD, as well as the prevalence
of depression [17]. In case-controlled studies, lower levels
of n-3 PUFAs have been found in both depression [18]
and CVD patient groups [19]. Besides, the level of n-3
PUFAs is significantly negatively correlated with the severity
of depressive symptoms [20] and they may act as both
prognostic and diagnostic utility in CVD risk assessments
[21]. n-3 PUFAs have antidepressant and antiarrhythmic
eﬀects, as revealed in basic and clinical studies of depressed
patients [22] and CVD patients [23]. Meta-analysis of
omega-3 on CVD with 228 864 individuals suggests that
increase in fish intake, which is abundant with n-3 PUFAs,
was associated with 20% significant (P < .005) reduction
in the risk of fatal CVD and a significant (P < .005) 10%
reduction in total CVD [24]. Many clinical studies showed
that diet of n-3 PUFAs (especially EPA and/or DHA) could
decrease the risk of CVD [25].
If n-3 PUFAs play an important role in depression and
CVD, the enzymes for n-3 PUFA metabolisms might also
have eﬀects on these two diseases. Phospholipase A2 (PLA2)
and cyclooxygenase 2 (COX2) are the two key enzymes of the
PUFA metabolism and PGE2 synthesis [26]. PLA2 is a large
family of enzymes, with Ca2+-independent phospholipase
A2 (iPLA2) preferentially on DHA metabolism and cytolic
PLA2 (cPLA2) preferentially on AA and EPA metabolism
[27, 28]. CPLA2 cleaves PUFAs into free PUFAs and
lysophospholipids, which can modulate signal transduction,
transcriptional regulation, neuronal activity, apoptosis, and a
number of other processes within the central nervous system
[29], and the excess activity of the cPLA2 could lower PUFA
response [30]. BanI polymorphism is one of the two gene
polymorphisms of cPLA2 in chromosome 1q25, near the
promoter region and first intron [31]. Genetic studies have
revealed that the G allele of BanI polymorphism of cPLA2
increases the risk of developing depression in a Korean
population [32] and the risk for depression among interferon
alpha-treated HCV patient groups [33]. COX2 converts AA
to PGE2, and PGE2 relates to development of depression
and CVD via its actions in immunomodulation [34].
A functional G → C polymorphism located 765 basepairs
upstream from the transcription start site (−765G → C) has
been identified in the human COX2 gene with C allele
leading to decreased promoter activity in vitro [35]. Studies
have shown that C allele might protect against clinical events,
for example, myocardial infarction (MI), stroke [36], and
cerebrovascular ischemia [37]. C allele may also be associated
with lower levels of inflammatory markers such as C-reactive
protein and interleukin-6 in cardio-/cerebrovascular and
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hypercholesterolemic patients [38]. The C allele of COX2
gene polymorphism has been found to increase risk for CVD
in the Finnish men population [39]. To our knowledge, the
role of COX2 polymorphisms in depression and the role of
PLA2 polymorphisms in CVD have not been confirmed yet.
2.2. Role of n-3 PUFAs in Depression and CVD
2.2.1. Inflammation. The PUFAs themselves appear to be
active in the biological function, while some of their
functions require their conversion to eicosanoids and other
products. Figure 1 demonstrates how n-3 and n-6 PUFAs
aﬀect the pathogenesis of depression and CVD and how
n-3 and n-6 PUFAs levels are influenced by genetic and
environmental factors. The iPLA2 enzyme associates with
n-3 DHA metabolism and cPLA2 enzyme participates in
metabolism of n-6 AA and n-3 EPA [40]. N-6 AA converts
to proinflammatory cytokines (PGE2 and LTB4) via COX2
and 5-lipooxygenase (5-LO), in turn, may contribute to the
development of somatic symptoms in depression and the
physical manifestation of CVD [40]. On the other hand, n3 DHA might be connected to the etiology of mood and
cognitive dysfunction in depression via its role in neuronal
membrane stability, neuroplasticity, and neurotransmission
[40]. Proinflammatory cytokines, such as IL-1, IL-2, and
Interferon gamma (IFN-γ), have been extensively reported
in their eﬀects on activities of PLA2 or COX2 and levels
of n-6 PUFA [41]. Consequently, the activation of PLA2 or
COX2 can induce the release of AA from the membrane
phospholipid [41], and n-3 PUFAs can reduce the activation
of cPLA2 and the release of n-6 AA and PGE 2 induced
by IL-1 [42]. In brief, the n-6 AA can form eicosanoid
series (e.g., PGE2 and LTB4), which has proinflammatory,
proaggregatory, and vasoconstrictive eﬀect. n-3 PUFAs can
antagonize n-6 PUFAs and produce oppositional biological
eﬀects.
2.2.2. HPA Axis Hyperactivity. Deficiency in the n-3 PUFAs
is associated with increased CSF corticotrophin releasing
hormone (CRH), and contributes to HPA axis hyperactivity
[43]. Animal studies show that the restoration of dietary
DHA normalizes the exaggerated distress behavior of n-3
PUFAs deficient rats during administration of CRH [44].
Double-blind placebo-controlled intervention trials with
human subjects have also demonstrated benefit of stress
protection with n-3 PUFAs dietary supplements. n-3 PUFAs
were shown to attenuate stress-induced increase in aggression and hostility among Japanese students in one study [45]
and significantly reduced perceived stress among stressed
university staﬀ in the other study [46]. Neminen et al. in
2006 found that lower long chain omega-3 essential fatty acid
status was associated with higher neuroactive steroids, such
as 3α,5α-tetrahydrodeoxycorticosterone (THDOC) which
appear to counter-regulate HPA hyperactivity and concentrations in human subjects [47]. HPA axis hyperactivity is
enhanced through MDR PGP overactivity, which reduces
the access of glucocorticoids to the brain and is found to
contribute to neuronal changes that might lead to depression
[14]. n-3 PUFAs are able to antagonize the action of
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Figure 1: Genetic and environmental factors related to n-3 fatty
acids hypothesis of depression and CVD . The levels of n-3 PUFAs
(n-3 EPA and n-3 DHA) are influenced by genetic (e.g., PLA2
and COX2 genes on chromosome 1) and environmental (diet,
inflammation, or cytokines) factors. n-3 DHA plays a major role in
neuronal membrane stability and functions of signal transduction
and neurotransmission; meanwhile, n-3 PUFAs are important in
balancing the immune and inflammatory functions by antagonizing
membrane n-6 AA and reducing PGE2 synthesis. PLA2 and COX2
are the two key enzymes for the PUFA metabolism and PGE2
synthesis. PLA2 is a large family of enzymes, with the iPLA2
(Ca2+-independent PLA2) preferentially functioning in n-3 DHA
metabolism and the cPLA2 (cytosolic PLA2) preferentially in n6 AA and n-3 EPA metabolism. COX2 is the key enzyme that
converts n-6 AA to PGE2, while 5-LO converts n-6 AA to LTB4.
PGE2 and LTB4 participate in immunoregulation, which might
be associated with somatic symptoms of depression and physical
manifestations of CVD. Proinflammatory cytokines, such as IL2 and IFN-γ, activate PLA2 or COX2 and in turn increase levels
of n-6 AA. MDR PGP has eﬀects in depression by reducing the
access of glucocorticoids to the brain. n-3 PUFAs, on the other
hand, can inhibit MDR PGP. Enhancement is shown by a solid line,
attenuation by a dashed line. COX2 = cyclooxygenase 2; PLA2 =
phospholipase A2; 5-LO = 5-lipoxyge; MDR PGP = multidrug
resistance p-glycoprotein; CVD = cardiovascular disease.

proinflammatory PGE2 eﬀect, and in turn, normalize MDR
PGP overactivity and HPA hyperactivity.
2.2.3. Other Mechanisms. Stroke is largely associated with
depression and CVD in recent studies. One perspective is
that HPA axis hyperactivity contributes to risks for CVD
by the states of hypercholesterolemia, hypertriglyceridemia,
hypertension [11] and sympathoadrenal hyperactivity. As
microvascular changes contribute to risks for CVD by the
states of hypercholesterolemia, hypertriglyceridemia, hypertension, and sympathoadrenal hyperactivity [11], stroke or
cerebrovascular lesions might also be involved in the pathogenesis of depression, in particular, the late-life vascular
depression. On the other hand, patients with depression are
associated with a prothrombotic state of hypercortisolemia
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and changes in platelet function related to HPA axis hyperactivity, which may consequently increase risks for CVD
and stroke. n-3 PUFAs were shown to reduce mortality
of stroke in recent interventional studies, such as GISSI
[48] and DART study [49]. n-3 PUFAs’ cardioprotection
eﬀects have also been supported by the findings showing
an inverse relation between n-3 PUFAs intake and stroke
[50]. Therefore, omega-3 PUFAs may also help to fill out
the pieces among depression, stroke, and CVD. The role of
n-3 PUFAs in other mechanisms, including antiangiogenesis
and neurogensis of depression and CVD would need more
studies to examine.

3. Testing the Hypothesis
Since there are many studies showing that n-3 PUFAs are
promising interface connecting depression and CVD, more
clinical and basic studies are warrant for completing the
whole picture. Firstly, the role of COX2 polymorphisms in
depression and the role of PLA2 polymorphisms in CVD
need to be tested in case-control studies in clinical settings.
Although Pae et al. have shown higher frequency of G allele
of the PLA2 gene BanI polymorphism in 63 patients with
MDD compared with 117 healthy controls in a Korean
population [32]. As a direction for future studies, the result
needs replication in a larger sample. In addition, the eﬀect
of COX2 polymorphisms on MDD has never been tested.
In addition, the genetic eﬀects of COX2 and PLA2 as well
the therapeutic eﬀects of n-3 PUFAs on specific symptoms,
for example, depressive symptoms in CVD or somatic
symptoms, such as HRV, chest tightness, dyspnea, somatic
pain symptoms in depression, are also very important to
support our hypothesis. Secondly, specific enzyme activities
can influence the metabolism and synthesis of individual
PUFAs (e.g., iPLA2 preferentially on DHA metabolism and
cPLA2 preferentially on AA and EPA metabolism) [27, 28].
The role of iPLA2 and cPLA2 on depression and CVD should
be clarified in future studies. Finally, by animal studies, one
would be able to explore whether (1) COX2 enhancers would
increase depression-like symptoms in mice and (2) PLA2
blockers would increase CVD risks in mice. If the results from
basic study support the hypothesis of the role of COX2 in
depression and the role of PLA2 in CVD, we will be able to
take the step further into genetic studies and explore whether
(1) mice of knockout cPLA2 genes would have increased
the risk of CVD, since more studies have focused on cPLA2
gene polymorphism and its association with depression; and
whether (2) mice of knockout COX2 genes would have
increased depression-like behaviors in animal models.

4. Implications of the Hypothesis
By 2020, pointed out the World Health Organization,
“depression will be second only to heart disease as a cause
of disability and premature death in established market
economies” [51]. n-3 PUFAs may link depression and
cardiovascular diseases based on numerous data about its
eﬀects on immunomodulation and normalization of HPA
axis functions. Hopefully, by accumulating more evidence
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from future larger-scale studies, n-3 PUFAs might be used
as a remedy to cure one’s depression and mend one’s broken
heart.
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Matrix metalloproteinase-9 (MMP9) has been implicated in numerous somatic illnesses, including cardiovascular disorders and
cancer. Recently, MMP9 has been shown to be increasingly important in several aspects of central nervous system activity.
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1. Introduction
The matrix metalloproteinases (MMPs) are a large family
of zinc-dependent, extracellularly acting endopeptidases,
the substrates of which are proteins of the extracellular
matrix and adhesion proteins [1]. Matrix metalloproteinase9 (MMP9), also known as gelatinase B, 92 kDa gelatinase, or
92 Da type IV collagenase (which represents the largest and
most complex member of this family) has recently been a
subject of growing interest in human pathology.
In recent years, MMPs have attracted interest as mediators of both pathology and regeneration in the central nervous system [2]. Concerning MMP9, a role for this enzyme
in the plasticity of the central nervous system has been
investigated in experimental studies [3]. Blocking of MMP9,
either by pharmacological or genetic means, selectively
inhibits hippocampal late-phase long-term potentiation as
well as fear memory in mice [4]. Furthermore, TIMP1, the endogenous inhibitor of MMP9, abolished MMP9dependent long-term potentiation in the prefrontal cortex
of freely moving rats [5]. In addition, a pathogenic role has
been proposed for MMP9 in an animal model of aberrant
plasticity [6] and temporal lobe epilepsy [7].

The human MMP9 gene was mapped to the chromosome
region 20q11.2–q13.1 [8] and several polymorphisms of
this gene were identified. The −1562 C/T polymorphism
(rs3918242) was shown to exert a functional eﬀect on
gene transcription. This single nucleotide polymorphism
(SNP) at −1562 bp is due to a C to T substitution (−1562
C−→T), which results in the loss of binding of a nuclear
protein to this region and an increase in transcriptional
activity in macrophages. In these cells, the C/C genotype leads to a low promoter activity whereas the C/T
and T/T genotypes result in high transcriptional activity
[9].
The molecular-genetic studies of the functional
−1562 C/T polymorphism of the MMP9 gene brought about
interesting results in cardiovascular, cancer, and neuropsychiatric conditions. Research in cardiovascular illness and
cancer showed that carriers of the T allele have an increased
severity of coronary arteriosclerosis [10], increased cardiac
mortality [11], and increased risk or more severe progression
of some types of cancer [12, 13]. Recent studies also
demonstrated an association of this polymorphism with a
predisposition to schizophrenia [14], bipolar illness [15], and
multiple sclerosis [16, 17].
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Based on the results of these studies, I hypothesize that
the MMP9 gene, which has a functional −1562 C/T polymorphism, may mediate the epidemiological comorbidity
of neuropsychiatric illnesses (schizophrenia, bipolar mood
disorder, multiple sclerosis) with cardiovascular diseases and
cancer.

2. MMP-9 in Cardiovascular Disease
In a large prospective study of middle-aged men (465 cases,
1076 controls), Welsh et al. [18] showed an association
of serum MMP9 with the incidence of coronary heart
disease in the general population. More detailed studies
have recently been performed in middle-aged population by
Swedish researchers who found an association of circulating
MMP9 levels not only with cardiovascular [19] but also with
psychosocial risk factors for coronary artery disease (e.g.,
depression) [20]. Related to these observations, an inverse
relationship between markers of nitric oxide formation and
MMP9 was found in healthy subjects [21]. The higher
level of MMP9 in patients with coronary artery disease has
been recently reported [22]. Higher MMP9 level was also a
correlate of coronary artery ectasia [23] and a predictor of
increased mortality in patients with coronary artery disease
[24].
The association of MMP9 status with a progression of
coronary heart disease has also been confirmed by molecular
genetic studies that used the functional −1562 C/T polymorphism of MMP9 gene. It was observed that the carriers of
the T allele had increased cardiac mortality [11], and more
recently, an association of T allele with myocardial infarction
in patients with coronary heart disease was found [25].
In cardiac patients, a relationship was also demonstrated
between the T allele of the −1562 C/T polymorphism and
markedly increased levels of MMP9 [24], compatible with
higher transcriptional activity of this allele in experimental
studies [9]. A similar relationship between plasma MMP9
and the T allele of the −1562 C/T polymorphism was also
shown in HIV patients under antiviral therapy [26].
Recently, Konstantino et al. [27] pointed out the prominent role of MMP9 in plaque formation, destabilization,
and rupture, and postulated that MMP9 levels may serve as
a biomarker for acute coronary syndrome. An association
of MMP9 levels with atherosclerotic changes has been
previously found in patients with atherosclerosis of the
femoral artery [28] and with chronic periodontitis [29].
Higher levels of MMP9 were also observed in hypertrophic
cardiomyopathy, which correlated with a worse prognosis
[30]. In molecular-genetic studies that genotyped the functional −1562 C/T polymorphism of the MMP9 gene, it was
observed that the carriers of the T allele had an increased
severity of coronary atherosclerosis [10].
The available data also show a possible association of
MMP9 with the pathogenesis and treatment of hypertensive
disease. Higher MMP9 level were found preclinically in
spontaneously hypertensive hyperlipidemic rats [31] and
clinically in women with gestational hypertension [32]. In
the group of 595 patients evaluated in the Framingham
Oﬀspring Study, higher MMP9 concentrations were related
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to higher risk of blood pressure progression [33]. Recently,
it was demonstrated that plasma MMP9 samples were
inhibited by captopril to a similar extent as the angiotensinconverting enzyme [34].

3. MMP-9 in Cancer
Sakata et al. [35] showed an overexpression of MMP9 in
an epithelial tumor of the ovary and its contribution to
lymph node metastases of ovarian carcinoma cells. Similarly,
in patients with breast cancer, increased serum and tissue
expression of MMP9 was associated with a worse prognosis
of the course of tumor [36]. Higher levels of MMP9 have
been reported in endometrial polyps, especially in those
occurring in premenopausal women [37]. Recently, higher
MMP9 levels were also observed in pulmonary lymphangioleiomyomatosis characterized by excessive cell proliferation
[38].
Molecular-genetic studies of the functional −1562 C/T
polymorphism of the MMP9 gene have revealed a frequent
association of T allele with an increased risk of some kinds of
cancer and with more severe progression of the tumor and/or
greater dynamics of metastases. Sugimoto et al. [12] observed
that the T allele was associated with endometrial carcinoma
risk in a Japanese population. Other studies showed an
association of the T allele with the risk for oral squamous cell
carcinoma in younger male areca users [39] and with genetic
risk for esophageal squamous cell carcinoma [40]. Kader
et al. [41] demonstrated that several MMP9 haplotypes
(including −1562 C/T polymorphism) were associated with
the risk of invasive cancer of the urinary bladder. Concerning
gastric cancer, it has been found that the T allele of the
−1562 C/T polymorphism of MMP9 gene is associated with
an invasive phenotype of this tumor [42] and with a higher
frequency of lymph node metastasis [43]. In breast cancer,
Przybylowska et al. [44] reported that the T allele of this
polymorphism was associated with malignance and growth
of tumors, and Hughes et al. [13] showed an association with
the severity of lymph node metastases. Higher risk of lymph
node metastases in colorectal cancer was also found to be
connected with the T allele [45].

4. MMP-9 in Multiple Sclerosis
An upregulation of MMPs with a decrease of tissue inhibitors
(TIMPs) in biological fluids of multiple sclerosis (MS)
patients and in an animal model of the disease has been
found in numerous studies. Further, the potential of drugs
aﬀecting MMPs for treatment of MS has been discussed
[46]. A significant elevation of MMP9 related to various
courses of MS has been found [47]. Also recently, Shinto et al.
[48] demonstrated that omega-3 fatty acid supplementation
decreased MMP9 levels in relapsing-remitting MS.
In recent years, molecular-genetic studies have focused
on the functional −1562 C/T polymorphism of the MMP9
gene in MS. In the first study performed in Serbia, it was
found that T allele carriers had a lower susceptibility and
severity of MS, and the T allele was found significantly
less frequently in women with MS [16]. The second study
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performed in the Czech Republic confirmed these findings,
showing a significant decrease of T allele in patients with MS
compared to healthy subjects, especially females [17].
Recently, epidemiological studies investigating the
comorbidity of MS and vascular disease and cancer
were published. The first study was performed on 9949
hospitalizations of MS patients in New York City from 1988
through 2002. It was found that MS patients were less likely
to be hospitalized for ischemic heart disease and myocardial
infarction. However, they were more likely to be hospitalized
for ischemic stroke than matched controls (general non-MS
population) [49]. A second study performed in Sweden
estimated cancer risk among 20 276 patients with MS and
203 951 individuals without MS using Swedish general
population register data. In patients with MS, there was a
decreased overall cancer risk, however, an increased risk for
brain tumors was observed [50].

5. MMP-9 in Schizophrenia
Studies on the MMP9 levels in schizophrenia have not yet
been performed. To investigate the MMP9 gene in this illness,
we genotyped the functional −1562 C/T polymorphism in
a group of 442 schizophrenic patients and in 558 healthy
control subjects. Since MMP9 influences hippocampal and
prefrontal cortical activity [4, 5], we hypothesized that
a polymorphism of the MMP9 gene is associated with
the pathogenesis of schizophrenia, a condition in which
prefrontal cortex impairment is one of the most common
pathological findings [51]. A significant preponderance of
the C/C genotype and C allele, and the diminished frequency
of the T allele of the −1562 polymorphism was found
in schizophrenia subjects compared to healthy controls
[14].
As shown previously, in both cardiovasular disease and
cancer, T allele carriers present more severe pathological
manifestations of these conditions [10–13]. Although the
risk of cardiovascular disease in schizophrenia is reported to
be similar to that of the general population [52], some studies
show a more benign course of cardiovascular illness in such
patients [53]. Also, compatible with our findings, a lower
predisposition to cancer in schizophrenic patients has long
been postulated [54], and the results of some recent analyses
may partially favor such a concept [55, 56].

6. MMP-9 in Bipolar Mood Disorder
Similar to schizophrenia, there are no studies measuring
MMP9 blood levels in patients with bipolar disorder. To
investigate the status of the MMP9 gene in this illness, we
genotyped the functional −1562 C/T polymorphism in a
group of 416 patients with bipolar mood disorder, including
75 patients with bipolar type II, and in 558 healthy control
subjects. This approach has been substantiated by previous
reports on the significance of MMP9 for hippocampal and
prefrontal cortical activity and for aspects of brain functions
such as neuroplasticity and epileptogenesis [4–7]. Patients
with bipolar mood disorder had a significant preponderance
of T allele versus C allele of the −1562 C/T polymorphism of
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the MMP9 gene compared to healthy control subjects. The
higher frequency of the T allele was especially evident in a
subgroup of patients with bipolar disorder type II compared
to healthy subjects [15].
Compatible with the finding that T allele carriers present
more severe pathological manifestations of cardiovascular
disease and cancer [10–13] are findings from a recent
epidemiological study demonstraing an enhanced cancer
risk among patients with bipolar disorder [57]. A Swedish
epidemiological study also showed more than a 2.5-fold
increased mortality rate from cardiovascular disease in
bipolar patients [58].

7. MMP-9 and Neuropsychological Tests
In view of the experimental studies showing an involvement
of MMP9 in prefrontal cortex functions in rats [5], we also
performed neuropsychological tests measuring this activity
in patients with schizophrenia and bipolar illness, and in
control subjects in relation to −1562 C/T polymorphism of
MMP9 gene. 173 patients with schizophrenia (89 male, 84
female), mean age 29 years, 177 patients with bipolar illness
(68 male and 109 female), mean age 43 years, and 181 healthy
subjects (86 male and 95 female), mean age 35 years, were
included. For cognitive assessment, a computer version of
the Wisconsin Card Sorting Test (WCST) was employed,
with five domains reflecting working memory and executive
functions, depending primarily on prefrontal cortex activity.
Additionally, the Trail Making Test, A and B, and the Stroop
test, A and B, were used.
In schizophrenia patients, no diﬀerences were found
regarding neuropsychological performance among patients
with various genotypes of the polymorphism (data not
published). Among male patients with bipolar illness, the
results for C/C homozygotes (n = 50) were better on
all domains of the WCST compared with the remaining
genotypes (n = 18): no diﬀerences were found in female
patients. Bipolar males and females did not diﬀer in mean age
(43 + 15 years and 44 + 14 years) or mean duration of illness
(12 + 12 years and 14 + 11 years, resp.). In males, the mean
age and mean duration of the illness of C/C homozygotes
were similar to patients with the remaining genotypes
[59].
In the only previous study measuring the impact of
MMP9 gene on cognitive functions, Vassos et al. [60] found
no association between hippocampus-dependent episodic
memory and functional repeat polymorphism (CA)n of the
MMP9 gene in healthy subjects. Also, in control subjects
studied by us, comparison of cognitive test results within
genotypes did not reveal significant diﬀerences either in
the whole group or in male and female patients. The only
diﬀerence was in Stroop test, part A, in male patients,
where the results for C/C homozygotes (n = 66) were
better than other genotypes combined (n = 20). This
diﬀerence in performance related to genotypes was similar to that obtained in male bipolar patients on WCST
domains. Healthy male and female subjects did not diﬀer
in mean age (34 ± 11 years and 36 ± 12 years, resp.)
[61].
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Figure 1: Epidemiological relationships between cardiovascular disorder, cancer, schizophrenia, multiple sclerosis, and bipolar mood
disorder and the functional −1562 polymorphism of the MMP9 gene.

These results suggest that in humans, neuropsychological
functions and MMP9 enzyme activity may not have a direct
correlation. Thus, increased activity of the MMP9 system was
associated with higher levels of prefrontal function in experimental animals models [4, 5], also with neuropsychiatric
illnesses such as schizophrenia or multiple sclerosis [16, 17]
and The results obtained in males with bipolar illness on the
WCST and in healthy males on the Stroop test may suggest
that under certain conditions, a correlation of higher levels
of neuropsychological function with C allele (connected
with lower transcriptional activity for the MMP9 gene) may
exist.

8. Matrix Metalloproteinase-9 (MMP-9)—
A Putative Mediating Enzyme for
Cardiovascular Disorder, Cancer,
and Neuropsychiatric Disorders
Because of the functional implications of the −1562 C/T
polymorphism of the MMP9 gene, the comorbidity of
cardiovascular disorders, cancer, and such neuropsychiatric
illnesses as schizophrenia, bipolar mood disorder, and multiple sclerosis can be hypothesized (Figure 1).
Hence, the T allele of the −1562 polymorphism of MMP9
gene is related to a higher transcriptional activity of the
gene and in cardiovascular illness and cancer to higher
MMP-levels in biological fluids and tissues. In cardiovascular
illness, carrying of the T allele and/or higher MMP9 levels are
related to an increased progression and mortality of coronary
heart disease (CHD) [25] increased atherosclerosis [10], and
increased progression of hypertension [33]. Interestingly,
in neuropsychiatric disorders with a lower frequency of
the T allele, some epidemiological studies suggest a more
benign course of cardiovascular disease, for example, in

schizophrenia [53], and fewer cardiovascular hospitalizations in MS [49]. On the other hand, the phenomenon of
higher risk for cardiovascular illness and higher mortality
in patients with mood disorders (which have a higher
frequency of the T allel carriers) has long been observed
[58]. The proposed mediating factors include impairment in
endothelial function that was demonstrated both in bipolar
and unipolar depression [62] and, as hypothesized here,
possibility the MMP9 system.
In oncology, the carrying of the T allele of the −1562 C/T
MMP9 gene polymorphism is related to an increased risk
for some kinds of cancer [12], more severe progression of
tumor growth [42], and higher dynamics of metastases [45].
In neuropsychiatric disorders, some epidemiological studies
suggest a lower overall incidence of cancer in schizophrenia
[56] and in MS [50] (both illnesses with a lower frequency of
T allele carriers), and increased cancer morbidity in bipolar
mood disorder [57]. Interestingly, an association between
bipolar mood disorder and cancer has been also found with
respect to the levels of another metalloprotease, ADAM12 (a
disintegrin and metalloprotease) [63, 64].
Nevertheless, it should be emphasized that in the central
nervous system, there is more complex regulation of MMPs.
As Agrawal et al. [65] pointed out “the good guys may go
bad” under some conditions. There are several limitations
to this hypothesis. The majority of referred molecular
genetic research was performed with −1562 C/T functional
polymorphisms of MMP9 but the other polymorphisms have
not been suﬃciently studied. Literature data on the human
blood levels of MMPs used to develop this hypothesis were
not evaluated for possible methodological issues [66]. Also,
it should be acknowledged that there is a complex interplay
of the MMP9 gene with the other genes and environmental
factors of MMPs family and with a host of other genes
and with factors. However, it is conceivable that the MMP9
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gene is a mediating factor among cardiovascular disorders,
cancer, schizophrenia, bipolar mood disorder, and multiple
sclerosis. This is may contribute to a better explanation of
the comorbidity between some somatic and neuropsychiatric
illnesses.
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The saga of harmful levodopa (LD) in the treatment of Parkinson’s disease (PD) resulted from outcomes of animal—and
cell culture studies and the clinical observation of motor complication related to the short half life of LD. Further aspects
of LD long term application, the LD associated homocysteine increase and its emerging consequences on progression, and
onset of neuropsychiatric symptoms and of vascular disease are only partially considered. Therapeutic approaches for this
LD-mediated neurotoxic homocysteine increase are vitamin supplementation or LD application with an inhibitor of catecholO-methyltransferase (COMT). However, forcing central dopamine metabolism further down the methylation path by central
blocking of COMT and MAO-B may reduce oxidative stress and homocysteine levels. But it may also increase N-methylation of
tetrahydroisoquinolines to neurotoxic N-methylated tetrahydroisoquinolines. These compounds were observed in cerebrospinal
fluid and plasma of long term LD-treated PD patients. Therefore LD application with peripheral COMT inhibition may be safer.
Copyright © 2009 Thomas Müller. This is an open access article distributed under the Creative Commons Attribution License,
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1. Introduction
The discussion of the value of levodopa (LD) for treatment
of patients with Parkinson’s disease (PD) focused on a
putative LD toxicity to date. This saga of harmful LD based
on outcomes of animal—and cell culture studies in basic
research and the clinical observation of the manifestation
of long term motor complications. Therefore the Earlier
versus Later L-DOPA (ELLDOPA) trial was designed to
answer whether LD is harmful or not. The outcomes showed
that LD is an eﬃcacious and well-tolerated compound for
treatment of PD patients. This study also provided also
some evidence for progression modifying benefits of LD
in PD patients, since—after a two wash out period of LD
at the end of the trial—the PD patients with prior LD
treatment performed significant better than the ones on
placebo. One may assume that LD treatment maintained
body function and prevented onset of secondary long term
changes and adaptation of the body to the manifestation
of PD. This may support the concept of an early diagnosis
of PD with subsequent early initiation of PD treatment.
However a further positive eﬀect of LD may be the growth
hormone inducing and thus putative regenerative eﬀects of

LD [1]. Growth hormone is under debate as an antiageing
compound with multiple eﬃcient regenerative modes of
action in the human body [2]. However the ELLDOPA trial
lasted 9 months; therefore it could not discuss additional
aspects of LD treatment on progression of PD. These points
are related to the inhibition of the main LD metabolising
enzymes, catechol-O-methyltransferase (COMT), and dopa
decarboxylase. Peripheral dopa decarboxylase inhibition
(DDI) supports the predominant conversion of LD to its
metabolite 3-O-methyldopa (3-OMD) by the ubiquitious
enzyme COMT in blood, peripheral tissues and in nigrostriatal neurons (Figure 1). COMT has a broad detoxification
potential in humans [3, 4]. In order to prolong the half life
and thus to increase brain delivery of LD, COMT-inhibitors
were developed as adjuncts to LD/DDI application. Two
compounds are currently available, the only peripherally
acting entacapone and the additional centrally working
tolcapone [5, 6]. COMT inhibition is also under suspicion
to prevent motor complications since the rise and fall of
LD thus striatal dopamine are less intense during COMT
inhibition, that is, entacapone. This supports the concept
of continuous dopaminergic stimulation due to a more
continuous LD brain delivery [7]. But COMT inhibition has
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Figure 1: Metabolic pathways of homocysteine generation
and degradation in association with levodopa metabolism.
COMT=catechol-O-methyltransferase, 3-OMD=3-O-methyldopa,
CH3=methylgroup.

further beneficial eﬀects on the LD-associated homocysteine
increase [8]. Long-term LD intake promotes homocysteine
elevation, which has an atherosclerosis promoting eﬀect.
An occurrence of increased hazard ratios for both ischemic
heart and cerebrovascular disease is known in LD/DDItreated PD patients, who were predominantly treated with
LD monotherapy during the LD era [9, 10]. The conversion
of LD to 3-OMD via the COMT requires Mg2+ as cofactor
and S-adenosylmethionine as methyl donor [11]. Thus Omethylation of LD to 3-OMD is associated with conversion
of S-adenosylmethionine to S-adenosylhomocysteine and
subsequently homocysteine. Elevated homocysteine levels
appeared in treated PD patients compared to matched
controls [12, 13]. Treated but not previously untreated PD
patients showed augmented homocysteine plasma concentrations [14, 15]. The relationship between homocysteine
and 3-OMD plasma levels provided further evidence for an
impact of LD on homocysteine [16].

This is a transsulfuration process [20, 21]. The homocysteine
derivative, cysteine, is a sulfhydryl-containing amino acid
with structural and chemical properties similar to those of
homocysteine. Oxidation of cysteine in vitro also promotes
several processes considered to be involved in atherogenesis
and thrombogenesis. Cysteine has a cytotoxic eﬀect in
vitro against several cell types [20]. Cysteine forms an
adduct with nitric oxide and may thereby impair endothelial
function. Nitric oxide is believed to play a crucial role
in the pathogenesis of chronic neurodegenerative processes
[20]. High levels of homocysteine cause complex changes in
cysteine levels and the overall aminothiol status in plasma
[22]. A number of trials showed a close relationship between
homocysteine and cysteine metabolism in various disease
entities [20]. In plasma, the cysteine concentration is 20fold higher than the homocysteine level. Rare information
is available on cysteine levels in PD patients. Previous trials
reported no relevant alterations of cysteine concentrations
in PD patients, but moment of blood sampling in relation
to intake of LD was not defined in detail in that studies
[23–26]. A more recent study defined the moment of blood
sampling one hour after LD/DCI intake and divided the
cohort of PD patients according to their homocysteine level
at the treshold of 15 µmol/L [27]. Only PD patients with an
elevation of plasmatic homocysteine above 15 also showed
an increase of cysteine plasma levels. This could have been
due to the significant higher dosing of daily LD/DCI and
the significant higher morning LD/DCI intake of PD patients
with a homocysteine concentration above 15 in comparison
with the remaining PD patients and the controls. The found
significant correlations between morning LD/DCI dosages
and cysteine, respectively, homocysteine concentrations,
supported this view. Higher LD/DCI intake even seemed
to influence cysteinyl-glycine levels due to the significant
correlations in patients with elevated homocysteine concentrations [27].

2. Homocysteine and Arteriosclerosis
Both prospective and case-control studies have shown that
an elevated plasma total homocysteine level is an independent risk factor for occlusive vascular disease. Various
mechanisms have been suggested for the vascular lesions
associated with hyperhomocysteinemia. The redox property
of the sulfhydryl group of homocysteine, leading to the
formation of reactive oxygen species, is believed to play
a pivotal role. This supports substantial impairment of
endothelial function and subsequent atherosclerosis [17, 18].
Tie consequence is a vicious circle, since arteriosclerotic
disease of striatal cerebral vessels hypothetically results in
subsequent onset of increased susceptibility to impaired
mitochondrial energy metabolism, oxidative stress, and basal
ganglia circuit dysfunction, all of which represent typical,
pathophysiologic features of PD [19].

3. Cysteine and Arteriosclerosis
Homocysteine is removed either by methylation to methionine or by its irreversible conversion to cysteine (Figure 1).

4. Cysteinyl-Glycine and Arteriosclerosis
Metabolically interrelated to homocysteine and cysteine is
cysteinyl-glycine. In plasma, this thiol species also determines the redox milieu and free radical generation rates.
In another neurodegenerative disorder, Alzheimer’s disease,
cysteinyl-glycine was reduced in plasma. Cysteinyl-glycine is
a metabolite of glutathione. Glutathione depletion plays a
crucial role in chronic neurodegeneration, since this leads to
the accumulation of reactive oxygen species and, ultimately,
oxidative stress related, apoptotic cell death, both of which
are looked upon as essential pathophysiologic features of PD
[22, 28]. All these thiol species—homocysteine, cysteine, and
cysteinyl-glycine—exist in plasma in reduced, oxidized, and
protein-bound forms, interacting with each other through
redox and disulfide exchange reactions. Thus, hyperhomocysteinemia should not be considered as an isolated factor in
relation to vascular disease and chronic neurodegeneration.
The associated changes in other plasma aminothiols may
modulate or even mediate atherogenesis, thrombogenesis,
and the neurodegenerative process [20].
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5. LD-Associated Homocysteine Increase and
Clinical Consequences
Homocysteine increase may predispose for neuronal dysfunction and brain atrophy [29, 30]. This toxic impact of
homocysteine on neuronal cell death was shown in sural
nerves of PD patients and in animal trials [19, 31]. Thus,
long-term LD administration may be indirect toxic to neuronal function due to homocysteine elevation [19, 26, 32].
Increase of vascular disease-related thickening of the intima
media complex and an elevated risk for onset of neuropsychiatric complications, like depression or deteriorated cognitive
function, were also described in association with augmented
homocysteine levels in LD/DDI-treated PD patients [33–
36]. However the outcomes of more recent trials were only
partial confirmatory [37, 38]. This could have been due to a
relative low number of participants, design, and duration of
these studies. Moreover variations of the distribution of the
polymorphism of the Methylenetetrahydrofolate reductase
(MTHFR) gene could have diﬀered between the various
investigated cohorts. In particular the homozygote MTHFR
T/T allele promotes elevated homocysteine levels [33, 39,
40]. Further causes for the controversial outcomes could
result from variations of plasma bioavailability of LD. This
depends on the gastrointestinal absorption and transport
via the gastrointestinal amino acid transporter system. Both
of them are influenced by gastric emptying time, which,
if reduced, could decrease plasma appearance of LD [41].
Absorption of LD improves with progression of PD and
chronic LD intake. As a result, this may support the risk
of a LD/DDI-associated homocysteine increase [42, 43]. A
further influence on LD metabolism may result from body
weight. It is known that low body weight is associated
with higher plasma LD levels [44]. All these components,
related with LD metabolism, could also have influenced
outcomes of trials on the clinical long-term consequences of
the LD/DDI-induced homocysteine increase in PD patients.
Homocysteine levels were mostly determined one time only
in those investigations. A more recent study describes plasma
metabolism of LD as essentially contributing component for
homocysteine elevation after one time LD/DDI administration [45].

6. Homocysteine Increase and LD Degradation
LD metabolism is mainly influenced by the enzyme activities
of dopadecarboxylase and COMT; the eﬃcacy of inhibitors
of these enzymes might also impact homocysteine levels. In
this respect, application of LD only with a DDI supports
homocysteine elevation, whereas LD administration with
inhibitors of the both LD metabolizing enzymes may reduce
the risk of homocysteine elevation [39, 46]. Experimental
animal studies with a one single LD dose acute treatment
paradigm also showed an impact on homocysteine generation even after 120 minutes [47–49]. Combination of
COMT-inhibitors with LD/DDI also decreases homocysteine
generation as shown with tolcapone [46]. In rats, this was
also demonstrated with the COMT inhibitor entacapone,
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but this is under debate [47]. Observational European
nonprospective investigations reported lower homocysteine
levels in entacapone-treated patients [50–52]. A prospective
clinical study on the eﬀect of entacapone application on
homocysteine levels was negative in PD patients. This trial
might have been under powered because of the folic acid
supplementation in the American and Canadian diet, leading
to a milder homocysteine increase than expected [53, 54].
Currently these two COMT inhibitors are available, but their
modes of action essentially diﬀer. Tolcapone also acts in the
brain, whereas entacapone only operates in the periphery
[5, 6, 55]. This pharmacological diﬀerence between both
compounds warrants a more general discussion; whether
peripheral or additional central COMT-inhibition is more
suitable to modulate homocysteine synthesis in the long
term. Experimental investigations in cell culture models
showed that COMT activation caused a sustained homocysteine generation in astrocytes and transport to neurons
[26, 56]. Central COMT inhibition may even reduce homocysteine levels in glial and neuronal cells and therefore neurotoxic eﬀects of homocysteine. But exclusive central COMT
inhibition may also support central dopamine metabolism
via monoaminooxidase (MAO), which generates neuronal
oxidative stress [57]. Consequently, one may suggest to
perform central COMT inhibition only with central MAOB blocking to reduce free radical synthesis [3]. However
this combination may support glial dopamine metabolism
via MAO-A and reduce the glial oxidation capacity of Nmethylated tetrahydroisoquinolines (TIQ) to their neuronal
neurotoxic cations [58]. But central COMT inhibition may
also decrease O-methylation of endogenous TIQ to 1Methyl-TIQ with their neuronal free radical synthesis reducing properties [58]. Therefore this shift from O-methylation
to N-methylation as a consequence of central COMT
inhibition may further enhance synthesis N-methylated TIQ,
which induces PD [58, 59].

7. LD Associated-Homocysteine Increase and
Vitamine Supplementation
Vitmine B complex and folic acid reduce homocysteine, since in example , folic acid catalyses metabolism
of homocysteine to methionine [60]. Folic acid intake,
which promotes the cobalamin dependent degradation of
homocysteine to methionine, or supplementation of B6 ,
which supports irreversible metabolism of homocysteine
to cysteine, may help [21, 40]. But one animal study
showed that folic acid coadministration did not prevent LDassociated hyperhomocysteinemia [48].

8. Conclusion and Hypothesis
LD is best available compound for PD treatment. Its delivery
to the brain should be more continuous to avoid onset of
motor complications.Long term LD application increases
homocysteine levels in PD patients. This may contribute
to onset of psychiatric side eﬀects, neuronal degeneration,
and vascular disease in PD patients. Treatment options

4
for the LD-mediated homocysteine toxicity are vitamin
supplementation, that is, folic acid and LD application with
COMT inhibition. The possible increased risk for synthesis
of free radicals and N-methylated TIQ in association with
central COMT inhibition may suggest peripheral COMT
inhibition as safer adjunct for LD/DDI therapy
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The high comorbidity between psychiatric disorders and cardiovascular disease has received increasing attention, yet little is known
about the processes linking the two. One plausible contributing mechanism is the tendency of those with psychiatric disorders
to ruminate on stressful events. This phenomenon, sometimes called perseverative cognition, can extend the psychological and
physiological eﬀects of stress, which could contribute to cardiovascular disease etiology. In this paper, we discuss the potential role
of perseverative cognition in mediating the relationship between psychiatric illness and cardiovascular disease. Rumination can
delay physiological recovery from acute stress, which in turn has been found to predict future cardiovascular health. This delayed
recovery could act as a mechanism in the longitudinal link between worry and cardiovascular health. The cognitive inflexibility
that characterizes mood and anxiety disorders may then contribute to disease not by producing greater reactivity, but instead
through extending activation, increasing the risks for cardiovascular damage.
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1. Introduction
The high comorbidity between psychiatric disorders and
cardiovascular disease (CVD) has received growing attention
in recent scientific literature [1–6]. Mood and anxiety
disorders in particular have been linked to heart disease, with
research showing that those displaying symptoms of anxiety
or depression are at higher risk for cardiovascular-related
morbidity and mortality [2, 7]. Those with the highest levels
of anxiety have as much as a three-fold increase in risk
for fatal coronary heart disease [7], and those with clinical
depression have been shown to be at double the risk for
cardiac incidents even as much as ten years following the
onset of depression [8]. While it is clear that there is a link
between these disorders, the connection itself is not well
understood.
One explanation for this comorbidity is that chronic
disease, such as CVD, leads to depression and anxiety,
through restriction of activities, fear of impending mortality,
and other consequences of debilitating disease. However,
depressive symptoms have also been found to predict
coronary heart disease (CHD) in cohorts not initially

presenting cardiac symptoms (see [9]), suggesting a possible
bidirectional model of comorbidity. Another possibility is a
behavioral link, as behaviors associated with development
of CVD, such as smoking, a sedentary lifestyle, and social
isolation, are also associated with mood and anxiety disorders [4]. That there is a behavioral link between the two
is well demonstrated, and in many cases can explain their
cooccurrence. However, studies have found that these connections persist even when controlling for these important
health behaviors [7]. It is possible, then, that there are further
underlying traits or behaviors common to mood and anxiety
disorders that could act as pathophysiological mechanisms in
the development of CVD.
Another significant risk factor for CVD is psychological
stress (see [3]). Stress has been linked to higher rates of
morbidity and all-cause mortality [10] and is recognized
as a risk factor for numerous health conditions, including
cardiovascular diseases [11]. During acute stress, a number
of cardiovascular changes occur, including increased heart
rate and blood pressure. According to the reactivity hypothesis [12] the repeated activation of the stress response over
time can result in weakened arteries, plaque buildup, and
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other risk factors for CVD. Consequently, those experiencing
stress more frequently or to a greater degree would be at
greater risk for hypertension, myocardial infarction, and
other cardiovascular disorders.
While the majority of stress literature has focused on the
magnitude of the stress response, it is likely that the duration
of reactivity is also important. McEwen [13] has suggested
that the allostatic load of a stressor, or the “total area
under the curve” in which cardiovascular levels are elevated,
including not just the initial response but the elevation
that lingers after stress has passed, is more influential in
the development of disease than the magnitude of the
acute cardiovascular response. Consequently, it is important
to examine not only the degree to which cardiovascular
parameters are elevated above baseline, but the amount of
time it takes to return to baseline levels [14, 15].
The inability to return quickly to baseline following
elevated cardiovascular reactivity could therefore be an
additional risk factor for cardiovascular disease. From this
perspective, the “autonomic inflexibility” found in those
with generalized anxiety disorder (GAD) [16] could help to
explain their elevated risk for CVD. Those with GAD have
been found to exhibit lower heart rate variability (HRV),
suggesting lower vagal tone and a diminished influence of
the parasympathetic nervous system [16]. This inflexibility
could prevent recovery, increasing allostatic load and leading
to future disease.
Another way of thinking about inflexibility is not in physiological terms, but as psychological flexibility. In addition
to being able to return to physiological baseline, it is also
important following stress to return to aﬀective or cognitive
baseline—that is, to no longer experience the cognitive or
aﬀective eﬀects of stress. Many of the stress measures in
the field, such as life event scales, measure the duration of
objective stressful events in order to assess the duration of an
individual’s subjective aﬀective and physiological experience
of stress. However, this assumes that the experience of stress
strictly coincides with the occurrence of a stressor, which
is not necessarily the case. Just as autonomic inflexibility
can prevent recovery from arousal, psychological inflexibility
can extend brief objective stressors into long subjective ones.
Consequently, the duration of a stressor is perhaps less
influential for health than the duration of one’s cognitive and
aﬀective response to it.
Such an approach suggests a mechanism through which
the stress response can extend beyond the temporal boundaries of a stressful event, namely, prolonged cognitive activation of the stressor through rumination, worry, and anticipation. Brosschot et al. [17] have labeled this extended cognitive
activation “perseverative cognition,” and have suggested that
the resulting extended duration of physiological reactivity
could contribute to—and may actually be necessary for—
the development of serious health consequences, including
cardiovascular disease, from psychological stress.
This explanation is particularly attractive when exploring cardiovascular disease’s comorbidity with psychiatric
disorders, since conditions such as GAD, depression, and
Obsessive Compulsive Disorder (OCD) are marked by an
inability to shift attention away from troubling thoughts.
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This is manifest both in rumination, which can extend a
stressor after it has ended, and anxiety, which can induce
stress before a stressor has even begun. Certainly the ability
to shift focus in a timely manner and adapt to circumstances
is beneficial, and it could be that the failure to do so
not only marks psychiatric disorder, but also contributes
to physiological disease. The cognitive intractability that is
the hallmark of these psychiatric disorders could also be
responsible for extending the duration of cardiovascular
reactivity surrounding stressors (or, in the absence of concrete stressful events, abstract fears) and thus be deleterious
for cardiovascular health.
In the pages that follow, we discuss studies that examine
the concept of perseverative cognition, both as a feature
of mood disorders and as a precursor to cardiovascular
disease. (Some studies use the term “perseverative cognition”
while others use “rumination”; in this paper the two will be
used interchangeably.) We examine studies that have found
connections between rumination and long-term health
consequences, and also laboratory studies that test the role of
perseverative cognition in delayed recovery following acute
stressors, in order to explore perseverative cognition as a
possible mechanism in the link between psychiatric disorders
and cardiovascular health.

2. Perseverative Cognition and
Psychopathology
As described above, those with anxiety disorders have been
found to exhibit a type of autonomic inflexibility. These
disorders, as well as many other psychopathologies such
as depression, are also marked by a type of cognitive
inflexibility; specifically, those with anxiety and depression
are prone to negative fixations and an inability to shift focus
away from them.
Research has shown that perseverative cognition is not
only a symptom of psychopathology, but can also perpetuate
it. Nolen-Hoeksema, found that trait rumination, measured
using an interview to assess ruminative tendencies during
negative emotion, predicted future episodes of depression
and anxiety, including new onsets of depression [18]. Also,
while women are at greater overall risk for depression, studies
show that the risk is greater only for women high in trait
rumination [19]. Consistent with this, laboratory studies
show that rumination can aﬀect mood in depressed participants. Compared to nondepressed controls, depressed participants in one study became significantly more depressed
when assigned to ruminate on a stressful incident, whereas
those assigned to a distraction condition showed significant
increases in positive mood [20]. Furthermore, rumination
has been found to extend depressive episodes [21], and
learning to not ruminate appears to prevent depression
[22].
Another recent study found that cognitive inflexibility
may be directly caused by neurotransmitter imbalances
associated with psychopathology, particularly depression,
and anxiety. Compared to monkeys who underwent a sham
surgery (similar incisions were made and repaired, but no
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actual procedure was performed in the brain), monkeys subjected to serotonin depletion in the prefrontal cortex showed
an inability to relearn a reward task once it was reversed, and
showed continued fixation on the previous paradigm [23].
Serotonin depletion did not, however, impede their ability to
learn a new task, suggesting that this depletion did not aﬀect
cognitive abilities in general, but rather depleted their ability
to shift focus and change their paradigm—behaviors typical
of perseverative cognition and of the psychological disorders
characterized by serotonin dysregulation.

3. Rumination and Long-Term Health
Several prospective studies have examined the connection
between perseverative cognition and cardiovascular health,
generally finding evidence of a positive link between them.
One key study by Kubzansky et al. [24] measured worry
across five domains (social conditions, health, finances, selfdefinition, and aging) in 1758 healthy men with no heart
conditions and followed them for 20 years. They found that
the highest level of social worry was associated with an
approximately 50% increased risk for total coronary heart
disease (both fatal and nonfatal), and that the risk remained
highly significant when accounting for possible confounding variables. There was also evidence that worry over
financial and health matters leads to elevated risk for total
CHD.
It is possible that worry could be a result of rather than a
cause of cardiovascular problems, though some causal role
of worry in the relationship is supported by the fact that
this link was stronger between worry over social conditions
than worry about health conditions. If worry were only the
result of, rather than a precursor to, health problems such
as cardiovascular disease, one would expect the strongest
relationship to be between cardiovascular disease and worry
over health conditions. This, however, was not the case.
This particularly points to the potential role of perseverative
cognition in cardiovascular health, as social conditions are
often particularly ambiguous and likely to lead to extended
worry or rumination. While financial and health problems
are often concrete and have definitive endpoints (such
as paying oﬀ a debt or reducing one’s blood pressure),
social problems rarely have such concrete indicators that
the trouble has passed. It may be unclear, for example,
whether an argument with a friend is truly resolved, making
those involved particularly prone to rumination about the
situation. However, while these data show that worry can
predict future health outcomes, they do not speak to whether
it is the physiological eﬀect of worrying that was the critical
aspect in producing these health problems.

4. Rumination and Recovery from
Psychological Stress
The eﬀects of worry and rumination on recovery from stress
have been investigated in a handful of laboratory studies.
Generally, these have found that worry and rumination
delay cardiovascular recovery from stress. Such findings
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at least suggest a possible explanation for the relationship
between worry and CHD. Research on cardiovascular reactivity has measured responses from both the sympathetic
and parasympathetic nervous systems. Roughly speaking,
sympathetic response, typically measured with heart rate
and blood pressure, is responsible for increased physiological
arousal, while parasympathetic response, often called vagal
tone, is responsible for returning the body to baseline levels
following sympathetic reactivity.
As mentioned previously, several studies have examined
stress reactivity and recovery in samples with clinical anxiety
disorders [16]. The majority of these have assessed parasympathetic response, typically by measuring heart rate variability (HRV), which has been found to predict cardiovascular
morbidity and mortality [25, 26]. The majority of these
studies have found that those with clinical anxiety symptoms
had reduced vagal tone and reduced heart rate variability
following stressors [16, 27, 28], suggesting a delayed recovery
to baseline. While these studies suggest that those with
anxiety are prone to slower cardiovascular recovery, they
do not address whether this is in fact due to any cognitive
processes. It could be, for example, that lowered vagal tone
extends the physiological eﬀects of stress, which then causes
an individual to ruminate.
Most laboratory studies with nonclinical populations
have analyzed sympathetic response to stress. Several of
these have found that those high in trait rumination and
worry, but not necessarily meeting criteria for GAD or other
psychiatric disorders, exhibit slower heart rate and blood
pressure recovery following psychological stressors [29–31].
Results from this line of research are mixed, however [32, 33].
The variable results could partly be due to methods of
measurement. These studies use many diﬀerent measures
to assess trait worry and rumination, yet none of them
explicitly investigate whether participants engage in rumination following stressors. While measures of one’s tendency
to ruminate are informative, it seems that assessments of
whether participants actually ruminate following stress in
the lab could be much more useful. Such measures could
both indicate the role of cognitive processes in recovery
and speak to the validity of trait rumination measures. For
example, common items on such measures include Likerttype scales for statements such as “I keep thinking about
events that angered me for a long time” [34], which could
easily be validated by assessing whether participants rating
these statements as very accurate about themselves do in fact
continue to think about laboratory stressors that angered
them.
Another problem facing these laboratory studies is
determining whether diﬀerences between groups are in fact
due to a distinct recovery process, or are due to diﬀerences
in initial reactivity. While emotional stressors may lead to
impeded recovery, this could be a result of these stressors
eliciting the greatest initial reactivity. In this case, recovery
would simply be a function of reactivity rather than a
distinct process influenced by separate factors. It is possible
that those with anxiety and depression experience longer
recovery partly because they experience greater reactivity
during actual stressors.
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One key study explored several of the issues stated above
by orthogonally manipulating reactivity and emotionality of
stressful tasks. Glynn et al. [35] monitored cardiovascular
reactivity during and following four laboratory stressors.
Two stressors (a cold pressor task and a shock-threat task)
were meant to elicit moderate physiological reactivity, while
the other two (mental arithmetic with harassment and
physical exercise) were meant to elicit high physiological
reactivity. Additionally, the mental arithmetic and shock
threat were meant to be more emotional tasks, while the
cold pressor and exercise tasks were meant to be predominantly physical stressors. Should recovery time be largely
a function of reactivity magnitude, one would expect the
tasks eliciting higher reactivity to also have slower recovery.
Alternatively, if recovery is an aﬀective and cognitive process
rather than a purely physical process, one would expect the
tasks higher in emotionality to result in slower recovery.
The authors found that while the exercise and mental
arithmetic with harassment tasks elicited the greatest initial
arousal, it was in fact the two more emotional tasks—
arithmetic and shock threat—that showed delayed recovery,
supporting the view that the emotional content of the task
influenced recovery more than did the initial magnitude of
response.
In order to investigate further whether this continued
activation was due to rumination, the authors conducted a
second study in which all participants completed a mental
arithmetic task with harassment. Following the stressor, half
were told to relax and sit quietly, while the other half were
given a distracting nonemotion task to prevent them from
thinking about the stressor. Again, those who were allowed
to ruminate on the task experienced continued elevation of
SBP, while those who were distracted recovered quickly to
baseline. Other studies have since replicated these findings,
showing that cognitive distraction can expedite physiological
return to baseline while allowing a subject to ruminate
prevents recovery [29, 31].
These findings underscore several important points.
First, they emphasize that reactivity and recovery are two
distinct processes, and given that they can respond independently, the former should not be used as a proxy or a predictor for the latter. While stressors like the shock threat could
be considered minimally damaging because they elicit a
small initial change in CVR, they could be disproportionately
deleterious for cardiovascular health because their eﬀects are
long lasting. Secondly, these findings also highlight the role of
emotion in recovery from stress. Stress is typically measured
in terms of the duration of the actual stressor, but if there are
emotions tied to that stressor then the actual experience of
stress—and resulting physiological reactivity—can continue
well after the event has ended. It could be that worrying
over social conditions predicted greater risk of CHD in the
Kubzansky et al. study [24] because these problems were
more emotionally upsetting and generated more frequent
rumination than other problems like inadequate finances.
Finally, these findings emphasize that the delayed recovery
observed with more emotional tasks is a cognitive rather than
physiological eﬀect. While emotional events may produce
diﬀerent patterns of physiological arousal to nonemotional
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tasks, recovery from such tasks, such as the math task, is at
least partially determined by cognitive focus.
Other studies have shown that the physiological eﬀects
of stress can begin well before the onset of an actual
stressful event. While there is a good deal of research
on reactivity related to general anxiety, there is relatively
little research examining the eﬀects of anticipating concrete
events. Though the number of studies is small, several have
shown increased cardiac activation in those anticipating
stressors compared to controls (see [17]). One study also
showed that physiological eﬀects of stress can even be
manifest during sleep, the night prior to a stressful event,
suggesting both that perseverative cognition needs not to be
conscious, and that its health consequences may extend to
impaired sleep quality [36]. The data connecting anticipation
of stressors and adverse health outcomes are, however,
extremely limited.

5. Cardiovascular Recovery and
Long-Term Health Outcomes
While the allostatic load theory predicts that extended stress
activation, such as that experienced during rumination,
leads to long-term negative health, longitudinal studies with
health outcomes are needed to verify the approach. Several
prospective studies have examined whether recovery from
acute laboratory stressors predicts morbidity and mortality.
The results from several of these studies show quite strikingly
that recovery, even when measured over only several minutes,
can predict health years later. Two of these studies found that
participants who took longer to recover from acute cardiovascular reactivity were more likely to develop hypertension
in the years following [37, 38]. Stewart and France found that
this eﬀect held even when controlling for initial reactivity,
emphasizing again that recovery and reactivity are distinct
risk factors. Treiber et al. [39] also found that both reactivity
and recovery following a stressor independently predicted
heart rate and blood pressure four years later after controlling
for initial values. Another laboratory study investigated the
role of reactivity and recovery in healthy college students
whose parents either did or did not have heart disease [40].
The authors found no diﬀerence in initial reactivity between
the groups, but found that those who had two parents with
heart disease displayed slower blood pressure recovery. This
suggests that delayed recovery may act as a mechanism in
the heritability of heart disease. That is, children may not
inherit “heart disease” from their parents, but in some cases
inherit cardiovascular tendencies such as delayed recovery
that eventually lead to cardiovascular disease.
Two other studies also found that slow recovery from
acute reactivity (in this case due to exercise) predicted allcause mortality five and six years later (see [41, 42], resp.).
Of course, these studies do not speak to the influence of
perseverative cognition; cardiovascular reactivity was due to
physical exercise rather than psychological stress, and there
are myriad health-related factors, such as physical fitness,
that could aﬀect both recovery and mortality risk independently. Importantly, however, the Cole et al. study found
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(Extended cognitive
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Figure 1: This informal theoretical model shows the potential
role of perseverative cognition in linking psychiatric disorders
and cardiovascular disease. While behavioral and physiological
mechanisms have been highlighted (the left and middle pathways,
resp.), this figure shows an additional cognitive pathway on the
right, in which cardiovascular reactivity is extended due to cognitive
fixation on stressful experiences.

that recovery predicted mortality even when controlling
for initial health status, including weight, blood pressure,
and other factors that could aﬀect cardiovascular health.
This suggests that delayed recovery, whether due to physical
or psychological causes, could have health consequences
independent of other cardiovascular risk factors.
While these studies suggest a connection between recovery and health, clearly there are gaps that must be filled
with additional research. Specifically, prospective studies are
needed to evaluate whether delayed cardiovascular recovery
from psychological stressors, particularly due to rumination,
can predict future mortality. It is unclear at this point
whether rumination can lead to heart disease in otherwise
physically healthy subjects, or whether some physical predisposition is also needed for disease to develop. Such studies
could suggest a model whereby perseverative cognition
contributes to physical disease, which would likely be in one
of two ways. First, it is possible that those with physiological
flexibility—that is, normal sympathetic and parasympathetic
responses—engage in perseverative cognition, and by doing
so extend sympathetic responses, decrease vagal tone, and
consequently damage the cardiovascular system. In this
case, perseverative cognition would be a key causal factor.
Alternatively, it is possible that certain people experience
autonomic inflexibility due purely to physiological rather
than psychological factors. The resulting extended activation
could both trigger cognitive fixation on the stressor and cause
damage to the cardiovascular system. Perseverative cognition

in this model could play some role in extending the response,
but it would serve more as a marker than a cause of future
disease. Deciphering between these models would further
elucidate which individual diﬀerences act as risks for heart
disease.
Figure 1 shows a simplified view of the comorbidity
relationship. Clearly many of the links are bidirectional
and more interconnected than shown, but the figure is
designed for illustrative purposes. The left path illustrates
the well-established behavioral link mentioned previously.
The central path illustrates the more physiologically based
connection, in which psychopathology is associated with
deficiencies in homeostatic mechanisms, leading to extended
elevated cardiovascular reactivity following stress. The focus
of this paper has been to highlight the pathway on the
right, which illustrates a cognitive pathway linking these
phenomena. Extended activation in this case is not due to
a physiological deficit, but rather to cognitive fixation on
negative experiences and worries. These pathways are by no
means mutually exclusive; rather, it is likely that all three
(plus additional mechanisms) play a role in the relationship
between psychopathology and cardiovascular disease.

6. The Role of Flexibility in Health
The studies discussed above emphasize an often overlooked
individual diﬀerence aﬀecting health, namely, flexibility. As
the ability to adapt is an essential aspect of survival, the
importance of this phenomenon should not be surprising.
With much attention devoted to the duration of actual
stressors, it has been chronic stressors that have been deemed
most deleterious for health. These presumably result in the
longest lasting physiological, cognitive, and aﬀective negative
consequences. However, the eﬀects of a chronic stressor
should be much less dire for individuals able to regulate
negative emotions, adjust appraisals of threat, and alter
ineﬀective coping strategies. Along the same lines, those
with inflexible coping responses could experience negative
aﬀective, cognitive, and physiological consequences from
even brief stressors. In fact, it has been suggested that coping
flexibility, or the ability to shift between coping strategies,
predicts eﬀective coping responses to stress better than any
particular coping strategy [43]. Folkman and Lazarus [44]
emphasized that coping is a shifting process and found
that within a healthy population coping strategies fluctuated
markedly not only between but also within individuals.
While the research on flexibility’s impact on health is
limited, there is some evidence that it predicts better overall
mental and physical health (see [45]). One laboratory study
found that emotional flexibility and regulation in college
freshmen predicted lower levels of distress 1.5 years later
[46]. Flexibility could also be a mechanism through which
social support confers health benefits [47]. It is possible
that supportive others could oﬀer new coping strategies
or diﬀerent appraisals, or act as distractions to prevent
rumination.
Flexibility may also be a common theme in various
coping strategies that have been associated with better health.
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The Constructive Anger Behavior-Verbal scale (CAB-V), for
example, measures the degree to which people express anger
verbally in order to understand “the other person’s point of
view” and “strive to achieve a new way of perceiving and
dealing with the anger situation” [48]. As opposed to those
who expressed anger simply to alert someone that they were
angry, those high in constructive anger expression had lower
resting blood pressure, even when controlling for hypertension risk factors and psychosocial measures. Writing about
traumatic experiences in order to organize and understand
them has also been found to improve mental and physical
health [49, 50], which could be partially due to the writing
process oﬀering new interpretations and shifting appraisals
of events. Finally, cognitive behavioral therapy (CBT), which
focuses on cognitive restructuring and reappraisals of events,
has been shown to be an eﬀective treatment for depression
and anxiety. Furthermore, several large-scale studies, such as
the Enhancing Recovery in Coronary Heart Disease Patients
(ENRICHD) study, have used this method of cognitive
restructuring specifically to address depression and anxiety
in patients with cardiovascular disease [51]. These studies
have found that CBT can eﬀectively address psychopathology
in these patients, and that in some cases it also leads to
improved cardiac health [52].
While these studies do not examine flexibility specifically,
they do show that coping strategies that focus on enhancing
understanding and embracing new perspectives, which could
both be construed as features of cognitive flexibility, are
associated with better health.

7. Conclusions
As shown in the studies above, inflexibility, whether cognitive, emotional, or physiological, can be damaging for
mental and physical health. It is possible that the high
comorbidity between cardiovascular disease and psychiatric
disorders is attributable to a general state of inflexibility,
leading to rumination, worry, obsessions, low heart rate
variability and vagal tone, and extended sympathetic arousal.
Additionally, it could be that inflexibility in any one of
these areas perpetuates it in another. Perseverative cognition,
for example, has been shown to cause both extended
physiological arousal [35], and extended and/or more severe
depression [21, 22].
While the studies discussed here suggest a role of
perseverative cognition in linking psychiatric disorders and
cardiovascular disease, clearly there are questions remaining
to be answered. Rumination has been shown to delay
recovery from stress, a condition which predicts future
cardiovascular health, yet it remains to be established that
long-term health outcomes can in fact be predicted by
diﬀerences in rumination. Similarly, while several studies
found evidence of an autonomic inflexibility in those with
GAD, it is uncertain whether a cognitive inflexibility, or
inability to shift cognitions to more constructive paths,
might also play a role.
As perseverative cognition has been found to extend
physiological activity in a way believed to be deleterious
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for health, a better understanding of the situational and
individual factors that contribute to this phenomenon is
clearly important. Generally, cognitive fixation suggests a
lack of adaptability that threatens one’s ability to thrive in
a physical and social world.
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The mechanisms underlying the development and progression of psychiatric illnesses are only partially known. Clinical data
suggest blood-brain barrier (BBB) breakdown and inflammation are involved in some patients groups. Here we put forward
the “BBB hypothesis” and abnormal blood-brain communication as key mechanisms leading to neuronal dysfunction underlying
disturbed cognition, mood, and behavior. Based on accumulating clinical data and animal experiments, we propose that events
within the “neurovascular unit” are initiated by a focal BBB breakdown, and are associated with dysfunction of brain astrocytes,
a local inflammatory response, pathological synaptic plasticity, and increased network connectivity. Our hypothesis should
be validated in animal models of psychiatric diseases and BBB breakdown. Recently developed imaging approaches open the
opportunity to challenge our hypothesis in patients. We propose that molecular mechanisms controlling BBB permeability,
astrocytic functions, and inflammation may become novel targets for the prevention and treatment of psychiatric disorders.
Copyright © 2009 Hadar Shalev et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Structure and Function of
the Blood-Brain Barrier
More than a century ago, Ehrlich [1] demonstrated the
lack of permeability of intracerebral vessels to albuminbinding dyes, which suggested the presence of a barrier to
proteins in the brain. Several years later, Lewandowsky [2]
suggested that the absence of central nervous system (CNS)
pharmacological actions of intravenously administered bile
acids or ferrocyanide was due to the blood-brain barrier
(BBB), a mechanical membrane that separates blood from
brain.
Three barrier layers regulate molecular exchange at
the interfaces between the blood and the neural tissue or
its fluid spaces: the BBB formed by the cerebrovascular
endothelial cells between blood and brain interstitial fluid,
the choroid plexus epithelium between blood and ventricular
cerebrospinal fluid (CSF), and the arachnoid epithelium
between blood and subarachnoid CSF. Since individual
neurons are extremely close to the brain capillaries, rarely at

a distance greater than 20 μm, of the various CNS barriers,
the BBB exerts the greatest control over the immediate
microenvironment of brain cells [3]. The BBB is present
in the capillaries throughout the brain (for reviews see [4–
6]). The components composing the BBB include endothelial
cells lining the lumen of brain capillaries, linked together
by tight junctions that are composed of specific proteins
(e.g., claudins, occludins, ZO-1, ZO-2, ZO-3, and cingulin—
see [7]), pinocytic vesicles, and specific transport mechanisms. Surrounding the endothelial cells are the basement
membrane, brain pericytes, and astroglial foot processes—
creating a third continuous layer that separates these blood
vessels from the brain tissue. All of these components enable
the formation of a barrier that hinders the entry of most
molecules into the brain, and that is actively involved in
exporting such molecules out of the brain in case of penetration. With the exception of very small lipophilic molecules,
hydrophilic molecules enter the brain via active transport,
and specific transporters exist for required nutrients such as
glucose and certain amino acids.
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2. Blood-Brain Barrier Breakdown in Diseases
In numerous pathologies of the brain, and also in other
vascular, inflammatory, and infectious diseases, the function
of the BBB is often compromised [3]. For example, the
capillaries of many glial tumors are leaky compared to those
of normal brain tissue, either as a result of a lack of inductive
factors, or owing to the release of permeability factors such
as vascular endothelial growth factor (VEGF). Moreover, the
tight junction protein claudin 3 is downregulated in some
brain tumors [8]. In addition, evidence for the loss of agrin
from the abluminal surface of the endothelial cells adjacent
to astrocytic endfeet [9] may contribute to BBB damage
in Alzheimer’s disease [10] and to the redistribution of
astrocytic Aquaporin 4 (AQP4) in glioblastomas [11]. AQP4
and inward rectifying potassium channels (KIR 4.1) are often
downregulated in BBB breakdown [12] and may contribute
to the lack of homeostasis for water and potassium molecules
(described hereafter). Some neuropathologies, such as multiple sclerosis and epilepsy, may involve an early phase of BBB
disturbance that precedes the disorganization and damage of
the neuronal network, suggesting that vascular damage and
increased BBB permeability can lead to secondary neuronal
disorders [13–15]. In epilepsy, the normal pattern of brain
ATP-binding cassette (ABC) transporters expression may
also change, with upregulation of P-glycoprotein (Pgp) on
astrocytes and the brain endothelium [16]; this may lead
to the eﬄux of antiepileptic drugs from the brain into
the vascular compartment and contribute to a pharmacoresistent disease. Kortekaas et al. [17] showed an elevated
uptake of the Pgp substrate [11C]verapamil using positron
emission tomography (PET) in the midbrain of patients
with Parkinson’s disease, which is consistent with disturbed
Pgp function in the BBB. In animal models of Alzheimer’s
disease, amyloid-β (Aβ) accumulation is often first seen in
close proximity to blood vessels, with toxicity on endothelium and astrocytes observed before significant neuronal loss
[18]. The ability of agents released during inflammation
to increase the permeability of the brain endothelium has
been described. Activation of endothelial bradykinin B2
receptors causes an increase in intracellular Ca2+ concentrations and tight junctions opening and may underlie BBB
opening in conditions in which intravascular coagulation
occurs. In addition, bradykinin can activate NF-κB pathway
in astrocytes, leading to the release of interleukin-6 (IL6), which can amplify the eﬀect by acting back on the
endothelium [19]. Tumor necrosis factor-α (TNFα) increases
BBB permeability by direct action on the endothelium [20]
and indirectly via endothelin 1 production and IL-1β release
from astrocytes [21]. During injury, several substances are
released from central and peripheral neurons, connective
tissue, cells, and blood cells. Many of these substances,
such as matrix metaloproteases, substance P, calcitonin generelated peptide (CGRP), serotonin, histamine, and ATP, can
aﬀect BBB permeability. For example, the release of IL-1β
leads to a decreased concentration or altered localization
of the tight junction protein occludin, and increases BBB
permeability. TNFα, histamine and interferon-γ released
in inflammatory pain can also cause changes in brain
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endothelial permeability [22]. Massive neuronal activation,
as observed under spreading depolarization, may induce
upregulation and release of metaloproteases causing BBB
breakdown [23].

3. From BBB Breakdown to Psychopathology
We hypothesize that a primary vascular pathology, leading to
BBB breakdown, will result in the leakage of serum-derived
vascular components into the brain tissue and may cause
brain dysfunction which, under some conditions (extent,
duration, and/or location), will result in disturbed thinking
processes, mood, and behavior—such as those characterizing
psychiatric patients. Here we will present clinical evidence
for BBB pathology in psychiatric patients and hypothesize
potential mechanisms linking altered vascular permeability
to psychopathology.
3.1. Clinical Evidence. Clinical evidence for BBB breakdown
in patients with psychopathology is insuﬃcient. However,
accumulating data strongly suggest the existence of BBB
pathology in a subset of patients with major psychiatric
illnesses, including depression and schizophrenia. The main
diﬃculties are, on the one hand, the lack of a routine,
quantitative, and reproducible comprehensive method for
measuring BBB permeability in human, and on the other
hand, the lack of reliable and widely accepted animal models
for human psychiatric illnesses.
Qualitative evaluation of BBB disruption in patients is
most frequently conducted using common brain imaging
modalities, such as magnetic resonance imaging (MRI),
computerized tomography (CT), and single photon emission
CT (SPECT), following the peripheral administration of
nonpermeable contrast agents [24]. Extravascular accumulation of the contrast agent indicates BBB breakdown.
Although CT and MRI are the best available methods for
studying anatomical brain lesions and are most often used
as diagnostic tools (mainly to exclude other pathologies) in
psychiatric patients, the currently used imaging protocols are
relatively insensitive in detecting small changes in contrast
agent accumulation (e.g., as compared with SPECT [25]).
Bilateral contrast (gadolinium) enhancement of the temporal
lobes in the region of the amygdala and hippocampus
has been reported in a case report of a patient with
progressive insomnia, short-term memory loss, depression,
and cognitive impairment due to paraneoplastic syndrome
[26]. In order to increase method sensitivity and allow
quantification of BBB permeability, several methods has
recently been developed using dynamic contrast enhanced
imaging (e.g., [27, 28], and see also the review by Zaharchuk
[29]). These methods have not yet become available for
routine clinical examinations, and published studies relate
a relatively small number of patients with brain tumors or
posttraumatic epilepsy. To this end, there are no published
studies in psychiatric patients.
Quantitative evaluation of BBB functioning in the
clinical setting can also be obtained using analysis of the
cerebrospinal fluid (CSF) for serum proteins (e.g., albumin)
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or plasma analysis of brain constituents (e.g., S100B, [30]).
However, neither of these measures is routinely assessed
in patients, and only incomplete data from small clinical
studies are available. BBB dysfunction has been indicated
in a subgroup of schizophrenic patients by measuring
increased albumin and IgG CSF levels [31, 32]. Muller and
Ackenheil [31] further showed an association between CSFserum albumin ratio and the patients’ negative symptoms.
CSF-serum albumin ratio was also found to be higher in
elderly depressed women [33] and in patients suﬀering from
dementias compared to age-matched controls [34]. Interestingly, nondemented women who developed dementia during
the research follow-up had an initial higher CSF-serum
albumin ratio compared to those who did not develop the
disease, suggesting BBB dysfunction may precede the clinical
symptoms and be related to the pathogenesis of the disease.
These clinical studies are supported by morphological studies
demonstrating abnormalities in cerebral capillaries that
bear BBB functions. These include degeneration and focal
necrotic changes of the endothelium, vascular basement
membrane alterations accompanied by accumulation of
collagen fibrils, decreased mitochondrial content, as well
as increased pinocytotic vesicles and loss of tight junctions
[35, 36].
S100B is primarily a brain-specific, astrocytic calcium
binding protein involved in intracellular signal transduction.
Information about the functional implication of S100B
secretion by astrocytes is scant, but accumulating evidence
suggests it exerts trophic or toxic eﬀects depending on
its concentration [37]. Accumulating data from clinical
studies convincingly demonstrate increased S100B levels
in the serum of patients suﬀering from acute or chronic
schizophrenia as well as depression [38, 39]. The observed
increase in plasma levels of S100B may reflect increased
BBB permeability [30]. However, increased plasma levels of
S100B may also be due to increased production and/or active
secretion from glia cells, or to their destruction [40, 41].
3.2. BBB-Induces Astrocytic Transformation and Dysfunction.
Astrocytic end-feet surrounding capillaries in the central
nervous system have a role in regulating tight junction
expression [42], and are considered an integral part of the
BBB. However, BBB breakdown results in a rapid (within
hours) transformation of the normally occurring “resting
astrocytes” into “active” ones [13]. While the signaling mechanisms underlying astrocytic transformation in the injured
brain are not known, recent experimental evidence indicates
that extravasation of the most abundant serum protein,
albumin, into the neuropil may serve as the key factor for
astrocytic transformation via the transforming growth factor
beta (TGFβ) signaling pathway. Transformed astrocytes are
observed in ischemic, inflammatory, and traumatic brain
injuries and are often the only pathological change observed
in the epileptic brain. Transformed astrocytes are characterized by a robust change in gene expression that includes
the upregulation of GFAP and S100B, downregulation of
glutamate transporters and glutamine synthase, as well as the
inward rectifying potassium channel, KIR 4.1, AQP4, and gap

3
junctions’ proteins (see [43] and unpublished data). These
robust changes in gene expression predict a dysregulation
in homeostasis of the extracellular environment, specifically
increased concentrations of potassium and glutamate—
which are increased with neuronal activity and strongly
aﬀect their excitability [12, 43]. In addition, experimental
evidence indicates that transformed astrocytes upregulate
the expression of cytokines and are part of the local
inflammatory brain response (described hereafter).
Is there evidence for the transformation of astrocytes in
the brains of psychiatric patients? Brain injuries that often
involve BBB breakdown and astrocytic response increase
the risk for significant neuropsychiatric sequelae, including
personality changes, depression, anxiety, dementia, and
perhaps psychosis [44, 45]. The hypothalamic-pituitaryadrenal (HPA) axis is activated by stress, and its activity is
seen under acute and chronic stress conditions, including
mental and physiological distress. Stress activates the HPA
axis through the release of corticotropin-releasing hormone
(CRH), leading to secretion of catecholamines and glucocorticoids. CRH has proinflammatory eﬀects that are mediated
through mast cells, which regulate BBB permeability. Indeed,
stress has been shown to induce BBB breakdown [46, 47],
which can be blocked by pretreatment with the CRH receptor
antagonist antalarmin [48]. Interestingly, antalarmin has
been also shown to block stress-induced behavioral changes.
Recently, direct evidence support the presence of an
astrocytic response in the brains of psychiatric patients even
with no obvious preceding injury. Most studies based the
“astrocytic hypothesis” of schizophrenia and depression on
increased serum or CSF levels of the astrocytic S100B protein.
In summarizing the results of clinical studies, reports
consistently show increased S100B levels in patients suﬀering
from schizophrenia in both the acute and chronic psychotic
stages of disease. Furthermore, this increase remains in those
patients who develop a residual state with relevant negative
symptoms, whereas S100B normalizes in recovering patients.
Neuroleptic medication most likely cannot be regarded as a
confounding factor, as these findings have been reported in
nonmedicated patients as well (for review, see [41]). While
these studies did not diﬀerentiate between increased S100B
production and increased BBB permeability for S100B (when
measured in serum), in a recent histological study Steiner et
al. [49] analyzed the cell-density of S100B-immunopositive
glia in diﬀerent brain regions (including the anterior cingulate, dorsolateral prefrontal (DLPF), orbitofrontal, superior
temporal cortex, and hippocampus) of 18 patients with
schizophrenia (16 matched controls). They reported that
cortical brain regions contained significantly more S100Bimmunopositive glia in the schizophrenia group compared
to controls. This eﬀect was pronounced in the paranoid
schizophrenia subgroup and particularly in the DLPF brain
area. Glial pathology has also recently been demonstrated in
mood disorders. In a combined clinical study and a metaanalysis of published studies on S100B involving 193 patients
suﬀering from mood disorders and 132 healthy controls
[39], the authors concluded that serum levels of S100B are
consistently elevated during acute major depressive or manic
episodes. Additionally, it is demonstrated that serum S100B
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decreases reliably during antidepressive treatment together
with clinical improvement.
3.3. BBB Breakdown, Astrocytic Transformation, and Brain
Inflammation. There is strong clinical evidence in subgroups
of patients with depression that symptom intensity and the
course of disease are associated with elevated plasma levels
of pro-inflammatory mediators, including IL-1, IL-2, IL-6,
TNF, and C-reactive protein (for review, see [50]). Multiple
studies have shown that there is a decrease in Th1 mediator
levels with antidepressant treatment, indicating that one
potential mechanism of action of antidepressant treatments
is decreased inflammation. In a rare prospective study [51],
an increased inflammatory state at baseline (elevated levels
of C-reactive protein and increased capacity of leukocytes to
produce IL-1) predicted later onset of depression in elderly
individuals without a prior history of depression, suggesting
that excess inflammation precedes depression. It is not as yet
entirely clear how inflammatory cytokines aﬀect mood and
high cognitive functions.
Another clue for immune-to-brain communication associated with psychpathology may be gleaned from patients
with chronic neuropathic pain. Activation of phagocytic
immune cells (e.g., macrophages) around an otherwise
healthy peripheral nerve leads to the release of proinflammatory cytokines (TNF, IL1, and IL6), as well as
other proinflammatory substances [52]. The inflammatory
response may be a link to the high prevalence of depression
among these patients.
Thus, we hypothesize that primary BBB breakdown will
enhance brain inflammation through two main mechanisms.
(1) In the event of a peripheral inflammatory response,
BBB breakdown will increase the transport of peripheral
cytokines into the brain, thus inducing the activation of
astrocytes, microglia, and recruitment of immune cells. (2)
Prolonged and pronounced BBB breakdown will directly
induce a local inflammatory response by activating astrocytes
(as explained above) that will secrete cytokines locally.
Increased cytokine levels may also be involved in depression via their direct eﬀect on serotonin levels [53]. Inflammatory mediators may also alter network properties and
neuronal excitability by changing glutamate levels and aﬀecting synaptic plasticity: inflammatory mediators can, through
activation of the kynurenine pathway, increase kynurenic
acid—an NMDA receptor antagonist, and quinolinic acid—
an NMDA receptor agonist. Microglia are the only cells in the
central nervous system that express the complete enzymatic
pathway required for the synthesis of quinolinic acid [54].
Therefore, inflammatory mediators acting on microglia will
increase the ratio of quinolinic acid to kynurenic acid,
leading to increased activation of NMDA receptors. Recent
studies further suggest that increased glutamate levels may
also activate astrocytes and microglia leading to release of
inflammatory mediators, causing a vicious cycle.
3.4. From BBB Breakdown via Astrocytic Transformation and
Inflammatory Response to Brain Dysfunction. Our hypothesis
directly links BBB breakdown, the consequent transforma-
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tion of astrocytes and microglia, and the resultant local
inflammation to network dysfunction, which may underlie
psychiatric illnesses. As mentioned earlier, the dysfunction
of astrocytes and the inflammatory response are expected to
cause a reduction in the buﬀering of extracellular potassium
and glutamate. Together with increased quinolinic acid, these
will act synergistically to depolarize neuronal membranes,
thus further allowing the activation of the voltage-dependent
NMDA receptors. While in extreme cases the excess of
NMDA receptors activation may lead to neuronal toxicity, it
is important to point out that neurotoxicity in psychiatric
disorders has not been unequivocally demonstrated. We
propose that under milder conditions, enhancing NMDA
receptors activation results in abnormal synaptic plasticity—
which refers to enhanced synaptic strength and (or) loss
of pathway specificity. Such reduced specificity is expected
to result in the activation of larger neuronal networks
in response to stimuli, Manifested as disturbed thinking
processes and extreme mood-related behavioral responses,
depending on the involved network. Under even more
extreme conditions, the activated network will be larger,
leading to epileptic activity [13] and delayed neuronal
toxicity [14].
Interestingly, a recent study demonstrated that in the
KA rat model for schizophrenia, there is suppression of
homosynaptic long-term plasticity with disturbed heterosynaptic depression within the hippocampus [55]. Increased
connectivity between neighboring neurons has been also
found in the valopric acid model of autism in rats [56].
The authors suggested that this local hyperconnectivity may
render cortical modules more sensitive to stimulation and,
once activated, make them more autonomous, isolated, and
more diﬃcult to command.

4. Summary and Future Perspectives
Figure 1 summarizes the sequence of events occurring within
the “neurovascular unit,” which according to the proposed
hypothesis leads to network hyperconnectivity and psychiatric illness. According to our hypothesis, early injury to the
BBB, due to vascular or brain pathology, will disturb “bloodbrain communication” and initiate a sequence of events that
will finally result in abnormal plasticity within the neuronal
network, namely, hyperconnectivity. Our hypothesis put
together findings observed in psychiatric patients to form a
broader pathophysiological picture. These findings include,
for example, increased CSF albumin and serum S100B—
as markers for BBB breakdown, increased brain astroglial
markers within the brain—as markers for their activation,
inflammatory markers—the result or cause of astroglial activation, and changes in glutamate levels, neuronal connectivity, and, in some cases, neurons loss. The hypothesis further
explains the high rate of psychiatric illnesses following brain
injury, acute stress reactions, and vascular pathologies (e.g.,
systemic lupus erythematosus) which may frequently be
associated with BBB breakdown. It may also explain the
relation between the presence of peripheral inflammatory
process in some psychiatric patients as well as the frequent
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Figure 1: The BBB Hypothesis of Psychiatric Disorders. Interactions within the neurovascular unit in the presence of abnormal blood-brain
communication. BBB breakdown results in the diﬀusion of serum proteins (e.g., albumin, see text) into the brain, activation of signaling
pathways, and inducing the transformation of astrocytes. This “reactive” glial reaction is associated with impaired extracellular homeostasis
(e.g., reduced buﬀering of extracellular potassium and glutamate) and a local inflammatory response (e.g., secretion of cytokines, activation
of microglia) and is enhanced in the presence of an inflammation in the periphery. Together, neuronal network dysfunction develops due to
pathological synaptic plasticity.

comorbidity with epilepsy—characterized by hyperexcitable
and hypersynchronized network.
Our hypothesis raises many questions regarding the
location (where?), extent (to which molecules?) and duration
of BBB damage suﬃcient to induce the described disease
process. We put forward testable predictions in animal
models and human patients and raise the importance of
time line, long-term, and, whenever possible, prospective
studies, to challenge the proposed hypothesis. A better
understanding of BBB damage and repair processes and
serum-born signaling molecules is essential for the identification of new therapeutic targets. Our hypothesis calls
for the use of recently developed approaches for measuring
BBB breakdown in patients at risk for developing psychiatric
illnesses (or during the early phases of the disease). The use
of novel molecular markers for imaging brain inflammation
may, in the future, facilitate better understanding of their
role in diﬀerent patient populations and at diﬀerent stages
of the disease. Future studies are also needed to uncover the
interactions between BBB-mediated brain pathologies and
specific transmitter systems which have been reported to
play a role in specific psychopathologies. We further believe

that our hypothesis—if found valid—will oﬀer previously
unforeseen targets for the prevention and treatment of
psychiatric diseases. It may also explain and encourage the
use of anti-inflammatory agents against psychosis, at some
early stages of the disease [7–9]. Astrocytic dysfunction may
also become a promising target at some point during the
development of the disease.
In summary, the “BBB hypothesis” for impaired neuronal network connectivity is based on well-described interactions between components at the “neurovascular unit” and
proposes a new concept pointing to disturbed blood-brain
communication as a potentially important cause and future
target for the treatment of psychiatric disorders.
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