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C-reactive protein (CRP) and coronary heart disease (CHD) have been the subject of intensive investigations over the last
decades. Epidemiological studies have shown an association between moderately elevated CRP levels and incident CHD whereas
genetic studies have shown that polymorphisms associated with elevated CRP levels do not increase the risk of ischemic vascular
disease, suggesting that CRP might be a bystander rather than a causal factor in the progress of atherosclerosis. Beside all
those epidemiological and genetic studies, the experimental investigations also try to reveal the role of CRP in the progress of
atherosclerosis. This review will highlight the complex results of genomic, epidemiological, and experimental studies on CRP and
will show why further studies investigating the relationship between CRP and atherosclerosis might be needed.

1. Introduction

C-reactive protein (CRP) circulates as a disc-shaped pen-
tamer consisting of five identical subunits arranged around
a pore in the middle (Figure 1). Measurements of its serum
concentrations are used clinically as unspecific marker for
inflammation. As the exact function of CRP is not fully
understood yet, it is believed that it functions as part of the
innate immune system [1]. It is also known that CRP rises
in severe unstable angina and has a prognostic value [2].
Specifically high CRP levels following myocardial infarction
are associated with adverse outcomes, including left ventric-
ular failure [3], and increased rates in cardiac death and
ventricle rupture [4, 5]. Massive data collected over the past
decades showed an association between moderately elevated
CRP levels and incident coronary heart disease (CHD) [6–
9]. In 2008 a genetics study investigated the question of
whether polymorphisms in the CRP gene are associated with
increased levels of CRP, thereby offering an instrument for
studying the causality of CRP in the risk of coronary heart
disease [10] trying to answer the chicken or egg question [11].

This study came to the conclusion that genetically elevated
CRP levels do not increase the risk of ischemic vascular
disease, suggesting that CRP might be a bystander rather
than a causal factor in the progress of atherosclerosis.
In parallel to this disappointing data biochemical studies
opened the opportunity that monomeric CRP—rather than
the pentamer—may play a functional role in CHD. This
review will highlight the complex results of genomic, epi-
demiological, and experimental studies onCRPandwill show
why further studies investigating the relationship between
CRP and atherosclerosis might be needed.

2. C-Reactive Protein

2.1. The Structure of Human CRP. CRP circulates in the
human serum as a noncovalently bound disc-shaped pen-
tamer consisting of five identical subunits [12]. It presents
two faces: a binding side where it binds calcium-dependent
to its widely recognized specific ligands and an effector side.
Each subunit consists of 206 amino acids with a molecular
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Figure 1: The picture shows the C-reactive protein as it circulates
in the human blood stream after response to inflammatory stimuli.
The five subunits are forming a disc-shaped pentamer around a
central pore. (Picture was generated with information from the
RCSB Protein Data Bank by using PyMOL software.)

weight of 23 kDa and carries 2 calcium ions essential for the
pentameric isoform [13]. Under physiological circumstances,
that is, calcium present in the extracellular environment and
a physiological pH, it remains quite stable unless it binds to
one of its specific ligands [14]. It has a particularly high affinity
for phospholipids, especially lysophospholipids [15] found on
the surface of damaged or apoptotic cells [16]. Upon binding
to one of its ligands it dissociates into monomers [17, 18].

2.2. The Function of Human CRP. Since neither a deficiency
of CRP is known nor a therapeutical inhibitor has yet
been tested in vivo, the role of CRP in physiological or
disease settings remains elusive. As it binds to phospholipids,
especially lysophospholipids, and recognizes bacterial lipids,
it has been suggested that it functions as part of the innate
immune system. Once CRP has bound to one of its ligands
and dissociated into its monomers, it presents properties not
shared with the circulating pentameric CRP. The pentameric
CRP appears to have no interaction with complement or the
regulatory complement factorH [19] whereas themonomeric
CRP can directly activate the complement cascade through
C1q fixation [20] and induce platelet [21] and monocyte
activation [22].

2.3. The Synthesis of Human CRP. CRP is mostly synthesised
in the liver—although extrahepatic transcription of CRP
has been described [23–25]—upon inflammatory stimuli as
interleukin-1, interleukin-6, and tumor necrosis factor 𝛼 [12].
It can rise from baseline to its 10,000-fold upon bacterial
inflammation. Following myocardial infarction, an increase
inCRP levels is also observed [26].This response is very quick
and happens within 12 hours reaching its peak at about 50
hours after stimuli [27]. Actually, it seems that most forms of
adverse stress are associated with an increase in CRP levels
[28] (see also review [12]).

3. C-Reactive Protein and Coronary
Heart Disease

3.1. Epidemiological Studies. Since the first epidemiological
study describing an association between elevated CRP levels
and an increased risk for CHD events was published, more
than 50 studies have followed [29]. In a meta-analysis
published in the year 2004 by Danesh et al. 22 of those
studies were included [30]. Those 22 studies involved 7068
cases of coronary heart disease with a mean followup of 12
years and presented an overall odds ratio of 1.58 (95 percent
confidence interval, 1.48 to 1.68) among patients with values
from the top third comparedwith the bottom third of baseline
C-reactive protein concentrations. These results were quite
similar to a subanalysis of the four biggest studies on 4107
cases of coronary heart disease, which provided an odds ratio
of 1.49 (95 percent confidence interval, 1.37 to 1.62). Five
years later another meta-analysis was published involving 23
studies with 8 more recent articles presenting an overall odds
ratio of 1.60 (95 percent confidence interval, 1.43 to 1.78)
by comparing CRP levels of <1.0mL/dL versus >3.0mL/dL
showing no major difference to the studies published before
[31].

Studies like those mentioned before implied that CRP
levels can be used to reclassify subjects who fall into the
intermediate-risk category of CHD in 2008, introducing
the Reynolds Risk Score for man and woman [32, 33].
The scores improved accuracy of clinical algorithms for
global cardiovascular risk prediction that reclassified subjects
at intermediate-risk into higher- or lower-risk categories.
Another score based on serum levels of CRP, fibrin degra-
dation products, and heat shock protein 70 as predictors of
future risk of death andmyocardial infarction in patients with
suspected or known CHD followed in 2013 [34].

In 2005 a statin therapy trial comparing moderate statin
therapy (40mg pravastatin daily) and intensive statin therapy
(80mg atorvastatin daily) for patients with CHD showed
that a decrease in CRP levels during statin treatment inde-
pendently and significantly correlates with progression of
atherosclerosis [35]. Another study followed in 2008: the
JUPITER trial [36]. JUPITER enrolled 17,802 individuals
without manifest cardiovascular disease. All participants
had low-density lipoprotein cholesterol (LDLC) levels below
130mg/dL, but CRP levels greater than 2mg/dL.The subjects
were randomly designated to rosuvastatin 20mg daily or
placebo. The trial was stopped early because the interim
results met the study’s predefined stopping criteria by show-
ing a 44 percent reduction in the trial primary endpoint of all
vascular events.The placebo event rate in this study indicates
that elevated CRP levels have high vascular risk even when
LDLC levels lie within the range of current guidelines, being
consistent with meta-analyses of CRP and CHD mentioned
before.

Neither the meta-analyses nor the JUPITER trial were
able to answer the question if CRP is a causal factor in coro-
nary heart disease or just an innocent bystander in inflam-
mation, a well- accepted pathomechanism in atherosclerosis
[8, 37]. But several recent studies showed a significant
contribution of CRP to coronary risk prediction independent
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of the traditional FraminghamRisk Score [38] and therefore it
found itsway into clinical guidelines for guidance ofmeasures
in primary prevention [39].

3.2. Experimental Studies

3.2.1. Pentameric CRP. CRP has been an object of exper-
imental studies over the last three decades. There have
been reports suggesting prothrombotic, proinflammatory,
and proatherogenic properties in vivo for native CRP. Partic-
ularly since it was shown that CRP can activate the classical
complement cascade, it was most likely that it would have
proinflammatory properties in general [40, 41]. As CRP
has been found in atherosclerotic plaques [42], it would
have been a perfect explanation for the results from the
epidemiological studies. But further studies were not always
able to reproduce the above-mentioned properties, so that
the initial results were most likely due to the commercial
preparation of CRP with remaining toxic sodium acid or
presence of bacterial endotoxin (lipopolysaccharide) in CRP
produced by recombinant Escherichia coli [12, 43–45].

Not much less data exists for animal models trying
to answer the question of a prothrombotic property of
CRP [46–49]. With a single exception, these studies found
no association between human CRP and a progression of
atherosclerosis and it seemed more likely that CRP might
act just as a bystander rather than a causal factor. But
almost all of those studies used mice as an animal model
for atherosclerosis which might have been the pitfall. The
differences of CRP between species are enormous regarding
ligand binding, secondary binding effects, and complement
activation and behaviour as an acute phase reactant [29].This
is why Pepys et al. used a rat reperfusion model in 2006
to study tissue damage induced by human CRP following
myocardial infarction and the ability to block the damage by
a CRP inhibitor [50].

Even though it was shown that human CRP activates the
classical complement cascade in humans and rats, it is not
possible to explore those results of injecting human CRP into
another species to the pathomechanism of the common clini-
cal observation of increased CRP levels following myocardial
infarction and the adverse outcomes.

3.2.2. Monomeric CRP. With these controversial results an
elegant solution to the conflicting CRP data was the intro-
duction of the concept that monomeric forms of CRP might
occur following the binding of circulating pentameric CRP to
one of its ligands [14, 51], resulting in subsequent dissociation
and functional activation. The existence of monomeric CRP
is known over decades [52] and seemed to be a nonsoluble
tissue-based protein rather than a soluble plasma-based
protein, with antigenicity-expressing neoepitopes differing
from native CRP epitopes [53]. This monomeric CRP has
proinflammatory properties not sharedwith pentameric CRP
like C1q fixation [14], to promote neutrophil-endothelial cell
adhesion [54], platelet activation [55], thrombus formation
[55, 56], and monocyte chemotaxis [17]—to name just a
few. Thus the controversial results can be either the product

of contaminated CRP (with toxic sodium acid or bacterial
endotoxin) or the product of dissociated CRP.

Particularly, studies showed that the monomeric form of
CRP—and not native CRP—colocalizes with complement in
infarcted regions [57–60]. Since Molins et al. showed that
monomeric but not pentameric CRP displays a prothrom-
botic phenotype enhancing not only platelet deposition, but
also thrombus growth under arterial flow conditions, a pos-
sible role for monomeric CRP in the pathogenesis of “active”
CHD needs to be considered [55]. Interestingly, about 1 year
later Eisenhardt et al. showed the deposition of monomeric
CRP in human aortic and carotid atherosclerotic plaques
but not in healthy vessels [17]. The pentameric isoform was
found neither in healthy nor in diseased vessels. In a study
from 2012 Habersberger et al. showed that the nonsoluble
monomeric CRP can be detected on microparticles from
patients with acute myocardial infarction, whereas signifi-
cantly less monomeric CRP was detectable on microparticles
from healthy controls and stable CHD patients [51].

But unless clinical studies with a direct inhibitor of
(monomeric) CRP can be conducted in human beings, the
complex function of CRP can only be speculated.

3.3. Genetic Studies. Epidemiological studies showing an
association between an exposure (in this case CRP) and a
disease (here CHD) are sometimes confounded even with
the most carefully study design. Genetic studies using a
Mendelian randomization design utilize amethod to estimate
the causal nature of exposures and to avoid reverse associa-
tion bias [61]. As quite a few studies have shown that multiple
single nucleotide polymorphisms in the CRP gene (or the
promoter region of the CRP gene [62, 63]) are associated
with an increase in CRP baseline levels [64–66], it was just
a matter of time for large genetic studies to follow estimating
the association of elevated CRP levels and an increased risk
for CHD [10, 67–69].

A first hint gave the population-based Rotterdam Study
published in 2006. Kardys et al. analysed 5231 men and
women for the association between CRP-related haplotypes
and CHD. In contrast to epidemiological studies, such
genetically elevated CRP levels were not found to be an
independent marker of increased risk for CHD in patients
without a history of CHD. Three haplotypes were identified
as being associated with CRP levels, but the CRP haplotypes
themselves were not associated with CHD.

Then a fewmore epidemiological studies followed involv-
ing over 28,000 CHD cases and 100,000 controls with none
of them showing an association between elevated CRP levels
and CHD [10, 68].

As a designated number of patients and controls are
needed for Mendelian randomization studies the CRP, CHD
Genetics Collaboration was founded in 2008. About three
years later in 2011 the results were published including over
46,000 patients with prevalent or incident CHD and almost
150,000 controls. CRP variants were associated with up to
30% difference in CRP concentration per allele. Like all the
genetic studies before, there was no association between
single nucleotide polymorphisms associated with raised CRP
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levels and CHD so that most likely CRP is not even a modest
causal factor in CHD.

The strong data from the genetic studies analysing an
association between elevated CRP concentrations and the
risk of CHD make it most doubtful that circulating pen-
tameric CRP has a direct pathological role in the progression
of CHD even though Mendelian randomizations also have
limitations [70].

4. Conclusion

The data on CRP is massive and seems most controversial
by trying to harmonize the results from genetic studies,
epidemiological studies, and experimental investigations.
The strong data from the Mendelian randomizations made
it most unlikely that elevated CRP play a direct causal role
in CHD. But that is consistent with experimental data as
no prothrombotic or proinflammatory properties have been
established for circulating CRP. The results showing proin-
flammatory and prothrombotic effects were most likely due
to contamination of commercial CRP with either bacterial
endotoxin, toxic sodium acid, or monomeric CRP.The prob-
able tissue damage by CRP following myocardial infarction
mediated by complement ismost likely due to binding of CRP
to apoptotic cells and subsequent dissociation to monomeric
CRP which may have proinflammatory qualities like classical
complement activation by complement fixation.

The epidemiological studies demonstrated an association
between elevated CRP concentrations and an increased risk
for CHD events in the first place. Meanwhile, with the
results from the Mendelian randomization studies and the
experimental data, elevated CRP in the epidemiological
setting must be seen as a bystander rather than a causal
factor of CHD. Nevertheless, it is undoubted that a predic-
tion model that incorporates high-sensitivity CRP improves
global cardiovascular risk prediction. The reduction of CHD
events in patients with moderately elevated CRP levels and
an intensive statin therapy can be the result of unknown anti-
inflammatory property of statins and the subsequent decrease
of CRP levels.

Thus, we should not stop our investigations at the “marker
versus maker” debate on CRP but try to understand the
inflammatory process associated with atherosclerosis. As
pointed out before CRP is a downstream biomarker of
elevated interleukin-1, interleukin-6, and tumor necrosis
factor 𝛼. Interestingly, two Mendelian randomization studies
showed that a genetic polymorphism in the interleukin-6
receptor signalling pathway associates with lower levels of
CRP and a reduction of cardiovascular events [71, 72]. This
data supports a causal association between inflammatory
activation and atherosclerosis. With these data in mind we
are looking forward to the results from the CANTOS and
CRIT trials. In both studies the investigators are targeting
inflammatory upstreampathways. In theCanakinumabAnti-
inflammatory Thrombosis Outcomes Trial (CANTOS), a
human monoclonal antibody (Canakinumab) that specifi-
cally inhibits IL-1𝛽 is tested to reduce recurrent vascular
events whereas in the Cardiovascular Inflammation Reduc-
tion Trial (CIRT) methotrexate as a tumor necrosis factor 𝛼

and interleukin-6 inhibitor is applied to postmyocardial
infarction patients to examine the promising animal data
showing a slowdown in atherosclerotic lesion progression in
cholesterol-fed rabbits [73].

5. Perspective

As monomeric CRP has an effect on thrombus formation,
the question would be if moderately elevated CRP levels
are associated with an increased risk for CHD events in
“active” CHD. Do instable plaques expose binding ligands to
circulating pentameric CRP which can lead to CRP dissoci-
ation and induction of local inflammation? This question is
answered neither by current data of genetic analyzes nor by
current data of experimental approaches nor by current data
of epidemiological studies.

An elegant way to evaluate a functional role of CRP in
CHD would be randomized trial with a direct CRP inhibitor.
With 1,6-bis-phosphocholine such compound was first tested
in animal models. Another interesting approach is the anti-
sense oligonucleotide ISIS-CRPRx, which reduces the CRP
production in the liver and is currently tested in a phase 2
study on patients with rheumatoid arthritis, according to the
manufacturer’s website with promising success. Noteworthy,
in 2011 Wang et al. showed an aptamer binding specific
to monomeric but not to pentameric CRP [74]. With an
additional blocking quality we would have a new approach
to directly distinguish between monomeric and pentameric
effects [74]. We are most excited about the first results from
in vivo applications from all of those approaches.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] B. Bottazzi, A. Doni, C. Garlanda, and A. Mantovani, “An
integrated view of humoral innate immunity: pentraxins as a
paradigm,” Annual Review of Immunology, vol. 28, pp. 157–183,
2010.

[2] G. Liuzzo, L. M. Biasucci, J. R. Gallimore et al., “The prognostic
value of C-reactive protein and serum amyloid A protein in
severe unstable angina,” The New England Journal of Medicine,
vol. 331, no. 7, pp. 417–424, 1994.

[3] M. Suleiman, R. Khatib, Y. Agmon et al., “Early inflammation
and risk of long-term development of heart failure and mor-
tality in survivors of acute myocardial infarction: predictive
role of C-reactive protein,” Journal of the American College of
Cardiology, vol. 47, no. 5, pp. 962–968, 2006.

[4] K. O. Pietila, A. P. Harmoinen, J. Jokiniitty, and A. I. Pasternack,
“Serum C-reactive protein concentration in acute myocardial
infarction and its relationship to mortality during 24 months of
follow-up in patients under thrombolytic treatment,” European
Heart Journal, vol. 17, no. 9, pp. 1345–1349, 1996.

[5] M. Suleiman, D. Aronson, S. A. Reisner et al., “Admission C-
reactive protein levels and 30-day mortality in patients with
acutemyocardial infarction,”TheAmerican Journal ofMedicine,
vol. 115, no. 9, pp. 695–701, 2003.



Mediators of Inflammation 5

[6] P. M. Ridker, M. Cushman, M. J. Stampfer, R. P. Tracy, and
C. H. Hennekens, “Inflammation, aspirin, and the risk of
cardiovascular disease in apparently healthy men,” The New
England Journal of Medicine, vol. 336, no. 14, pp. 973–979, 1997.

[7] J. Danesh, R. Collins, P. Appleby, and R. Peto, “Association
of fibrinogen, C-reactive protein, albumin, or leukocyte count
with coronary heart disease: meta-analyses of prospective
studies,” The Journal of the American Medical Association, vol.
279, no. 18, pp. 1477–1482, 1998.

[8] P. Libby, P. M. Ridker, and G. K. Hansson, “Inflammation in
Atherosclerosis: from Pathophysiology to Practice,” Journal of
the American College of Cardiology, vol. 54, no. 23, pp. 2129–
2138, 2009.

[9] T. Shah, J. P. Casas, J. A. Cooper et al., “Critical appraisal
of CRP measurement for the prediction of coronary heart
disease events: new data and systematic review of 31 prospective
cohorts,” International Journal of Epidemiology, vol. 38, no. 1, pp.
217–231, 2009.

[10] J. Zacho, A. Tybjærg-Hansen, J. S. Jensen, P. Grande, H. Sillesen,
and B. G. Nordestgaard, “Genetically elevated C-reactive pro-
tein and ischemic vascular disease,”TheNew England Journal of
Medicine, vol. 359, no. 18, pp. 1897–1908, 2008.

[11] H. Schunkert and N. J. Samani, “Elevated C-reactive protein in
atherosclerosis—chicken or egg?” The New England Journal of
Medicine, vol. 359, no. 18, pp. 1953–1955, 2008.

[12] M. B. Pepys andG.M.Hirschfield, “C-reactive protein: a critical
update,”The Journal of Clinical Investigation, vol. 111, no. 12, pp.
1805–1812, 2003.

[13] T. W. du Clos, “Pentraxins: structure, function, and role
in inflammation,” ISRN Inflammation, vol. 2013, Article ID
379040, 22 pages, 2013.

[14] S.-R. Ji, Y. Wu, L. Zhu et al., “Cell membranes and liposomes
dissociate C-reactive protein (CRP) to form a new, biologically
active structural intermediate: mCRP

𝑚
,” The FASEB Journal,

vol. 21, no. 1, pp. 284–294, 2007.
[15] J. E. Volanakis and K. W. Wirtz, “Interaction of C-reactive

proteinwith artificial phosphatidylcholine bilayers,”Nature, vol.
281, no. 5727, pp. 155–157, 1979.

[16] J. E. Volanakis, “Human C-reactive protein: expression, struc-
ture, and function,”Molecular Immunology, vol. 38, no. 2-3, pp.
189–197, 2001.

[17] S. U. Eisenhardt, J. Habersberger, A. Murphy et al., “Disso-
ciation of pentameric to monomeric C-reactive protein on
activated platelets localizes inflammation to atherosclerotic
plaques,” Circulation Research, vol. 105, no. 2, pp. 128–137, 2009.

[18] F. Strang, A. Scheichl, Y.-C. Chen et al., “Amyloid plaques
dissociate pentameric tomonomeric C-reactive protein: a novel
pathomechanism driving cortical inflammation in Alzheimer’s
disease?” Brain Pathology, vol. 22, no. 3, pp. 337–346, 2012.

[19] S. Hakobyan, C. L. Harris, C. W. van den Berg et al., “Comple-
ment factor H binds to denatured rather than to native pen-
tameric C-reactive protein,”The Journal of Biological Chemistry,
vol. 283, no. 45, pp. 30451–30460, 2008.

[20] S.-R. Ji, Y. Wu, L. A. Potempa, Y.-H. Liang, and J. Zhao, “Effect
of modified C-reactive protein on complement activation: a
possible complement regulatory role ofmodified ormonomeric
C-reactive protein in atherosclerotic lesions,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 26, no. 4, pp. 935–941,
2006.

[21] R. de la Torre, E. Peña, G. Vilahur, M. Slevin, and L. Badimon,
“Monomerization of C-reactive protein requires glycoprotein

IIb-IIIa activation: pentraxins and platelet deposition,” Journal
of Thrombosis and Haemostasis, vol. 11, no. 11, pp. 2048–2058,
2013.

[22] S. U. Eisenhardt, J. Habersberger, K. Oliva et al., “A proteomic
analysis of C-reactive protein stimulated THP-1 monocytes,”
Proteome Science, vol. 9, article 1, 2011.

[23] T. M. Murphy, L. L. Baum, and K. D. Beaman, “Extrahepatic
transcription of human C-reactive protein,” The Journal of
Experimental Medicine, vol. 173, no. 2, pp. 495–498, 1991.

[24] A. E. Kuta and L. L. Baum, “C-reactive protein is produced by a
small number of normal humanperipheral blood lymphocytes,”
The Journal of Experimental Medicine, vol. 164, no. 1, pp. 321–
326, 1986.

[25] K. Yasojima, C. Schwab, E. G. McGeer, and P. L. McGeer,
“Human neurons generate C-reactive protein and amyloid P:
upregulation in Alzheimer’s disease,” Brain Research, vol. 887,
no. 1, pp. 80–89, 2000.

[26] M. B. Pepys, “CRPor not CRP?That is the question,”Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 25, no. 6, pp. 1091–
1094, 2005.

[27] F. C. de Beer, C. R. K. Hind, and K. M. Fox, “Measure-
ment of serum C-reactive protein concentration in myocardial
ischaemia and infarction,” British Heart Journal, vol. 47, no. 3,
pp. 239–243, 1982.

[28] I. Kushner, D. Rzewnicki, and D. Samols, “What does minor
elevation of C-reactive protein signify?” The American Journal
of Medicine, vol. 119, no. 2, pp. 166.e17–166.e28, 2006.

[29] J. P. Casas, T. Shah, A. D. Hingorani, J. Danesh, and M. B.
Pepys, “C-reactive protein and coronary heart disease: a critical
review,” Journal of InternalMedicine, vol. 264, no. 4, pp. 295–314,
2008.

[30] J. Danesh, J. G. Wheeler, G. M. Hirschfield et al., “C-reactive
protein and other circulating markers of inflammation in the
prediction of coronary heart disease,”The New England Journal
of Medicine, vol. 350, no. 14, pp. 1387–1397, 2004.

[31] D. I. Buckley, R. Fu, M. Freeman, K. Rogers, and M. Helfand,
“C-reactive protein as a risk factor for coronary heart disease:
a systematic review and meta-analyses for the U.S. preventive
services task force,” Annals of Internal Medicine, vol. 151, no. 7,
pp. 483–495, 2009.

[32] P. M. Ridker, N. P. Paynter, N. Rifai, J. M. Gaziano, and N. R.
Cook, “C-reactive protein and parental history improve global
cardiovascular risk prediction: the Reynolds Risk Score for
men,” Circulation, vol. 118, no. 22, pp. 2243–2251, 2008.

[33] P. M. Ridker, J. E. Buring, N. Rifai, and N. R. Cook, “Develop-
ment and validation of improved algorithms for the assessment
of global cardiovascular risk in women: the Reynolds Risk
Score,”The Journal of the AmericanMedical Association, vol. 297,
no. 6, pp. 611–619, 2007.

[34] D. J. Eapen, P. Manocha, R. S. Patel et al., “Aggregate risk
score based on markers of inflammation, cell stress, and coag-
ulation is an independent predictor of adverse cardiovascular
outcomes,” Journal of the American College of Cardiology, vol.
62, no. 4, pp. 329–337, 2013.

[35] S. E. Nissen, E. M. Tuzcu, P. Schoenhagen et al., “Statin
therapy, LDL cholesterol, C-reactive protein, and coronary
artery disease,” The New England Journal of Medicine, vol. 352,
no. 1, pp. 29–38, 2005.

[36] P. M. Ridker, E. Danielson, F. A. H. Fonseca et al., “Rosuvastatin
to prevent vascular events in men and women with elevated C-
reactive protein,”TheNew England Journal of Medicine, vol. 359,
no. 21, pp. 2195–2207, 2008.



6 Mediators of Inflammation

[37] G. K. Hansson, “Mechanisms of disease: inflammation,
atherosclerosis, and coronary artery disease,”The New England
Journal of Medicine, vol. 352, no. 16, pp. 1685–1626, 2005.

[38] M. Karakas and W. Koenig, “CRP in cardiovascular disease,”
Herz, vol. 34, no. 8, pp. 607–613, 2009.

[39] W. Koenig, “High-sensitivity C-reactive protein and atheroscle-
rotic disease: from improved risk prediction to risk-guided
therapy,” International Journal of Cardiology, vol. 168, no. 6, pp.
5126–5134, 2013.

[40] S. Bhakdi, M. Torzewski, M. Klouche, and M. Hemmes,
“Complement and atherogenesis: binding of CRP to degraded,
nonoxidized LDL enhances complement activation,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 19, no. 10, pp.
2348–2354, 1999.

[41] J. E. Volanakis, “Complement activation by C-reactive protein
complexes,” Annals of the New York Academy of Sciences, vol.
389, pp. 235–250, 1982.

[42] K. Yasojima, C. Schwab, E. G. McGeer, and P. L. McGeer, “Gen-
eration of C-reactive protein and complement components in
atherosclerotic plaques,”TheAmerican Journal of Pathology, vol.
158, no. 3, pp. 1039–1051, 2001.

[43] C. Liu, S. Wang, A. Deb et al., “Proapoptotic, antimigratory,
antiproliferative, and antiangiogenic effects of commercial C-
reactive protein on various human endothelial cell types in
vitro: implications of contaminating presence of sodium azide
in commercial preparation,” Circulation Research, vol. 97, no. 2,
pp. 135–143, 2005.

[44] C. W. van den Berg, K. E. Taylor, and D. Lang, “C-reactive
protein-induced in vitro vasorelaxation is an artefact caused
by the presence of sodium azide in commercial preparations,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 24, no.
10, pp. e168–e171, 2004.

[45] K. E. Taylor, J. C. Giddings, and C.W. van den Berg, “C-reactive
protein-induced in vitro endothelial cell activation is an arte-
fact caused by azide and lipopolysaccharide,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 25, no. 6, pp. 1225–1230,
2005.

[46] T. Koike, S. Kitajima, Y. Yu et al., “Human C-reactive protein
does not promote atherosclerosis in transgenic rabbits,” Circu-
lation, vol. 120, no. 21, pp. 2088–2094, 2009.

[47] A. Paul, K. W. S. Ko, L. Li et al., “C-reactive protein accelerates
the progression of atherosclerosis in apolipoprotein E-deficient
mice,” Circulation, vol. 109, no. 5, pp. 647–655, 2004.

[48] A. Trion, M. P. M. de Maat, J. W. Jukema et al., “No effect
of C-reactive protein on early atherosclerosis development in
apolipoprotein E∗3-Leiden/human C-reactive protein trans-
genic mice,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 25, no. 8, pp. 1635–1640, 2005.

[49] G. A. Tennent, W. L. Hutchinson, M. C. Kahan et al.,
“Transgenic human CRP is not pro-atherogenic, pro-
atherothrombotic or pro-inflammatory in apoE−/− mice,”
Atherosclerosis, vol. 196, no. 1, pp. 248–255, 2008.

[50] M. B. Pepys, G. M. Hirschfield, G. A. Tennent et al., “Targeting
C-reactive protein for the treatment of cardiovascular disease,”
Nature, vol. 440, no. 7088, pp. 1217–1221, 2006.

[51] J. Habersberger, F. Strang, A. Scheichl et al., “Circulating
microparticles generate and transport monomeric C-reactive
protein in patients with myocardial infarction,” Cardiovascular
Research, vol. 96, no. 1, pp. 64–72, 2012.

[52] L. A. Potempa, J. N. Siegel, and B. A. Fiedel, “Expression,
detection and assay of a neoantigen (Neo-CRP) associated

with a free, human C-reactive protein subunit,” Molecular
Immunology, vol. 24, no. 5, pp. 531–541, 1987.

[53] S.-C. Ying, H. Gewurz, C. M. Kinoshita, L. A. Potempa, and J.
N. Siegel, “Identification andpartial characterization ofmultiple
native and neoantigenic epitopes of human C-reactive protein
by using monoclonal antibodies,” The Journal of Immunology,
vol. 143, no. 1, pp. 221–228, 1989.

[54] C. Zouki, B. Haas, J. S. D. Chan, L. A. Potempa, and J. G.
Filep, “Loss of pentameric symmetry of C-reactive protein
is associated with promotion of neutrophil-endothelial cell
adhesion,”The Journal of Immunology, vol. 167, no. 9, pp. 5355–
5361, 2001.

[55] B. Molins, E. Peña, G. Vilahur, C. Mendieta, M. Slevin, and
L. Badimon, “C-reactive protein isoforms differ in their effects
on thrombus growth,”Arteriosclerosis,Thrombosis, andVascular
Biology, vol. 28, no. 12, pp. 2239–2246, 2008.

[56] B. Molins, E. Pea, R. de la Torre, and L. Badimon, “Monomeric
C-reactive protein is prothrombotic and dissociates from cir-
culating pentameric C-reactive protein on adhered activated
platelets under flow,” Cardiovascular Research, vol. 92, no. 2, pp.
328–337, 2011.

[57] M. Mihlan, A. M. Blom, K. Kupreishvili et al., “Monomeric C-
reactive protein modulates classic complement activation on
necrotic cells,”TheFASEB Journal, vol. 25, no. 12, pp. 4198–4210,
2011.

[58] W. K. Lagrand, H. W. M. Niessen, G.-J. Wolbink et al., “C-
reactive protein colocalizes with complement in human hearts
during acute myocardial infarction,” Circulation, vol. 95, no. 1,
pp. 97–103, 1997.

[59] P. A. J. Krijnen, C. Ciurana, T. Cramer et al., “IgM colocalises
with complement and C reactive protein in infarcted human
myocardium,” Journal of Clinical Pathology, vol. 58, no. 4, pp.
382–388, 2005.

[60] R. Nijmeijer, W. K. Lagrand, Y. T. P. Lubbers et al., “C-
reactive protein activates complement in infarcted human
myocardium,” The American Journal of Pathology, vol. 163, no.
1, pp. 269–275, 2003.

[61] G. D. Smith and S. Ebrahim, “Mendelian randomization:
prospects, potentials, and limitations,” International Journal of
Epidemiology, vol. 33, no. 1, pp. 30–42, 2004.

[62] A. Kovacs, F. Green, L.-O. Hansson et al., “A novel common sin-
gle nucleotide polymorphism in the promoter region of the C-
reactive protein gene associated with the plasma concentration
of C-reactive protein,”Atherosclerosis, vol. 178, no. 1, pp. 193–198,
2005.

[63] C. S. Carlson, S. F. Aldred, P. K. Lee et al., “Polymorphisms
within the C-reactive protein (CRP) promoter region are
associated with plasma CRP levels,” The American Journal of
Human Genetics, vol. 77, no. 1, pp. 64–77, 2005.

[64] C. Verzilli, T. Shah, J. P. Casas et al., “Bayesian meta-analysis of
genetic association studies with different sets of markers,” The
American Journal of Human Genetics, vol. 82, no. 4, pp. 859–
872, 2008.

[65] S. Kathiresan, M. G. Larson, R. S. Vasan et al., “Contribution
of clinical correlates and 13 C-reactive protein gene poly-
morphisms to interindividual variability in serum C-reactive
protein level,” Circulation, vol. 113, no. 11, pp. 1415–1423, 2006.

[66] D. T. Miller, R. Y. L. Zee, J. S. Danik et al., “Association of
commonCRP gene variants with CRP levels and cardiovascular
events,” Annals of Human Genetics, vol. 69, no. 6, pp. 623–638,
2005.



Mediators of Inflammation 7

[67] I. Kardys, M. P. M. de Maat, A. G. Uitterlinden, A. Hofman,
and J. C.M.Witteman, “C-reactive protein gene haplotypes and
risk of coronary heart disease: the Rotterdam Study,” European
Heart Journal, vol. 27, no. 11, pp. 1331–1337, 2006.

[68] P. Elliott, J. C. Chambers, W. Zhang et al., “Genetic loci
associated with C-reactive protein levels and risk of coronary
heart disease,”The Journal of the American Medical Association,
vol. 302, no. 1, pp. 37–48, 2009.

[69] F. Wensley, P. Gao, S. Burgess et al., “Association between
C reactive protein and coronary heart disease: mendelian
randomisation analysis based on individual participant data,”
British Medical Journal, vol. 342, article d548, 2011.

[70] G. D. Smith and S. Ebrahim, “‘Mendelian randomization’:
can genetic epidemiology contribute to understanding envi-
ronmental determinants of disease?” International Journal of
Epidemiology, vol. 32, no. 1, pp. 1–22, 2003.

[71] A. D. Hingorani and J. P. Casas, “The interleukin-6 receptor as
a target for prevention of coronary heart disease: a mendelian
randomisation analysis,”TheLancet, vol. 379, no. 9822, pp. 1214–
1224, 2012.

[72] N. Sarwar, A. S. Butterworth, D. F. Freitag et al., “Interleukin-
6 receptor pathways in coronary heart disease: a collaborative
meta-analysis of 82 studies,” The Lancet, vol. 379, no. 9822, pp.
1205–1213, 2012.

[73] A. Bulgarelli, A. A. M. Dias, B. Caramelli, and R. C.
Maranhão, “Treatment with methotrexate inhibits atherogen-
esis in cholesterol-fed rabbits,” Journal of Cardiovascular Phar-
macology, vol. 59, no. 4, pp. 308–314, 2012.

[74] M. S. Wang, J. C. Black, M. K. Knowles, and S. M. Reed,
“C-reactive protein (CRP) aptamer binds to monomeric but
not pentameric form of CRP,” Analytical and Bioanalytical
Chemistry, vol. 401, no. 4, pp. 1309–1318, 2011.


