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ABSTRACT

Rationale: Inflammation has been widely acknowledged to contribute throughout all stages 
of atherogenesis. However, inflammation’s role in atherosclerosis has not been translated 
into clinical practice where the mainstay of treatment is still lipid-targeted therapy. This 
review provides an overview of anti-inflammatory therapies in atherosclerosis, and discusses 
potential drawbacks and clinical benefits.

Recent findings: We await the first immunosuppressive drugs to improve cardiovascular 
outcome in patients. In the meantime, several novel anti-inflammatory targets have reached 
clinical development stage, such as the cytokines targets IL-1 and IL-6, CCR2 antagonist, 
selective phospholipase and leukotriene inhibitors. Novel imaging modalities such as MRI and 
PET/CT provide valuable surrogate inflammatory endpoints for risk stratification and testing 
anti-inflammatory agents in cardiovascular randomized trials.

Conclusion: Anti-inflammatory therapies hold great promise in cardiovascular prevention 
regimens, however, atherosclerosis is a chronic disease and systemic long-term use of anti-
inflammatory agents carries the risk of complications arising from immunosuppression. In 
order to successfully add anti-inflammatory strategies to our routine armament, we need to 
identify high-risk patients who benefit from anti-inflammatory treatment, increase our insight 
into the inflammatory pathogenesis of atherogenesis and find safe and effective compounds 
capable of directly suppressing plaque inflammation.
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INTRODUCTION

The concept that atherosclerosis is a lipid-driven disease has dominated cardiovascular 
research for many years. The past two decades, however, our point of view of atherogenesis 
has changed; embracing atherosclerosis as a chronic inflammatory disease1. From its initiation 
to the progression of atherosclerosis, and eventually in the vulnerable stage of plaque rupture, 
inflammatory processes are critically involved2.

Inflammation in atherosclerosis

Monocytes and macrophages comprise the central effectors of the initiation and progression 
of atherosclerosis. Upon activation of endothelium and subsequent adhesion of monocytes, 
proinflammatory chemokines provide stimuli to recruit circulating monocytes to the arterial 
wall3. Whilst crossing the endothelium, monocytes are exposed to various pro-inflammatory 
stimuli, including physical stress and oxidatively modified low-density lipoprotein (LDL) 
particles, together contributing to their differentiation into macrophages. In the intimal space, 
macrophages take up these modified lipid particles, advancing into foam cells. Over time, 
the local inflammation is continually reinforced, resulting in the progression of early lesions. 
Eventually, advanced plaques become prone to rupture, a phenomenon that strongly relates to 
the number of inflammatory cells within the plaque4. 

Inflammation: cause or consequence?

Several experimental studies showed that inhibition of inflammation can reduce atherogenesis. 
Inhibition of monocyte influx through reduced expression of endothelial adhesion molecules 
(VCAM) significantly reduced the formation of atherosclerotic lesions5. In addition, silencing of 
monocyte chemoattractant protein-1 (MCP-1) or its receptor (CCR2) in mice also resulted in a 
marked reduction of atherosclerotic burden6-8. Finally, inactivation  of the macrophage colony 
stimulating factor (M-CSF) or macrophage migration inhibitory factor (MIF) has shown to 
substantially reduce atherogenesis9,10. These studies underscore the relevance of inflammatory 
processes in atherosclerosis4.

In epidemiological studies inflammatory markers in the plasma,  like C-reactive protein (CRP), 
independently predict the risk of cardiovascular disease11. In fact, by preselecting patients with 
increased CRP levels, the decrease in CRP following statin therapy independently related to the 
therapeutic benefit12. Yet, life-long exposure to increased CRP levels, due to single nucleotide 
polymorphisms (SNPs) in the CRP gene, was not associated with an increased cardiovascular 
risk13. Hence, the causality of this well described inflammatory marker is heavily debated14. In 
contrast, a causal role for interleukin-6 (IL-6), a cytokine upstream CRP15,16, has been elegantly 
demonstrated by two independent research consortia17,18. SNPs associated with decreased 
IL-6 signaling correlated with lower acute-phase reactants, such as CRP and fibrinogen, with a 
concomitant proportional reduction in cardiovascular risk17,18. 
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In support of these genetic studies, inflammatory diseases have shown to strongly associate 
with cardiovascular disease19. Even the short-term presence of community-acquired 
infections transiently increased the risk of vascular events20. Moreover, chronic inflammatory 
disorders (CID), such as rheumatoid arthritis (RA), are characterized by a marked increase in 
cardiovascular risk21-24. In addition, mutant mice with induced chronic inflammatory diseases 
showed a marked acceleration of atherogenesis25. This was further evidenced by several animal 
models revealing a profound acceleration of atherogenesis after repetitive infectious stimuli, 
such as intraperitoneal lipopolysaccharide administration, viral (e.g. herpes) or bacterial (e.g. 
porphyromonas gingivalis) infections26-28. More importantly, the reduction of the inflammatory 
burden in CID patients is paralleled by a marked reduction of this cardiovascular risk29,30. Taken 
together, experimental work, genetic studies and observational data in humans lend strong 
support to the concept that inflammation has a causal role in atherogenesis31-33.

Inflammation: therapeutic target in cardiovascular diseases?

Prior to embarking on novel anti-inflammatory strategies, the effect of traditional therapies 
amending atherosclerotic inflammation need to be considered. First, statins have shown to 
attenuate inflammation, independent of its LDL lowering effect34-36. Also, the statin-induced 
anti-inflammatory impact is associated with a modest clinical benefit37-39. Moreover, high 
density lipoprotein (HDL) has been shown to exert potent anti-inflammatory effects40,41. 
However, clinical studies that therapeutically increased HDL levels showed no convincing 
effects on inflammatory parameters42-44.

Next to lipid modulating drugs, several anti-inflammatory drugs prescribed in patients with 
CID might be beneficial in atherosclerosis, such as methotrexate (MTX), mycophenolate 
mofetil (MMF) or biologicals45,49,50. We recently showed that short-term pre-treatment with 
MMF in patients scheduled for a carotid endartectomy shifted the cellular composition and 
activation status of white blood cells in the plaque46. With respect to MTX, several observational 
trials in RA patients have shown that MTX not just attenuated systemic inflammation but also 
the cardiovascular event rate29,47. At present, the Cardiovascular Inflammation Reduction Trial 
(CIRT) is evaluating the direct effect of very low-dose MTX in patients with cardiovascular 
disease48. Thus, whereas several short-term anti-inflammatory strategies have shown to 
benefit atherogenesis, it will be a challenge to identify anti-inflammatory interventions that 
inhibit the inflammatory state of the atherosclerotic plaque, without posing individuals to the 
dangers of long-lasting immunosuppression51.

Arterial wall inflammation: how to ‘guestimate’ in humans?

With the expected advent of novel anti-inflammatory strategies, it is imperative to be able to 
accurately quantify the drug response, preferably at the level of the target-organ: the arterial 
wall. Unfortunately, currently available biomarkers have not proven sensitive in estimating the 
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absence or presence of inflammatory plaques52. Novel imaging modalities, including magnetic 
resonance imaging (MRI), dynamic contrast-enhanced (DCE-) MRI and positron emission 
tomography (PET), hold promise for assessing plaque characteristics, including arterial wall 
inflammation53,54. MRI is a well suited technique to quantify human atherosclerosis because it is 
noninvasive, free from ionizing radiation and enables a reproducible assessment of vessel wall 
dimensions and composition55-57. In addition to various contrast-weighted imaging sequences, 
contrast agents in DCE-MRI can estimate the plaque’s permeability, which is associated with 
plaque inflammation and rupture58-60. PET imaging gained its interest as a tool to quantify 
arterial wall inflammation since the inflamed plaque is metabolically very active61. Uptake of 
18fluorodeoxyglucose (18F-FDG) is closely associated with both the degree of macrophage 
infiltration as well as levels of inflammatory gene expression in the atherosclerotic plaque62,63. 
In addition, 18F-FDG uptake correlates with the risk of recurrent cardiovascular events64. Thus, 
MRI and PET can both image aspects of inflammation in atherosclerosis. Ultimately, these 
noninvasive imaging techniques will identify high risk patients and guide drug development 
studies in high-risk patients65. 

NOVEL ANTI-INFLAMMATORY STRATEGIES

Notwithstanding the significant reduction in cardiovascular risk achieved by statin therapy, 
the substantial residual risk presses the need for additional therapeutic moieties66. Table 1 
lists several novel targets in atherosclerosis with corresponding compounds, comprising the 
cytokines targets IL-1 and IL-6, CCR2 antagonist, selective phospholipase and leukotriene 
inhibitors. The potential benefit of drugs targeting pathways illustrated in Figure 1 will be 
discussed below. In addition, the importance of local anti-inflammatory drug delivery is 
emphasized.  

TABLE 1. Anti-inflammatory strategies in atherosclerosis

Target Compound
Stage in human 
clinical development

Refs

Antiproliferative Methotrexate Phase III (CIRT) 47

IL-1 pathway Canakinumab
Anakinra

Phase III (CANTOS)
Phase III 

66
67

IL-6 inhibitors Tocilizumab Not in atherosclerosis 68, 69

TNF-α inhibitors E.g. Adalimumab,  Infliximab Not in atherosclerosis 48, 49

CCR2 antagonist MLN1202 Phase II 70

Phospholipase inhibitors sPLA2 inhibitors (varespladib)
Lp-PLA2 inhibitors (darapladib)

Phase III
Phase III

71, 72
73-75

Leukotriene inhibitors 5-LO inhibitors (VIA-2291)
FLAP inhibitors (DG-031)

Phase II
Phase II

76
77

CCR2 indicates C-C chemokine receptor 2; IL, interleukin; Lp-PLA2, lipoprotein-associated PLA2; PLA2, phospholipase A2; 
sPLA2, secretory PLA2; TNFα, tumor necrosis factor α.
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CCR2 antagonist

Monocyte recruitment via MCP-1 and CCR2 is an important step in early lesions, and as such 
considered a therapeutic target7. MLN1202 is a monoclonal antibody directed against CCR2. 
In a phase II trial, it was demonstrated that MLN1202 significantly reduced high-sensitivity 
CRP levels in patients at risk for atherosclerotic disease74. To date, however, no trials has been 
initiated to determine whether this approach will reduce cardiovascular event rates.

Selective phospholipase A2 inhibitors 

Family members of phospholipase A2 (PLA2) can modify phospholipids and generate 
atherogenic pro-inflammatory lipid moieties. As such, PLA2 inhibition is considered a potential 
strategy in atherosclerosis75. Currently, two family members are in clinical drug development 
for atherosclerosis; secretory PLA2 (sPLA2) and lipoprotein-associated PLA2 (Lp-PLA2)76,77. 
With respect to the first, a phase II trial in patients in stable coronary heart disease suggested 
that sPLA2 inhibition was anti-inflammatory via an enhanced LDL clearance78. Unfortunately, 
the succeeding phase III trial with varespladib was discontinued in March this year; the sPLA2 
inhibitor failed to show efficacy in patients following an acute event79,80. The alternative Lp-
PLA2 inhibitor, darapladib, reduced levels of IL-6 and CRP in a phase II trial in patients with 
stable coronary heart disease81. At present, darapladib is being evaluated in two phase III 
trials on cardiovascular outcome; (i) the STABILITY trial in patients with chronic coronary heart 
disease in addition to existing standard care82 and (ii) the SOLID-TIMI 52 study in patients after 
an acute coronary event83. 

Leukotrienes inhibition

Leukotrienes are (arachidonic acid-derived lipid) mediators of inflammation, promoting the 
accumulation and pro-inflammatory function of leucocytes at the site of inflammation84. 
5-Lipoxygenase (5-LO) and 5-LO-activating protein (FLAP) are important factors in the 
formation of leukotrienes84, and can be therapeutically targeted. The most prominent 5-LO 
inhibitor, VIA-2291, reduced leukotriene production in patients with coronary heart disease. 
Also, preliminary data from an imaging sub-study suggested that this effect also reduced 
atherosclerosis85. Meanwhile, an inhibitor of FLAP, DG-031, led to significant and dose-
dependent reduction of inflammatory biomarkers in patients with specific at-risk variants of 2 
genes in the leukotriene pathway86. Today, no phase III trial for these targets has been initiated. 

Better targeting

Anti-inflammatory strategies hold promise for future therapeutics in atherosclerosis, however, 
systemic and long-term administration of immunosuppressive drugs may prove to be 
complicated by severe side effects, amongst which opportunistic infections51. More selective 
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and targeted approaches are warranted to overcome these potential side effects whilst 
maintaining efficacy. Whereas, until recently, interest in nanotechnology was precluded to 
oncology, it has now also gained attention in cardiovascular disease. Nanoparticles can be 
produced in various sizes and shapes, and fueled with specific contents or drugs,; all together 
making it an appealing novelty for both drug development as well as imaging87. 

Previous successful applications of nanotechnology comprise Ambisome and Doxil88,89. These 
nanodrugs have shown a retained or even augmented efficacy on infection and tumor, 
respectively, with a clear reduction of systemic side effects. A more recent example of a 
potential nanomedicine application in atherosclerosis is liposomal nanoparticles loaded with 
prednisolone phosphate (LN-PLP). In rabbits, LN-PLP was found to accumulate atherosclerotic 
lesions and rapidly reduce arterial wall inflammation90,91. At present, a phase II trial is ongoing to 
further explore the concept of local delivery and efficacy of LN-PLP in patients with advanced 
atherosclerotic lesions92. 

FUTURE PERSPECTIVE

Since atherosclerosis is an inflammatory disease, anti-inflammatory therapies bear potential in 
future cardiovascular management. Atherosclerosis is, however, a chronic disease and systemic 
long-term use of anti-inflammatory compounds carries the risk of complications arising from 
immunosuppression. In order to successfully manage this drawback, several issues need 
further delineation. First, we need to identify who is at risk and can be considered suitable 
for anti-inflammatory interventions, by refining our understanding of inflammatory cellular 
and imaging biomarkers. Second, we are in desperate need of a detailed understanding of 
essential inflammatory processes in atherosclerosis, to allow for the selection of the safest 
and most efficacious inflammatory targets. Third and last, we should strive for drug delivery 
to the target organ – the atherosclerotic plaque – or even the target cell such as plaque 
macrophages. Such advances will pave the way for selective and prolonged use of anti-
inflammatory agents in cardiovascular disease management.
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