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Abstract: Coronary artery disease (CAD), the build-up of atherosclerotic plaques on the
wall of blood vessels, causes adverse cardiovascular events. Secondary prevention focuses
on treating patients with existing plaques to prevent disease progression. Recent studies
have shown that inflammation is an independent risk factor that drives disease progression,
and targeting inflammation could be an effective therapeutic strategy for secondary preven-
tion. In this review, we highlighted the roles of several inflammatory pathways in rupture
and erosion, two major processes through which established plaques lead to adverse car-
diovascular events. In the past 15 years, numerous clinical trials have tested the therapeutic
potential of targeting these pathways, including neutralizing inflammatory cytokines and
blocking signaling transduction of the inflammatory pathways. Only colchicine was ap-
proved for clinical use in patients with CAD. This is primarily due to the multifaceted roles
of inflammatory pathways in disease progression. Commonly used pre-clinical models
provided robust information for the onset of early disease but limited understanding of
the inflammatory network in established plaques. This review will summarize lessons
learned from successful and failed clinical trials to advocate for assessing inflammation in
established plaques before designing therapeutics for secondary prevention.
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1. Introduction
Coronary artery disease (CAD) is the world’s leading cause of death, accounting for

one-sixth of the total deaths worldwide, or 9.1 million lives every year [1]. CAD occurs
when plaques build up in the coronary arteries in a process called atherosclerosis [2]. As this
process is asymptomatic at its early stages [3], by the time patients develop symptoms and
are diagnosed, the plaques are usually well-developed in the coronary arteries, restricting
the flow of blood to the cardiac muscles [2]. Pathology studies of established plaques that
led to acute coronary thrombosis revealed three types of structural changes: rupture of the
fibrous cap (in 55–65% of cases), endothelial erosion (30–35% of cases), or the formation
of calcified nodules (2–7% of cases) [4,5]. Rupture of the fibrous cap occurs in a type of
established plaque called thin-cap fibroatheroma [3]. These plaques have large necrotic
cores covered by thin fibrous caps, and the necrotic cores are often highly inflamed [3].
Upon rupture, the exposure of the necrotic core to the flowing blood triggers thrombosis.
(Figure 1A) [3,6]. On the other hand, erosion occurs in plaques with thick fibrous caps
or plaques devoid of necrotic cores [3]. These plaques are less inflamed, but the loss
of the endothelial layer leads to thrombosis in the eroded area (Figure 1A) [3,6]. After
thrombotic events, plaques may heal by developing thick fibrous caps [3], which further
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narrow the lumen of blood vessels and may again rupture or erode (Figure 1A) [3]. It
is estimated that more than 300 million people globally are living with these “high-risk”
established plaques [7]. A large, vulnerable patient population requires effective secondary
prevention to inhibit the progression of established plaques and to reduce future risk of
cardiovascular events.
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tablished plaques as another independent risk factor. Anti-inflammatory therapeutics 
may, therefore, be of use in secondary prevention. The success of the LoDoCo (Low-Dose 
Colchicine) trial is the best evidence: in this trial, a low dose of colchicine, an anti-inflam-
matory drug that blocks microtubule assembly, reduced the risk of cardiovascular events 
in patients with stable CAD [9]. However, many other anti-inflammatory drugs failed to 
improve cardiovascular outcomes, such as the use of the p38α/β mitogen-activated pro-
tein kinase (p38 MAPK) inhibitor losmapimod in patients with a history of acute myocar-
dial infarction (MI) [10]. Results from clinical trials suggest that not all inflammatory path-
ways can serve as therapeutic targets for secondary prevention, and it is crucial to 

Figure 1. Established plaques prone to thrombosis. (A) Rupture of the fibrous cap and endothelial
erosion are the most common causes of coronary thrombosis. (B) Changes in plaque cells that may
contribute to rupture or erosion of established plaques. EC: endothelial cell; EndoMT: endothelial-
to-mesenchymal transition; VSMC: vascular smooth muscle cell; NETosis: neutrophil extrusion of
neutrophil extracellular traps (NETs); MMPs: matrix metalloproteinases.

Statins, a group of cholesterol-lowering drugs, are routinely used in patients with CAD.
However, normalizing cholesterol with statins only lowers the relative risk of cardiovascular
events by 30% [8]. Recent studies have identified chronic inflammation in established
plaques as another independent risk factor. Anti-inflammatory therapeutics may, therefore,
be of use in secondary prevention. The success of the LoDoCo (Low-Dose Colchicine)
trial is the best evidence: in this trial, a low dose of colchicine, an anti-inflammatory drug
that blocks microtubule assembly, reduced the risk of cardiovascular events in patients
with stable CAD [9]. However, many other anti-inflammatory drugs failed to improve
cardiovascular outcomes, such as the use of the p38α/β mitogen-activated protein kinase
(p38 MAPK) inhibitor losmapimod in patients with a history of acute myocardial infarction
(MI) [10]. Results from clinical trials suggest that not all inflammatory pathways can



Cells 2025, 14, 153 3 of 23

serve as therapeutic targets for secondary prevention, and it is crucial to understand what
inflammatory pathways in established plaques contribute to rupture or erosion [11].

This review aims to provide a comprehensive overview of how different inflammatory
pathways may contribute to the progression of established plaques and what should be
taken into consideration when selecting them as targets for secondary prevention. The
pitfalls of using cell culture and animal models to select therapeutic targets are discussed,
which may explain why some of these anti-inflammatory drugs have failed to demonstrate
beneficial effects in clinical trials.

2. Cells in Established Atherosclerotic Plaques
In established atherosclerotic plaques that are prone to rupture or erosion, the main

cell types are endothelial cells (ECs), vascular smooth muscle cells (VSMCs), macrophages,
and neutrophils (Figure 1B). Single-cell RNA sequencing (scRNA-seq) has shown that each
of these cell types has various phenotypes in atherosclerotic plaques [12,13]. As the specific
function of each phenotype is not well understood, we focus on the general functional
changes in each cell type that may lead to rupture or erosion.

2.1. Endothelial Cells (ECs)

In established plaques, ECs form a continuous barrier between the blood flow and pro-
thrombotic contents, such as the necrotic core and collagen [14]. Apoptosis and endothelial-
to-mesenchymal transition (EndoMT) impair the integrity of ECs and contribute to plaque
rupture or erosion.

Apoptosis: Increased apoptosis is detected in the ECs of human carotid plaques [15].
In vitro and in vivo studies have shown that ECs in established plaques are exposed to
excess oxidized low-density lipoprotein (oxLDL) [16], hypoxia [17], tumor necrosis factor-α
(TNF-α) [18], low shear stress [19,20], and oscillatory blood flow [21], all of which can trigger
apoptosis. In vitro, apoptotic ECs release endothelial microparticles (EMPs) [22], which
trigger thrombosis when injected into rats [23]. Increased EMPs were observed in the blood
of patients with acute coronary syndrome (ACS) compared to patients without CAD [24,25],
suggesting that apoptosis of ECs may promote thrombosis in established plaques.

Endothelial-to-mesenchymal transition (EndoMT): EndoMT is a biological process
in which ECs acquire a mesenchymal cell phenotype [26]. It may involve three steps:
(1) Loosened cell junctions between ECs allow their detachment from the monolayer
on the apical side of the vascular wall; (2) increased motility enables ECs to protrude
across the basement membrane into the fibrous cap enriched with VSMCs (Figure 1B);
and (3) phenotypic changes in ECs increase their expression of mesenchymal cell markers,
such as ACTA2, that are commonly expressed by VSMCs [26]. Using an EC-lineage
tracing ApoE−/− mouse model of atherosclerosis, increased EndoMT was observed as
the disease progressed from early to advanced stage [27]. Around 20% of the ACTA2+

cells in the fibrous cap of fibroatheroma were derived from ECs in mice, indicating the
contribution of EndoMT to fibrous cap formation [28]. EndoMT dramatically increased
when VSMCs were depleted from the fibrous cap [28], suggesting that EndoMT was
activated to maintain the structural integrity of fibrous caps, compensating for the loss
of VSMCs [26]. However, fibrous caps enriched with ECs that have undergone EndoMT
lacked collagen content and stability [28]. EndoMT was negatively correlated with the
thickness of the fibrous cap in human plaques, and more EndoMT was seen in ruptured
plaques compared to non-ruptured plaques [27]. Currently, EndoMT is considered a
maladaptation that contributes to both plaque rupture and erosion [26,29], although the
mechanism remains to be fully understood.
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2.2. Vascular Smooth Muscle Cells (VSMCs)

VSMCs in established plaques play a crucial role in maintaining structural stability,
and most previous studies correlated their functional changes to plaque rupture. VSMCs
are the predominant cell type and the main source of collagen in the fibrous caps [30]. A
total of 95% of ruptured coronary plaques contain thin fibrous caps (<65 µm) that lack
VSMCs and collagen contents, suggesting that VSMCs in this region protect fibroatheroma
from rupture [31]. ScRNA-seq of human carotid plaques has identified various VSMC
phenotypes, including myofibroblast-like, foam cell-like, and pro-inflammatory subtypes,
all of which contribute to the remodeling of the extracellular matrix (ECM) and plaque
stability [32]. We focus on how apoptosis and senescence of VSMCs lead to the enlargement
of the necrotic core and thinning of the fibrous cap [33], two morphological features that
make established plaques prone to rupture.

Apoptosis: In humans, apoptotic VSMCs were found in the necrotic core beneath
the rupture site and in shoulder regions where it is prone to rupture [34,35]. Apoptotic
VSMCs are a signature of advanced plaques [35,36]. In advanced plaques of ApoE−/−

mice, induced VSMC apoptosis in the fibrous cap is associated with the loss of collagen,
thinning of the fibrous cap, and enlargement of the necrotic core [37,38]. Bauriedel et al.
found an increase in VSMC apoptosis in patients with unstable angina compared to those
with stable CAD [39]. Combined, these observations indicate the association of apoptotic
VSMCs with plaque destabilization and plaque rupture. Accumulated apoptotic VSMCs
could be attributed to excess lipids and impaired efferocytosis in advanced plaques [33,40].
VSMCs make up at least half of the foam cells in coronary plaques, and these foam cells may
undergo apoptosis upon lipid overload [41,42]. Apoptotic cells are normally cleared by
phagocytes in a process called efferocytosis. However, this process is impaired in advanced
plaques in both animal models and humans [40], which leads to secondary necrosis and the
formation of necrotic cores [43]. In vitro, necrosis of apoptotic VSMCs resulted in the release
of interleukin 1 alpha (IL-1α) and beta (IL-1β) [44], which contribute to inflammation and
enlargement of the necrotic core in rupture-prone plaques.

Senescence: In addition to apoptosis, senescence, in which cells irreversibly stop
proliferating, was observed in the fibrous caps of human carotid plaques [45]. The senes-
cence of VSMCs has been linked to telomere shortening in chromosomes due to over-
proliferation [46]. Inducing a mutation in a telomere-protecting protein resulted in VSMC
senescence and thinning of the fibrous cap in ApoE−/− mice [47]. Senescent VSMCs secrete
pro-inflammatory cytokines, such as IL-1, IL-6, and matrix metalloproteinases (MMPs),
which contribute to chronic inflammation [33]. More studies are being conducted to in-
vestigate the mechanisms of VSMC senescence and their contributions to plaque rupture
or erosion.

2.3. Neutrophils

Although the number of neutrophils is relatively low compared to other cell types
in established plaques, growing evidence has found a positive correlation between neu-
trophils and coronary thrombosis [48]. An autopsy study found increased neutrophil
infiltration in ruptured and eroded plaques compared to other advanced plaques [49].
Recent studies have focused on protein degranulation and neutrophil extracellular traps
(NETs) to investigate the potential mechanism underlying neutrophil-mediated plaque
rupture and erosion [50].

Neutrophil degranulation: Numerous proteins are stored inside the granules of neu-
trophils, including α-defensins, neutrophil elastase, and MMP-8 [50]. In vitro studies have
found that α-defensins increase platelet aggregation and thrombus formation [51], neu-
trophil elastase induces apoptosis of ECs [52], and MMP-8 breaks down collagens [53].
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These are the potential mechanisms of how proteins released by neutrophil degranula-
tion could contribute to thrombosis and rupture of established plaques in vivo. Indeed,
increased neutrophil elastase and MMP-8 expression have been reported in rupture-prone
and ruptured human plaques [52,54]. Notably, these proteins were traditionally believed to
derive from neutrophils only [55,56], but recent studies reported their production in other
plaque cells. Dollery et al. found that macrophages also produce neutrophil elastase [57].
VSMCs and macrophages can turn on MMP-8 expression during atherogenesis [55]. There-
fore, it is difficult to directly link neutrophil degranulation to plaque rupture or thrombosis.
Bulk RNA sequencing of human coronary plaques revealed that neutrophil degranulation
is particularly enriched in patients with ischemic symptoms [58], suggesting a positive
correlation between neutrophil degranulation and thrombotic events.

NETosis: Activated neutrophils in established plaques also play a role in thrombotic
events by NETosis, a process to extrude the NET complexes made up of chromatin, granular
proteins, and cytoplasmic proteins [59]. Increased NETosis was observed in ruptured
plaques and eroded plaques compared to intact plaques in patients who died from MI [60].
NETosis-induced cell death is related to plaque rupture and erosion [61–63]. In human
carotid arteries, NETs accumulate at the site of apoptotic ECs in erosion-prone plaques [61].
In vitro, the cytotoxic histone contents in NETs induced EC death [62]. Histone H4 derived
from NETs also forms pores on VSMC membranes, which leads to necrosis and subsequent
plaque instability in ApoE−/− mice [63].

2.4. Macrophages

A large number of macrophages accumulate in established plaques, especially in
rupture-prone regions [64]. In vitro, macrophages can be differentiated from monocytes
into two extreme phenotypes: the M1-like subtype, which secretes pro-inflammatory
cytokines, and the M2-like subtype, which promotes tissue repair [65,66]. In human and
mouse plaques, macrophages have a spectrum of foamy, pro-inflammatory, and reparative
phenotypes [12,13]. The role of macrophage apoptosis in necrotic core formation has been
well-studied in the past 20 years [64,67]. Here, we focus on other functional changes that
contribute to plaque rupture.

Impaired efferocytosis: Macrophages are the major source of phagocytes responsi-
ble for removing apoptotic cells via efferocytosis. The extensive death of macrophages
in advanced plaques leads to the loss of functional phagocytes and impaired efferocy-
tosis [68]. This further amplifies inflammation because functional phagocytes secrete
anti-inflammatory cytokines following efferocytosis to prevent inflammation and sec-
ondary necrosis [69]. Impaired efferocytosis in advanced atherosclerosis is the result of
reduced phagocytic activity of macrophages and the increased expression of “don’t eat me”
molecules on apoptotic cells [69]. As discussed earlier, reduced efferocytosis capacity was
detected in advanced carotid and coronary plaques [40,70]. Impaired efferocytosis results
in the accumulation of apoptotic cells, which leads to enlarged necrotic cores and increased
inflammation, promoting plaque rupture [14,71].

Secretion of MMPs: Pro-inflammatory macrophages produce various types of MMPs to
break down the ECM, leading to thinning of the fibrous cap [65]. In vitro, increased mRNA
expression of MMP-1, -2, -3, -7, -10, -14, and -25 was detected in pro-inflammatory M1-like
macrophages [72]. Among these MMPs, MMP-1 and -13 are interstitial collagenases capable
of breaking down collagens [73,74]. They are produced by cultured macrophages but not
ECs or VSMCs in vitro [75], suggesting a unique role of macrophages in breaking down
ECM in established plaques. In an ex vivo culture of fibrous caps dissected from human
carotid plaques, adding macrophages increased collagen breakdown in the fibrous caps [76].
The breakdown was abolished by MMP inhibitors, confirming that macrophages break
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down the fibrous cap by secreting MMPs [76]. MMP-1- and MMP-13-positive macrophages
co-localize with collagen degradation in rupture-prone plaques [75]. Combining this
in vitro and ex vivo evidence, MMPs derived from macrophages play a key role in the
rupture of established plaques.

In summary, the functional changes in plaque cells contribute to the progression of
established plaques to rupture or erosion. One of the key drivers of their functional changes
is inflammation.

3. Inflammatory Pathways in Atherogenesis
Pre-clinical studies have revealed several inflammatory pathways in the context of

atherosclerosis. Some of these pathways are directly connected with functional changes,
including cell death, NETosis, efferocytosis, and the production of MMPs and pro-
inflammatory cytokines. These pathways can also shift the phenotypes of plaque cells to be
more inflamed or increase the pro-inflammatory components, such as activated neutrophils
and macrophages, in established plaques.

3.1. NOD-, LRR-, and Pyrin Domain-Containing Protein 3 (NLRP3) Inflammasome Pathway

The NLRP3 inflammasome pathway is one of the first active and well-characterized
pro-inflammatory pathways found in established human plaques. It is commonly activated
in various plaque cells, with macrophages and foam cells being more robust compared
to other plaque cells [77]. NLRP3 inflammasome is highly expressed in unstable plaques
compared to stable plaques [77]. In established plaques, stimuli such as TNF-α and choles-
terol crystals activate the transcription factor nuclear factor κB (NF-κB) and upregulate the
expression of components required to assemble the NLRP3 inflammasome in the prim-
ing step [78,79]. In the following activation step, these components oligomerize to form
the NLRP3 inflammasome, which eventually leads to the cleavage of caspase-1 and the
release of active pro-inflammatory cytokines IL-1β and IL-18 [79]. Notably, cellular mi-
crotubules are critical in this process, as they facilitate the assembly and activation of the
NLRP3 inflammasome [80]. The disruption of microtubules suppresses the activation of
the NLRP3 inflammasome in vitro [80]. Higher mRNA expression of NLRP3 and caspase-1
was detected in the carotid plaques of symptomatic patients compared to asymptomatic
patients [81].

In cultured ECs and VSMCs, NLRP3 activation promotes pyroptosis, an inflammation-
mediated cell death [82,83], contributing to endothelial erosion and thinning of the fibrous
cap in established plaques. The activation of the NLRP3 inflammasome supports NETosis by
promoting the breakdown of nuclear and plasma membranes to form NETs [84]. Inhibiting
the NLRP3 inflammasome pathway led to reduced macrophages, MMP-2, and MMP-9
in ApoE−/− mice, whereas the thickness of fibrous caps increased [85], suggesting that it is
promising to stabilize atherosclerotic plaques by targeting the NLRP3 inflammasome pathway.

Results from these pre-clinical studies point in the same direction: the activated NLRP3
inflammasome pathway drives the progression of established plaques. The clear association
with adverse outcomes makes NLRP3 inflammasome a promising therapeutic target for
secondary prevention and inspired the CANTOS trial (Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study), which aims to reduce future cardiovascular events by
neutralizing IL-1β.

3.2. Toll-like Receptor (TLR) Pathways

Toll-like receptors (TLRs) are transmembrane proteins widely expressed in many
cell types, including vascular and immune cells [79]. Upon stimulation, the TLR path-
way goes through either the classical myeloid differentiation primary response protein
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88 (MyD88)-dependent pathway or the endosomal TIR domain-containing adaptor protein-
inducing IFNβ (TRIF)-dependent pathway [79,86]. Both pathways eventually activate
the mitogen-activated protein kinase (MAPK) and the NF-κB pathways to upregulate the
expressions of pro-inflammatory cytokines and MMPs [79,86]. Various types of TLRs were
observed in established human plaques, with TLR2 and TLR4 being studied the most in
atherogenesis [87]. They are expressed by ECs, VSMCs, and macrophages [88].

In cultured plaque cells isolated from advanced plaques, anti-TLR2 antibodies reduced
the expression of MCP-1, IL-8, and IL-6, whereas anti-TLR4 antibodies also reduced the ex-
pression of MMP-3 [87]. Cultured VSMCs isolated from TLR4-knockout mice had reduced
production of IL-1β, TNF-α, MCP-1, and MMP-2 compared to wild-type mice [89]. These
pro-inflammatory cytokines and MMPs promote inflammatory response and degradation
of the ECM in established plaques.

Unlike the NLRP3 inflammasome pathway, the outcomes of inhibiting TLR-mediated
inflammation using TLR antagonists have not been tested in patients with CAD. This is
partially because blocking different TLRs expressed by various plaque cells may trigger
diverse functional changes. Additionally, the long-term effects of TLR antagonists in the
context of CAD have not been explored in pre-clinical studies to justify a clinical trial.
Nevertheless, part of the anti-inflammatory effects of statins and colchicine is mediated by
TLR pathways [90,91].

3.3. Complement Cascade

As part of innate immunity, the complement cascade plays a complex role in driving
the progression of established plaques [92]. Activation of the complement cascade can be
triggered by stimuli in established plaques, such as antibodies, cholesterol crystals, and
C-reactive protein (CRP), via three different pathways: the classical, lectin, and alternative
pathways [92]. Upon activation, the three pathways converge at the cleavage of com-
plement component C3 into pro-inflammatory anaphylatoxin C3a and opsonin C3b [92].
C3b then binds to other complement components to form C5 convertase, resulting in the
cleavage of C5 into C5a and C5b [92]. C5b ultimately induces the formation of the mem-
brane attack complex (MAC), which forms pores on cell surfaces and causes cell lysis [92].
Human plaques highly express complement component proteins [93,94] and anaphylatoxin
receptors C3aR and C5aR [95]. C3aR and C5aR were mainly found on macrophages, but
they are also expressed on ECs, VSMCs, and T cells, suggesting that a broad plaque cell
population can be affected by anaphylatoxins C3a and C5a [95]. C5a expression increased
in unstable human coronary plaques compared to stable plaques [96], and its plasma level
was found to be positively correlated with cardiovascular events in patients with advanced
plaques [97]. In advanced human plaques, MAC was enriched in the deep intima [98],
and it correlates with plaque instability [99] and cardiovascular events [100]. Combined,
evidence from human biospecimens suggests that the cleavage of C5 is associated with the
progression of established plaques to thrombosis.

Downstream of C5 cleavage, the complement cascade can drive the progression of
established plaques via pro-inflammatory cytokines, MMPs, coagulation, and cell lysis. In
cultured ECs, C5a induced the production of IL-8 and IL-1β [101]. Priming of monocytes
with C5a amplified cholesterol crystals-activated expression of IL-1β [102]. Priming ex
vivo cultured carotid plaques with C5a also increased the expression of IL-1β, IL-18 levels,
and NLRP3 inflammasome by cholesterol [103]. Moreover, C5a also increased MMP-1 and
-9 secretion from cultured macrophages [96]. C5a may promote thrombosis of established
plaques, as suggested in cultured ECs [104]. In vivo, inhibiting MAC prevented apoptosis
in advanced plaques of ApoE−/− mice [105].
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Notably, the complement cascade also plays a role in cell survival and efferocytosis
in established plaques. It was suggested that when a limited amount of MAC is present
on cell surfaces, the complement cascade may activate cell proliferation instead of causing
cell lysis [106]. Pulanco et al. found that C1q, a complement protein in the classical
pathway, enhanced the survival of oxLDL-loaded macrophages and the efferocytosis
of apoptotic macrophages [107]. C3a was reported to promote macrophage phenotypic
changes towards an anti-inflammatory subtype in vitro, and knocking out its receptor C3aR
in ApoE−/− mice led to an increase in pro-inflammatory M1-like macrophages in advanced
plaques [108]. Taken together, these studies show the other side of the complement cascade
that contributes to resolving inflammation in established plaques.

The complement cascade appears to play a multifaceted role in the progression of
established plaques. About 50 components are involved in the network of the complement
cascade, and they form multiple domains that affect different plaque cells. The integrated
impact on established plaques could be dependent on the components of established plaques
and the interplay between complement components in the plaques and in the circulation
system. The integrated and context-specific effects need to be assessed before selecting one of
the complement components as a therapeutic target for secondary prevention.

3.4. Janus Kinase 2/Signal Transducer and Activator of Transcription 3 (JAK2/STAT3) Pathway

Janus kinase 2 (JAK2) is a cytoplasmic tyrosine kinase attached to the intracellular
side of transmembrane receptors [109]. Stimulated JAK2 activates signal transducer and
activator of transcription 3 (STAT3) protein. Together, they translocate into the nucleus to
regulate gene transcription [109,110]. The JAK2/STAT3 pathway is activated by various
stimuli, including cytokines and oxLDL in established plaques [111,112]. STAT3 was
directly involved in inflammation in the blood vessels [110]. Its increased activation was
observed in advanced carotid plaques [113,114]. Similar to the complement cascade, the
JAK2/STAT3 pathway could be a double-edged sword in atherosclerosis.

The well-known pro-inflammatory products of JAK2/STAT3 activation are oxidative
stress and pro-inflammatory cytokines (e.g., IL-8, IL-18, and IL-6), as found in cultured
VSMCs and ECs [114–117]. These pro-inflammatory products can induce cell death and
contribute to the destabilization of established plaques. The conditional knockout of
STAT3 in ECs reduced macrophage accumulation and plaque size in vivo [114]. The anti-
inflammatory effects of the JAK2/STAT3 pathway in the context of atherosclerosis were also
reported. Weekly intravenous injection of STAT3-carrying adenovirus reduced oxidative
stress and macrophage accumulation in the vascular wall of Ldlr−/− mice during early
atherogenesis [118]. In vitro, statin inhibited hypoxia-induced apoptosis of ECs, and this
effect depends on the activation of the JAK2/STAT3 pathway [119]. It was hypothesized
that the dual role of the JAK2/STAT3 pathway in atherosclerosis depends on which isoform
of STAT3 is activated: the pro-inflammatory STAT3α or the anti-inflammatory STAT3β [120].
However, these isoform-dependent effects have not been fully characterized.

In advanced human carotid plaques, Taleb et al. observed increased STAT3 activation
in stable plaques with thick fibrous caps compared to unstable plaques [113]. Although it is
difficult to define the contribution of the JAK2/STAT3 pathway to the formation of fibrous
caps in vivo, we cannot rule out the possibility that its activation in some plaque cells and
at certain stages of the disease is necessary to stabilize established plaques. Therefore,
STAT3 itself has not been targeted for secondary prevention. Instead, a key product of the
JAK2/STAT3 pathway, IL-6, was considered as a therapeutic target by several clinical trials.
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4. Clinical Trials Using Anti-Inflammatory Drugs for Secondary
Prevention of CAD

Growing evidence has shown that inflammation is a double-edged sword in atheroge-
nesis. Several key proteins from the above inflammatory pathways have been chosen as
therapeutic targets (Figure 2) to test the outcomes of anti-inflammatory drugs for secondary
prevention of CAD.
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cation as a secondary prevention for CAD [122]. Nevertheless, the success of the CANTOS 
trial provided evidence that inflammation is an independent risk factor for CAD [122]. 

Anakinra is a recombinant human IL-1Ra, which competes with IL-1α and IL-1β for 
binding to IL-1R1 and therefore inhibits their downstream signal transduction [123]. In 
the MRC-ILA Heart Study, anakinra reduced CRP levels but did not reduce adverse car-
diovascular events in patients with ACS [125]. In the VCU-ART3 study (Virginia Com-
monwealth University Anakinra Remodeling Trial 3), anakinra reduced CRP levels, heart 
failure, hospitalization, and death in patients with MI [126]. Notably, as the maturation 
and secretion of IL-1α do not depend on cleaved caspase-1 in the NLRP3 inflammasome 
pathway [121,123], anakinra is expected to have a broader anti-inflammatory effect com-
pared to canakinumab, raising concerns that it may mask the early signs of infection and 
delay timely antimicrobial treatment [127]. The ongoing VA-ART4 study (the Virginia–

Figure 2. Overview of inflammatory pathways and their inhibitors. MAC: membrane attack complex;
NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; NF-κB: nuclear factor κB; IL-1β:
interleukin 1 beta; IL-1R: interleukin 1 receptor; IL-6: interleukin 6; IL-6R: interleukin 6 receptor; TLRs:
toll-like receptors; MyD88: myeloid differentiation primary response protein 88; TRIF: TIR domain-
containing adaptor protein inducing IFNβ; MAPK: mitogen-activated protein kinases; TNF-α: tumor
necrosis factor-α; JAK2: Janus kinase 2; STAT3: signal transducer and activator of transcription 3.

4.1. IL-1 Signaling Pathway Inhibitors: Canakinumab and Anakinra

In the IL-1 family, IL-1α and IL-1β are pro-inflammatory interleukin 1 receptor 1 (IL-
1R1) agonists, whereas IL-1Ra is an anti-inflammatory IL-1R1 antagonist [121]. Upon
activation by either IL-1α or IL-1β, the intracellular domain of IL-1R1 binds to MyD88,
which leads to the upregulation of pro-inflammatory genes (e.g., IL-6 and TNF-α) through
NF-κB [122,123]. Clinical trials have been performed to inhibit IL-1 signaling in patients
with established coronary plaques. The strategies are to neutralize IL-1β or to prevent the
binding of IL-1α and IL-1β with IL-1R.

Inspired by pre-clinical studies of the NLRP3 inflammasome pathway, the CANTOS
trial (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) used a human mono-
clonal antibody (canakinumab) to neutralize IL-1β [124]. A total of 10,061 patients with a
recent history of MI and CRP levels above 2 mg/L were recruited [122,124]. Canakinumab
reduced the recurrence of cardiovascular events in these patients without lowering choles-
terol levels [124]. However, the drug was associated with a risk of fatal infection [122].
Given the inconvenient administration method (injection) and the high cost of the antibody,
the Food and Drug Administration (FDA) did not approve its clinical application as a sec-
ondary prevention for CAD [122]. Nevertheless, the success of the CANTOS trial provided
evidence that inflammation is an independent risk factor for CAD [122].

Anakinra is a recombinant human IL-1Ra, which competes with IL-1α and IL-1β for
binding to IL-1R1 and therefore inhibits their downstream signal transduction [123]. In the
MRC-ILA Heart Study, anakinra reduced CRP levels but did not reduce adverse cardiovas-
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cular events in patients with ACS [125]. In the VCU-ART3 study (Virginia Commonwealth
University Anakinra Remodeling Trial 3), anakinra reduced CRP levels, heart failure, hospi-
talization, and death in patients with MI [126]. Notably, as the maturation and secretion of
IL-1α do not depend on cleaved caspase-1 in the NLRP3 inflammasome pathway [121,123],
anakinra is expected to have a broader anti-inflammatory effect compared to canakinumab,
raising concerns that it may mask the early signs of infection and delay timely antimicrobial
treatment [127]. The ongoing VA-ART4 study (the Virginia–Anakinra Remodeling Trial 4)
will investigate whether anakinra can prevent heart failure in patients while monitoring
the side effects of the drug [128].

4.2. IL-6 Signaling Pathway Inhibitors: Tocilizumab and Ziltivekimab

Increased IL-6 levels were detected in CAD and found to be correlated with cardiovas-
cular events [129]. IL-6 is therefore proposed to be a therapeutic target [130]. By binding
to soluble or membrane-bound receptors on cell surfaces, IL-6 activates the JAK2/STAT3
pathway, which may have context-dependent effects in established plaques [131]. Of note,
the binding of IL-6 to soluble receptors initiates trans-signaling, which exerts mainly pro-
inflammatory effects and contributes to chronic inflammation [131,132]. Meanwhile, the
binding of IL-6 to membrane-bound receptors initiates classic signaling, which is mainly re-
sponsible for the acute immune response. Tocilizumab and ziltivekimab are two antibodies
that block both the trans- and the classic-signaling pathways.

Tocilizumab is a human monoclonal antibody that inhibits the effect of IL-6 by com-
petitively binding to IL-6 receptors [133]. In patients with either type of ACS, non-ST-
segment elevation MI (NSTEMI) [134] or ST-segment elevation MI (STEMI) [135], a sin-
gle dose of tocilizumab reduced levels of CRP and myocardial damage. An ongoing
phase II clinical trial, the DOBERMANN trial (Low-Dose Dobutamine and Single-Dose
Tocilizumab in Acute Myocardial Infarction With High Risk of Cardiogenic Shock), will
investigate tocilizumab’s effects in patients who underwent percutaneous coronary inter-
vention (PCI) [136]. Tocilizumab was used as a single dose to tackle acute inflammation
following MI and PCI. Long-term treatment of tocilizumab in patients with stable CAD,
who have low and chronic inflammation, is debatable [133]. One of the concerns is ele-
vated cholesterol levels, as observed in rheumatoid arthritis patients receiving a 3-month
treatment of the drug [137].

Ziltivekimab is a new human monoclonal antibody that directly binds to IL-6 [133].
Its potential to reduce inflammation and improve cardiovascular outcomes is being tested
in the ongoing ZEUS study (Ziltivekimab Cardiovascular Outcomes Study), which has
enrolled patients with chronic kidney disease and established atherosclerotic plaques [138].
Other ongoing clinical trials [139,140] that will specifically test the cardiovascular outcomes
of ziltivekimab are summarized in Table 1.
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Table 1. Clinical trials of anti-inflammatory therapies for the secondary prevention of CAD.

Target Drug/Compound
Name Clinical Trial Study Population Treatment Outcome

IL-1 signaling
pathway

Canakinumab
(Rejected by FDA) CANTOS [124]

Patients with a
history of MI and

CRP levels > 2 mg/L

Canakinumab reduced
inflammation and adverse

cardiovascular events, but the
risk of fatal infection and the

high cost of clinical application
outweighed the benefits.

Anakinra
(Phase II trial

ongoing)

MRC-ILA
Heart [125]

Patients with ACS
(NSTEMI)

Anakinra reduced inflammation
but not the risk of future adverse

cardiovascular events.

VCU-ART3 [126] Patients with ACS
(STEMI)

Anakinra reduces inflammation
and adverse

cardiovascular events.

VA-ART4 [128] Patients with ACS
(STEMI) Clinical trial ongoing.

IL-6 signaling
pathway

Tocilizumab
(Phase II trial

ongoing)

A phase II clinical
trial [134]

Patients with ACS
(NSTEMI)

Tocilizumab reduced
inflammation and myocardial

damage but not the risk of future
adverse cardiovascular events.ASSAIL-MI [135] Patients with ACS

(STEMI)

DOBERMANN
[136]

Patients recently
received PCI Clinical trial ongoing.

Ziltivekimab
(Phase III trials

ongoing)

ZEUS [138]
Chronic kidney

disease patients with
evidence of CAD

Clinical trial ongoing.
SPIDER [139]

Patients with CAD
and CRP levels >

2 mg/L

ARTEMIS [140] Patients with ACS

TNF-α
signaling
pathway

Etanercept
RECOVER [141]

Heart failure patients Etanercept did not improve
clinical outcomes.RENAISSANCE

[141]

Adalimumab

A subclinical trial
[142]

Rheumatoid arthritis
patients

Adalimumab reduced
inflammation. Changes in

cardiovascular events were not
assessed.PIONEER [143]

Hidradenitis
suppurativa patients
(patients with a high
risk of cardiovascular

disease)

p38 MAPK
signaling
pathway

Losmapimod

A phase II clinical
trial [144]

Patients with
diagnosed

atherosclerotic
disease

Losmapimod reduced
inflammation. Cardiovascular
outcomes were not assessed.

SOLSTICE [145] Patients with ACS
(NSTEMI)

Losmapimod reduced
inflammation but not the risk of
future adverse cardiovascular

events.
LATITUDE-TIMI

60 [10] Patients with ACS

Dilmapimod A phase II clinical
trial [146] Patients with CAD Dilmapimod reduces

inflammation caused by PCI.
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Table 1. Cont.

Target Drug/Compound
Name Clinical Trial Study Population Treatment Outcome

NLRP3
inflammasome

pathway
[80,147,148],

RhoA/ROCK
pathway [149]

Colchicine
(Phase III trial

ongoing)

LoDoCo [9] Patients with stable
CAD

Colchicine reduced adverse
cardiovascular events.

COLCOT [150]
Patients with a history
of MI in the previous

30 days

LoDoCo2 [151] Patients with stable
CAD

COPS [152] Patients with ACS No statistically significant benefits.

CLEAR SYNERGY
(OASIS 9) [153]

Patients with ACS
(STEMI) who
received PCI

Clinical trial ongoing.

4.3. TNF-α Signaling Pathway Inhibitors: Etanercept and Adalimumab

TNF-α is a pro-inflammatory cytokine that is found in the necrotic core and is asso-
ciated with impaired efferocytosis in rupture-prone atherosclerotic plaques [154]. TNF-α
binds to two types of TNF-α receptors: TNFR1, which is expressed by most cells, and
TNFR2, which is expressed by endothelial cells and immune cells [155]. The binding of
TNF-α to TNFR1 activates the production of pro-inflammatory cytokines through p38
MAPK [155]; and the binding of TNF-α to TNFR2 activates the NF-κB pathway or the
phosphatidylinositol-3-kinase signaling pathway, resulting in the promotion of cell prolifer-
ation, survival, and immunoregulatory responses [155]. Knocking out TNF-α in ApoE−/−

mice reduced plaque size [156].
Etanercept is a decoy receptor protein that binds to TNF-α with a high affinity [157].

It was used to treat various inflammatory diseases such as rheumatoid arthritis [157].
However, two clinical trials in heart failure patients did not observe any cardiovascular
benefits of etanercept (Table 1) [141].

Adalimumab is a humanized monoclonal antibody that binds to and neutralizes
TNF-α [158]. In patients with chronic inflammatory disease and having a high risk of car-
diovascular disease, adalimumab reduces systemic inflammation [142,143]. However, the
long-term cardiovascular outcomes were not followed up in these trials. Combined, there
is no convincing evidence that etanercept or adalimumab could lead to beneficial effects
for the secondary prevention of CAD. This can be explained by a study of TNF-α-deficient
ApoE−/− mice, which showed less necrosis but more apoptosis in advanced plaques [159].
This effect was attributed to the loss of NF-κB activation by TNF-α and the downstream
anti-apoptotic function [159]. Therefore, it is debatable whether inhibiting TNF-α would
benefit patients with advanced plaques when efferocytosis is already impaired. No active
clinical trials have been launched to further pursue the use of TNF-α inhibitors in CAD.

4.4. P38 MAPK Signaling Pathway Inhibitors: Losmapimod and Dilmapimod

As mentioned before, the p38 MAPK is downstream of TLR pathways. Upon acti-
vation by various stimuli, such as pro-inflammatory cytokines, oxLDL, and hypoxia in
established plaques, p38 MAPK turns on transcription factors to regulate the production
of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α [160]. Similar to TNF-α,
the pro-inflammatory effects of p38 MAPK made it a promising target for secondary pre-
vention a decade ago. However, no p38 MAPK inhibitors have demonstrated improved
cardiovascular outcomes in patients with CAD.
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Both losmapimod and dilmapimod are p38 MAPK inhibitors [160]. In several phase II
clinical trials, they reduced vascular inflammation or systemic inflammation in patients
with diagnosed atherosclerotic disease [144] and those who recently received PCI [146].
However, the long-term cardiovascular outcomes were not assessed. In patients with ACS,
two clinical trials did not observe any cardiovascular benefits of losmapimod [10,145]. It
was suggested that many alternative pro-inflammatory signaling pathways work in parallel
with p38 MAPK, which may bypass the inhibition of p38 MAPK and reduce the potential
efficacy of p38 MAPK inhibitors [161].

4.5. Colchicine

Colchicine is an anti-inflammatory drug widely used in gout patients [133]. It ex-
erts its anti-inflammatory effects on multiple targets in established plaques [133]. By
inhibiting microtubule polymerization, colchicine prevents the assembly of the NLRP3 in-
flammasome [80,147,148]. By inhibiting the Rho A/Rho-associated protein kinase (ROCK)
pathway, colchicine inhibits ATP-induced release of IL-1β in cultured macrophages [149].
Additionally, colchicine also inhibits NETosis of neutrophils in patients with ACS [162].

In the LoDoCo (Low-Dose Colchicine) trial, colchicine reduced cardiovascular events
in patients with stable CAD [9]. In the LoDoCo2 study, a daily low dose of colchicine
reduced the risk of cardiovascular events in patients with chronic CAD [151]. Colchicine
also reduced the risk of cardiovascular events in patients who recently had MI in the COL-
COT (Colchicine Cardiovascular Outcomes Trial) study [150]. However, when colchicine
was used to treat patients shortly after ACS, no significant effect was observed in the
COPS (Colchicine in Patients With Acute Coronary Syndrome) trial [152]. It is possible that
colchicine may not be able to tackle the high inflammation level shortly after ACS in the
COPS trial [152]. However, in the absence of a biomarker to assess the level of baseline
inflammation, we cannot prove this assumption. In the COPS trial, where a higher dose of
colchicine was used compared to the COLCOT trial, a higher rate of all-cause mortality was
observed, raising concerns over the safety of colchicine use at a high dose [152]. The ongo-
ing CLEAR SYNERGY (OASIS 9) trial, which currently has recruited 7,062 post-MI patients,
will focus on the effectiveness of daily low-dose colchicine for reducing cardiovascular
events in these patients within 72 h of PCI [153].

Lessons learned from these successful and failed clinical trials suggest that understand-
ing the full picture of the inflammatory network and the activation status of inflammatory
pathways in patients is critical for choosing the right inflammatory target for secondary pre-
vention. Inhibiting broadly can increase the risk of over-suppression of immune responses
or off-target side effects. Inhibiting signaling cascades that have multiple transduction
pathways, such as the classic and trans-signaling pathways of IL-6, will lead to pleiotropic
effects. It was suggested that selective inhibition of IL-6 trans-signaling is promising for
treating atherosclerotic patients with fewer side effects [132]. However, the assumption
needs to be supported by a better characterization of the IL-6 signaling network. Inhibiting
TNF-α and p38 MAPK makes sense when taking their pro-inflammatory effects into con-
sideration, but whether their associated inflammatory pathways are active and essential for
driving disease progression in patients with CAD is more important in therapeutic design.

5. Limitations of Previous Studies and Future Directions
Statins, one of the first-line medications for patients with CAD, have proven anti-

inflammatory properties independent of their cholesterol-lowering effects [163–165]. Most
patients in the above clinical trials have received statins in the past. Therefore, to best
predict the effectiveness of anti-inflammatory drugs, the ideal models in pre-clinical studies
should reflect the status of inflammatory pathways after statin treatment.
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Current pre-clinical models of atherosclerosis, including cultured cells and rodents,
are seldom treated by statins before anti-inflammatory drugs are tested. Moreover, while
these models provide valuable insights into early atherogenesis, they have limitations in
providing a full picture of the inflammatory network for identifying therapeutic targets in
patients with CAD.

5.1. Cell Culture Models

Traditional cell lines of ECs, SMCs, and macrophages do not accurately represent
the cell phenotypes in advanced atherosclerotic plaques in vivo. For example, multiple
phenotypes of VSMCs exist in human plaques [12,32], but in vitro models typically study
the contractile phenotype of VSMCs [166]. Studying individual cell lines separately also
provides limited insight into the complex intercellular crosstalk, ECM interactions, and
structural remodeling involved in human atherosclerosis [166,167]. Although co-culture,
microfluidic systems, and 3D tissue cultures have been established to mimic the architecture
of blood vessels, studies using these models primarily focused on early atherogenesis, such
as cholesterol deposition and immune cell infiltration, whereas secondary prevention aims
to treat patients with advanced CAD [166].

5.2. Mouse Models

ApoE−/− and Ldlr−/− mice are the most commonly used animal models of atheroscle-
rosis [167]. However, these models do not fully represent the disease status of patients
requiring secondary prevention [167]. First of all, most experiments administer anti-
inflammatory therapies to these mice before atherosclerotic plaques develop, whereas sec-
ondary prevention in humans is given to patients who already have established atheroscle-
rotic plaques. For example, a p38 inhibitor was given to ApoE−/− mice at 8 weeks of
age, when plaques had not yet formed in these mice [168]. Findings from such early-
staged diseased models may not apply to patients with advanced plaques, as the active
inflammatory pathways in early and advanced plaques are different. Moreover, advanced
plaques in ApoE−/− and Ldlr−/− mice are less complex than those in humans, and they
seldom progress to rupture or erosion [169]. Last but not least, high-fat diets are often
used to induce atherosclerosis, resulting in extreme hypercholesterolemia [169]. These
mice recapitulate patients with familial hyperlipidemia rather than patients with CAD,
whose cholesterol levels are controlled by lipid-lowering therapies [169]. Of note, hyper-
lipidemia increases inflammation in atherosclerotic plaques. These limitations make it clear
that promising anti-inflammatory drugs tested in animal models may not be efficient in
human patients.

5.3. Human Biospecimens

With the above limitations of in vitro and in vivo models, rupture- or erosion-prone
plaques from patients who have received statin treatment are better models to reveal which
residual inflammatory pathways to target for secondary prevention. Bulk RNA sequencing
allows for hypothesis-free profiling of the entire transcriptome in a high-throughput manner,
offering a broad view of pathways that are involved in human plaques [170]. Applying this
method to human carotid and coronary plaques, the Athero-Express study identified the
association of increased neutrophil degranulation with ischemic symptoms [58]. However,
studying the transcriptome alone does not confirm the activation of these pathways, as post-
translational modifications, protein folding, and activations occur after mRNA translation,
altering protein structure and function [171]. For example, the JAK2/STAT3 pathway is
activated by the phosphorylation of STAT3 [172]. A multi-omics study demonstrated that
only a small proportion (8 of 587) of upregulated genes identified by RNA sequencing
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was enriched at the protein level in calcified valves [173]. Thus, the mRNA levels of
inflammatory genes do not always correlate with the activity of the inflammatory pathways.

5.4. Future Directions

Anti-inflammatory drugs can provide additional benefits only if they effectively inhibit
the disease-driving factors in advanced plaques. Therefore, we advocate for the action of
characterizing inflammation in the disease context to determine which pathways to target
for secondary prevention. Future studies are needed to (1) characterize active inflammatory
pathways in advanced human plaques and (2) understand how the inflammatory network
contributes to plaque erosion and rupture. It is also important to develop accessible and
non-invasive methods, such as blood biomarkers and medical imaging, to identify patients
who would benefit from anti-inflammatory drugs.
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