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A b s t r a c t

Introduction: Statins are known to lower CRP, and this reduction has been 
suggested to contribute to the established efficacy of these drugs in reducing 
cardiovascular events and outcomes. However, the exact mechanism under-
lying the CRP-lowering effect of statins remains elusive. 
Methods: In order to test the possibility of direct interaction, we performed 
an in silico study by testing the orientation of the respective ligands (statins) 
and phosphorylcholine (the standard ligand of CRP) in the CRP active site 
using Molecular Operating Environment (MOE) software. 
Results: Docking experiments showed that all statins could directly interact 
with CRP. Among statins, rosuvastatin had the strongest interaction with CRP 
(pKi = 16.14), followed by fluvastatin (pKi = 15.58), pitavastatin (pKi = 15.26), 
atorvastatin (pKi = 14.68), pravastatin (pKi = 13.95), simvastatin (pKi = 7.98) and 
lovastatin (pKi = 7.10). According to the above-mentioned results, rosuvastatin, 
fluvastatin, pitavastatin and atorvastatin were found to have stronger binding 
to CRP compared with the standard ligand phosphocholine (pKi = 14.55). 
Conclusions: This finding suggests a new mechanism of interaction between 
statins and CRP that could be independent of the putative cholesterol-lower-
ing activity of statins.  

Key words: C-reactive protein, statins, inflammation, docking, interaction.

C-reactive protein (CRP) is a  liver protein associated with inflam-
mation. Being readily assayable in the circulation it has an established 
clinical role in the evaluation of the inflammatory status in generalized 
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inflammatory diseases. Among these, foremost is 
rheumatoid arthritis, followed by chronic diseases 
such as spondylitis, lupus and others [1,  2]. CRP 
levels rise after any microbial caused inflamma-
tion, from tonsils to subcutaneous tissues, as well 
as after traumas [3].

The major novelty in the field of inflamma-
tory disorders has been the recognition that 
generalized changes associated with CRP levels 
40–200 mg/l are just one face of the pathophys-
iological role of CRP [4]. Indeed, detection of CRP 
rises only measurable by high-sensitivity testing 
(hs-CRP) provided unexpected information on the 
role of hs-CRP as a marker of diseases not at the 
classical inflammation sites, but rather at the car-
diovascular level [5].

Hs-CRP > 2 mg/l is associated with major car-
diovascular risk markers, such as elevated lipids, 
in particular low-density lipoprotein (LDL)-choles-
terol, as well as in general with the progression of 
cardiovascular lesions [6]. In this particular case, 
hs-CRP > 2 mg/l becomes a major marker for early 
detection of arterial lesions and, more importantly, 
for the monitoring of agents reducing cardiovas-
cular risk, in particular lipid-lowering medications. 
Clinical studies on the major HMG-CoA reductase 
inhibitors, i.e. statins, have shown that patients 
with coronary disease not associated with marked 
hypercholesterolemia benefit from the reduction 
of this inflammatory marker induced by statins [7].

Recently questions have been raised on the 
actual biomarker role of CRP after a study on ge-
netic loci associated with hs-CRP levels failed to 
detect a clear association between these and the 
occurrence of CV events, in contrast to neighbor-
ing loci such as IL-6R or the APOCI-CII cluster [8]. 
A later Mendelian randomization study [9] from 
a  coronary heart disease genetic collaboration, 
investigating individuals from 47 epidemiologi-
cal studies in 15 countries, detected four genes 
tagging single nucleotide polymorphisms in the 
CRP gene. Variants of these were associated with 
an up to 30% per allele difference in hs-CRP con-
centrations but were unrelated to other coronary 
risk factors. None of these alleles was additive to 
the classical risk scores for coronary heart dis-
ease. In spite of the altogether not informative 
genetic characterization, it is unquestionable that 
the reduction of hs-CRP is associated with a defi-
nite CV benefit. Indeed, by using canakinumab, 
a  selective antagonist of interleukin-1b in the  
CANTOS Study on post-myocardial infarction pa-
tients, a clear benefit in cardiovascular risk was 
associated with a highly significant (-35–40%) re-
duction of hs-CRP [10].

In the still ongoing debate on the clinical signif-
icance of CRP reduction induced by lipid-lowering 
or other treatments, the newly developed PCSK9 

antagonists offer a good case in point. The major 
end point trials do not indicate anti-inflammatory 
activity of either bococizumab [11] or evolocumab 
[12], which may be responsible for the observed 
coronary prevention. The impressive LDL-choles-
terol lowering induced by these agents was not 
associated with changes in hs-CRP levels [13]. 
These findings confirm the results of a careful me-
ta-analysis from many trials with PCSK9i, showing 
a lack of effect on CRP levels [14]. An effect of these 
drugs on tissue cholesterol reduction, leading to 
a  lack of inflammasome activation consequent 
to cholesterol crystal deposition [15], would thus 
not be supported. This major difference between 
statins, leading to reduced tissue cholesterol and 
lower inflammasome activation [16], and PCSK9 
antagonists, has been underlined in recent reports 
attempting to explain the mortality difference in 
statin vs. PCSK9 trials [17] and the clearly reduced 
mortality in the CANTOS trial [8].

Since at present only indirect antagonist action 
of statins on CRP production has been hypothe-
sized [18], i.e. consequent to inhibited protein 
geranylgeranyltransferase [19], a  mechanistically 
more effective antagonism of the CRP activity as 
exerted by statins should be evaluated. This will be 
of major importance for the definition of an active 
site of CRP binding, allowing one to hypothesize 
the molecular structure of agents potentially able 
to inhibit the activity of CRP. In order to achieve 
this goal, active ligands, i.e. statins, were studied 
and compared to phosphorylcholine, the standard 
ligand of CRP [20]. Appropriate docking experi-
ments were designed showing that all statins and 
phosphorylcholine could directly interact with CRP 
in the active site, providing reliable information on 
the most appropriate design of drugs potentially 
antagonizing CRP. In addition, the present study 
could potentially clarify whether the antagonist 
action on the CRP docking site may go in parallel 
with the well-assessed dose-related plasma LDL-C 
reduction or may be independent activity.

Methods. The orientation of the respective lig-
ands and phosphorylcholine in the CRP active site 
was examined by a Molecular Operating Environ-
ment (MOE, Chemical Computing Group Inc. Mon-
treal, http://www.chemcomp/com) docking exper-
iment (Table  I). Phosphorylcholine bound to CRP 
crystal structure was downloaded from the RCSB 
Protein Data Bank (PDB entry: 1B09). All the com-
putational procedures were carried out with MOE. 
The molecular structures of the fluvastatin, 
pravastatin, pitavastatin, rosuvastatin, atorvas-
tatin, simvastatin and lovastatin and phospho-
rylcholine (as the standard ligand) were prepared 
by MOE Builder and minimized energy was calcu-
lated using Hamiltonian-Force Field-MMFF94x by 
MOE. The docking procedure was performed with 
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Table I. Right column – 3D-docking of phosphorylcholine and respective ligands with the CRP molecular target,  
Ca2+ (brown) is seen at the center. Left column – Docking of CRP with a-h compounds in 2D diagram. A – rosuvas-
tatin, B – fluvastatin, C – pitavastatin

Ligands Docking 3D representation Docking 2D representation

(A)

(B)

(C)
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Table I. Cont. D – atorvastatin, E – phosphorylcholine, F – pravastatin

Ligands Docking 3D representation Docking 2D representation

(D)

(E)

(F)
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the default settings of the MOE-DOCK. The final 
docking scores were evaluated using the Gener-
alized-Born Volume Integral/Weighted Surface 
area (GBVI/WSA) dG scoring function with the 
GBVI [21]. The GBVI/WSA dG is a forcefield-based 
scoring function, which estimates the free energy 
of binding of the ligand from a  given pose. The 
dissociation constant (Ki) was computed through 
the binding free energy estimated with the GBVI/
WSA dG scoring function according to the follow-
ing equation: ΔG  =  RTln(K

i
), where R represents 

the gas constant and T the temperature in kelvin. 
The K

i
 was computed from the binding free energy 

values at a fixed temperature (300 K).
 Results. We studied the affinity of seven statins 

(rosuvastatin, fluvastatin, pitavastatin, atorvasta-
tin, pravastatin, simvastatin and lovastatin) as 
well as the standard ligand phosphorylcholine to 
CRP. Docking experiments showed that all statins 
could directly interact with CRP (Table I). Among 
statins, rosuvastatin had the strongest interac-
tion with CRP (pKi = 16.14) through one H bonding 

interaction of its carbonyl group to ASN_61 resi-
dues of CRP, followed by fluvastatin (pKi = 15.58; 
two H bonding interactions of its hydroxyl group 
to ASP_60 and ASN_61 residues), pitavastatin 
(pKi = 15.26; two H bonding interactions of its hy-
droxyl group to GLN_150 and ASN_61 residues), 
atorvastatin (pKi  =  14.68; one H bonding inter-
action of its carbonyl group to GLN_150 residue), 
pravastatin (pKi  =  13.95; three H bonding inter-
actions of its hydroxyl group to GLN_150, ASN_61 
and GLU_81 residues), simvastatin (pKi  =  7.98; 
two H bonding interactions of its hydroxyl group 
to ASN_61 and ASP_140 residues), and lovastatin 
(pKi  =  7.10; one H bonding interaction of its hy-
droxyl group to GLN_150 residue) (Table II). The 
standard ligand phosphorylcholine had interac-
tion with CRP with a  pKi value of 14.55 through 
two H bonding interactions of its hydroxyl group 
to GLN_150 and ASN_61 residues (Table I). Dock-
ing results indicated that each of the ligands [A-H] 
had an H-bonding interaction between the oxy-
gen atom and ASN_61 residue except atorvastatin 

Table I. Cont. G – simvastatin, H – lovastatin

Ligands Docking 3D representation Docking 2D representation

(G)

(H)

Polar
Acidic
Basic
Greasy
Proximity 
contour

Sidechain acceptor
Sidechain donor
Backbone acceptor
Backbone donor

Ligand
exposure

Solvent residue
Metal complex
Solvent contact
Metal contact
Receptor
exposure

Arene-arene
Arene-cation
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and lovastatin. Likewise, all ligands [A-H] had an 
H-bonding interaction between the oxygen atom 
and GLN-150 residue except simvastatin, fluvas-
tatin and rosuvastatin (Table I). According to the 
above-mentioned results, rosuvastatin, fluvasta-
tin, pitavastatin and atorvastatin with pki values 
of 16.14, 15.58, 15.26 and 14.68 were found to have 
stronger binding to CRP compared with the stand-
ard ligand phosphocholine (pKi = 14.55).

Discussion. The effect of lipid-lowering drugs 
on inflammation is receiving growing interest, par-
ticularly after the observation that PCSK9 antago-
nists, apparently devoid of significant antiinflam-
matory activity, at least as witnessed by a lack of 
reduction of hs-CRP [14], also affect to a lesser ex-
tent fatal CV events vs. statins [13, 17]. The present 
study, based on an in silico approach by molecular 
docking, on the interaction between CRP and dif-
ferent statins on the putative binding site of CRP 
is thus of potential high clinical interest and may 
lead to the development of newer agents, statins 
or others, with more powerful activity in binding 
inhibition. 

A major observation stemming from the pres-
ent study is that the inhibitory action of major 
statins on the CRP binding site appears to be to 
a large extent related to the lipid-lowering power 
of these molecules. As reported in a very recent re-
view on the correlation between cholesterol lower-
ing and inflammatory changes [22], CRP reductions 
occurring after statin treatment in trials of differ-
ent length ranged between –9.8 and 89-3%. Inter-
estingly, the largest reductions occurred in a study 
with either atorvastatin or pravastatin being given 
to individuals with extreme CRP elevations [23]. 
It should be noted that in this last quoted study 
published in 2005, CRP levels were apparently not 

evaluated by a high sensitivity assay; CRP reduc-
tions were, respectively –89.3 for atorvastatin and 
–82.4 for pravastatin. It is important to note that 
when evaluating studies on high-intensity statins, 
these gave the highest CRP reductions: in a direct 
comparative study on an IVUS evaluation of cor-
onary plaque progression, atorvastatin treatment 
reduced CRP by 35.6% vs. 5.2% for pravastatin  
(p < 0.01) [24]. In the 2-year JUPITER study on ro-
suvastatin, the statin with the highest power, CRP, 
evaluated by the hs technique, was lowered by 
57.1% [25]. Finally, a  lower percent reduction of 
CRP (–27%) was found in the very large Heart Pro-
tection Study investigating the preventive activity 
of simvastatin [26]. In this study, differently from 
others, the reduction in vascular death appeared 
to be independent of baseline CRP levels. Another 
study evaluating effects of atorvastatin vs. simvas-
tatin on atherosclerosis progression showed that 
hs-CRP after 1 year of treatment was decreased by 
44.9% in the atorvastatin 80 mg group vs. 14.0% 
in the simvastatin 40 mg group. The same trend 
was maintained until the end of the study: –40.1% 
in the atorvastatin 80 mg group vs. 19.7% in the 
simvastatin 40 mg group [27].

Docking studies may be thus of crucial value 
since up to now no real correlation studies have 
monitored hs-CRP reduction vis-à-vis the chemical 
structure and inhibition of docking activity of stat-
ins for the CRP putative binding site. As shown by 
Kinlay [28], in a meta-analysis including 23 studies 
with statins, 89–98% of the CRP reduction (mean 
–28%) was related to the degree of LDL-C lower-
ing; however, the event reduction was more signif-
icantly related to the reduction of LDL-C.

Finally, while there is no doubt that statins can 
improve systemic and vascular inflammation, also 

Table II. Data for the docking interactions of phosphorylcholine and statin molecules at the active sites of C-reactive 
protein (CRP) as the molecular target

No. of target protein 
(PDB-ID)

Ligand Docking score pKi H–bonding interactions  
with amino acid residues

1B09 Rosuvastatin –22.0777 16.14 ASN_61

Fluvastatin –21.3116 15.58 ASP_60
ASN_61 

Pitavastatin –20.8739 15.26 ASN_61
GLN_150

Atorvastatin –20.0896 14.68 GLN_150

XRay Phosphorylcholine –19.9102 14.55 ASN_61
GLN_150

Pravastatin –19.0900 13.95 ASN_61
GLN_150
GLU_81

Simvastatin –10.9197 7.98 ASN_61
ASP_140

Lovastatin –9.7223 7.10 GLN_150
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based on genome-wide association studies, con-
troversial findings indicate that CRP may or may 
not play a  significant role in the pathogenesis of 
atherosclerosis and particularly of acute CAD man-
ifestations. The genome-wide association study [8] 
showed a lack of concordance between the effects 
on coronary risk of CRP genotypes and CRP levels, 
arguing against a  causal association of CRP with 
coronary disease. Very recently Diederichsen et al. 
[29] in a  vascular prediction study in 1,179 mid-
dle-aged subjects, concluded that, when adjusted 
for traditional risk factors and coronary calcium 
score, hs-CRP did not appear to add significantly to 
risk prediction.

In addition to CRP reduction or inhibited CRP 
binding, other anti-atherogenic mechanisms of 
statins should not be forgotten. Statins possess 
numerous pleiotropic actions [30–42] and the rel-
ative role of each one of these in coronary preven-
tion is difficult to establish. Hs-CRP, because of the 
relative straightforward determination and clear 
association with CAD risk, is a well-established CV 
risk marker, and inhibitory mechanisms may cer-
tainly prove beneficial.

The present study is limited by its in silico nature 
which necessitates further supportive evidence 
from experimental studies. In addition, future stud-
ies are warranted to test whether any direct inter-
action between statins and CRP structures could 
be considered at the protein binding sites other 
than the phosphorylcholine binding site.

In conclusion, the present study evaluated, by 
a docking technology, the inhibition of the binding 
of CRP to its putative active side by different stat-
ins. This led to a classification of statins by power 
of inhibitory activity, apparently in the same range 
as the CRP reduction associated with the lowering 
of CAD events. A limitation of the present study 
is obviously that the inhibitory action of statins 
on CRP binding to its site is linked to the amount 
of statins reaching this site in vivo, information 
not available by means of the present technology 
and, in addition, to the individual metabolism of 
statins allowing them to reach this site. Despite 
this limitation the study has the innovative poten-
tial of providing a  tool for the study of different 
molecules, assessing their inhibitory effect on CRP 
binding, and thus of clear value in cardiovascular 
event reduction.
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