
Mediators of Inflammation

C-Reactive Protein and Arteriosclerosis

Guest Editors: Jan Torzewski, Jianglin Fan, Heribert Schunkert,  
Alexander Szalai, and Michael Torzewski 



C-Reactive Protein and Arteriosclerosis



Mediators of Inflammation

C-Reactive Protein and Arteriosclerosis

Guest Editors: Jan Torzewski, Jianglin Fan,
Heribert Schunkert, Alexander Szalai, andMichael Torzewski



Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Mediators of Inflammation.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Editorial Board

Anshu Agrawal, USA
Muzamil Ahmad, India
Simi Ali, UK
Philip Bufler, Germany
Hidde Bult, Belgium
Elisabetta Buommino, Italy
Luca Cantarini, Italy
Dianne Cooper, UK
Fulvio D’Acquisto, UK
PhamMy-Chan Dang, France
Beatriz De las Heras, Spain
Chiara De Luca, Russia
Yves Denizot, France
Clara Di Filippo, Italy
Bruno L. Diaz, Brazil
Maziar Divangahi, Canada
Amos Douvdevani, Israel
Stefanie B. Flohé, Germany
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Although extensively studied and indeed emotionally dis-
cussed for more than two decades the role of C-reactive
protein (CRP) in cardiovascular disease remains controver-
sial. Three major questions are still not yet resolved. (1) Is
CRP a clinically relevant marker of cardiovascular risk? (2)
Is CRP even more than a risk marker, that is, a risk factor in
cardiovascular disease? (3) Finally, is CRP a cardiovascular
drug target?

This special issue comprises four review articles and three
research articles that reflect the ongoing controversy over the
subject. The review articles discuss CRP as a cardiovascular
risk marker, CRP in animal models, CRP in its native and
nonnative conformation, and CRP in human arteriosclerosis.
The research articles deal with CRP as a cardiovascular risk
marker in non-ST elevation acute coronary syndrome and
with CRP as a drug target. The discussion climaxes in two
research articles describing the use of CRP specific antisense
oligonucleotides (ASOs) for the treatment of cardiovascular
disease in animal models.The conclusions are indeed contra-
dictory.When looking at the two articles, three general points
may have to be taken into consideration. (1) Is the statistical
power of the animal experiments adequate to draw definitive
conclusions? (2) Are there off-target effects of the ASOs that
may confound the results? And (3) is it necessary to design
studies incorporating multiple on-target ASOs?

Specific CRP inhibition followed by use of CRP inhibitors
in controlled clinical trials may be the only way to prove or
disprove a causative role for CRP in cardiovascular disease.
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C-reactive protein (CRP) performs two recognition functions that are relevant to cardiovascular disease. First, in its native
pentameric conformation, CRP recognizes molecules and cells with exposed phosphocholine (PCh) groups, such as microbial
pathogens and damaged cells. PCh-containing ligand-bound CRP activates the complement system to destroy the ligand. Thus,
the PCh-binding function of CRP is defensive if it occurs on foreign pathogens because it results in the killing of the pathogen
via complement activation. On the other hand, the PCh-binding function of CRP is detrimental if it occurs on injured host cells
because it causes more damage to the tissue via complement activation; this is how CRP worsens acute myocardial infarction
and ischemia/reperfusion injury. Second, in its nonnative pentameric conformation, CRP also recognizes atherogenic low-density
lipoprotein (LDL). Recent data suggest that the LDL-binding function of CRP is beneficial because it prevents formation of
macrophage foam cells, attenuates inflammatory effects of LDL, inhibits LDL oxidation, and reduces proatherogenic effects of
macrophages, raising the possibility that nonnative CRPmay show atheroprotective effects in experimental animals. In conclusion,
temporarily inhibiting the PCh-binding function of CRP along with facilitating localized presence of nonnative pentameric CRP
could be a promising approach to treat atherosclerosis and myocardial infarction.There is no need to stop the biosynthesis of CRP.

1. Introduction

C-reactive protein (CRP) is a multifunctional and evo-
lutionarily conserved plasma protein (reviewed in [1–8]).
Through the circulation, CRP reaches tissues and is seen
deposited at sites of inflammation. Human CRP is comprised
of five identical subunits arranged in a cyclic pentamer
[9]. In this paper, we review two recognition functions
of pentameric CRP which are relevant to cardiovascular
disease: the phosphocholine- (PCh-) binding function of
native pentameric CRP that has been implicated in acute
myocardial infarction and ischemia/reperfusion (I/R) injury
and the atherogenic low-density lipoprotein- (LDL-) binding
function of nonnative pentameric CRP that has been impli-
cated in atherosclerosis.

2. PCh-Binding Function of Native Pentameric
CRP, Myocardial Infarction, and I/R Injury

A major function of CRP in its native pentameric form
is to bind, in a Ca2+-dependent manner, to molecules and

cells bearing exposed PCh groups, such as the cell wall
of pneumococci and cell membrane of damaged cells [10,
11]. Once CRP is bound to a PCh-containing ligand, it
activates the complement system to destroy the ligand [12,
13]. When CRP binds to foreign pathogens, it helps in the
killing of the pathogen via complement activation. In mouse
models of pneumococcal infection, CRP has been shown
to be protective; that is, CRP decreases bacteremia and
increases survival of infected mice ([14] reviewed in [15, 16]).
Experiments performed in vitro using necrotic and apoptotic
cells reveal that the binding of CRP to necrotic and apoptotic
cells can facilitate the removal of such cells [17–21]. However,
experiments performed in vivo using animal models of I/R
injury reveal that the binding of CRP to damaged cells is
detrimental to the tissue [22–25]. Combined data suggest
that the consequences of the binding of CRP to damaged
cells depend on the tissue. In many places in the body (skin
and subcutaneous tissue, e.g.,), it does no harm to bind
complement and hasten death of dead tissue. The situation
for the organs which are working all the time and do not have
the ability to regenerate their tissue (heart, e.g.,) is different
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and hastening removal of dead tissue will be harmful. During
myocardial infarction, the necrotic part of the myocardium
will be removed by CRP. However, the ischemic part of the
tissuewhere the damage can be reversedmay also be removed
by CRP, as described previously [26]. Thus, the PCh-binding
function of CRP is defensive for the host because it leads to
protection against pneumococcal infection and removal of
necrotic tissue. On the other hand, the PCh-binding function
of CRP is detrimental for the host when CRP binds to
reversibly damaged myocardial cells, because it causes more
damage to the tissue via complement activation.

Studies in animals (mice, rats, and rabbits) and human
specimens have shown that both CRP and components of the
activated complement system are deposited and colocalized
in myocardial infarcts and that complement activation is due
to the presence of CRP [27–32]. CRP has been shown to
exacerbate left ventricular dysfunction and promote adverse
left ventricular remodeling after myocardial infarction [33].
Mostly by employing animal models of I/R injury, it has been
shown that CRP enhances the size of myocardial infarcts and
also contributes to ischemic tissue damage in intestine, lung,
kidney, and brain [22–25, 32–34]. In a mesenteric I/R model,
CRP deposition correlated with complement deposition,
suggesting a role of CRP in complement activation [23]; in
these studies, inhibition of complement activation by using
C1 inhibitor reduced the effects of CRP on intestinal injury.
Similarly, inhibition of complement activation by decay-
accelerating factor also prevented CRP-mediated intestinal
injury and remote lung damages following mesenteric I/R
[24]. In mice transgenic for human CRP, arterial injury
resulted in an expedited and higher rate of thrombotic
occlusion compared to that in nontransgenic mice [35].
CRP-mediated exacerbation of vascular injury involves com-
plement since lowering the biosynthesis of CRP prevented
complement consumption [36].These findings indicated that
an intact complement system is required for the damaging
effects of CRP on myocardial injury because lowering of
CRP level, depleting complement, or blocking CRP-mediated
complement activation abrogated the effects of CRP. Thus,
CRP- and CRP-mediated complement activation both con-
tribute to myocardial injury.

Each subunit of CRP has a PCh-binding site. The three-
dimensional structure of the PCh-binding site reveals that
Glu81 in the PCh-binding hydrophobic pocket of CRP inter-
acts with the nitrogen atom of choline in PCh, that Phe66
interacts with the three methyl groups of choline, and that
Thr76 is critical for creating the appropriately sized pocket
on CRP to accommodate PCh. The phosphate group of PCh
directly coordinates with the two calcium ions bound to CRP
[9, 37].We generated a CRP triplemutant, F66A/T76Y/E81A,
that does not bind to PCh and was therefore unable to form
complexes capable of activating complement [14]. Such a
mutant is suitable for use in experiments aimed at defining
the contribution of the PCh-binding site of CRP in deteri-
orating tissue injury. In another approach, pharmacological
inhibition of CRP using a PCh-based compound reduced
the deposition of CRP at myocardial infarcts and inhibited
complement activation, indicating that the PCh-binding site
of CRP participates in worsening the infarct size and that

the inhibition of the PCh-binding site is a useful strategy to
prevent tissue-damaging conditions [38]. Similarly, pharma-
cological inhibition of biosynthesis of CRP also resulted in a
reduction of CRP-mediated exacerbation of vascular injury
[36].

3. LDL-Binding Function of Nonnative
Pentameric CRP and Atherosclerosis

Native CRP does not bind to native LDL under normal
physiological conditions [39–42]. NativeCRP andnative LDL
interact with each other only when either one is immobilized,
modified, or aggregated [39–44], raising the possibility that
CRP and LDL may interact with each other under patholog-
ical conditions. The native pentameric structure of CRP can
be modified in vitro and we have shown that the recognition
functions of nonnative pentameric CRP are different from
those of native CRP: one function of CRP in its nonnative
pentameric conformation is to bind to atherogenic LDL [45–
49]. Two types of LDL are used as models of atherogenic
LDL: enzymatically modified LDL (E-LDL) and oxidized
LDL (ox-LDL) [50–53]. To E-LDL, even native CRP binds
and the binding is inhibited by free PCh [40, 45, 54]. Data
obtained from PCh-inhibition experiments suggest that CRP
binds to E-LDL through the PCh groups in E-LDL and that
the binding is mediated by the PCh-binding site of CRP.
However, the amino acids in CRP that contact PCh are not
critical for the binding of CRP to E-LDL, indicating that the
PCh groups present in E-LDL are not the only components in
E-LDL through which CRP binds to E-LDL [45]. It has been
shown that CRP binds to E-LDL through cholesterol also and
that this bindingwas also PCh-inhibitable [55, 56]. Nonnative
CRP binds to E-LDLmore avidly than native CRP through an
as-yet-undefined mechanism [45–47].

Several investigators have reported that native CRP can
also bind to ox-LDL through the PCh moiety in ox-LDL
[41, 54, 57] and several investigators have reported that native
CRP does not bind to ox-LDL [42, 47, 48, 55, 58]. CRP
has also been shown to bind to ox-LDL in vivo in diabetes
mellitus patients with atherosclerosis and when ox-LDL is
complexed with 𝛽2 glycoprotein I [59, 60]. We reported that
a modification of the native pentameric structure of CRP was
required for binding to ox-LDL and that CRP, in its nonnative
pentameric conformation, binds efficiently to ox-LDL [46–
48]. Taken together, it seems that the binding of CRP to ox-
LDLdepends on the stringency of themethodused to prepare
ox-LDL. If the PCh groups are exposed to ox-LDL, then
native CRP would bind, if the PCh groups are not exposed to
ox-LDL, then nativeCRPwould not bind, and nonnativeCRP
would bind to ox-LDL regardless of the extent and nature of
oxidation. The mechanism of interaction between nonnative
CRP and atherogenic LDL, however, has not been elucidated
yet. On the LDL molecules, the moieties that could interact
with CRP include PCh, cholesterol, apoB, and phospho-
ethanolamine [40, 41, 43, 45, 51, 52, 55, 56, 61, 62]. In addition,
the amyloid-like structures which are induced in LDL by oxi-
dation could also be recognized by nonnative CRP [63]. We
hypothesize that the LDL-binding site is buried (or absent)
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in native CRP and is exposed (or formed) in nonnative CRP
by the loosening up of the pentamer [47, 48]. CRP has been
found deposited and colocalized with LDL in atherosclerotic
lesions in humans and experimental animals, indicating the
presence of nonnative CRP at the lesions [64–70].

The recognition function of CRP to bind to atherogenic
LDL should have an effect on the formation of LDL-loaded
macrophage foam cells and also on the proinflammatory
effects of foam cells and LDL. The formation of foam cells
represents an early step in atherosclerosis and begins when
macrophages bind and take up LDL [71–73]. Using immuno-
histochemical staining of atherosclerotic lesions with anti-
bodies to CRP and LDL, the outcome of the interactions
among native or aggregated CRP, LDL, and macrophages
with regard to the formation of macrophage foam cells has
been investigated extensively [44, 57, 65, 74–76]; however, a
review of the published literature does not provide a clear-
cut overall conclusion [1, 77]. Similarly, it is also unclear
whether both Fc𝛾 receptor CD32 and LDL receptor CD36
on macrophages participate if there is an effect of CRP on
the uptake of LDL by macrophages [44, 57, 76, 78]. We
investigated the effect of CRP on the accumulation of lipid
droplets made up of cholesteryl esters in E-LDL-treated
macrophages and found that, in contrast to E-LDL alone,
CRP-bound E-LDL was inactive for the formation of foam
cells [45]. Other consequences of CRP-LDL interactions
have also been reported [74, 79–81]. CRP causes charge
modification of LDL [74]. CRP reduces the susceptibility of
copper-induced oxidation of LDL [58, 79]. CRP attenuates
adhesion and activation of monocytes via the prevention of
binding of minimally modified LDL to monocytes; this effect
was mediated by the binding of CRP to monocytes [80]. CRP
also suppresses the proatherogenic effects of macrophages
when bound to lysophosphatidylcholine, a moiety present
in oxLDL [81]. Collectively, these findings suggest that CRP,
under defined conditions, prevents foam cell formation and
reduces proinflammatory effects of LDL and foam cells.

To determine the role of CRP in the development of
atherosclerosis, human native CRP has been introduced into
three different murine models of atherosclerosis: Apo𝐸−/−

mice, LDL𝑟−/− mice, and ApoB100/100Ldl𝑟−/− mice (reviewed
in [1, 77]). CRP was found to be neither proatherogenic nor
atheroprotective in Apo𝐸−/− mice [82–85]. Both passively
administered CRP and transgenically expressed CRP had no
effect on the development, progression, or severity of sponta-
neous atherosclerosis in Apo𝐸−/−mice. In LDL𝑟−/−mice also,
there was no effect of CRP on the development of atheroscle-
rosis [86]. In rabbits transgenic for human CRP also, CRP
did not affect aortic or coronary atherosclerosis lesion for-
mation [87]. However, two recent studies indicated athero-
protective effects of CRP [88, 89]. In ApoB100/100Ldl𝑟−/−
mice, CRP slowed the development of atherosclerosis [88].
In Apo𝐸−/−CR𝑃−/− and LDL𝑟−/−CR𝑃−/− mice, the size of
atherosclerotic lesions was either equivalent or increased
when compared to that of Apo𝐸−/− and LDL𝑟−/− mice, sug-
gesting that even mouse CRP may mediate atheroprotective
effects. These data raise hopes that nonnative CRP may
be more atheroprotective than native CRP considering the

difference between the LDL-binding recognition functions of
nonnative and native CRP.

Although much more experimentation needs to be done,
there are already several lines of evidence to indicate that
the LDL-binding function of CRP is beneficial and may con-
tribute to atheroprotection. First, CRP reduces further oxida-
tion of LDL. Second, CRP attenuates monocyte adhesion and
activation via the prevention of binding of atherogenic LDL to
monocytes.Third, CRP suppresses the proatherogenic effects
of macrophages. Fourth, CRP prevents foam cell formation.
Fifth, at least in two in vivo studies, both human and mouse
CRP showed some atheroprotective effects.

4. Conclusions

There is no data to suggest that CRP causes a disease. CRP
infused in healthy human adults does not result in any
significant clinical, hematologic, coagulative, or biochemical
changes or any increase in proinflammatory cytokines or
acute phase proteins [90]. In case of acute myocardial
infarction inmodel animals, CRPworsens an already existing
disease; CRP does what it is programmed to do, that is, to
bind to PCh and activate complement, and just in this case
CRP does harm.We conclude that CRP is an atheroprotective
molecule and, therefore, a host defense protein. CRPmutants
(nonnative CRP) capable of efficiently binding to all forms
of atherogenic LDL can be evaluated for their effects on the
development of atherosclerosis in available animal models to
test our conclusion. Administration of exogenously prepared
CRP mutant may be useful to capture atherogenic LDL to
prevent atherosclerosis. If it turns out that nonnative CRP is
indeed atheroprotective, a long-term goal could be to focus
on the discovery and design of small-molecule compounds
to target CRP (a compound that can change the structure
of endogenous CRP) for capturing atherogenic LDL. The
purpose of administering a PCh-based compound to target
CRP is to inhibit binding of CRP to damaged cells to prevent
further damage to myocardial infarcts. As of now, we do not
see any need to lower the circulating level of native CRP, as
we have suggested previously [91].
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Increased plasma levels of C-reactive protein (CRP) are closely associated with cardiovascular diseases, but whether CRP is directly
involved in the pathogenesis of atherosclerosis is still under debate. Many controversial and contradictory results using transgenic
mice and rabbits have been published but it is also unclear whether CRP lowering can be used for the treatment of atherosclerosis. In
the current study, we examined the effects of the rabbit CRP antisense oligonucleotides (ASO) on the development of atherosclerosis
in WHHL rabbits. CRP ASO treatment led to a significant reduction of plasma CRP levels; however, both aortic and coronary
atherosclerotic lesions were not significantly changed compared to those of control WHHL rabbits. These results suggest that
inhibition of plasma CRP does not affect the development of atherosclerosis in WHHL rabbits.

1. Introduction

C-reactive protein (CRP) is a classical plasma protein marker
that is markedly elevated in the acute phase of inflam-
mation, infection, and tissue damage and thus has been
broadly used for monitoring and differential diagnosis [1,
2]. The major functions of CRP include its ability to bind
to various ligands exposed to damaged tissue or bacteria
(opsonization) for the enhancement of phagocytosis and
activation of the complement pathway, thereby enabling it
to exert both anti- and proinflammatory functions [2, 3].
CRP is mainly expressed by hepatocytes, and its synthesis

is regulated at the posttranscriptional level by cytokines [4].
Ample data from both clinical and experimental studies have
shown that a high level of plasma CRP is a risk factor as
well as marker for cardiovascular diseases [5–9], although
some studies failed to prove the risk of CRP compared to
other risk factors. The JUPITER trial (Justification for the
Use of Statins in Primary Prevention: an Intervention Trial
Evaluating Rosuvastatin) showed that a lipid-lowering drug,
rosuvastatin (Crestor), can significantly reduce the incidence
of major cardiovascular events, even in apparently healthy
subjects not exhibiting established risk factors such as hyper-
lipidemia, but with elevated high-sensitive CRP levels [10].
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Regardless of this controversy, emerging evidence indicates
that high levels of CRP may be potentially atherogenic [11,
12]. However, this hypothesis is under debate. Studies of
transgenic mice (expressing either human or rabbit CRP)
along with human CRP transgenic rabbits and CRP-deficient
mice failed to provide a clear conclusion regarding whether
CRP is atherogenic [13–23]. The major concerns about these
animal studies are as follows: (1) mouse endogenous CRP
is not physiologically active in vivo and (2) transgenic
proteins are exogenous to animals, which may complicate
the evaluation of CRP pathophysiological functions in these
models [23]. In our previous study, we found that WHHL
rabbits are an excellent model for the study of CRP and its
relationship with atherosclerosis because they have higher
levels of plasma CRP and immunoreactive CRP proteins are
present in lesions of atherosclerosis [24]. In addition, rabbit
CRP has 74% homology with human CRP [1] and rabbit
CRP levels are highly inducible and responsive during the
inflammatory reaction [25]. To examine whether CRP is
involved in the development of atherosclerosis and whether
therapeutic strategies to lower CRP levels are useful for
treating atherosclerosis, we intravenously injected the rabbit
CRP antisense oligonucleotides (ASOs) into WHHL rabbits.
Using two different-aged WHHL models, we examined (1)
whether CRP ASOs could reduce the plasma levels of CRP
and (2) whether CRP lowering would affect the initia-
tion and progression of aortic atherosclerosis and coronary
atherosclerosis. However, we did not identity antiatherogenic
effects of CRP antisense, suggesting that CRP is not an
atherogenic factor or a therapeutic target for the treatment
of atherosclerosis.

2. Materials and Methods

Watanabe heritable hyperlipidemic (WHHL) rabbits [26]
were bred in a closed colony at Kobe University and housed
in the animal facility of University of Yamanashi with a
12 h light/dark cycle at 23∘C and 55% humidity. They were
fed with a standard chow diet (CR-3), containing 17.6%
protein, 4.1% fat derived from soybean oil, and 10.1% fiber
(CLEA Japan, Inc., Tokyo, Japan) and had free access to
water. All animal experiments were performed with the
approval of the Animal Care Committee of the University
of Yamanashi and conformed to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health. Rabbit CRP antisense oligonucleotides
(ASO, 5ATAAGCAAGCAAACACCC3, no. 280290) and
mismatched control oligonucleotides (5CCTTCCCTGAA-
GGTTCCTCC3, no. 141923) were designed and synthesized
by ISIS Pharmaceuticals Inc. (Carlsbad, CA) [27]. ASO
280290 was selected among 100 candidate oligonucleotides
and doses aimed at obtaining maximally inhibitory efficacy
were screened using cultured rabbit hepatocytes. For in vivo
studies, CRP ASOs were dissolved in saline solution and
intravenously injected into WHHL rabbits through ear veins
(60mg/Kg BW/week) twice a week for 16 weeks. Control
mismatched oligonucleotides were injected in the same way
as CRP ASOs.

3. Experimental Design and Analysis

To examine whether rabbit CRP ASO administration could
affect the development of atherosclerosis, we designed and
performed two experiments. For the first experiment, we
used young WHHL rabbits aged 3∼4 months (𝑛 = 9 for
each group, containing 5 males and 4 females).TheseWHHL
rabbits started to develop aortic atherosclerosis, which rep-
resents the so-called early-stage lesions, such as fatty streaks
in humans [28]. Therefore, we could examine whether CRP
ASOs had any effects on the initiation and prevention of
atherosclerosis. For the second experiment, relatively old
WHHL rabbits (8–11 months old, 𝑛 = 10 for each group)
were used. These old WHHL rabbits developed advanced
lesions, which are similar to human atherosclerotic plaques
(including lipid cores, fibrous caps, and shoulders) [28].
In this way, we could clarify whether CRP ASO had any
influence on the progression of the advanced lesions of
atherosclerosis.

Plasma total cholesterol (TC), triglycerides (TG), and
HDL-cholesterol (HDL-C) were determined using Wako
assay kits (Wako Pure Chemical Industries, Osaka, Japan).
For the analysis of lipoprotein profiles, plasma was resolved
by electrophoresis in 1% agarose universal gels (Helena
Laboratories, Saitama, Japan), and then the gels were stained
with Fat Red 7B [29]. Plasma lipoproteins were also analyzed
using high-performance liquid chromatography (HPLC) by
Skylight Biotech, Inc. (Tokyo, Japan), at the end of the experi-
ment. Plasma CRP levels were quantified using CRP enzyme-
linked immunosorbent assay (ELISA) kits (Shibayagi Co.,
Ltd., Gunma, Japan) [30]. Liver mRNA expression levels
of CRP were analyzed by real-time reverse transcriptase-
polymerase chain reaction (RT-PCR), as described previously
[30]. All rabbits were sacrificed after 16 weeks and their aortas
and hearts were dissected for examination of atherosclerotic
lesions using the standard method established in our labora-
tory [23, 31].

3.1. Statistical Analysis. All values are expressed as themean±
SD and statistical significancewas determined using Student’s
t-test. In all cases, statistical significance was set at 𝑃 < 0.05.

4. Results

4.1. CRPASOEffects onYoungWHHLRabbits. Wefirstmeas-
ured the plasma levels of CRP after CRP ASO treatment. As
reported in our previous study, WHHL rabbits at 4 months
exhibited higher plasma levels of CRP than JW wild-type
rabbits [30]. As shown in Figure 1 (left panels), WHHL
rabbits had about 10-fold (in males) and 20-fold higher CRP
(in females) levels at 4 months than JW rabbits (3.15 ±
0.8mg/L) [30]. 16 weeks later, plasma levels of CRP were
further increased by 143% (on average in males and females),
suggesting that these increased CRP levels of WHHL rabbits
were accompanied by (or correlated with) the development
of aortic lesions induced by hypercholesterolemia. Treatment
with CRP ASOs for 16 weeks led to the reduction of plasma
CRP by 61% in males and 56% in females compared with that
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Figure 1: Plasma levels of CRP in WHHL rabbits and real-time
RT-PCR analysis of hepatic mRNA of CRP expression. Plasma CRP
levels were measured before and after treatment with CRP ASOs for
16 weeks. CRP mRNA expression in the liver was quantified at 16
weeks. The values are expressed as the mean ± SD. 𝑛 = 4-5 for each
group.

of the controls, although the differences were not significant
(𝑃 = 0.06). Reduced plasma levels of CRP were consistent
with lower hepatic expression of CRP mRNA, as shown by
RT-PCR analysis (Figure 1, right panels).

In spite of this, we found that CRP ASO-treated WHHL
rabbits had somewhat higher plasma lipids including TC
(starting from 3 weeks, 𝑃 < 0.05) and TG (starting from 10
weeks,𝑃 < 0.05) than controls, (Figure 2)whileHDL-C levels
were unchanged (data not shown). Analysis of lipoprotein
profiles revealed that increased plasma lipids in CRP ASO-
treated WHHL rabbits were mainly caused by significantly
increased very low density lipoproteins (VLDLs) (𝑃 < 0.01)
and chylomicron remnant contents (𝑃 < 0.05) (Figure 3).
To elucidate the possible mechanisms, we measured the
rates of VLDL secretion in fasting animals in vivo using
Triton WR-1339 to block hydrolysis of TG-rich lipoproteins
by lipoprotein lipase [32]. The base line levels of VLDL-
TG of ASO-treated WHHL rabbits were higher than those
of controls; however, VLDL synthesis rate afterwards was
similar to that in controls (Figure 3).

After rabbits were sacrificed, we compared the aortic
lesions and examined the histological features under a light
microscope. As shown in Figure 4, ASO treatment did not
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Figure 2: Analysis of plasma levels of lipids. CRP ASO treatment
increased plasma lipids (TC and TG). Data are combined frommale
and female rabbits and expressed as the mean ± SD. 𝑛 = 4-5 for each
group.

change the aortic en face lesion areas in all parts compared
to those of controls. We further compared the microscopic
lesion size and histological features. Quantitative analysis
of the microscopic lesions and macrophage and smooth
muscle cell contents along with CRP immunoreactive protein
deposition did not reveal any significant differences between
CRP ASO-treated WHHL rabbits and controls (Figure 5).

4.2. CRP ASO Effects on Old WHHl Rabbits. In the second
experiment, we treatedWHHL rabbits aged 8∼11monthswith
CRP ASOs. These old rabbits showed extensive atheroscle-
rotic lesions in both aortas and coronary arteries [28] accom-
panied by high levels of CRP [30]. After treatment with CRP
ASOs for 16 weeks, plasmaCRP levels were consistently lower
than in controls (Figure 6).

Similar to the first experiment, plasma levels of TC were
higher in the CRP ASO-treated group than that in controls
(Figure 7), while TG andHDL-C levels were unchanged (data
not shown). Regardless of prominently lower CRP levels,
we did not find any differences between ASO-treated and
control groups in both aortic gross and microscopic lesion
areas (Figures 8 and 9). Histological examination revealed
that CRP immunoreactive protein contents were slightly
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Figure 5: Microscopic analysis of the aortic lesions. Representative micrographs of the aortic lesions from CRP ASO-treated and control
rabbits (a). Serial paraffin sections were stained with hematoxylin-eosin (HE) and elastica van Gieson (EVG) or immunohistochemically
stained with monoclonal antibodies (mAbs) against either macrophages (M𝜑) or 𝛼-smooth muscle actin for smooth muscle cells (SMC) or
rabbit CRP. Intimal lesions on EVG-stained sections and positively immunostained areas of macrophages; SMC and CRP were quantified
with an image analysis system (b). 𝑛 = 9 for each group.

reduced in the lesions of CRP ASO-treated WHHL rabbits,
but without statistical significance (Figure 9). Because old
WHHL rabbits developed coronary atherosclerotic lesions,
we further compared the coronary lesions (expressed as
stenosis percentage) and found that left coronary stenosis was
slightly less inCRPASO-treatedWHHL rabbits, although the
difference was not statistically significant (Figure 10).

5. Discussion

C-reactive protein (CRP) is not only a predictor but also a
potential risk factor of cardiovascular events [33]. Several
lines of evidence showed that CRPmaymodulate the vascular

functions and thereby influence the initiation and progres-
sion of atherosclerosis [11, 34]. On the other hand, many
controversial and contradictory results fromboth human and
experimental animals have been published on the effects of
CRP on atherosclerosis [18, 23, 35]. In the current study,
we first developed rabbit CRP antisense oligonucleotides
and then evaluated their effects on WHHL rabbits, a well-
established model for the investigation of atherosclerosis.
Although CRP ASOs could reduce the plasma levels of
CRP through inhibiting hepatic CRP synthesis, we failed to
demonstrate any beneficial (antiatherogenic) effects caused
by CRP lowering: CRP ASO treatment did not change the
aortic and coronary atherosclerosis in two groups of WHHL
rabbits compared with that of controls. In spite of this, CRP
ASO did not affect the lesion cellular components as well.
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Therefore, these results are consistent with our previous study
using cholesterol-fed human CRP transgenic rabbits [23] and
further strengthen the notion that CRP is not an atherogenic
factor but rather an inflammatory marker [36]. It is also
unlikely thatCRP can be a therapeutic target for the treatment
of atherosclerosis. These observations are consistent with the
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Figure 8: Analysis of aortic atherosclerosis. Representative pho-
tographs of pinned-out aortic trees stained with Sudan IV from
CRP ASO-treated and control rabbits are shown (left), and aortic
atherosclerotic lesions (defined by sudanophilic area) on the surface
were quantified with an image analysis system (right). Data are
combined from male and female rabbits and expressed as the
mean ± SD. 𝑛 = 10 for each group.

current clinical trial results showing that CRP inhibitors can
reduce plasmaCRP levels by∼80% in normal subjects, as well
as, endotoxin challenged and atrial fibrillation patients while
other key cytokines, signs, and symptoms remained entirely
unchanged in the endotoxin challenged subjects (Graham,M.
personal communications).

It should be pointed out, however, that the current results
cannot rule out the possibility that CRP may be involved in
other inflammatory diseases.

Unexpectedly, we found that CRP ASO treatment ele-
vated plasma lipids in WHHL rabbits due to enhancement
of apoB-containing particle production. CRP ASO-induced
lipid raising effect was not found in human clinical trials
using CRP ASOs. It is currently unknown whether elevated
plasma lipids are caused by CRP inhibition or CRP ASOs
themselves (such as off-targeting effects).

In conclusion, we found that CRP lowering does not
have significant influence on the initiation and progression
of atherosclerosis in WHHL rabbits; thus, CRP may not be a
therapeutic target for the treatment of atherosclerosis.

Conflict of Interests

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

Authors’ Contribution

Qi Yu and Zhengcao Liu contributed equally to this work.



Mediators of Inflammation 7

0

2.5

5.0

7.5

10.0

12.5

0

5

10

15

20

25

40

CR
P 

(%
)

0

5

10

15

M
ac

ro
ph

ag
es

 (%
)

25

0

12

Sm
oo

th
 m

us
cle

 ce
lls

 (%
)

4

8
Le

sio
n 

ar
ea

 (m
m

2
)

C
on

tro
l

CR
P 

A
SO

C
on

tro
l

CR
P 

A
SO

C
on

tro
l

CR
P 

A
SO

C
on

tro
l

CR
P 

A
SO

Figure 9:Microscopic analysis of the aortic lesions. Serial paraffin sectionswere stainedwith hematoxylin-eosin (HE) and elastica vanGieson
(EVG) or immunohistochemically stained with monoclonal antibodies (mAbs) against either macrophages (M𝜑) or 𝛼-smooth muscle actin
for smooth muscle cells (SMC) or rabbit CRP. Intimal lesions on EVG-stained sections and positively immunostained areas of macrophages;
SMC and CRP were quantified with an image analysis system. Data are combined frommale and female rabbits and expressed as the mean ±
SD. 𝑛 = 10 for each group.

St
en

os
is 

(%
) 

0

10

20

30

40

50

60

LCA RCA

Control
CRP ASO

Figure 10: Analysis of coronary atherosclerosis. The heart was cut
into 7 blocks, and blocks I and II containing left and right coronary
trunks were sectioned in 500 𝜇m intervals (3 sections from each
block) and stained with EVG. Coronary stenosis (lesion area/total
lumen area × 100(%) was measured and is expressed as percentage.
LCA indicates left coronary artery trunks; and RCA, right coronary
artery trunks.

Acknowledgment

Thework was supported in part by grants-in-aid for scientific
research from Ministry of Education, Culture, Sports and
Technology, Japan (KAKENHI 22390068 to J. Fan).

References

[1] M. B. Pepys and M. L. Baltz, “Acute phase proteins with special
reference to C-reactive protein and related proteins (pentaxins)
and serum amyloid A protein,” Advances in Immunology, vol.
34, pp. 141–212, 1983.

[2] S. Black, I. Kushner, and D. Samols, “C-reactive protein,” The
Journal of Biological Chemistry, vol. 279, no. 47, pp. 48487–
48490, 2004.

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

[4] A. W. Taylor, N.-O. Ku, and R. F. Mortensen, “Regulation of
cytokine-induced human C-reactive protein production by
transforming growth factor-𝛽1,” Journal of Immunology, vol. 145,
no. 8, pp. 2507–2513, 1990.

[5] P. M. Ridker, N. Rifai, L. Rose, J. E. Buring, and N. R. Cook,
“Comparison of C-reactive protein and low-density lipoprotein
cholesterol levels in the prediction of first cardiovascular
events,” The New England Journal of Medicine, vol. 347, no. 20,
pp. 1557–1565, 2002.

[6] P. M. Ridker, N. Rifai, M. A. Pfeifer, F. Sacks, and E. Braunwald,
“Long-term effects of pravastatin on plasma concentration of C-
reactive protein,” Circulation, vol. 100, no. 3, pp. 230–235, 1999.

[7] P. Libby and P. M. Ridker, “Inflammation and atherosclerosis:
role of C-reactive protein in risk assessment,” American Journal
of Medicine, vol. 116, no. 6, pp. 9–16, 2004.

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

[9] P.M. Ridker, C. P. Cannon, D.Morrow et al., “C-reactive protein
levels and outcomes after statin therapy,” The New England
Journal of Medicine, vol. 352, no. 1, pp. 20–28, 2005.



8 Mediators of Inflammation

[10] 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.

[11] I. Jialal, S. Devaraj, and S. K. Venugopal, “C-reactive protein:
risk marker or mediator in atherothrombosis?” Hypertension,
vol. 44, no. 1, pp. 6–11, 2004.

[12] C. A. Labarrere and G. P. Zaloga, “C-reactive protein: from
innocent bystander to pivotal mediator of atherosclerosis,”
American Journal of Medicine, vol. 117, no. 7, pp. 499–507, 2004.

[13] H. D. Danenberg, A. J. Szalai, R. V. Swaminathan et al.,
“Increased thrombosis after arterial injury in human C-reactive
protein-transgenic mice,” Circulation, vol. 108, no. 5, pp. 512–
515, 2003.

[14] G. M. Hirschfield, J. R. Gallimore, M. C. Kahan et al., “Trans-
genic human C-reactive protein is not proatherogenic in apoli-
poprotein E-deficient mice,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 102, no. 23,
pp. 8309–8314, 2005.

[15] G. M. Hirschfield, J. Herbert, M. C. Kahan, and M. B. Pepys,
“Human C-reactive protein does not protect against acute lipo-
polysaccharide challenge in mice,” Journal of Immunology, vol.
171, no. 11, pp. 6046–6051, 2003.

[16] A. Kovacs, P. Tornvall, R. Nilsson, J. Tegnér, A. Hamsten, and
J. Björkegren, “Human C-reactive protein slows atherosclerosis
development in a mouse model with human-like hypercholes-
terolemia,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 104, no. 34, pp. 13768–13773,
2007.

[17] 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.

[18] M. Torzewski, K. Reifenberg, F. Cheng et al., “No effect of C-
reactive protein on early atherosclerosis in LDLR-/-/human C-
reactive protein transgenic mice,”Thrombosis and Haemostasis,
vol. 99, no. 1, pp. 196–201, 2008.

[19] 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.

[20] D. Xing, F. G. Hage, Y.-F. Chen et al., “Exaggerated neointima
formation in human C-reactive protein transgenic mice is IgG
Fc receptor type I (Fc𝛾RI)-dependent,” American Journal of
Pathology, vol. 172, no. 1, pp. 22–30, 2008.

[21] J. Nilsson, “CRP—marker or maker of cardiovascular disease?”
Arteriosclerosis,Thrombosis, and Vascular Biology, vol. 25, no. 8,
pp. 1527–1528, 2005.

[22] D. Teupser, O. Weber, T. N. Rao, K. Sass, J. Thiery, and H. Jörg
Fehling, “No reduction of atherosclerosis in C-reactive protein
(CRP)-deficient mice,”The Journal of Biological Chemistry, vol.
286, no. 8, pp. 6272–6279, 2011.

[23] 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.

[24] H. Sun, T. Koike, T. Ichikawa et al., “C-reactive protein in athe-
rosclerotic lesions: its origin and pathophysiological signifi-
cance,” American Journal of Pathology, vol. 167, no. 4, pp. 1139–
1148, 2005.

[25] I. Kushner and G. Feldmann, “Control of the acute phase
response. Demonstration of C-reactive protein synthesis and

secretion by hepatocytes during acute inflammation in the
rabbit,” Journal of Experimental Medicine, vol. 148, no. 2, pp.
466–477, 1978.

[26] M. Shiomi and J. Fan, “Unstable coronary plaques and cardiac
events in myocardial infarction-prone Watanabe heritable
hyperlipidemic rabbits: questions and quandaries,” Current
Opinion in Lipidology, vol. 19, no. 6, pp. 631–636, 2008.

[27] M. J. Graham, R. G. Lee, T. A. Bell et al., “Antisense oligonu-
cleotide inhibition of apolipoprotein C-III reduces plasma
triglycerides in rodents, nonhuman primates, and humans,”
Circulation Research, vol. 112, pp. 1479–1490, 2013.

[28] M. Shiomi and T. Ito, “The Watanabe heritable hyperlipidemic
(WHHL) rabbit, its characteristics and history of development:
a tribute to the late Dr. Yoshio Watanabe,” Atherosclerosis, vol.
207, no. 1, pp. 1–7, 2009.

[29] J. Fan, Z.-S. Ji, Y. Huang et al., “Increased expression of apoli-
poprotein E in transgenic rabbits results in reduced levels of
very low density lipoproteins and an accumulation of low den-
sity lipoproteins in plasma,”The Journal of Clinical Investigation,
vol. 101, no. 10, pp. 2151–2164, 1998.

[30] H. Sun, T. Koike, T. Ichikawa et al., “C-reactive protein in athe-
rosclerotic lesions: Its origin and pathophysiological signifi-
cance,” American Journal of Pathology, vol. 167, no. 4, pp. 1139–
1148, 2005.

[31] T. Koike, J. Liang, X. Wang et al., “Enhanced aortic atheroscle-
rosis in transgenic Watanabe heritable hyperlipidemic rabbits
expressing lipoprotein lipase,” Cardiovascular Research, vol. 65,
no. 2, pp. 524–534, 2005.

[32] T. Koike, S. Kitajima, Y. Yu et al., “Expression of human ApoAII
in transgenic rabbits leads to dyslipidemia: a new model for
combined hyperlipidemia,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 29, no. 12, pp. 2047–2053, 2009.

[33] P.M. Ridker, E. Danielson, F. A. Fonseca et al., “Reduction in C-
reactive protein and LDL cholesterol and cardiovascular event
rates after initiation of rosuvastatin: a prospective study of the
JUPITER trial,” The Lancet, vol. 373, no. 9670, pp. 1175–1182,
2009.

[34] 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.

[35] 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.

[36] S. Verma, S. Devaraj, and I. Jialal, “C-reactive protein promotes
atherothrombosis,” Circulation, vol. 113, no. 17, pp. 2135–2150,
2006.



Review Article
Animal Models of C-Reactive Protein

Michael Torzewski,1 Ahmed Bilal Waqar,2 and Jianglin Fan2

1 Department of Laboratory Medicine, Robert Bosch Hospital, Auerbach Street 110, 70376 Stuttgart, Germany
2Department of Molecular Pathology, Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi,
Yamanashi 409-3898, Japan

Correspondence should be addressed to Jianglin Fan; jianglin@yamanashi.ac.jp

Received 25 February 2014; Revised 17 March 2014; Accepted 1 April 2014; Published 24 April 2014

Academic Editor: Jan Torzewski

Copyright © 2014 Michael Torzewski 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.

As themain theme of this special issue, CRP not only is an inflammatorymarker but also has diverse biological functions associated
with different diseases. To investigate CRP’s physiologies and their relationship with human pathological significance, it is essential
to use appropriate animal models for translational research. The most popular models for the study of CRP are transgenic mice.
However, researchers should be careful when extrapolating the findings derived from these animal models.This review will discuss
the current concerns on CRP transgenic mice and rabbits.

1. CRP Mouse Models

More than 30 epidemiological studies have demonstrated
a significant association between elevated serum or plasma
CRP concentration and the prevalence of atherosclerotic
vascular disease, the risk of recurrent cardiovascular events
among those with established disease, or the incidence of first
cardiovascular events among those at risk [1]. This strong
base of epidemiological evidence has led to the hypothesis
that CRP is both a marker of and a causal mediator for the
development of atherosclerosis.

The question regarding the role of CRP in human athero-
genesis is potentially clinically relevant. If CRP as a proath-
erogenic factor was documented, therapeutic approaches
aimed at inhibiting CRP’s effects in patients with atheroscle-
rosis would obviously be of interest. Formally, experimental
approaches to investigate the role of CRP in mouse models
necessitated the introduction of transgenes overexpressing
human or rabbit CRP to murine strains or the generation
of CRP-deficient mice that have been rendered prone to
atherosclerosis. The human gene, when transferred into
mice, behaves as it does in man: its expression is highly
inducible and tissue-specific [2]. Male CRP transgenic mice
constitutively produce humanCRP,with serum levels ranging

between 10 and 20𝜇g/mL levels [3] that are comparable to
those considered to indicate high risk in humans [4]. Further-
more, as human CRP produced endogenously in transgenic
mouse completely avoids any possible contamination or other
problems associated with administration of an extraneous
CRP preparation, CRP transgenic mice were considered to
provide an ideal model for studying the biological activities
of human CRP in vivo.

Consequently, during the past ten years, a plethora of
mouse studies attempted to demonstrate an atherogenic
effect of CRP in genetically modified mice. Unfortunately, no
clear conclusion could be drawn because these studies gave
controversial and contradictory results (Table 1). Rather than
answering the question of whether CRP is pro- or antiathero-
genic, the following key issues and problems challenging
the validity of the mouse model in general were raised as
discussed.

1.1. Is CRP an Acute-Phase Protein in Mice? It is a widespread
belief that, unlike human CRP, mouse CRP is not an acute-
phase reactant, and it is synthesized in only trace amounts
[3]. However, owing to methodological shortcomings, serum
levels of mouse CRP might be vastly underestimated and
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comparable to those in humans (see below) [12]. In any case,
to overcome the alleged problemof insufficientCRP synthesis
in mice, a transgenic mouse that overexpresses human CRP
was generated, and this model is widely used to study the
role of CRP in cardiovascular disease. The very first report
by Paul et al. suggested that the expression of human CRP
in mice accelerates aortic atherosclerotic lesion progression,
thus asserting that CRP is indeed a risk factor and an active
player in atherogenesis in vivo [5]. However, this interpre-
tation has been criticised vehemently [6, 8], as differences
in lesion size were observed only in males and only at one
time point at the end of the study. Moreover, the reported
difference “was of marginal statistical significance that could
be abolished by elimination of a single outlier” [8], and the
use of turpentine to boost circulating CRP levels periodically,
which itself might induce active inflammatory pathology
in the animals studied, was poorly controlled. Accordingly,
the baseline and acute-phase human CRP concentrations
were extraordinarily high (100–500 𝜇g/mL), suggesting the
presence of active intercurrent inflammatory pathology in the
animals studied, for which no controls were reported. Taking
these issues together, the difference in the turpentine-treated
group cannot be ascribed specifically to human CRP because
turpentine is a major nonspecific inflammatory stimulus.

1.2. What Is the Gender Association of Human Transgene
CRP Expression? It was demonstrated several years ago that
both constitutive and IL-6-dependent acute-phase expression
of the CRP transgene in mice requires testosterone [16,
17], restricting meaningful experimental analyses of the role
of CRP in cardiovascular disease to male CRP transgenic
mice. Surprisingly, despite the widespread knowledge that
the expression of transgenic human CRP is under strict
testosterone control, female mice were repeatedly included in
the respective animal studies [5, 7]. It is nowonder that female
mice were not those that provided positive results if any were
obtained.

1.3. Which Atherosclerosis-Prone Mouse Model Mimics Hum-
an-Like Hypercholesterolemia? Knockout mice with a defect
in either apolipoprotein E (ApoE−/−) [18] or low-density-
lipoprotein receptor (LDLR−/−) [19] develop atherosclerotic
lesions and are currently widely used as models for investi-
gating the pathomechanisms underlying atherosclerosis. The
conflicting results obtained partly suggest that the effects of
CRP on atherosclerosis are dependent on the mouse model
used. First of all, ApoE−/− mice have far more severe hyper-
cholesterolemia than humans, and most of their cholesterol
is contained in very low-density lipoproteins (VLDL) rather
than in low-density lipoproteins (LDLs) as in humans. This
issue is of high relevance as the effects of CRP on lesion devel-
opment may be influenced by differences in the degree and
type of hyperlipoproteinemia in the mouse models and the
apoEprotein per se can alter immune responses [20]. Immune
responses that may directly involve apoE include phagocyto-
sis of apoptotic bodies, alteredmacrophage dynamics [21] and
altered antigen presentation efficiency [22]. Thus, the effects
of human CRP on mouse atherosclerotic lesion development

may be masked in ApoE−/− mice because they are VLDL
animals and have altered immune functions.

Consequently, the ApoE−/− mouse model may not be
ideal for studies of humanCRP in atherosclerosis. In contrast,
the LDLR−/−model may be superior for a number of reasons.
First, atherosclerotic lesions do not develop spontaneously
as in ApoE−/− animals but are inducible under a Western-
type diet (WTD). Second, the serum lipoprotein pattern of
LDLR−/− animals is characterized by high-level LDL rather
than chylomicrons and VLDL (as in ApoE−/− mice) and thus
more closely mimics the situation in humans [6, 10, 11].

1.4. What Is the Functional Role of Human CRP as a Foreign
Protein in Mouse? It is unsurprising that there are no
experimental animalmodels of CRP function that completely
replicate the human situation. Human CRP is a foreign
protein in the mouse, with many uncertainties concerning
its functional role in the immune system of these animals.
The situation becomes even more complicated when these
mice are crossed with ApoE-deficient mice that lack a fully
functional complement system. The study by Reifenberg et
al. uncovered the disturbing facts that the interactions among
CRP, complement, and LDL, as have been delineated in
humans, may not exist similarly in mice [6]. It cannot be
ruled out that mouse CRP might be active, but the inability
of transgenic CRP to execute one of its primary functions
(complement activation) places obvious constraints on the
validity of this animal model. Moreover, transgenic human
CRP operating in a xenogeneic murine environment might
also fail to interact with further important mouse effector
molecules, such as cellular receptors, the extracellularmatrix,
and lipoproteins, as pointed out by a number of studies
[6, 10, 12, 23]. Thus, it is difficult to determine which of the
reports are valid, because the model itself encounters several
problems.

To help to overcome the above-mentioned issues, Reifen-
berg et al. crossbred mice expressing rabbit CRP (rbCRP)
onto apoE knockout animals and studied the effect on
atherogenesis [6]. Expression of the rbCRP transgene is
independent of gender, and an additional inflammatory
stimulus is also not required. rbCRP and human CRP are
similar in structure and function. Both bind phosphocholine,
C-polysaccharide, polycations, chromatin, and histones, acti-
vate complement and protect mice from lethal challenges
with pneumococci [24–30]. However, no marked effect on
the formation of moderately advanced atherosclerotic lesions
could be discerned, either inmale or in female apoE knockout
mice.

1.5. What about the CRP-Deficient Mouse? Owing to doubts
about the physiological role of genuine mouse CRP, over-
expression rather than deletion of CRP was regarded as the
only meaningful way to investigate the impact of CRP on
murine atherogenesis. As alreadymentioned above, however,
serum levels of mouse CRP might be vastly underesti-
mated and comparable to those of humans, challenging the
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dogma of insufficient CRP synthesis in mice. Recently, a
complementary approach was chosen, generating mice with
targeted deletion of the CRP gene on B6.ApoE−/− as well
as B6.LDLR−/− genetic backgrounds [12]. This approach
avoids the above-mentioned xenogeneic complications of
CRP overexpression. Reliable commercial reagents along
with serum CRP knockout mice as a stringent negative
control indicated sufficient expression of mouse CRP even in
the noninduced state. On the basis of quantitative analysis of
atherosclerotic lesions, the data suggested that mouse CRP
may even mediate atheroprotective effects rather than having
a proatherogenic role in the two most widely used mouse
models of atherosclerosis. These results together with the
results by Torzewski [11] add a cautionary note to the idea of
targeting CRP as therapeutic intervention against progressive
cardiovascular disease and point out that CRPmight actually
serve a physiological and primarily nonharmful function, as
first proposed in 2004 [31].

1.6. Is There an Association of CRP with Atherothrombosis
rather than Just Atheroma? One has to bear in mind
that most of the epidemiological studies demonstrating a
significant association between elevated serum or plasma
CRP concentration and the prevalence of human atheroscle-
rotic vascular disease refer not to atherosclerotic lesion
development but rather to its clinical sequelae caused by
plaque rupture and thrombosis. It is therefore justified to ask
whether there is an association ofCRPwith atherothrombosis
rather than just atheroma in animal models. The respective
studies, however, are far from being as numerous as those
on atherosclerotic lesion development. A first report showed
that occlusive thrombosis was more pronounced in CRP
transgenic mice than in wild-type mice [13]. More recently, it
was demonstrated that there is a more exaggerated response
to vascular injury in human CRP transgenic mice [14] and
that this response requires complement [15]. Caution on the
interpretation of these data is warranted, however, because
the vascular remodeling process associated with carotid
artery ligation versus atherogenesis is not the same.

1.7. Conclusions. In conclusion, it is evident that each one of
the above-mentioned genetically engineered mouse models
addresses some of the discussed key issues and problems
but leaves enough unresolved problems to call the respective
mouse model into question.This can be extended to any “key
issue” in atherosclerosis research that mouse models have
claimed to address. They have led to very little true advance
and, yet more importantly, they have generated many false
and confusing concepts. Thus, caution should be exercised
when extrapolating observations in genetically engineered
mouse models with incompletely characterized physiological
alterations to the situation in human disease. Finally, it
may be appropriate to say that it was worth generating
these mouse model systems, but they hardly enable us to
answer definitively whether or not CRP actively contributes
to human atherogenesis.

Table 2: Comparison of CRP in different species.

Mouse CRP Rabbit CRP Human CRP
M.W. (Kd) 19.5 22 21

Plasma levels <2mg/L <3mg/L
>100mg/L∗

<1mg/L
>10,000mg/L∗

Activation of
complement No Yes Yes

Binding to plasma
LDLs

∗∗ Yes Yes

Deposition in the
lesions of
atherosclerosis

No Yes Yes

∗In acute inflammatory state.
∗∗Wild-type mice do not have LDLs as in humans and rabbits.
Also see [6, 32–38] for details.

2. Rabbits as an Alternative CRP Model for
Studying Human CRP

As described above, there are many problems of using mouse
models for the study of CRP’s physiological functions and
controversies have risen in regard toCRP’s roles in atheroscle-
rosis. To overcome these problems, alternative animals are
needed; here, we focus on using rabbit models as another
means of investigating CRP biology.

2.1. Rabbit CRP versus Mouse CRP: Which One Is Closest to
Human CRP? The molecular and physiological features of
rabbit CRPmore closely resemble those of human CRP com-
pared with mouse CRP in several aspects (Table 2) [32, 33].
First, like humanCRP but unlikemouse CRP, rabbit CRP acts
as amajor acute-phase reactant (inflammatorymarker) in the
plasma and thus CRP levels are increased up to ∼100mg/L
upon inflammatory stimulation [34]. It is well known that,
in mouse plasma, the major inflammatory marker is serum
amyloid protein (SAP) rather than CRP; plasma CRP levels
in mouse are normally markedly lower than those in rabbits
and humans and do not fluctuate regardless of the presence
of inflammation [35]. Secondly, rabbit CRP can strongly bind
with plasma atherogenic lipoproteins [36], like human CRP
[37]. Thirdly, CRP immunoreactive proteins are present in
all types of lesion of both rabbit and human atherosclerosis
[38], but no CRP was detected in the lesions of mouse. These
features of rabbit CRP lead to the notion that rabbits may be
an ideal model (or a better model thanmouse) for examining
the physiological and pathophysiological roles of humanCRP
[23].

2.2. Rabbit Atherosclerosis Models for CRP. Rabbits have
been used as an excellent model for the study of human
atherosclerosis because their lipoprotein metabolism and
cardiovascular system are similar to those of humans [39].
Unlike mice, but like humans, rabbits have abundant plasma
cholesteryl ester transfer protein, an important regulator of
cholesterol transfer, and exhibit hepatic apoB100 and intesti-
nal apoB48 synthesis, and their lipoprotein profiles are rich
in low-density lipoproteins (LDL) whereas mice are deficient
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in cholesteryl ester transfer protein and their plasma lipopro-
teins are dominated by high-density lipoproteins (HDL).
Rabbits are sensitive to a cholesterol-rich diet and develop
atherosclerosis rapidly, whereas most strains of wild-type
mice are resistant to a cholesterol-induced atherosclerosis.
WHHL rabbits provide another means of studying human
familial hypercholesterolemia and atherosclerosis because
these rabbits are deficient in LDL receptors [40]. A decade
ago, we used both cholesterol-fed rabbits andWHHL rabbits
and revealed several important features of CRP and their
relationship with atherosclerosis [38]. We first found that
plasma CRP levels are increased in hypercholesterolemic
rabbits and correlated with the severity of aortic lesion size.
Secondly, we found that CRP immunoreactive proteins are
present in the lesions of atherosclerosis of rabbits regardless
of the lesion types. Basically, CRP is associated mainly
with extracellular matrix and seldom with macrophages.
CRP is also closely colocalized with apoB and the terminal
complement complex, suggesting that possible interactions
between CRP-apoB-complement are present in the lesions
[31, 38, 41]. Thirdly, CRP is basically synthesized by the
liver rather than the vascular wall (such as macrophages).
The consensus is that it is hepatically synthesized CRP that
regulates plasma levels of CRP [42]. Despite this, the presence
of CRP deposition in the lesions of atherosclerosis sustained
efforts in the cardiovascular field during the last decade to
elucidate whether CRP truly constitutes another risk factor
for alongside hypercholesterolemia and is indeed involved
in the initiation and progression of atherosclerotic disease.
If CRP is proinflammatory and atherogenic, can we target
CRP for the prevention and treatment of atherosclerosis [23]?
These findings obtained from rabbit studies further strength-
ened the notion that rabbits are an excellent model for
illustrating the relationship betweenCRP and atherosclerosis.
Nevertheless, this study using hypercholesterolemic rabbits
still cannot answer the question of whether CRP is amediator
or a marker of atherosclerosis [43].

2.3. Human CRP Transgenic Rabbit Model. To elucidate
whether high levels of plasma CRP participate in the devel-
opment of atherosclerosis, our laboratory generated 2 lines
of transgenic (Tg) rabbits expressing human CRP (hCRP)
transgene in the liver [44]. Plasma levels of hCRP were 0.4 ±
0.13mg/L and 57.8 ± 20.6mg/L in these two lines of Tg
rabbits, respectively. The expression of hCRP does not cause
any health disorders or phenotypes (such as spontaneous
atherosclerosis) in Tg rabbits. hCRP isolated from Tg rabbit
plasma exhibited the ability to activate rabbit complement,
suggesting that humanCRP is indeed functional in Tg rabbits
[44]. Using this powerful model, we compared the suscep-
tibility of Tg rabbits to cholesterol-rich diet-induced aortic
and coronary atherosclerosis with that of non-Tg rabbits. To
our surprise, neither high nor low plasma concentrations
of hCRP affected aortic or coronary atherosclerotic lesion
formation in Tg rabbits, even though a massive amount of
hCRP was detected in the lesions of atherosclerosis [44].
Therefore, high levels of plasma and lesional CRP in Tg
rabbits do not enhance the development of atherosclerosis.

While these results are disappointing to CRP believer, this
study cannot exclude the possibility that CRP participates in
other pathological processes such as thrombosis, myocardial
infarction, and arthritis. On these issues, we performed a
series of experiments using hCRP Tg rabbits.

Using double balloon-injury models of the femoral arter-
ies in Tg rabbits, we demonstrated that high expression
of hCRP led to enhanced thrombosis formation on the
injured smooth muscle cell-rich neointima by upregulating
tissue factor expression [45], suggesting that CRP mediates
thrombosis. In addition to atherosclerosis, CRP along with
complement activation has been shown to acceleratemyocar-
dial infarction in rats and targeting CRP can prevent CRP-
inducedmyocardial injury [46, 47]. However, this hypothesis
has not been tested in other models, including both mouse
and rabbit. Using the coronary ligationmethod, we generated
acute myocardial infarction models in Tg rabbits. In prelim-
inary experiments, we did not find any significant roles of
CRP onmyocardial infarction size or plasma cardiacmarkers
(Waqar et al. unpublished data).

2.4. Effects of CRP Antisense Oligonucleotides on WHHL
Rabbits. The major concern about using cholesterol-fed Tg
animals is that transgenic proteins (namely, human CRP)
are exogenous to animals and the atherogenic lipoproteins
are remnant lipoproteins, so-called 𝛽-VLDLs, which may
complicate the evaluation of hCRP pathophysiological func-
tions in these models [44]. To overcome this drawback, we
attempted to use a therapeutic approach to inhibit endoge-
nous CRP and then examined the CRP-lowering effect.
Towards this goal, in collaboration with ISIS Pharmaceu-
ticals, Inc., we designed and injected robust rabbit CRP
antisense oligonucleotides into WHHL rabbits, which have
elevated plasma CRP levels (10∼20-fold higher than in wild-
type rabbits) in addition to having atherosclerosis. While
tremendous efforts were made in this regard, we failed to
demonstrate any therapeutic effects on atherosclerosis in
WHHL rabbits (see accompanied paper by Yu et al. in this
special issue).

2.5. Conclusions. In conclusion, rabbits are a suitable model
for the investigation of CRP physiology because they
resemble humans in many aspects, compared with mice.
Cholesterol-fed rabbits along with WHHL rabbits and hCRP
transgenic rabbits offer another opportunity to elucidate
CRP functions that cannot be conducted in mice. After a
decade’s effort using these unique models, it is time to draw a
conclusion regarding the true role of CRP in atherosclerosis.
Is CRP a marker or mediator of atherosclerosis? Do we still
need to continue the debate? Should we treat CVD patients
who have a high level of CRP? The answers are becoming
clearer and clearer: without doubt, plasma CRP levels are
indeed increased and CRP is intimately present in the lesions
of atherosclerosis. However, the net effect exerted by CRP is
not proatherogenic, while we cannot rule out the possibility
that CRP is antiatherogenic or participates in other diseases.
These experimental observations are also in support of the
human studies reported recently [48–51]. These studies also
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told us that it is unlikely that CRP can be a therapeutic target
for the prevention and treatment of cardiovascular diseases.
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Among the numerous emerging biomarkers, high-sensitivity C-reactive protein (hsCRP) and growth-differentiation factor-15
(GDF-15) have received widespread interest, with their potential role as predictors of cardiovascular risk. The concentrations
of inflammatory biomarkers, however, are influenced, among others, by physiological variations, which are the natural, within-
individual variation occurring over time. The aims of our study are: (a) to describe the changes in hsCRP and GDF-15 levels over
a period of time and after an episode of non-ST-segment elevation acute coronary syndrome (NSTE-ACS) and (b) to examine
whether the rate of change in hsCRP and GDF-15 after the acute event is associated with long-term major cardiovascular adverse
events (MACE). Two hundred and Fifty five NSTE-ACS patients were included in the study. We measured hsCRP and GDF-15
concentrations, at admission and again 36 months after admission (end of the follow-up period). The present study shows that the
change of hsCRP levels, measured after 36 months, does not predict MACE in NSTEACS-patients. However, the level of GDF-15
measured, after 36 months, was a stronger predictor of MACE, in comparison to the acute unstable phase.

1. Introduction

Increasingly, cardiac biomarkers have provided important
information in predicting short-term and long-term risk
profiles in patients with acute coronary syndromes (ACS),
particularly when they are used in combination [1]. Among
the numerous biomarkers, high-sensitivity C-reactive pro-
tein (hsCRP) has received widespread interest and a large
database has been accumulated on their potential role as pre-
dictor of cardiovascular events [2, 3]. Growth-differentiation
factor-15 (GDF-15) is one of more than 40 members of
the transforming growth factor-𝛽 superfamily and it was

originally identified in activated macrophages [4]. Accumu-
lating evidence indicates that circulating levels of GDF-15 are
associated with the risk of death and myocardial infarction,
independent of clinical variables and other biomarkers,
including hsCRP and cardiac troponins [5, 6].

The inflammatory response triggered in the ACS setting
is the cumulative result of preexisting, low-grade inflamma-
tion in vulnerable atherosclerotic plaques and the ongoing
myocardial ischemic damage during the progression of an
acute coronary event [7]. Consistently, the magnitude of
the inflammatory response as reflected by the peripheral
levels of inflammatory markers is largely determined by the
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temporal interval between symptom onset and the time point
of biochemical measurement. Optimal interpretation of the
elevated circulating levels of biomarkers would, therefore,
require knowledge of their release curves and consideration
of the time point of blood sampling [8, 9]. However, the
long-term temporal changes of hsCRP levels and the rela-
tion between the changes of GDF-15 levels have not been
examined, after an episode of non-ST-segment elevation ACS
(NSTE-ACS).

Consequently, the aims of our study were to

(1) describe changes of hsCRP and GDF-15 levels over
time after an episode of NSTE-ACS,

(2) examine whether changes of hsCRP and GDF-15
levels are associated with long-term major cardiovas-
cular adverse events (MACE).

2. Methods

2.1. Study Population. Three hundred and eighty consecutive
ACS patients were admitted to the coronary care unit of a
university hospital. One hundred and twenty-five patients
were excluded from analysis for the following reasons:
patients with a history of systemic inflammatory diseases,
such as infections or autoimmune disorders, neoplastic or
haematological disease, administration of anti-inflammatory
or immune-suppressive drugs, and surgical procedures or
trauma in the preceding 3months, patients with an equivocal
or uninterpretable electrocardiogram, including left bundle
branch block or persistent ST-segment elevation due to a
myocardial infarction and patients with significant changes
in medical therapy during followup. Thus, 255 NSTE-ACS
patients were included in the study.

Patients were followed up for three years regarding the
occurrence of MACE (death, myocardial infarction, and
unstable angina (Class IIIb)). Therapeutic management dur-
ing hospitalisation and in the outpatient clinic was left to
the discretion of the attending cardiologist, according to
the patients’ clinical course, standard institutional protocols,
and current guidelines [10]. The Ethics Committee of our
institution approved the research protocol, and all patients
gave written, informed consent for inclusion in the study.

2.2. Biochemical Analysis. Serial venous blood samples were
obtained on admission from 8 am to 3 pm, to avoid the
diurnal variation of inflammatory biomarkers reported by
our group [11]. Blood samples were also obtained on a follow-
up evaluation 36 months after admission. Serum samples
were obtained by centrifugation, after the formation of the
clot of blood, and stored at −70∘C for subsequent analyses.

Concentrations of the serum hsCRP were measured,
by an ultrasensitive, enzyme-linked, immunosorbent assay
kit (DRG Instruments GmbH, Germany). In this enzyme-
linked immunosorbent assay, the lowest detection limit of
hsCRP was 0.010mg/L. Coefficients of variation were 5.12%
and 11.6% for intra- and interassay variabilities, respectively.

Serum GDF-15 concentrations were measured using a com-
mercially, enzyme-linked immunosorbent assay (BioVen-
dor GmB, Heidelberg, Germany). In this assay, the lowest
detection limit of GFD-15 is 30.2 pg/mL. Coefficients of
variation were 4.3% and 7.8% for intra- and interassay
variability, respectively. Troponin I was determined immune
enzymatically, using a technique based on sandwich ELISA
(Boehringer Mannheim, Germany). Coefficients of variation
were 2.2% and 5.9% for intra- and interassay variabilities,
respectively.

All other biochemical measurements were performed in
the biochemistry laboratory of our hospital from the samples
obtained at baseline, using standard methods. Personnel,
blinded to patient’s baseline characteristics and clinical out-
comes, carried out all measurements.

2.3. Statistical Analyses. Results for normally distributed con-
tinuous variables are expressed as mean ± SD; nonnormally
distributed continuous variables are presented as median
and interquartile range. Categorical data is expressed as a
percentage. Analysis of normality of the continuous variables
was performed with the Kolmogorov-Smirnov test. Unpaired
2-tailed 𝑡-tests and the Mann-Whitney 𝑈-test assessed dif-
ferences between the groups for continuous variables, as
appropriate. Categorical data and proportions were analysed
by use of 𝜒2 or Fisher’s exact test when required. GDF-
15 and hsCRP levels had a nonnormal distribution and
were, therefore, logarithmically transformed before regres-
sion analysis to fulfill the conditions required for this
type of analysis.

The information regarding the appearance of the end-
point, combined at a 36-month followup, was available for all
patients included in the study. In patients who died during
the 36-month followup period, the blood sample was not
available, so we evaluated independent predictors of unstable
angina (class IIIb) and myocardial infarction (combined
primary endpoint). We defined the value delta, as a value
that represents the difference between the concentrations
of inflammatory markers at admission and at 36-month
followup.

Independent predictors of changes were identified by
multiple linear regression analysis and multivariable regres-
sion analysis, as appropriate. Tested covariates included sex,
age, current smoking, diabetes mellitus, hypertension, dys-
lipidemia, coronary revascularisation, left ventricular ejec-
tion fraction, and troponin I. Delta GDF-15 concentrations
were introduced into the multivariate model as a binary
variable, considering the median as the cut-off value. Back-
ward stepwise selection was used in multivariate analysis to
derive the final model for which significance levels of 0.1 and
0.05 were chosen to exclude and include terms, respectively.
Differences were considered to be statistically significant if
the null hypothesis could be rejected with >95% confidence.
The SPSS 15.0 statistical software package (SPSS Inc., Chicago,
IL, USA) was used for all calculations.
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Table 1: Clinical variables of non-ST-segment elevation acute coronary syndrome patients with and without MACE at 36-month followup.

Variable
MACE

P valueYes
(𝑛 = 45)

No
(𝑛 = 210)

Age (years) 68 ± 11 66 ± 11 0.24
Men 25 (55.6%) 138 (65.7%) 0.23
Hypertension (>140/90mmHg) 32 (71.1%) 133 (63.3%) 0.39
Hypercholesterolemia (>5.17mmol/L) 19 (42.2%) 99 (47.1%) 0.62
Smokers 31 (68.9%) 121 (57.6%) 0.18
Diabetes 14 (31.1%) 75 (35.7%) 0.61
TIMI risk score 0.47

2 9 (20%) 35 (16.7%)
3 9 (20%) 74 (35.2%)
4 16 (35.6%) 58 (27.6%)
5 10 (22.2%) 38 (18.1%)
6 1 (2.2%) 5 (2.4%)

Coronary artery disease 0.35
1 vessel 22 (4.9%) 115 (54.8%)
2 vessel 13 (28.9%) 40 (19%)
3 vessel 9 (20%) 45 (21.4%)

LVEF (%) 54 ± 10 56 ± 12 0.22
Treatment at admission

Aspirin 45 (100%) 207 (98.6%) 0.9
Clopidogrel 39 (86.7%) 161 (76.7%) 0.16
Nitrates 44 (97.8%) 202 (96.2%) 0.9
Statins 45 (100%) 207 (98.6%) 0.9
Angiotensin-converting enzyme inhibitors 18 (40%) 68 (32.4%) 0.9
𝛽-Blockers 42 (93.3%) 191 (91%) 0.77

Biochemistry
Creatinine (mg/dL) 1.17 ± 0.25 1 ± 0.87 0.25
Total cholesterol (mmol/L) 4.05 ± 1.04 4.00 ± 1.18 0.48
Peak troponin I (ng/mL) 4.85 ± 0.16 4.39 ± 0.17 0.09

Data is expressed as mean ± standard deviation and number of patients (%) for categorical variables.
MACE: major adverse cardiovascular events; LVEF: left ventricular ejection fraction.

3. Results

Demographic and clinical data of patients with and without
MACE are presented in Table 1. After 36 months of fol-
lowup, the combined endpoint ((cardiac death (7 patients),
myocardial infarction (3 patients), and unstable angina class
IIIB (35 patients)) appeared in 45 patients (17.6%). There
were no significant differences in age, sex, cardiovascular risk
factors, TIMI risk score, severity of coronary artery disease,
treatment, and standard biochemical results between the two
groups.

Regarding inflammatory biomarkers, we found no differ-
ences between both groups in levels of hsCRP at admission
and after a three-year followup (Table 2). However, delta
hsCRP concentrationswere higher in patients who developed
MACE compared to patients who did not (𝑃 = 0.01)
(Table 2). We found significant differences in the GDF15
levels after the three-year followup between both groups

(𝑃 < 0.001) (Table 2). Moreover, delta GDF-15 concentra-
tions were higher in patients who developed MACE (𝑃 <
0.001) (Table 2).

Multivariate analysis showed that delta GDF-15 (OR =
52.3, CI 95% 7-388.5, 𝑃 < 0.001) was the unique independent
predictor of the combined endpoint (class IIIB unstable
angina and myocardial infarction) at 36-month followup.
Variables such as age (𝑃 = 0.15), sex (𝑃 = 0.23), smoking
(𝑃 = 0.33), diabetes mellitus (𝑃 = 0.24), hypertension (𝑃 =
0.55), dyslipidemia (𝑃 = 0.57), revascularization (𝑃 = 0.70),
left ventricular ejection fraction (𝑃 = 0.50), and troponin I
(𝑃 = 0.15) were not independent predictors of MACE.

4. Discussion

The results from our study demonstrate different patterns of
release of the hsCRP and GDF-15 with, over time, between
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Table 2: Inflammatory markers of non-ST-segment elevation acute coronary syndrome patients with and without MACE at 36-month
followup.

Variable
MACE

P valueYes
(𝑛 = 45)

No
(𝑛 = 210)

hsCRP at admission (mg/L) 7.4 [2.4–10.5] 7.4 [2.8–18.2] 0.79
hsCRP at 36-month followup (mg/L) 23 [10.4–34.7] 18.3 [7.3–26.6] 0.07
Delta hsCRP (mg/L) 15.5 [−28.7–73.3] 7.5 [−57.9–65.0] 0.01
GDF-15 at admission (pg/mL) 1639 [833–3151] 2190 [1333–3484] 0.09
GDF-15 at 36 months (pg/mL) 9105 [8071–9766] 3203 [2064–4572] <0.001
Delta GDF-15 (pg/mL) 7605 [4831–8155] 602 [−405–2278] <0.001
Data are expressed as median [interquartile range].
MACE: major adverse cardiovascular events; hsCRP: high-sensitivity C-reactive protein and GDF-15: growth-differentiation factor-15.

patients with NSTE-ACS. Moreover, this is the first study to
show that the changes in GDF-15, over time, are of prognostic
relevance in NSTE-ACS patients.

GDF-15 is emerging as a prognostic biomarker in patients
with ACS. The predictive value of GDF-15 measured on
admission has been investigated in the two large NSTE-
ACS populations: the Global Utilisation of Strategies to Open
Occluded Arteries IV (GUSTO-IV) and Fast Revascular-
isation during Instability in Coronary Artery Disease II
(FRISC II) cohorts [5, 12]. In another study, Damman et al.
have evaluated the long-term prognostic value of GDF-
15, regarding death or myocardial infarction in NSTE-ACS
patients. They have shown that the Kaplan-Meier curves
diverged early and continued to diverge up to five years [13].

In a recent study, the circulating concentration of GDF-15
was measured at baseline (𝑛 = 1734) and at 12 months (𝑛 =
1517) in patients randomised in the Valsartan Heart Failure
Trial (Val-HeFT) [14]. They demonstrated increases in GDF-
15 over 12 months, which were independently associated
with the risks of future mortality and first morbid event
also, after adjustment for clinical prognostic variables, B-type
natriuretic peptide, hsCRP, and high-sensitivity troponin T
and their changes.

In another study recent, Eggers and colleagues analysed
GDF-15 concentrations in participants from the Prospective
Investigation of the Vasculature in Uppsala Seniors (PIVUS)
study. Measurements were performed at 70 and 75 years of
age. They demonstrated that the GDF-15 concentrations and
their changes over time are powerful predictors of mortality
in elderly community-dwelling individuals [15].

In the results of our study, we found that NSTE-ACS
patients, who developed MACE, displayed higher levels
of GDF-15 at the 36-month followup than at admission.
Furthermore, we were able to show that delta GDF-15 is asso-
ciated with adverse outcomes, independently of established
clinical and biochemical risk markers. Our results support
the notion that GDF-15 integrates information on several
relevant aspects and pathways in cardiovascular disease.
The prominent antiapoptotic, antihypertrophic, and anti-
inflammatory actions of GDF-15 in cardiovascular disease
models indicate that this cytokine exerts protective effects
in the context of acute cardiovascular injury [16]. Whether

chronic increases in GDF-15 concentrations in NSTE-ACS
patients play an adaptive or maladaptive role remains to be
investigated.

In relation with hsCRP in our study, we measured hsCRP
in two points, at admission and at 36 months.The delta value
or rate of change of the hsCRP was useful to differentiate
the group of patients with worse clinical outcome during
36 months of followup. However, after adjusting by different
confounders, we have not demonstrated that delta hsCRP can
predict MACE in NSTE-ACS patients. Recently, in a study by
Karakas et al., they serially measured hsCRP concentrations
in up to 6 blood samples, taken at monthly intervals from 200
postmyocardial infarction patients, who participated in the
AIRGENE study.The results demonstrate considerable stabil-
ity and good reproducibility for serial hsCRP measurements
[17].

The implementation of hsCRP measurement into clin-
ical practice requires sound data on the reliability of such
measurement [11]. Data is still scarce for the long-term
analytical variation of hsCRP measurement in patients with
cardiovascular disease.

5. Conclusion

The present study shows that the rate of change of hsCRP
measured at the 36-month followup was not predicting long-
termMACE inNSTE-ACS patients. However, the delta GDF-
15 at the 36-month followup seems to be a stronger predictor
of MACE than during an acute unstable phase.
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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.



Research Article
Inhibiting C-Reactive Protein for
the Treatment of Cardiovascular Disease: Promising
Evidence from Rodent Models

Alexander J. Szalai,1 Mark A. McCrory,1 Dongqi Xing,2 Fadi G. Hage,2 Andrew Miller,2

Suzanne Oparil,2 Yiu-Fai Chen,2 Michelle Mazzone,3 Richard Early,3 Scott P. Henry,4

Thomas A. Zanardi,4 Mark J. Graham,4 and Rosanne M. Crooke4

1 Division of Clinical Immunology and Rheumatology, Department of Medicine, The University of Alabama at Birmingham,
1825 University Boulevard, SHEL 214, Birmingham, Al 35294-2182, USA

2Division of Cardiovascular Disease, The University of Alabama at Birmingham, Birmingham, AL 35294-0006, USA
3 Charles River Laboratories, Sparks, NV 89431, USA
4 Isis Pharmaceuticals, 2855 Gazelle Court, Carlsbad, CA 92008, USA

Correspondence should be addressed to Alexander J. Szalai; alexszalai@uab.edu

Received 15 January 2014; Accepted 28 February 2014; Published 2 April 2014

Academic Editor: Jan Torzewski

Copyright © 2014 Alexander J. Szalai 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.

Raised blood C-reactive protein (CRP) level is a predictor of cardiovascular events, but whether blood CRP is causal in the disease
process is unknown. The latter would best be defined by pharmacological inhibition of the protein in the context of a randomized
case-control study. However, no CRP specific drug is currently available so such a prospective study cannot be performed. Blood
CRP is synthesized primarily in the liver and the liver is an organ where antisense oligonucleotide (ASO) drugs accumulate. Taking
advantage of this we evaluated the efficacy of CRP specific ASOs in rodents with experimentally induced cardiovascular damage.
Treating rats for 4 weeks with a rat CRP-specific ASO achieved >60% reduction of blood CRP. Notably, this effect was associated
with improved heart function and pathology following myocardial infarction (induced by ligation of the left anterior descending
artery). Likewise in human CRP transgenic mice treated for 2 weeks with a human CRP-specific ASO, blood human CRP was
reduced by >70% and carotid artery patency was improved (2 weeks after surgical ligation). CRP specific ASOs might pave the way
towards a placebo-controlled trial that could clarify the role of CRP in cardiovascular disease.

1. Introduction

C-reactive protein (CRP), the prototypic acute phase reac-
tant, is produced primarily by the liver as part of the body’s
mechanism to restrict injury and promote repair after an
inflammation evoking injury [1–3]. CRP is a member of
the phylogenetically ancient and evolutionarily conserved
pentraxin family of proteins and consists of five noncova-
lently bound subunits, each of 206 amino acids, arranged
symmetrically around a central pore [4]. The molecule has
a ligand recognition face that contains a Ca2+-dependent
binding site, and an effector molecule binding face that is
capable of initiating fluid phase pathways of host defence
(by activating the complement system) and cell-mediated

ones (by activating complement or binding to Fc receptors)
[4]. Regulation of CRP expression occurs mostly at the
transcriptional level, with interleukin 6 (IL-6) being its major
inducer and interleukin 1 (IL-1) synergistically enhancing the
IL-6 effect [4, 5]. The rise in blood CRP after tissue injury is
rapid, with levels increasing by as much as 1000-fold above
baseline within 24 hours. This plasticity makes blood CRP
an ideal clinical marker of a patient’s general health status,
a purpose for which it has been used for half a century [1–6].

Since the early 1980s, largely because of increasingly
widespread use of automated high sensitivity CRP assays,
clinicians and physician scientists have been able to repro-
ducibly and accurately measure the low levels of blood CRP
(≤3mg/L) routinely seen in ostensibly healthy people. This
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capacity has led to accumulation of extensive observational
data linking CRP to various kinds of disease [6–10]. The
relationship of CRP to the inflammatory aspects of cardiovas-
cular disease (CVD) has been an area of keen interest. Indeed,
based upon multiple prospective epidemiological studies,
CRP is now recognized as an independent marker and
powerful predictor for future risks of myocardial infarction
(MI), stroke, and death from coronary heart disease (CHD)
in individuals apparently free of known CVD. Further, data
from at least four clinical trials (PROVE IT-TIMI, REVER-
SAL, JUPITER, and SATURN) suggest a role for CRP in
the atherogenic process [11–14]. In these studies, the indirect
reduction of blood CRP levels that accompanied treatment
with statins was found to be independently and significantly
related to event-free survival and/or decreased progression
of documented coronary disease and/ormajor cardiovascular
events. In patients where low density lipoprotein cholesterol
(LDL-C) alone was reduced, disease progression was slowed
by statin therapy, but in patients where LDL-C and CRP were
both reduced, atheroma progressionwas halted. Furthermore
in at-risk patients given maximally intensive statin therapy,
lowering of CRP was associated with atheroma regression
[14].

Based on the known biology of CRP it would not be a
surprise if the protein was ultimately found to contribute
to the pathophysiological processes leading to CVD. For
example various studies demonstrate that CRP can acti-
vate complement and endothelial cells and promote their
dysfunction [15–17]. Others show that CRP is detected in
early atherosclerotic lesions [17, 18] and that it is colocal-
ized with activated complement components and enzymat-
ically degraded LDL in human vascular lesions isolated by
atherectomy [19–21]. In addition there is compelling direct
evidence from multiple transgenic models indicating that
human CRP has a pathogenic role in vascular disease [22–
25]. Despite these data, generated independently by many
different groups, the exact biological role of CRP in CVD
in humans and the overall importance of its contribution
therein remains equivocal [26] because there is no way to
selectively reduce CRP in patients. Towards solving this
nagging problem a small molecule inhibitor of human CRP,
1,6-bis(phosphocholine)-hexane, was synthesized and tested
in a preclinical rodent model in vivo [27]. The compound is
designed to crosslink two CRP molecules, thereby increas-
ing the protein’s clearance and blocking its ability to bind
endogenous ligands. It was shown that in rats that were
administered humanCRP by injection, administration of this
compound ameliorated human CRP associated exacerbation
of MI caused by ligation of the coronary artery [27]. Despite
the fact this was a xenogenic system, the study demonstrated
for the first time that therapeutic inhibition of CRP might
be a promising new approach for cardioprotection in acute
MI. Still, to definitively address the question of causality of
CRP in the pathogenesis of CVD and whether reduction of
CRP would result in a meaningful decrease in adverse CVD
outcomes, the use of a specific pharmacological inhibitor of
endogenously expressed CRP is preferred.

Antisense oligonucleotides (ASOs) are highly specific
agents that can be used therapeutically to prevent the trans-
lation of disease-associated proteins, an effect achieved via
selective degradation of targeted mRNAs [28]. Because of
their specificity and propensity to distribute to the liver,
where CRP is synthesized and secreted [3–5], ASOs provide
an efficient means of reducing CRP expression. Using CRP
transgenic mice (CRPtg) [29, 30] we previously established
that human CRP targeting ASOs are effective for reduction
of human CRP and efficacious against collagen-induced
arthritis [31]. Herein we employed additional species-specific
CRP targeting ASOs and tested their efficacy in two different
animal models of CVD wherein a role for CRP has already
been established, namely, rats subjected to experimentally
induced MI [27] and CRPtg mice subjected to carotid
artery ligation [24, 25]. We provide new evidence that ASO-
mediated reduction of endogenously expressed rat CRP (in
rats) and human CRP (in CRPtg) is efficacious in both
diseases. CRP specific ASOs have the potential to be thera-
peutically beneficial in humans at risk for CVD.

2. Materials and Methods

2.1. Animals. Eleven-week-old Sprague-Dawley rats were
obtained from Charles River Breeding Laboratories, fed a
standard rat pellet diet ad libitum, and acclimated to local
conditions for 1 week before use in any experiments. Wild-
type mice (C57BL/6 strain) and littermate CRPtg were from
our own colonies. Details of the human CRP transgene and
its human-like expression in CRPtg have been described
elsewhere [29, 30]. In CRPtg human CRP is present in the
blood at concentrations relevant to human disease, that is,
low levels under steady-state conditions (<3 𝜇g/mL) and high
levels during an acute phase response (>500𝜇g/mL). Allmice
were fed a standardmouse pellet diet ad libitum and theywere
8–12weeks oldwhen used in experiments. Onlymale rats and
male mice were subjected to experimentation and all were
maintained at constant humidity (60 ± 5%) and temperature
(24 ± 1∘C) with a 12 hour light cycle (6AM to 6 PM). All
protocols were approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of Alabama
at Birmingham and were consistent with the Guide for the
Care andUse of LaboratoryAnimalspublished by theNational
Institutes of Health “Public Health Service Policy onHumane
Care and Use of Animals, DHEW Publication number 96-01,
PHS Policy revised in 2002.”

2.2. AntisenseOligonucleotides. ASOs designed to specifically
hybridize to either rat or human CRP mRNA were syn-
thesized and purified as described previously [28, 31, 32].
Each ASO was 20 nucleotides in length and comprised a
central unmodified core consisting of 10 or 14 nucleotides,
flanked by phosphorothioate linkages and three or five 2-
O-methoxyethyl (2-MOE) modifications on the 3 and 5
flanking ends. The ASOs thus had a “3-14-3” or a “5-10-
5” configuration. Candidate ASOs were evaluated for their
ability to reduce IL-6 stimulated CRP mRNA expression in
cultures of rat or human hepatoma cells (data not shown).
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In these experiments several ASOs significantly reduced CRP
mRNA levels, with IC

50
values for the lead compounds in the

5 nM range (data not shown). Based on their potency in these
assays, a rat CRP specificASO (ISIS 197178) and a humanCRP
specific ASO (ISIS 353512) were chosen for evaluation in vivo.
A third ASO (ISIS 141923), which is a scrambled ASO not
complementary to any known rat or human gene sequence,
served as a control.

2.3. Rat Myocardial Infarction Model. After acclimatization,
rats were randomly assigned to 3 treatment groups and
received for 4wks the rat CRP-specific ASO ISIS 197178 or
the control ASO ISIS 141923 (both at 150mg/kg/wk i.p.) or
vehicle (0.9% NaCl). At the beginning and end of the 4-
week treatment phase blood was collected to assess CRP,
IL-6, and alanine transaminase (ALT) levels. The next day
echocardiography was performed and then the rats were sub-
jected to left anterior descending coronary artery (LADCA)
ligation as described [33]. Briefly, rats were anesthetized with
ketamine-xylazine (80–15mg/kg i.p.), intubated, ventilated
with a rodent respirator, and laid on a heating pad warmed to
37∘C.Theheart was exposed via a left intercostal thoracotomy
through the 4th intercostal space, and the pericardium
removed for identification of the LADCA. The LADCA was
ligated 2mm below the left atrium using a tapered needle
and a 5-0 polypropylene ligature. Occlusion was confirmed
by a sudden pallor of the anterior wall of the left ventricle
(LV). The chest cavity was closed and the rats allowed to
recover, with analgesic (0.05mg/kg buprenorphine s.c.) given
twice daily over the next 3 days. One week after LADCA
echocardiography was repeated and the rats euthanized with
an overdose of ketamine-xylazine.Heartswere then removed,
weighed, and cut into 2mm slices (average of 5 transverse
slices/heart at the level below the LADCA) perpendicular
to the apex-base axis [33]. Tissue slices were fixed with
4% paraformaldehyde, embedded in paraffin, cut into 5𝜇m
sections, and stained with picrosirius red (0.1%) for assess-
ment of collagen area (an index of replacement fibrosis and
infarct size) [33]. Morphometric analysis of tissue sections
was carried out by light microscopy with a Qimaging QiCam
digital camera (Qimaging) interfacedwith a computer system
runningMetamorph 6.2v4 software (Universal Imaging). For
infarct size estimation, the ratio of the picrosirius red-stained
area (or the perimeter of that area) divided by the total area of
the ventricle (or the perimeter of the ventricle) was calculated
for six 5 𝜇m sections taken from 0–2, 2–4, 4–6, 6–8, and 8–
10mm distal from the heart apex.

2.4. Echocardiography. Echocardiography was performed on
isoflurane anesthetized rats using a Philips Sonos 5500
ultrasound system equipped with a 15MHz transducer as
described previously [33]. After recording heart rate (HR),
LV end-systolic dimension (LVESD) and LV end-diastolic
dimension (LVEDD) were measured by two-dimensional-
guided M-mode imaging from the parasternal short-axis
view below the mitral valve. LV end-diastolic volume (EDV),
end-systolic volume (ESV), ejection fraction (EF), and frac-
tional shortening (FS) were calculated as follows: EDV = 7 ×

LVEDD3/(2.4 + LVEDD), ESV = 7×LVESD3/(2.4 + LVESD),
FS = (LVEDD − LVESD)/LVEDD × 100, and EF = (EDV
− ESV)/EDV × 100. The mean velocity of circumferential
shortening (VCFR) was also calculated. A single examiner
blinded to treatment performed and interpreted all studies.

2.5. Mouse Vascular Injury Model. Wild-type versus CRPtg
mice were randomly assigned to treatment groups to receive
for 2wks the human CRP-specific ASO 353512 (10, 25, or
50mg/kg i.p.), the control ASO ISIS 141923 (20mg/kg/wk
i.p.), or an equal volume vehicle (0.9% NaCl). At the begin-
ning and end of the 2wk treatment phase blood was collected
to assess human CRP and IL-6. Following the run-in phase
the right common carotid artery (RCCA) was ligated to stim-
ulate neointima generation as described previously [24, 25].
Briefly, the RCCA was exposed through a midline cervical
incision and ligated with an 8-0 silk suture just proximal to
the bifurcation.The left common carotid arterywas surgically
exposed but not ligated and served as an internal control.
Treatments continued postsurgically for 2 more weeks and
then the mice were anesthetized and euthanized with an
overdose of pentobarbital. The vasculature was immediately
flushed with 0.01M sodium phosphate buffer (pH 7.4) and
perfused with 10% formalin and both carotid arteries were
excised, fixed in 10% formalin, embedded in paraffin, and
sectioned. Representative serial sections were stained with
hematoxylin and eosin (H&E) and examined under a light
microscope to locate the ligature site; then additional sections
of the artery taken 200, 350, 500, and 700 𝜇mproximal to the
ligation site were identified and treatedwithVerhoeff ’s elastin
stain to enhance the elastic laminae. Sections of the unligated
contralateral vessels were obtained and processed in the same
fashion (data not shown). Computer-assisted morphometric
analysis of digitized images captured from each arterial
section was performed with image analysis software (Scion
Image). To calculate vessel patency, the cross-sectional area
of the vessel lumen was divided by the cross-sectional area
of the area bounded by the internal elastic lamina. All
measurements were performed by a single examiner blinded
to the genotype and treatment of the mice.

2.6. Measurement of Serum CRP, IL-6, and ALT. Rat CRP
was measured using a commercially available enzyme-linked
immunoassay kit and the manufacturer’s instructions (EMD
Millipore, Darmstadt, Germany) and human CRP was mea-
sured by an ELISA as described previously [24, 25]. ALT was
determined using INFINITY ALT reagents (Sigma-Aldrich
Corp., St. Louis, MO).

2.7. Statistical Analysis. Results are expressed as the mean
± SEM without transformation. Pairwise comparisons were
done using Student’s t-tests, and comparisons among mul-
tiple experimental groups were performed with one-way
ANOVA followed by pairwise multiple comparisons using
the protected least-squares difference test. Differences were
considered significant when the associated P value was <0.05.
All statistical analyses were performed using the SigmaStat
software package (SigmaStat, Jandel Scientific).
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Figure 1: ASO-mediated lowering of CRP in rats subjected to LADCA ligation. (a) Serum CRP values determined by ELISA for rats injected
i.p. with a CRP targeting ASO (ISIS 197178; 150mg/kg/wk, 𝑛 = 19) (◼), a control ASO (ISIS 141923; 150mg/kg/wk, 𝑛 = 9) (◻), or an equivalent
volume of 0.9% saline (vehicle, 𝑛 = 8 rats) (I). The arrow indicates the day LADCA ligation surgery was performed.The single asterisks and
“ns” above the curves indicate 𝑃 < 0.0001 or not significant (𝑃 > 0.05), respectively, for ANOVAs comparing the three treatment groups
on each day. The double asterisks below the lines indicate 𝑃 < 0.0001 for protected least-squares difference tests comparing the ISIS 197178
treated group to both other groups. (b) Serum IL-6 determined by ELISA for the rats shown in (a). (c) Serum alanine transaminase (ALT)
levels determined by ELISA on day 35.
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3. Results

3.1. ASO-Mediated Lowering of Rat CRP Is Beneficial in a Rat
Model of AcuteMI. BloodCRP level in rats (𝑛 = 36)was 321.9
± 18.9 𝜇g/mL at baseline, with no significant difference among
the three randomly assigned treatment groups (ANOVA).
Administration of the rat CRP specific drug ISIS 197178 (𝑛 =
19 rats) reduced blood CRP by an average 65% - from 303.8
± 29.5 𝜇g/mL at baseline to 90.4 ± 17.2 𝜇g/mL on day 28
(Figure 1(a)). In comparison, rats treated with saline (𝑛 =
8) or the control ASO ISIS 141923 (𝑛 = 9) showed no
significant deviation of bloodCRP frombaseline levels on day
28 (Figure 1(a)). Indeed during this time period CRP levels
increased, rather than decreased, in rats receiving saline (10%
increase from baseline) and ISIS 141923 (24% increase). IL-
6 level at baseline and on day 28 were highly variable with
no significant differences among the three treatment groups
(ANOVAs) (Figure 1(b)). Importantly, therewas no reduction
of IL-6 (the major inducer of rat CRP) [34] in rats treated
with ISIS 197178 (Figure 1(b)). Both the control and the CRP-
specific ASOs were well tolerated as judged by absence of
elevation of blood ALT (Figure 1(c)). LADCA ligation on day
28 caused blood CRP to increase by 33% by day 35 for saline-
treated rats and by 13% for ISIS 141923-treated rats, but the
elevation of CRP was completely blocked for rats receiving
ISIS 197178 (Figure 1(a)).

After eliminating rats that died during surgery or within
hours after LADCA ligation due to lethal MI (3/19 ISIS
197178 treated rats, 3/9 ISIS 141923 treated rats, and 2/8 saline
treated rats) and after inspecting post-MI echocardiograms
and stained heart sections to eliminate rats in which the
LADCA was not properly ligated so no MI was achieved
(4/16 ISIS 197178 treated rats, 1/6 ISIS 141923 treated rats,
and 2/6 saline treated rats), 21 rats remained for further
study. For statistical purposes the remaining saline-treated
and ISIS 141923-treated animals (𝑛 = 9 in total) were
pooled and compared to the remaining ISIS 197178-treated
rats (𝑛 = 12). Echocardiographic indices in this subset
were consistent with a subtle but significant improvement in
post-MI cardiac function for rats treated with ISIS 197178,
which showed a 14–23% improvement in EF, FS, and VCFR
(Figure 2). Consistent with the echocardiography findings,
infarct size was reduced in rats treated with ISIS 197178
compared to controls (Figure 3), with a small but significant
zone of protection observed proximal to the site of LADCA
ligation (i.e., 6–10mm from the apex of the heart) (Figure 3).

These results show that for rats treated with ISIS 197178,
an ASO that targets rat CRP mRNA and thereby lowers
circulating CRP protein level effectively without causing
toxicity or inflammation, cardiac dysfunction resulting from
experimentally induced acute MI was reduced.

3.2. ASO-Mediated Lowering of Human CRP Is Beneficial in
a CRPtg Mouse Model of Acute Vascular Injury. In these
experiments CRPtg mice were treated for 2 weeks with
different doses of a human CRP specific ASO (ISIS 353512;
doses of 10, 25, or 50mg/kg/week i.p.) versus a control ASO
(ISIS 141923 at 20mg/kg/week i.p.) or vehicle (0.9% saline).
Following this 2-week run-in phase the RCCA was ligated
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Figure 2: ASO-mediated lowering of CRP in rats subjected to coro-
nary artery ligation improves myocardial infarction (MI) induced
cardiac dysfunction. LV function was measured by echocardio-
graphic analysis in rats at baseline and at 1 wk after MI. Heart
rate (HR), LV end-systolic dimension (LVESD), LV end-diastolic
dimension (LVEDD), ejection fraction (EF), fractional shortening
(FS), and the mean velocity of circumferential shortening (VCFR)
were calculated as described in the Materials and Methods. The
results shown are for 𝑛 = 12 rats treated with ISIS 197178 versus
𝑛 = 9 controls (see the Results section for details). Single and double
asterisks indicate 𝑃 < 0.05 and 𝑃 < 0.005 for unpaired 𝑡-tests.

to stimulate neointima generation. Therapy continued for
2 more weeks and the ligated vessels were harvested to
quantitate the effect of human CRP lowering on the blood
vessel injury response.

Serum human CRP level in CRPtg mice (𝑛 = 69) was
12.7 ± 1.03 𝜇g/mL at baseline with no statistically significant
difference (ANOVA) among the various treatment groups.
For both saline-treated and ISIS 141923-treated CRPtg mice,
serum human CRP level increased above baseline by ∼30%
by day 14 and by ∼40–85% by day 28 (two weeks after
RCCA ligation) (Figure 4). In contrast formice receiving ISIS
353512, the increase in human CRP level was prevented at the
10mk/kg/wk dose and reversed in a dose-dependent fashion
at the higher doses (Figure 4). Like the ASO we tested in rats,
the human CRP specific ASO ISIS 353512 neither reduced
serum IL-6 nor raised serum ALT levels in CRPtg mice (data
not shown). Furthermore, ISIS 353512 did not reduce mouse
CRP levels (data not shown) [31].

For CRPtg mice subjected to surgery, patency of the
ligated RCCA was significantly improved by treatment with
the human CRP lowering ASO ISIS 353512 (Figure 5(a)).
The protective effect was most pronounced distal to the
ligature. In stark contrast ISIS 353512 had no effect on ligated
RCCA patency in mice that did not express human CRP
(Figure 5(b)).

These results show that for CRPtg mice treated with ISIS
353512, an ASO that targets human CRP mRNA and thereby
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Figure 3: ASO-mediated lowering of CRP in rats subjected to coronary artery ligation reduces infarct size. For hearts from the animals shown
in Figure 2, percent infarcted region (area (a) or perimeter (b)) was calculated from picrosirius red-stained LV sections (see Materials and
Methods). Rats were injected i.p. with either 0.9% saline or ASO 141923 at 150 mg/kg/wk) (controls, 𝑛 = 9), or an equivalent dose of the CRP
targeting ASO ISIS 197178 (𝑛 = 12). The asterisks indicate ∗𝑃 < 0.05 for unpaired t-tests.
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Figure 4: ASO-mediated lowering of human CRP in CRPtg mice
subjected to RCCA ligation. Serum human CRP values were
determined by ELISA for rats injected i.p. with (i) the CRP targeting
ASO ISIS 353512 (10mg/kg/wk, 𝑛 = 9; 25mg/kg/wk, 𝑛 = 30;
50mg/kg/wk, 𝑛 = 5), (ii) the control ASO ISIS 141923 (20mg/kg/wk,
𝑛 = 12), or (iii) an equivalent volume of 0.9% saline (𝑛 = 13). The
arrow indicates the day RCCA ligation surgery was performed.

lowers circulating human CRP protein level effectively with-
out causing toxicity or inflammation, carotid artery stenosis
resulting from blood vessel ligation is reduced.

4. Discussion

The association of elevated baseline CRP to increased risk
of CHD is widely recognized [35–37], but it is not known
if this association is causal. Furthermore if the association is
causal it is not known which of the many biological actions
of CRP might support the effect. Notwithstanding the many
informative studies of CRP biology performed in vitro and
in animal models, a clinically approved and specific inhibitor
of human CRP will be needed before a true understanding
of the physiologic role of CRP in humans at risk of CHD
can be ascertained. If treatment of at-risk patients with a
CRP lowering drug is found to lower the risk, then that
would certainly settle the ongoing debate about whether CRP
plays a role in cardiovascular disease. On the other hand
even if lowering CRP has no protective effect, the predictive
association would still remain.

A small molecule inhibitor of CRP [1,6-
bis(phosphocholine)-hexane] that occludes the ligand-
binding “B” face of CRP and thereby reportedly blocks
its ability to activate complement was tested preclinically
[27]. Since (i) complement activation is known to occur in
concert with cardiovascular disease [20, 21], (ii) complement
activation products are found in vascular lesions associated
with cardiovascular disease [19], and (iii) CRP is known
to activate complement and colocalize with complement
fragments deposited in vascular lesions [19], then admin-
istration of 1,6-bis(phosphocholine)-hexane should be of
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Figure 5: Treatmentwith the humanCRP-specificASO ISIS 353512 improves blood vessel patency following RCCA ligation inCRPtgmice (a)
but not in wild-typemice (b). Blood vessel patency was calculated as described in theMaterials andMethods.The asterisks indicate ∗𝑃 < 0.05
for unpaired t-tests.

benefit in CVD. Indeed in rats, this compound was shown to
prevent the exacerbating effect of exogenously administered
human CRP on experimentally induced MI [27]. However,
since CRP also interacts with Fc𝛾Rs [4], treatment with 1,6-
bis(phosphocholine)-hexane may not completely block all of
the potentially detrimental functions of the protein. Also it is
not clear what consequences circulating CRP decamers (two
pentamers crosslinked by 1,6-bis(phosphocholine)-hexane)
might have on the vasculature, since presumably these com-
plexes could be deposited and potentially cause autoimmune
or inflammatory side effects. Therefore, despite the fact
that this drug improved infarct size and improved cardiac
function in rats receiving human CRP, these shortcomings
could ultimately limit its therapeutic potential in man.

Our CRP lowering tactic was different. Rather than
depleting the circulating protein from the blood, the ASOs
we used inhibit CRP production by specifically and selec-
tively preventing the translation of CRP mRNAs. The ASO
approach has been successfully used to target proteins not
readily amenable to small molecule or antibody based ther-
apeutic interventions. For example Kynamro, an antisense
inhibitor of apolipoprotein B [32], the principal apoprotein
present on all atherogenic lipids [38], was approved by
the FDA in January 2013 for use as an adjunct to first-
line lipid-lowering therapies in homozygous familial hyper-
cholesterolemia [39–41]. Because ASOs have much longer
half-lives compared to small molecule inhibitors [41, 42],
ASOs can be administered more infrequently to patients.
Furthermore, CRP is well suited for inhibition using ASO
technology because the protein is synthesized primarily by
hepatocytes [3, 4, 29, 34], cells that readily accumulate
antisense drugs and are sensitive to ASO pharmacology
[42–44]. ASOs also accumulate in extrahepatic cells and
tissues known to make CRP, such as the kidney, alveolar
macrophages, and adipocytes, [19, 37, 42].

The ASOs we tested here were designed to target rat
CRP and human CRP (in CRPtg mice). Each ASO was well
tolerated at all doses and in both species tested, and both
CRP targeting inhibitors specifically reduced their respective
CRP serum levels after only short-term administration with
a modest dosing regimen. We did not test complement levels
in the current study, but we have shown previously that ASO
mediated lowering of humanCRP is accompanied by reduced
complement activation in CRPtg mice [45], an effect like
that of 1,6-bis(phosphocholine)-hexane in rats [27]. Notably,
ASO-mediated reduction of CRP in both species was not due
to reduction of IL-6 and each of the tested ASOs blunted
(or reversed) the rise in serum CRP caused by surgery.
The proven ability of antisense inhibitors to reduce baseline
expression of rat CRP in rats and human CRP in CRPtg mice
and to block CRP upregulation after surgery, after treatment
for a short duration with only low doses of antisense drugs,
suggests that these agents should be useful for intervention
in both chronic and acute disease processes. Indeed, we have
previously shown that another human CRP specific ASO
(ISIS 329993) is efficacious in a CRPtg mouse model of
inflammatory arthritis [31]. We have shown here for the first
time that, in both rats and mice, ASO-mediated lowering of
CRP results in improved outcomes following cardiovascular
insult.

Despite a body of evidence that CRP level is a fairly strong
predictor of CVD, there is still no agreement on how to
integrate CRP measurement into clinical practice or indeed
whether it should even routinely be evaluated [46–48]. The
main reason is that it is still unknown whether CRP plays a
pathophysiologic role in CVD in humans. Without a human
specific-CRP drug it has not been possible to conduct clinical
trials to test the CRP-CVDhypothesis.TheCRP-specificASO
inhibitors that we describe here could fill this gap and provide
the impetus for future in vivo pharmacological, toxicological,
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and ultimately clinical studies that will help clearly delineate
the role of CRP in CVD in humans. If future studies do
confirm a role for CRP in CVD, then perhaps a reasonable
ASO treatment group would be patients whose admission
values of CRP are 10mg/L or greater, as these are the patients
at highest risk for death and MI [48].
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The role of C-reactive protein (CRP) in atherosclerosis is controversially discussed.Whereas initial experimental studies suggested a
pathogenic role for CRP in atherogenesis, more recent genetic data fromMendelian randomization trials failed to provide evidence
for a causative role of CRP in cardiovascular disease. Also, experimental results from laboratories all over the world were indeed
contradictory, partly because of species differences in CRP biology and partly because data were not accurately evaluated. Here we
summarize the published data from experimental work with mainly human material in order to avoid confusion based on species
differences in CRP biology. Experimental work needs to be reevaluated after reconsideration of some traditional rules in research:
(1) in order to understand a molecule’s role in disease it may be helpful to be aware of its role in physiology; (2) it is necessary to
define the disease entity that experimental CRP research deals with; (3) the scientific consensus is as follows: do not try to prove
your hypothesis. Specific CRP inhibition followed by use of CRP inhibitors in controlled clinical trials may be the only way to prove
or disprove a causative role for CRP in cardiovascular disease.

1. CRP and Its Role in Physiology

C-reactive protein (CRP), the prototype human acute phase
protein, is a pentameric molecule consisting of 5 identical
subunits of 23 kD each [1, 2]. CRP has been first identified
and described by Tillet and Francis in 1930 via its ability to
bind to the C-fragment of Streptococcus pneumoniae [3]. In
acute phase response, CRP plasma concentrations, within a
few hours, can raise up to 1000-fold compared to normal
[1, 2]. Because of its role as the prototype acute phase protein,
CRP is one of the most frequently quantified molecules in
clinical medicine. It is widely used by clinicians to monitor
acute phase, for example, in pneumonia, sepsis, skin and
soft tissue infections, and trauma and also in controlling the
patient’s response to antibiotic therapy. Furthermore, CRP is
an indicator of activity in autoimmune diseases [4].

Paradoxically, in spite of this wide-spread clinical use
relatively little is known about the molecule’s biological
functions. It is interesting to note that even inwell-recognized
and careful reviews summarizing the current evidence on

CRP and cardiovascular disease, the basic science which has
been accumulated overmore than 80 years and has unraveled
very few major functions of CRP in the human immune
system seems to be almost forgotten [5, 6].

C-reactive protein is synthesized mainly in the liver in
response to interleukin-6 (and interleukin-1) [1, 2]. The two
prominent CRP functions are (1) activation of the classical
complement pathway viaC1q binding [7]. Each 23 kD subunit
contains a Ca2+-dependent phosphorylcholine binding site as
well as a complement C1q binding site [8]. Phosphorylcholine
binding induces a conformational change on the opposite site
of the molecule with consecutive C1q binding and activation
of the classical complement pathway (reviewed in [9]);
(2) binding to human immunoglobulin Fc𝛾 receptors and,
hereby, opsonization of biological particles for macrophages
[10–14]. Notably, these functions are also antibody functions.
Therefore, it is not unlikely that CRP has been the first
antibody-like molecule in the evolution of the mammalian
immune system. As CRP functions have been taken over by
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Table 1: Colocalization of CRP, complement components, and
Fc𝛾R/macrophages as a general feature in histopathology of human
disease.

Disease CRP Complement
components Fc𝛾R/macrophages

Atherosclerosis + + +
Myocardial infarction + + +
Dilated cardiomyopathy + + +
Alzheimer’s disease + + +
Ischemic stroke + ? ?
Rheumatology + + +

antibodies with time, CRP may well be an atavism in the
human immune system.

CRP is highly conserved in the evolution as evidenced
by the atlantic horseshoe crab “Limulus polyphemus,” which
evolved in Paleozoic Era and expresses a CRP-like molecule
in its immune system [15]. Nonetheless, there are surprising
species differences in CRP biology [1, 2]. For example, CRP
is not an acute phase reactant in the most broadly available
experimental animal model, that is, the mouse [1, 2, 16, 17].
Any attempt to overcome this problem by overexpressing
humanCRP inmice [17] finally causes expression of a foreign
antigen in these organisms with unforeseeable consequences
for the animal’s immune system [17]. The latter holds true
for any other animal species and also for injection of human
CRP into such animals. Further problems are known for
the rat model with very high basic CRP plasma levels in
these animals [18]. The only smaller animal model that
seems to be useful for studying CRP biology and its role
in cardiovascular disease is the rabbit model. Here, CRP
is an acute phase reactant and activates complement [19,
20]. With regard to this animal model three major points
have to be taken into consideration. First, the cholesterol
hypothesis in atherosclerosis originates from the Anichkov
rabbit model [21]; secondly, cholesterol feeding induces very
high CRP levels in the plasma as well as CRP deposition in
atherosclerotic plaques in the rabbit model [19]; and thirdly,
complement C6 deficiency in rabbits protects these animals
from lesion development [22, 23]. Here, an almost ideal
animal model [19, 24] (with no need to overexpress human
CRP in these animals [25]) seems to exist, although the latter
has not yet been fully recognized [26]. However, interesting
new data from this issue presented by Szalai and colleagues
tell us that it may nonetheless be wrong to dismiss any animal
model from the cardiovascular disease portfolio.

2. CRP and Its Role in Pathology

In contrast to the large number of epidemiological studies
that correlate plasma levels of high sensitivity CRP (hsCRP:
CRP measured by highly sensitive assays) with various
diseases, for example acute coronary syndrome, heart failure,
stroke, chronic obstructive pulmonary disease, peripheral
artery disease, hemodialysis, cancer, hypertension, atrial

fibrillation or coronary heart disease (F. Strang, and H.
Schunkert, “C-reactive-protein and coronary heart disease:
All said—isn’t it?,” Mediators of Inflammation, 2014), there
is much less information about its molecular interactions
within the affected tissues. Again, we would like to focus
mainly on human material and again, the two prominent
biological CRP functions, that is, complement activation
and binding to human immunoglobulin Fcgamma receptors
(Table 1), will primarily be discussed.

2.1. Atherosclerosis. Based on the identification of CRP as
a cardiovascular risk marker in humans, the vast amount
of experimental research with human material has been
performed on atherosclerosis as the underlying cause for
many cardiovascular disease entities [27–42].

(A) Histopathology of Human Atherosclerotic Lesions. Valid
histopathology with its simple phenomenological approach
may be the observational basis for any hypothesis on
atherosclerotic lesion development. Although initially denied
[27], CRP indeed deposits in all stages of human atheroge-
nesis [28–31]. Notably, CRP in the lesion colocalizes with
activated complement fragments [29, 31], and notably, with
regard to cell types, CRP colocalizes almost exclusively with
macrophages [30]. The conclusions to draw from these
histopathological findings are as follows. First, CRP may
be an important complement activating molecule in human
atherogenesis and may thereby sustain a chronic autotoxic
mechanism operating in the diseased arterial wall; second,
macrophages (which strongly express Fc𝛾 receptors [32]) are
likely the target cells for CRP action in the arterial wall.

(B) In Vitro Experiments. Many in vitro studies have proposed
diverse CRP effects on vascular cells. In these studies, some of
the above mentioned rules have not been taken into account.
The known biological CRP functions were not the underlying
basis for the in vitro experiments. Consequently, CRP effects
on smooth muscle cells and endothelial cells have been
reported that were caused by contaminants of the applied
CRP preparations, rather than by the CRP itself [33, 34].
Such publications have, unnecessarily, shed a dark light on
the research topic in general [35, 36].

(C) CRP-Mediated Opsonization of LDL for Macrophages via
Fc𝛾 Receptors. Compelling evidence from in vitro studies on
CRP-mediated opsonization of biological particles reports
that (1) CRP binds to various unmodified andmodified forms
of LDL [37–39], (2)CRPbinds to and signals via Fc𝛾 receptors
[11–14], and (3) LDL-bound CRP is taken up by macrophages
via Fc𝛾R dependent and Fc𝛾R independent pathways [40].

In brief, CRP colocalization with macrophages in the
lesion, high expression levels of Fc𝛾Rs on macrophages, and
CRP-mediated LDL uptake into macrophages suggest that
CRP opsonizes LDL for macrophages. Thereby, CRP may be
deeply involved in foam cell formation in atherogenesis [40].

(D) CRP Mediates Complement Activation in Atherogenesis.
Compelling evidence from in vitro studies on CRP and
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complement activation in atherogenesis suggests that (1)
CRP conformation, either pentameric or monomeric, regu-
lates complement activation in the vessel wall [41] and (2)
CRP may also have protective effects by haltering modified
lipoprotein-mediated complement activation before detri-
mental terminal sequence [42].

In brief, colocalization ofCRPwith activated complement
fragments in atheroslerotic lesions and complement activa-
tion by CRP/LDL complexes in vitro strongly suggest that
lipoprotein-boundCRP is intimately involved in complement
activation in atherogenesis.

(E) Genetic Studies on CRP and Cardiovascular Disease. Con-
cerning genetic studies on CRP and cardiovascular disease
we refer to another article in this issue (Strang et al.). It
is, however, important to note that results from Mendelian
randomization trials do not support the concept that CRP is
causally involved in atherogenesis and its sequelae [43–45].
Still, the limitations of Mendelian randomization need to be
taken into account [46, 47], especially in case of a molecule
like CRP whose synthesis in the liver is very complexly
regulated on the transcriptional level [48–50].

2.2. CRP and Nonvascular Disease

2.2.1. Cardiology. A contribution of CRP to pathogenesis has
been suggested for two other cardiovascular disease entities,
that is, myocardial infarction and dilated cardiomyopathy.

(A) Myocardial Infarction. CRP plasma levels significantly
rise after myocardial infarction indicating the human body’s
acute phase response [51, 52]. CRP deposits in human
myocardial scars following coronary occlusion [51, 52]. In
this location, CRP again colocalizes with activated comple-
ment fragments suggesting that CRP-mediated complement
activation in necrotic tissue is a more general phenomenon.
While in rats CRP-mediated complement activation seems to
contribute tomyocardial damage andwhile inhibition ofCRP
by a CRP-cross-linker may be protective [53], complement
inhibition in human myocardial infarction has never been
conclusively demonstrated to be beneficial [54]. The thera-
peutical focus in myocardial infarction should certainly be
laid on reopening of the clotted coronary artery.

(B) Dilated Cardiomyopathy. Presence and distribution pat-
tern of myocardial CRP in patients suffering from nonis-
chemic chronic cardiomyopathy have been investigated [55].
Myocardial biopsies from dilated cardiomyopathy (DCM)
patients either with or without accompanying chronic
myocardial inflammation or virus were immunohistochem-
ically studied for CRP and C5b-9 [55]. Myocardial CRP
was detected in almost one-third of the patients. CRP again
colocalized with macrophages and the terminal complement
complex C5b-9. As there was no correlation with hsCRP
plasma levels and as spacial distribution of myocardial C5b-9
was much broader than CRP distribution, CRP may not be
the only myocardial complement activator in DCM.

2.2.2. Neurology. CRP and complement proteins were also
detected in cerebral lesions in Alzheimer’s disease [56]. Com-
pared with normal brains, CRP mRNA levels were elevated
in brains of Alzheimer patients, and thus it was concluded
that CRP might be produced within the brain rather than
being derived from the plasma [57]. CRP, again, seems to
activate the complement system in brains and may lead to
chronic neuroinflammation which then may cause neuronal
death in Alzheimer’s disease. CRP was also detected in brain
lesions of patients who died of acute ischemic stroke or
spontaneous intracerebral hemorrhage [58].This observation
was associated with a significant increase of hsCRP plasma
level indicating the organism’s acute phase response.

2.2.3. Rheumatology. CRP was also detected in synovial bio-
psies from patients with rheumatoid arthritis [59].The nuclei
of synoviocytes and histiocytes in the rheumatoid synovial
membrane were found to bind CRP. Synovial-bound CRP
was not of local origin and colocalized with antibodies and
complement C3. Nonarthritis patients did not have CRP
within their synovialmembranes. Again this observationmay
indicate an active or causative role for CRP in rheumatoid
arthritis [59]. Other studies showed CRP deposition in the
synovial fluid of different joint diseases [60, 61]. There
is evidence that CRP is either being selectively bound in
synovium or specifically consumed in synovial fluid. Thus,
CPR may play an important role also in the inflammatory
process of this disease [61].

3. Targeting C-Reactive Protein for the
Treatment of Cardiovascular Disease

In spite of huge effort to develop CRP inhibitors, up to
the present day no laboratory or pharmaceutical company
worldwide has succeeded in developing a specific anti-CRP
agent that is readily applicable in humans. As a consequence,
less specific anti-inflammatory drugs like IL-1𝛽 antibodies or
methotrexate are currently tested in clinical trials to prevent
patients from the progression of cardiovascular disease [62,
63]. In our view, these trials will very unlikely be successful
because the side effects of these approaches may eliminate
the potential therapeutic benefits. The trials, however, are
ongoing and therefore we do not know what the outcome of
the studies will be.

Assumed that CRP is an atavism in the human immune
system (see above), specific CRP inhibition may be less
immunosuppressive and thus the only way to proceed.
Specific inhibition, however, is demanding and will probably
depend on future development of novel pharmaceutical
strategies to target biomolecules. Principle strategies include
(1) cross-linking of CRP subunits, (2) antisense strategies, (3)
blockage of CRP-mediated complement activation, (4) block-
age of CRP receptors, and (5) inhibition of CRP synthesis.

Cross-linking of CRP subunits has been attempted in
the past [53]. Although originally touted as a major break-
through, the molecule that resulted from these attempts
is a more or less ubiquitous cross-linker and has never
found its way into human application. Use of antisense
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strategies obtained promising results in two animal models
and antisense molecules have also successfully lowered CRP
plasma levels in healthy volunteers [64], [1, in this issue].
Although one of the challenges of this approach is how to
apply such molecules continuously over years, the approach
seems promising. Inhibition of CRP-mediated complement
activation by competitive blockage of the C1q binding site has
been tried but was not successful due to steric reasons. In
view of the identification of Fc𝛾 receptors as CRP receptors
and the expectable side effects, blockage of CRP receptors
seems not reasonable. Finally, high throughput screening
(HTS) with a hepatoma cell line stably transfected with the
CRP promoter surprisingly resulted in the identification of
cardiac glycosides as potent transcriptional CRP inhibitors
[65]. This in vitro result is difficult to interpret. Whether the
in vitro effect also applies in vivo in humans is currently under
investigation. The latter can easily be done and is ethically
justified in heart failure patients, because cardiac glycosides
have been used in cardiac insufficiency for 230 years [66] and,
according to heart failure guidelines, still provide an additive
treatment option in NYHA classes III and IV [67].

Since generation of induced pluripotent stem (IPS) cells
has recently facilitated HTS with primary human cells [68]
it may be worthwhile to repeat HTS for CRP synthesis
inhibitors with hepatocytes derived from IPS cells.

In summary it can be stated that, as CRP is also invo-
lved in the pathogenesis of other diseases (see above), the
moleculemay be a rewarding drug target. Future technologies
in drug development may facilitate achievement of this
demanding goal.
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