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Inflammation is a major feature of the ar-
terial lesions of atherosclerosis1, and there is
substantial evidence of an association be-
tween antecedent or concurrent systemic in-
flammatory activity and the occurrence of
atherothrombotic events, especially my-
ocardial infarction2. C-reactive protein
(CRP), the classical acute phase protein, is
an exquisitely sensitive systemic marker of
inflammation and tissue damage3, and there
is therefore nothing inherently surprising
about the recent torrent of reports demon-
strating a powerful predictive relationship be-
tween increased CRP production, even with-
in the range previously considered to be
normal, and atherothrombotic events4-13. In-
deed circulating CRP values correlate close-
ly with other diverse markers of inflamma-
tion, some of which show similar, albeit
generally less significant, predictive associ-
ations14,15. However CRP itself is particularly
interesting because not only does it bind se-
lectively to low density lipoproteins (LDL)16,
especially oxidised and enzyme modified
LDL as found in atheromatous plaques17,
but it is actually deposited in the majority of
such plaques18,19 and it has a range of pro-
inflammatory properties that could poten-
tially contribute to the pathogenesis, pro-
gression and complications of atheroma20-22.
Furthermore, CRP is invariably produced
in large amounts in response to myocardial
necrosis23,24, the peak values of circulating
CRP powerfully predict outcome after my-
ocardial infarction24-27, CRP is deposited
within all acute myocardial infarcts28,29, and

there is compelling evidence that CRP con-
tributes to the severity of ischaemic my-
ocardial injury30.

The production of CRP following my-
ocardial necrosis is the typical acute phase
response to cell death and inflammation,
mediated by the action on the liver of the cy-
tokine cascade, especially interleukin-6, trig-
gered by such events. However the stimuli
that trigger the very low grade up-regulation
of CRP production that predicts coronary
events in general populations10,11,13, or the
more substantial CRP values associated with
poor prognosis in severe unstable angina5,31,32

or after angioplasty33, have not been clear-
ly identified. They may arise from inflam-
mation within the atheromatous lesions
themselves, and thus reflect their extent
and/or severity or instability. Alternatively
they may reflect inflammation elsewhere in
the body, although there is no strong corre-
lation with serological evidence of the var-
ious chronic microbial infections, such as
Chlamydia pneumoniae and Helicobacter
pylori, that have been putatively linked with
coronary heart disease13. Indeed, within what
was until recently accepted as the reference
range for circulating CRP concentration, up
to 5 or 10 mg/l34, higher values have now
been found to be strongly associated with in-
creased body mass index35 and, more specif-
ically, with many features of the insulin re-
sistance or metabolic syndrome36, up to and
including frank diabetes mellitus37. This
may reflect in part the fact that adipocytes are
the source of a substantial portion of base-
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line interleukin-6 production38, but in general it suggests
that some or even most of the inflammatory marker
profile associated with increased atherothrombotic risk
in the population at large, may not be triggered by in-
flammation or tissue damage in the classical sense.
Rather it may be a sign of a particular metabolic state
which happens also to be pro-atherogenic, or at least pre-
disposing to atherothrombotic events. Interestingly oral
contraceptive use39 and post-menopausal hormone re-
placement therapy40-42 are also associated with signifi-
cantly raised baseline CRP concentrations without any
sign of tissue-damaging inflammation. A further in-
triguing association exists between endothelial dys-
function, a marker of atherosclerosis related to coronary
events, and systemic inflammation indicated by in-
creased CRP production43,44.

At the other pole of interpretation of these important
new observations is the possibility that CRP itself may
have a significant pathogenetic role in atherogenesis,
plaque destabilisation and atherothrombosis. The bind-
ing of CRP to lipids, especially lecithin, and to plasma
lipoproteins, especially what was formerly called β-
lipoprotein, has been known for over 60 years, and we
first suggested a possible relationship to atherosclero-
sis when we showed that aggregated, but not native, non-
aggregated, CRP selectively bound just LDL from whole
serum16,45. We looked hard for CRP in various arterial
lesions but failed to detect it convincingly by immuno-
fluorescence techniques46. Subsequently there were re-
ports of the ubiquitous deposition of CRP in all human
atherosclerotic plaques47,48, but we were unable to con-
firm the immunological specificity of the reagents and
procedures used. However recent studies with more
sensitive immunoperoxidase methods18 and with ap-
propriately rigorous controls for specificity of CRP
staining19 have convincingly shown that CRP is indeed
present in most plaques, and we have confirmed this in
our own laboratory.

CRP thus binds LDL, the major lipoprotein class de-
posited in the arterial wall in atheroma, and binds es-
pecially well to modified LDL of the type found in le-
sions17; furthermore CRP is present in the actual plaques.
What effects could it have there? First, the capacity of
aggregated and ligand-complexed human CRP to acti-
vate the classical complement pathway has long been
known49,50. Although there is discussion about the effi-
ciency of such activation in generating the lytic termi-
nal complement complex51, the potent activation of C3
is undisputed and can thus unleash the major opsonic and
chemotactic functions of the complement system. Sec-
ond, bound CRP may be recognised by a subset of cel-
lular Fc(γ) receptors and thus directly activate phagocytic
cells52-54. Third, CRP has been reported to stimulate
tissue factor production by peripheral blood monocytes
and could thereby have important pro-coagulant ef-
fects55,56. However this latter action of CRP has not
been well defined or robustly controlled; for example,
all the published work has been done with commercially

sourced CRP of incompletely defined provenance, pu-
rity, etc., and there have been few robust specificity
controls. Nevertheless if the phenomenon is repro-
ducible it provides a possible direct link between in-
creased CRP production and atherothrombotic events.

Once arterial occlusion has occurred and there is is-
chaemic tissue damage with cellular necrosis and ensuing
local inflammation, the possible pathogenetic contri-
bution of CRP has lately become much more clear.
Apart from the epidemiological association between
higher peak CRP values and poor prognosis, there is ro-
bust immunohistochemical evidence of CRP deposi-
tion within all acute myocardial infarcts, co-localised
with activated complement components29. Although
this suggested that CRP might have deleterious effects,
it is not yet possible to investigate such mechanisms in
man. We therefore utilised the rat model of myocardial
infarction, produced by ligation of the coronary artery,
to take advantage of our original finding that rat CRP
does not activate rat complement57 and cannot therefore
engage the pro-inflammatory effects available to human
CRP. In contrast human CRP potently activates rat as
well, of course, as human complement57. When rats
undergoing coronary artery ligation received daily in-
jections of pure human CRP, they became sicker than
similarly operated rats receiving buffer alone or the
closely related human protein, serum amyloid P com-
ponent (SAP), that does not activate complement30. In-
jection of human CRP into un-operated rats had no ad-
verse effects. Some of the coronary artery ligated rats
treated with human CRP died, and those surviving to day
5, when all animals were killed, had infarcts 40% larg-
er than buffer or SAP-treated controls30. This dramatic
enhancement of infarct size by human CRP was com-
pletely abrogated by in vivo complement depletion of the
rats using cobra venom factor, and was thus absolutely
complement dependent30. Indeed, it has long been known
that in vivo complement depletion markedly reduces in-
flammation and infarct size in this and similar animal
models58-61. We thus conclude that a substantial pro-
portion of final myocardial infarction size following
acute coronary occlusion is determined by complement
mediated inflammation, and that human CRP, both in our
rat model and very likely also in the clinical situation,
is responsible for at least some of this complement ac-
tivation.

The development of drugs to block CRP binding in
vivo is now a high priority, to which we are giving en-
ergetic attention62. In addition to affording potential
cardioprotective therapy in acute myocardial infarc-
tion, such drugs will provide the means to investigate
whether CRP contributes to pathogenesis of atheroma
and/or atherothrombosis. We have solved the three-di-
mensional structure of CRP and its ligand complex with
phosphocholine at atomic resolution63, have developed
high throughput screening assays for inhibitors of CRP
binding to pathophysiological ligands, including en-
zyme modified LDL, and already have extensive expe-
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rience in identification and evaluation of drugs that in-
hibit pentraxin binding, through our successful devel-
opment of the SAP inhibitor, (R)-1-[6-(R)-2-carboxy-
pyrrolidin-1-yl]-6-oxo-hexanoyl]pyrrolidine-2-car-
boxylic acid (Patent EP-A-915088). We are therefore op-
timistic that new reagents with which to investigate
these exciting questions about CRP will become avail-
able reasonably soon.

References

01. Ross R. Atherosclerosis: an inflammatory disease. N Engl J
Med 1999; 340: 115-26.

02. Spodick DH. Inflammation and the onset of myocardial in-
farction. Ann Intern Med 1985; 102: 699-702.

03. Pepys MB. The acute phase response and C-reactive protein.
In: Weatherall DJ, Ledingham JGG, Warrell DA, eds. Oxford
Textbook of Medicine. 3rd edition. Vol 2. Oxford: Oxford Uni-
versity Press, 1996: 1527-33.

04. Berk BC, Weintraub WS, Alexander RW. Elevation of C-re-
active protein in “active” coronary artery disease. Am J Car-
diol 1990; 65: 168-72.

05. Liuzzo G, Biasucci LM, Gallimore JR, et al. The prognostic
value of C-reactive protein and serum amyloid A protein in
severe unstable angina. N Engl J Med 1994; 331: 417-24.

06. Thompson SG, Kienast J, Pyke SDM, Haverkate F, van de
Loo JCW. Hemostatic factors and the risk of myocardial in-
farction or sudden death in patients with angina pectoris. N
Engl J Med 1995; 332: 635-41.

07. Kuller LH, Tracy RP, Shaten J, Meilahn EN. Relation of C-
reactive protein and coronary heart-disease in the MRFIT nest-
ed case control study. Am J Epidemiol 1996; 144: 537-47.

08. Tracy RP, Lemaitre RN, Psaty BM, et al. Relationship of C-
reactive protein to risk of cardiovascular disease in the elderly.
Results from the Cardiovascular Health Study and the Rur-
al Health Promotion Project. Arterioscler Thromb Vasc Bi-
ol 1997; 17: 1121-7.

09. Haverkate F, Thompson SG, Pyke SDM, Gallimore JR, Pepys
MB. Production of C-reactive protein and risk of coronary
events in stable and unstable angina. Lancet 1997; 349: 462-
6.

10. Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens
CH. Inflammation, aspirin, and the risk of cardiovascular dis-
ease in apparently healthy men. N Engl J Med 1997; 336: 973-
9.

11. Koenig W, Sund M, Fröhlich M, et al. C-reactive protein, a
sensitive marker of inflammation, predicts future risk of
coronary heart disease in initially healthy middle-aged men.
Results from the MONICA (Monitoring Trends and Deter-
minants in Cardiovascular Disease) Augsburg Cohort Study
1984 to 1992. Circulation 1999; 99: 237-42.

12. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive
protein and other markers of inflammation in the prediction
of cardiovascular disease in women. N Engl J Med 2000; 342:
836-43.

13. Danesh J, Whincup P, Walker M, et al. Low-grade inflam-
mation and coronary heart disease: new prospective studies
and updated meta-analyses. BMJ 2000; 321: 199-204.

14. Danesh J, Collins R, Appleby P, Peto R. Association of fi-
brinogen, C-reactive protein, albumin, or leukocyte count with
coronary heart disease. J Am Coll Cardiol 1998; 279: 1477-
82.

15. Danesh J, Muir J, Wong YK, Ward M, Gallimore JR, Pepys
MB. Risk factors for coronary heart disease and acute-phase
proteins. A population-based study. Eur Heart J 1999; 20: 954-
9.

16. de Beer FC, Soutar AK, Baltz ML, Trayner I, Feinstein A,
Pepys MB. Low density and very low density lipoproteins are
selectively bound by aggregated C-reactive protein. J Exp Med
1982; 156: 230-42.

17. Bhakdi S, Torzewski M, Klouche M, Hemmes M. Comple-
ment and atherogenesis. Binding of CRP to degraded, nonox-
idized LDL enhances complement activation. Arterioscler
Thromb Vasc Biol 1999; 19: 2348-54.

18. Torzewski J, Torzewski M, Bowyer DE, et al. C-reactive
protein frequently colocalizes with the terminal complement
complex in the intima of early atherosclerotic lesions of hu-
man coronary arteries. Arterioscler Thromb Vasc Biol 1998;
18: 1386-92.

19. Zhang YX, Cliff WJ, Schoefl GI, Higgins G. Coronary C-re-
active protein distribution: its relation to development of
atherosclerosis. Atherosclerosis 1999; 145: 375-9.

20. Pepys MB. C-reactive protein fifty years on. Lancet 1981; i:
653-6.

21. Pepys MB. C-reactive protein, amyloidosis and the acute
phase response. The Goulstonian Lecture. In: Sarner M, ed.
Advanced Medicine. Vol 18. Tunbridge Wells: Pitman Books,
1982: 208-30.

22. Lagrand WK, Visser CA, Hermens WT, et al. C-reactive
protein as a cardiovascular risk factor. More than an epiphe-
nomenon? Circulation 1999; 100: 96-102.

23. Kushner I, Broder ML, Karp D. Control of the acute phase
response. Serum C-reactive protein kinetics after acute my-
ocardial infarction. J Clin Invest 1978; 61: 235-42.

24. de Beer FC, Hind CRK, Fox KM, Allan R, Maseri A, Pepys
MB. Measurement of serum C-reactive protein concentration
in myocardial ischaemia and infarction. Br Heart J 1982; 47:
239-43.

25. Pietilä KO, Harmoinen AP, Jokiniitty J, Pasternack AI. Serum
C-reactive protein concentration in acute myocardial infarc-
tion and its relationship to mortality during 24 months of fol-
low-up in patients under thrombolytic treatment. Eur Heart
J 1996; 17: 1345-9.

26. Ueda S, Ikeda U, Yamamoto K, et al. C-reactive protein as
a predictor of cardiac rupture after acute myocardial infarc-
tion. Am Heart J 1996; 131: 857-60.

27. Anzai T, Yoshikawa T, Shiraki H, et al. C-reactive protein as
a predictor of infarct expansion and cardiac rupture after a first
Q-wave acute myocardial infarction. Circulation 1997; 96:
778-84.

28. Kushner I, Rakita L, Kaplan MH. Studies of acute phase pro-
tein. II. Localization of Cx-reactive protein in heart in induced
myocardial infarction in rabbits. J Clin Invest 1963; 42: 286-
92.

29. Lagrand WK, Niessen HWM, Wolbink GJ, et al. C-reactive
protein colocalizes with complement in human hearts during
acute myocardial infarction. Circulation 1997; 95: 97-103.

30. Griselli M, Herbert J, Hutchinson WL, et al. C-reactive pro-
tein and complement are important mediators of tissue dam-
age in acute myocardial infarction. J Exp Med 1999; 190:
1733-40.

31. Rebuzzi AG, Quaranta G, Liuzzo G, et al. Incremental prog-
nostic value of serum levels of troponin T and C-reactive pro-
tein on admission in patients with unstable angina pectoris.
Am J Cardiol 1998; 82: 715-9.

32. Biasucci LM, Liuzzo G, Grillo RL, et al. Elevated levels of
C-reactive protein at discharge in patients with unstable angi-
na predict recurrent instability. Circulation 1999; 99: 855-60.

33. Buffon A, Liuzzo G, Biasucci LM, et al. Preprocedural serum
levels of C-reactive protein predict early complications and
late restenosis after coronary angioplasty. J Am Coll Cardi-
ol 1999; 34: 1512-21.

34. Shine B, de Beer FC, Pepys MB. Solid phase radioim-
munoassays for C-reactive protein. Clin Chim Acta 1981; 117:
13-23.

198



MB Pepys, G Hirschfield - C-reactive protein and atherothrombosis

35. Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB.
Elevated C-reactive protein levels in overweight and obese
adults. JAMA 1999; 282: 2131-5.

36. Fröhlich M, Imhof A, Berg G, et al. Association between C-
reactive protein and features of the metabolic syndrome: a pop-
ulation-based study. Diabetes Care 2000; 23: 1835-9.

37. Ford ES. Body mass index, diabetes, and C-reactive protein
among US adults. Diabetes Care 1999; 22: 1971-7.

38. Yudkin JS, Stehouwer CDA, Emeis JJ, Coppack SW. C-re-
active protein in healthy subjects: associations with obesity,
insulin resistance, and endothelial dysfunction: a potential role
for cytokines originating from adipose tissue? Arterioscler
Thromb Vasc Biol 1999; 19: 972-8.

39. Fröhlich M, Döring A, Imhof A, Hutchinson WL, Pepys
MB, Koenig W. Oral contraceptive use is associated with a
systemic acute phase response. Fibrinolysis and Proteolysis
1999; 13: 239-44.

40. Cushman M, Legault C, Barrett-Connor E, et al. Effect of
postmenopausal hormones on inflammation-sensitive proteins:
the Postmenopausal Estrogen/Progestin Interventions (PEPI)
Study. Circulation 1999; 100: 717-22.

41. Ridker PM, Hennekens CH, Rifai N, Buring JE, Manson JE.
Hormone replacement therapy and increased plasma con-
centration of C-reactive protein. Circulation 1999; 100: 713-
6.

42. van Baal WM, Kenemans P, van der Mooren MJ, Kessel H,
Emeis JJ, Stehouwer CDA. Increased C-reactive protein lev-
els during short-term hormone replacement therapy in healthy
postmenopausal women. Thromb Haemost 1999; 81: 925-8.

43. Fichtlscherer S, Rosenberger G, Walter DH, Breuer S, Dim-
meler S, Zeiher AM. Elevated C-reactive protein levels and
impaired endothelial vasoreactivity in patients with coro-
nary artery disease. Circulation 2000; 102: 1000-6.

44. Hingorani AD, Cross J, Kharbanda RK, et al. Acute sys-
temic inflammation impairs endothelium-dependent dilation
in humans. Circulation 2000; 102: 994-9.

45. Pepys MB, Rowe IF, Baltz ML. C-reactive protein: binding
to lipids and lipoproteins. Int Rev Exp Pathol 1985; 27: 83-
111.

46. Rowe IF, Walker LN, Bowyer DE, Soutar AK, Smith LC,
Pepys MB. Immunohistochemical studies of C-reactive pro-
tein and apolipoprotein B in inflammatory and arterial lesions.
J Pathol 1985; 145: 241-9.

47. Reynolds GD, Vance RP. C-reactive protein immunohisto-
chemical localization in normal and atherosclerotic human aor-
tas. Arch Pathol Lab Med 1987; 111: 265-9.

48. Hatanaka K, Li XA, Masuda K, Yutani C, Yamamoto A. Im-
munohistochemical localization of C-reactive protein-bind-
ing sites in human atherosclerotic aortic lesions by a modi-
fied streptavidin-biotin-staining method. Pathol Int 1995;
45: 635-41.

49. Kaplan MH, Volanakis JE. Interaction of C-reactive protein
complexes with the complement system. I. Consumption of

human complement associated with the reaction of C-reac-
tive protein with pneumococcal C-polysaccharide and with
the choline phosphatides, lecithin and sphingomyelin. J Im-
munol 1974; 112: 2135-47.

50. Siegel J, Rent R, Gewurz H. Interactions of C-reactive pro-
tein with the complement system. I. Protamine-induced con-
sumption of complement in acute phase sera. J Exp Med 1974;
140: 631-47.

51. Mold C, Gewurz H, Du Clos TW. Regulation of complement
activation by C-reactive protein. Immunopharmacology 1999;
42: 23-30.

52. Bharadwaj D, Stein MP, Volzer M, Mold C, Du Clos TW. The
major receptor for C-reactive protein on leukocytes is Fcγ re-
ceptor II. J Exp Med 1999; 190: 585-90.

53. Stein MP, Edberg JC, Kimberly RP, et al. C-reactive protein
binding to FcγRIIa on human monocytes and neutrophils is
allele-specific. J Clin Invest 2000; 105: 369-76.

54. Torzewski M, Rist C, Mortensen RF, et al. C-reactive protein
in the arterial intima: role of C-reactive protein receptor-de-
pendent monocyte recruitment in atherogenesis. Arterioscler
Thromb Vasc Biol 2000; 20: 2094-9.

55. Cermak J, Key NS, Bach RR, Balla J, Jacob HS, Vercellot-
ti GM. C-reactive protein induces human peripheral blood
monocytes to synthesize tissue factor. Blood 1993; 82: 513-
20.

56. Nakagomi A, Freedman SB, Geczy CL. Interferon-γ and
lipopolysaccharide potentiate monocyte tissue factor induc-
tion by C-reactive protein: relationship with age, sex, and hor-
mone replacement treatment. Circulation 2000; 101: 1785-
91.

57. de Beer FC, Baltz ML, Munn EA, et al. Isolation and char-
acterisation of C-reactive protein and serum amyloid P com-
ponent in the rat. Immunology 1982; 45: 55-70.

58. Hill JH, Ward PA. The phlogistic role of C3 leukotactic frag-
ments in myocardial infarcts of rats. J Exp Med 1971; 133:
885-900.

59. Maroko PR, Carpenter CB, Chiariello M, et al. Reduction by
cobra venom factor of myocardial necrosis after coronary
artery occlusion. J Clin Invest 1978; 61: 661-70.

60. Pinckard RN, O’Rourke RA, Crawford MH, et al. Comple-
ment localization and mediation of ischemic injury in baboon
myocardium. J Clin Invest 1980; 66: 1050-6.

61. Weisman HF, Bartow T, Leppo MK, et al. Soluble human
complement receptor type 1: in vivo inhibitor of complement
suppressing post-ischemic myocardial inflammation and
necrosis. Science 1990; 249: 146-51.

62. Pepys MB. The Lumleian Lecture. C-reactive protein and
amyloidosis: from proteins to drugs? In: Williams G, ed.
Horizons in Medicine. Vol 10. London: Royal College of
Physicians, 1999: 397-414.

63. Thompson D, Pepys MB, Wood SP. The physiological struc-
ture of human C-reactive protein and its complex with phos-
phocholine. Structure 1999; 7: 169-77.

199


