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Dual Antiplatelet Therapy with Parenteral P2Y12 Inhibitors: Rationale, Evidence, and Future
Directions
Reprinted from: Journal of Cardiovascular Development and Disease 2023, 10, 163,
doi:10.3390/jcdd10040163 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Ignacio Barriuso, Fernando Worner and Gemma Vilahur

Novel Antithrombotic Agents in Ischemic Cardiovascular Disease: Progress in the Search for
the Optimal Treatment
Reprinted from: Journal of Cardiovascular Development and Disease 2022, 9, 397,
doi:10.3390/jcdd9110397 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Juan J. Badimon, Gines Escolar and M. Urooj Zafar

Factor XI/XIa Inhibition: The Arsenal in Development for a New Therapeutic Target in Cardio-
and Cerebrovascular Disease
Reprinted from: Journal of Cardiovascular Development and Disease 2022, 9, 437,
doi:10.3390/jcdd9120437 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Akshyaya Pradhan, Monika Bhandari, Pravesh Vishwakarma, Chiara Salimei, Ferdinando

Iellamo, Rishi Sethi and et al.

Anticoagulation for Left Ventricle Thrombus—Case Series and Literature Review for Use of
Direct Oral Anticoagulants
Reprinted from: Journal of Cardiovascular Development and Disease 2023, 10, 41,
doi:10.3390/jcdd10020041 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

v



Yun-Yung Cheng, Shennie Tan, Chien-Tai Hong, Cheng-Chang Yang and Lung Chan

Left Atrial Appendage Thrombosis and Oral Anticoagulants: A Meta-Analysis of Risk and
Treatment Response
Reprinted from: Journal of Cardiovascular Development and Disease 2022, 9, 351,
doi:10.3390/jcdd9100351 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Mario Enrico Canonico, Raffaele Piccolo, Marisa Avvedimento, Attilio Leone, Salvatore

Esposito, Anna Franzone and et al.

Antithrombotic Therapy in Peripheral Artery Disease: Current Evidence and Future Directions
Reprinted from: Journal of Cardiovascular Development and Disease 2023, 10, 164,
doi:10.3390/jcdd10040164 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Xianda Chen, Shuaixing Wang, Wenli Xu, Mingming Zhao, Youyi Zhang and Han Xiao

Metformin Directly Binds to MMP-9 to Improve Plaque Stability
Reprinted from: Journal of Cardiovascular Development and Disease 2023, 10, 54,
doi:10.3390/jcdd10020054 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

vi



Preface to “New Insights into Antithrombotic

Therapy for Cardio- and Cerebrovascular Disease:

From Molecular Mechanisms to Clinical Application”

Thrombosis represents a pathophysiological phenomenon that may be observed in several

clinical conditions, such as acute and chronic coronary syndrome, stroke, and peripheral artery

disease. The activation of coagulation cascade, as well as platelet aggregation, are key steps

of the thrombotic process. Pharmacological modulation of both components of thrombosis, the

coagulation cascade and platelet activation, is of great clinical importance. Several clinical trials have

clearly shown the efficacy of anticoagulation and/or anti-platelet aggregation in different thrombotic

disorders. However, real-world practice clearly indicates that antithrombotic strategies need to be

personalized according to patient characteristics, such as age, concomitant diseases already requiring

antithrombotic drugs, or risk for bleeding. In this regard, the combination of multiple antithrombotic

drugs represents a challenging scenario and was therefore the focus of multiple recent randomized

controlled trials. However, several gray areas still persist.

This Special Issue, by collecting the points of view of authoritative international research groups,

gives an updated overview of the state of the art, as well as of the most promising future prospects

for mechanisms of thrombosis and antithrombotic therapy.

Giovanni Cimmino and Plinio Cirillo

Editors
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Thrombosis has a pivotal role in the pathophysiology of acute cardiovascular events
such as myocardial infarction and stroke [1]. Thus, an impressive effort has been done
to better understand all those mechanisms able to promote intravascular thrombosis, in
order to draw a better antithrombotic strategy to avoid future events. This Special Issue,
by collecting the points of view of authoritative international research groups, gives an
updated overview of the state-of-the-art as well as of the most promising future prospects
for mechanisms of thrombosis and antithrombotic therapy.

The first article published comes from Prof Angiolillo’s group [2]. It explores the role
of antiplatelet monotherapy with P2Y12 inhibitors in patients undergoing percutaneous
revascularization. By critically analyzing the available literature, the Researchers conclude
that monotherapy with P2Y12 inhibitors is a current possibility that however needs to be
better evaluated in well-designed clinical trials to carefully establish its onset after a period
of DAPT. This paper underscores that antiplatelet monotherapy with a P2Y12 inhibitor has
been already considered a reasonable antiplatelet strategy by the European and American
guidelines in patients treated with PCI. Moreover, it gives complete information about the
RCTs specifically designed to obtain new insights for P2Y12 inhibitor monotherapy even
in patients with STEMI, and for long-term secondary prevention in patients with stable
coronary artery disease.

Another historical actor on the stage of antiplatelet therapy is faced in the paper
by Prof Cattaneo’s group [3], who focuses on aspirin monotherapy, concluding that the
enteric-coated formulation is less effective in terms of antiplatelet activity, especially in
patients with more than 70 kg of weight. Therefore, by considering its more favorable phar-
macological profile, plain aspirin should be the preferred formulation for cardiovascular
prevention [3].

An important take-home message comes from the paper of Prof Davlouros’ group [4].
Specifically, the Authors deal with a patient typology usually excluded by clinical trials,
represented by cancer patients, who are at high risk of both ischemic and bleeding events.
The high ischemic/bleeding risk of oncologic patients, due to the dysregulation of their
hemostatic system by cancer, requires an appropriate duration and optimal antiplatelet
therapy after PCI and/or acute coronary syndromes not treated with stent implantation.
The use of new-generation DES may lead to shortened DAPT duration in all-comer patients,
including patients with cancer. Current guidelines indicate that the optimal duration of
DAPT should be 1–3 months, consisting of aspirin and clopidogrel, while TAT, if required,
might only be administered for a short period of time (up to 1 week in the hospital),
followed by a DOAC and a single oral antiplatelet agent (preferably clopidogrel). The
advancements in other structural interventions, such as TAVR, PFO-ASD closure, and LAA
occlusion, and non-cardiac diseases, such as PAD and CVA, may require DAPT, thus it
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is indisputable that a multidisciplinary approach is necessary for this to better balance
thrombotic and bleeding risk [4].

Of course, antiplatelet therapy represents only one of the two faces of antithrombotic
therapy since the coagulation pathway is involved in the pathophysiology of thrombosis
too [5,6]. Thus, of extreme interest is the report by Prof. J. Badimon et al. that analyzes
in detail the inhibition of factor XI/XIa as an attractive future option as antithrombotic
therapy [7]. A better understanding of the contact pathway, especially of its significant role
in thrombus stabilization and growth vs. in the initiation of clot formation, has opened up
new targets for therapeutic intervention. FXI is one such promising target. FXI-directed
strategies could offer similar protection against thrombotic events as DOACs, but with
the advantage of lower bleeding risk. Growing strategies are now available to modulate
FXI/FXIa, including ASOs, small molecules, antibodies, and aptamers. A wide variety of
clinical scenarios may take advantage of this novel strategy. Several FXI-directed agents
are currently undergoing clinical evaluations in phase II and phase III trials [7].

In line with this view on the future, the article proposed by Prof. G. Vilahur first
comments on the key limitation of the currently used antithrombotic regimes in ischemic
heart disease and ischemic stroke and then it looks at the emerging anticoagulant and
antiplatelet agents in the pipeline with the potential to improve clinical outcomes. Some
of these promising strategies are still under biological evaluation, others have reached
the animal model test, and only few agents have been considered for randomized clinical
trials [8].

Although many studies have clearly indicated that advantages of DOAC to prevent
thrombotic events in specific clinical settings, some grey areas still exist when DOAC is
compared to VKA [9]. This is the case of intracardiac thrombosis. On this important issue
are focused the articles by Prof Pradhan [10] and Prof Chan [11]. Specifically, Pradhan et al.
face the left ventricular thrombosis after myocardial infarction by critically analyzing the
available literature including case reports, small trials, and meta-analysis, and supports the
use of DOACs over VKA. Interestingly, an algorithm for the choice of agent and duration
of the strategy has been also proposed [10]. On the other hand, the meta-analysis by Prof
Chan’s group on left atrial appendage thrombosis, which is main cause of cardioembolism
and ischemic stroke, strengthens the role of DOACs also in this clinical context. Targeted
clinical studies are warranted to better define its use in clinical practice to help clinicians in
the choice of DOAC and duration of treatment [11].

Current guidelines recommend P2Y12 inhibitors plus aspirin as the gold standard of
antiplatelet therapy in ACS and PCI-treated patients [12]. However, the onset of action
for P2Y12 inhibitors is about one hour after administration [13]. Cangrelor, an injective
P2Y12 inhibitor, by having an immediate effect on platelet aggregation, represents a new,
extremely attractive therapeutic horizon in the use of parenteral P2Y12 inhibitors. Prof
Andò and his research group analyzed the available data on the current use and potential
of this new strategy [14]. The currently available oral P2Y12 have a relatively slow onset
of action, so drug-naïve patients, and especially those with ACS, undergoing PCI lack of
antiplatelet protection in the first hours after oral administration of antiplatelet therapy,
thus the patients may be exposed to a greater thrombotic risk. Cangrelor might overcome
this gap. Its effectiveness in drug-naïve patients undergoing PCI has been proved, both
in the stable and the acute setting, by reducing early and 30-day ischemic outcomes, with
particular emphasis on ischemia driven revascularization and early ST. Cangrelor appears
to be a very safe drug with a low rate of bleeding and specifically of major events [14]. In
this regard pharmacological research will open shortly a new debate about the optimal
choice and timing to administer parenteral DAPT, since a new drug to be self-administered
at home (selatogrel), or in the ambulance (zalunfiban) will be available in parallel to a
drug to be administered in the hospital (cangrelor). Further RCTs are needed about the
combination of parenteral and potent oral P2Y12 inhibitors in patients with ACS and about
the optimal switching strategies.
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Patients with peripheral artery disease have often been considered the Cinderella
of patients with atherosclerosis in terms of thrombosis risk. Thus, the importance of
antithrombotic therapy has been underestimated. The article by Prof. M. Bonaca et al.
provides an overview of current evidence in different clinical settings in PAD and proposes
an algorithm for antithrombotic therapy management in daily practice [15]. In patients
undergoing revascularization, evidence supports more aggressive antithrombotic therapy,
specifically, dual pathway inhibition after low extremity revascularization, irrespective of
the type of intervention. The optimal management of patients undergoing revascularization
for carotid and abdominal aortic disease remains to be better elucidated. The development
of newer antithrombotic strategies, such as factor XIa inhibitors, may play an important
role in this regard [15].

Finally, to complete the Special Issue, we find an original article from Prof. Xiao’s
research group in which the Authors provided further basic evidence on the role of met-
formin in stabilizing atherosclerotic plaque by binding MMP-9 and driving its degradation
thus preserving the collagen content of plaque and improving atherosclerotic plaque sta-
bility [16]. Metformin remains a drug of choice for the treatment of type 2 diabetes with
proven glucose-lowering effectiveness, safety, favorable effect on body weight, and low
cost. Beyond these properties, an atherosclerotic stabilizing effect is here expanded and
added to the known anti-inflammatory activity [16].

In summary, since the role of platelets and of the coagulation cascade in the patho-
physiology of cardiovascular thrombosis have been extensively investigated, the research
on antithrombotic options is extremely active and in progress. A more appropriate use of
drugs already in use and the search for new safer drugs in terms of ischemic and bleeding
risk might be considered a glimpse into the future to which this special issue contributes in
an important way by acting as a hypothetical user manual.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In patients with acute and chronic coronary artery disease undergoing percutaneous
coronary intervention (PCI), dual antiplatelet therapy (DAPT) has been the cornerstone of pharma-
cotherapy for the past two decades. Although its antithrombotic benefit is well established, DAPT is
associated with an increased risk of bleeding, which is independently associated with poor prognosis.
The improvement of the safety profiles of drug-eluting stents has been critical in investigating and
implementing shorter DAPT regimens. The introduction into clinical practice of newer generation
oral P2Y12 inhibitors such as prasugrel and ticagrelor, which provide more potent and predictable
platelet inhibition, has questioned the paradigm of standard DAPT durations after coronary stent-
ing. Over the last five years, several trials have assessed the safety and efficacy of P2Y12 inhibitor
monotherapy after a short course of DAPT in patients treated with PCI. Moreover, ongoing studies
are testing the role of P2Y12 inhibitor monotherapy immediately after PCI in selected patients. In this
review, we provide up-to-date evidence on the efficacy and safety of P2Y12 inhibitor monotherapy
after a short period of DAPT compared to DAPT in patients undergoing PCI as well as outcomes
associated with P2Y12 inhibitor monotherapy compared to aspirin for long-term prevention.

Keywords: P2Y12 inhibitor; monotherapy; percutaneous coronary intervention; dual antiplatelet
therapy; high bleeding risk; high on-treatment platelet reactivity; randomized controlled trial

1. Introduction

Percutaneous coronary intervention (PCI) with stent implantation has emerged as the
predominant revascularization strategy in patients with obstructive coronary artery disease
(CAD) [1–3]. After PCI, antiplatelet therapy plays a pivotal role in preventing stent-related
complications such as stent thrombosis and secondary prevention for non-stent-related
ischemic events such as myocardial infarction (MI) and stroke [4–6]. The combination of
aspirin and an oral P2Y12 receptor inhibitor, known as dual antiplatelet therapy (DAPT),
has become the guideline-recommended standard strategy after PCI based on data derived
from more than 35 randomized clinical trials (RCTs) [1,2,7–10].

Clopidogrel is the most prescribed oral P2Y12 inhibitor [11]. In particular, clopidogrel
is the only guideline recommended P2Y12 inhibitor after PCI in patients with chronic
coronary syndromes (CCS) [1,2,7,8]. However, clopidogrel is a prodrug that requires
hepatic cytochrome P450 2C19 (CYP2C19) metabolism to its active form, which leads to
high variability in its pharmacodynamic (PD) effects [12,13]. Importantly, patients who
persist with high platelet reactivity (HPR) while on clopidogrel are at increased risk of
thrombotic events after PCI [14]. Indeed, patients with acute coronary syndromes (ACS)
are at increased risk for HPR. Thus, the newer generation P2Y12 inhibitors prasugrel and
ticagrelor characterized by potent and predictable antiplatelet effects are preferred over
clopidogrel as the standard of care in patients with ACS [1,2,9,15].

Even though the efficacy of DAPT is well established, it is also associated with an
unavoidable increased risk of bleeding, which is associated with poor outcomes, including

J. Cardiovasc. Dev. Dis. 2022, 9, 340. https://doi.org/10.3390/jcdd9100340 https://www.mdpi.com/journal/jcdd
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increased mortality [16]. Several investigations have led to defining the phenotype of pa-
tients more prone to bleeding, setting the foundation for introducing the high bleeding risk
(HBR) concept [17]. In 2019, the Academic Research Consortium (ARC) formally defined
HBR patients as those who are at risk of ≥4% of having type 3 or 5 bleeding according to
the bleeding academic research consortium (BARC) or ≥1% of intracranial hemorrhage
(ICH), both at 1 year [18]. Moreover, the ARC-HBR proposed a diagnostic criterion based
on clinical and laboratory characteristics that has been classified into major and minor
criteria, the presence of 1 major or 2 minor criteria are needed to fulfil the HBR definition.

Overall, these observations have prompted investigations evaluating “bleeding avoid-
ance strategies” for patients undergoing PCI. The goal of these approaches is to minimize
bleeding risk while preserving efficacy. Bleeding reduction strategies are directed to opti-
mize the choice, duration, and modulation of DAPT (Figure 1). Amongst these, the strategy
of discontinuation of aspirin after a short period of DAPT and maintaining P2Y12 inhibitor
monotherapy has been a subject of extensive investigation. This strategy was first investi-
gated in patients requiring concomitant use of an oral anticoagulant agent. The details of
this approach go beyond the scope of this manuscript and are described elsewhere [19,20].
In this manuscript, we provide an overview of P2Y12 inhibitor monotherapy after a short
course of DAPT in patients undergoing PCI without an indication of anticoagulation as well
as the impact of P2Y12 inhibitor monotherapy compared to aspirin for long term secondary
prevention in patients with CCS.

Figure 1. Selected bleeding avoidance strategies in patients without AF undergoing PCI. AF, atrial
fibrillation; ACS, acute coronary syndrome; ASA, aspirin; CAD, coronary artery disease; CCS, chronic
coronary syndrome; DAPT, dual antiplatelet therapy; PCI, percutaneous coronary intervention;
PFT, platelet function test; RCT, randomized controlled trial.

6



J. Cardiovasc. Dev. Dis. 2022, 9, 340

2. Rationale for P2Y12 Inhibitor Monotherapy

Platelet activation is a complex biological mechanism involving multiple activat-
ing factors such as thromboxane A2 and adenosine diphosphate (ADP), which represent
the targets of aspirin and P2Y12 inhibitors, respectively [21]. Aspirin irreversibly blocks
cyclooxygenase-1 (COX-1), the key enzyme in the arachidonic acid pathway of thrombox-
ane A2 generation. On the other hand, P2Y12 inhibitors prevent ADP-mediated platelet
activation by receptor blocking effect [22]. The exact mechanism can vary according
to the type of drug. Clopidogrel and prasugrel (thienopyridines) require conversion to
an active metabolite and mediate irreversible inhibition. Meanwhile, ticagrelor (non-
thienopyridine) is a direct and reversible receptor antagonist [13]. Prasugrel and ticagrelor
provide more potent and predictable platelet inhibition compared to clopidogrel [23,24].
These better PD profiles of prasugrel and ticagrelor compared to clopidogrel translate into
lower ischemic/thrombotic events in pivotal RCTs, at the expense of increased bleeding
events [25,26]. All these pivotal investigations have been performed on a background of
aspirin therapy, under the notion that aspirin and P2Y12 inhibitors (mainly demonstrated
with clopidogrel) have synergetic effects on platelet inhibition, representing the foundation
for the use of DAPT [27,28].

Although DAPT has remained the standardized therapy after PCI, the usage and dura-
tion of aspirin have been challenged based on three major arguments. First, the synergism
between aspirin and P2Y12 inhibitors was mainly established by early studies on aspirin
with clopidogrel [28]. In the presence of potent P2Y12 blockade, in vitro pharmacodynamic
investigations have shown that aspirin does not provide much additional antiplatelet
effect [29]. This was also confirmed in a series of ex vivo pharmacodynamic studies [30–32].
While withdrawal of aspirin indeed eliminates its specific inhibitory effects mediated by
the COX-1 pathway, other platelet signaling pathways are still affected by potent P2Y12
blockade [20,33]. Second, aspirin is associated with gastrointestinal (GI) adverse effects,
from mild dyspepsia to ulceration and GI bleeding [34]. Systemically, aspirin irreversibly
and non-selectively inhibits COX enzyme, leads to systemic prostaglandin depletion that
compromises gastric mucosal barrier function and increases acid secretion [34]. Locally,
aspirin may reduce surface hydrophobicity and destabilize the phospholipid barrier, which
makes the mucosa susceptible to direct injury by gastric acid [35]. Although several ap-
proaches are used to mitigate aspirin gastric injury (i.e., consumption with food, proton
pump inhibitors, and new aspirin formulations), the most effective way to reduce aspirin
GI effects is by minimizing aspirin treatment duration [36]. Third, the introduction of
newer drug-eluting stents has markedly decreased the rate of stent thrombosis, and the
widespread usage of lipid-lowering therapies has further reduced the incidence of MI
unrelated to the stent, which was assumed to be in part driven by the beneficial effects
of DAPT [37].

3. Current Evidence of P2Y12 Inhibitor Monotherapy

Over the last years, several large-scale RCTs have assessed the safety and efficacy
of aspirin-free antiplatelet strategies after coronary stenting (Figure 2 and Table 1). Two
main approaches have been assessed: (a) trials comparing P2Y12 monotherapy versus
conventional DAPT regimens after PCI and (b) trials comparing P2Y12 inhibitors vs aspirin
monotherapy for long-term secondary prevention.
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Figure 2. Randomized controlled trials of P2Y12 inhibitor monotherapy in patients treated with
PCI. ASA, aspirin; DAPT, dual antiplatelet therapy; DAPT-C, clopidogrel-based dual antiplatelet
therapy; DAPT-T, ticagrelor-based dual antiplatelet therapy; Invest., investigational group; PCI,
percutaneous coronary intervention. * In HOST-EXAM trial, event-free patients who maintained
DAPT for 6–18 months after PCI were randomized.

Table 1. Randomized controlled trials for P2Y12 inhibitor monotherapy in patients treated with PCI.

Studies
Experimental

Group
Control
Group *

Primary Outcome Key Secondary Outcome

Immediately after PCI

GLOBAL
LEADERS

2018
(n = 15,968)

Ticagrelor-based
DAPT for 1 month,

then Ticagrelor
monotherapy

ASA + clopidogrel (53%)
ASA + ticagrelor (47%)

At 24 months, all-cause death, new Q-wave
MI (RR, 0.87; 95% CI, [0.75–1.01]; p = 0.073)

BARC 3 or 5 bleeding (RR, 0.97; 95%CI,
[0.78–1.20]; p = 0.770)

TWILIGHT
2019

(n = 7119)

Ticagrelor-based
DAPT for 3 months,

then Ticagrelor
monotherapy

ASA + Ticagrelor At 12 months, BARC 2–5 bleeding (HR, 0.56;
95% CI, [0.45–0.68]; p < 0.001)

BARC 3 or 5 bleeding (HR, 0.49; 95%CI,
[0.33–0.74]; p < 0.001)

SMART
CHOICE

2019
(n = 2993)

Clopidogrel (76.9%)
Prasugrel (4.1%)

Ticagrelor (19.0%)
DAPT for 3 months,
then monotherapy

ASA + clopidogrel
(77.6%)

ASA + Prasugrel (4.5%)
ASA + ticagrelor (17.9%)

At 12 months, all-cause death, MI, stroke
(difference, 0.4%; one-sided 95%CI,

[−∞–1.3%]; p = 0.007 for non-inferiority)

BARC 2–5 bleeding (HR, 0.58; 95%CI
[0.36–0.92]; p = 0.020)

STOPDAPT-2
2019

(n = 3045)

Clopidogrel based
DAPT, then
clopidogrel

monotherapy

ASA + clopidogrel

At 12 months, CV death, MI, stroke, stent
thrombosis, or TIMI major or minor bleeding

(HR, 0.64; 95%CI, [0.42–0.98]; p < 0.001 for
noninferiority; p = 0.04 for superiority)

TIMI major or minor bleeding (HR, 0.26;
95%CI, [0.11–0.64]; p = 0.004)

-Ischemic endpoints (HR, 0.79; 95%CI,
[0.49–1.29]; p = 0.340)

TICO (ACS)
2019

(n = 3056)

Ticagrelor-based
DAPT, then ticagrelor

monotherapy
ASA + ticagrelor

At 12 months, all-cause death, MI, stent
thrombosis, stroke, target vessel

revascularization and major bleeding (HR,
0.66; 95%CI, [0.48–0.92]; p = 0.01)

-TIMI major bleeding (HR, 0.56; 95%CI,
[0.34–0.91]; p = 0.02)

MACCE (HR, 0.69; 95%CI, [0.45–1.06]; p
= 0.09)

STOPDAPT-2
ACS
2022

(n = 4169)

Clopidogrel-based
DAPT, then Ticagrelor

monotherapy
ASA + clopidogrel

At 12 months, CV death, MI, stroke, stent
thrombosis, or TIMI major or minor

bleeding (HR, 1.44; 95%CI, [0.80–1.62];
pnoninferiority = 0.06)

TIMI major or minor bleeding (HR, 0.46;
95%CI, [0.23–0.94]; p = 0.03)

Significant increased risk of MI (HR,
1.91; 95%CI, [1.06–3.44]; p = 0.03)

Long-term 2nd and 3rd prevention

HOST–EXAM
2020

(n = 5438)

Clopidogrel
monotherapy, for 24

months
ASA monotherapy

At 24 months, all-cause death, non-fatal MI,
stroke, readmission due to ACS, BARC 3–5
bleeding (HR, 0.73; 95%CI, [0.59–0.90]; p =

0.003)

BARC 3–5 bleeding (HR, 0.63; 95%CI,
[0.41–0.97]; p = 0.035)

* Complete details about regimen duration are shown in Figure 1. ACS, acute coronary syndrome; ASA, aspirin;
CAD, coronary artery disease; CCS, chronic coronary syndrome; CI, confidence interval; CV, cardiovascular;
DAPT, dual antiplatelet therapy; HR, hazard ratio; PCI, percutaneous coronary intervention; PFT, platelet function
test; RCT, randomized controlled trial; RR, rate ratio; TIMI, Thrombolysis in Myocardial Infarction.
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4. P2Y12 Monotherapy versus DAPT after PCI

4.1. Clopidogrel

SMART-CHOICE (Comparison Between P2Y12 Antagonist Monotherapy vs Dual An-
tiplatelet Therapy in Patients Undergoing Implantation of Coronary Drug-Eluting Stents)
was an open-label RCT comparing 3-month DAPT followed by P2Y12 inhibitor monother-
apy vs. standard 12-month DAPT after PCI in terms of major adverse cardiac and cere-
brovascular events (MACCE) in a non-inferiority analysis [38]. A total of 2993 patients
were enrolled. There were no restrictions on the type of P2Y12 inhibitor or clinical presen-
tation. The P2Y12 inhibitor monotherapy was noninferior compared to DAPT in MACCE
(Hazard ratio [HR], 1.19; 95% Confidence interval [CI], [−∞%–1.3%]; pnoninferiority = 0.007).
There were no significant differences in the primary endpoint components, but there was a
significantly lower BARC 2–5 bleeding rate in the P2Y12 inhibitor monotherapy than the
DAPT group (HR, 0.58; 95%CI [0.36–0.92]; p = 0.020).

Two main post-hoc analyses have been reported. First, the clopidogrel–only cohort
(80% of the total sample size), there were no significant differences between clopidogrel
monotherapy versus clopidogrel–based DAPT in MACCE (HR, 1.02; 95%CI, [0.64–1.65];
p = 0.100) and BARC 2–5 bleeding (HR, 0.71; 95%CI, [0.42–1.21]; p = 0.150) [39]. Second,
in the platelet reactivity sub-study (n = 833), 108 (13.0%) patients had HPR who had a
significantly increased risk of MACCE compared to those without HPR (8.7% vs. 1.5%;
HR, 3.03; 95%CI, [1.06–8.69]; p = 0.038) [40]. However, the treatment effect of clopidogrel
monotherapy for the 12-month MACCE was not significantly different compared with
DAPT in patients with HPR or without HPR (HR, 0.71; 95%CI, [0.18–2.73]; p = 0.628 and
HR, 2.58; 95%CI, [0.68–9.77]; p = 0.161; pinteraction = 0.170). These results suggest that the
main driver of adverse events was the HPR status rather than the allocated treatment,
denoting the importance of optimizing platelet inhibition [41].

STOPDAPT-2 (Short and Optimal Duration of Dual Antiplatelet Therapy After Everolimus-
Eluting Cobalt–Chromium Stent) was a prospective, open-labeled RCT comparing 1 month
of DAPT (clopidogrel or prasugrel 3.75 mg od) followed by clopidogrel monotherapy ver-
sus 12 months DAPT with aspirin and clopidogrel in patients who underwent PCI [42]. A
total of 3045 participants were recruited. The primary endpoint was a composite of ischemic
(cardiovascular death, MI, stroke, or stent thrombosis) and bleeding endpoints (Thrombol-
ysis in Myocardial Infarction [TIMI] major or minor bleeding) at 12 months. Clopidogrel
monotherapy group met the prespecified criteria for noninferiority and superiority com-
pared to the standard DAPT (HR, 0.64; 95%CI, [0.42–0.98]; p < 0.001 for noninferiority, p =
0.04 for superiority). There was no difference in the ischemic endpoints (HR, 0.79; 95%CI,
[0.49–1.29]; p = 0.340), but there was a significant lower bleeding rate in the clopidogrel
monotherapy than 12 months of DAPT (HR, 0.26; 95%CI, [0.11–0.64]; p = 0.004).

STOPDAPT-2 ACS (Short and Optimal Duration of Dual Antiplatelet Therapy-2 Study
for the Patients With ACS) trial was a prospective, open-label RCT with the same design as
the STOPDAPT-2, but including only patients with ACS, the ACS cohorts of both trials were
combined (3008 newly enrolled and 1161 pooled form previous trial, in total 4169 patients
were randomized) [43]. At the 1-year follow-up, 1–2 months DAPT (aspirin and clopidogrel)
followed by clopidogrel monotherapy failed to meet the noninferior criteria compared to
the 12-month DAPT (HR, 1.44; 95%CI, [0.80–1.62]; pnoninferiority = 0.06). The rate of major
bleeding was significantly lower in the monotherapy group compared to the DAPT (HR,
0.46; 95%CI, [0.23–0.94]; p = 0.03). However, there was a significant increase in MI in the
monotherapy group compared to the DAPT group (HR, 1.91; 95%CI, [1.06–3.44]; p = 0.03).
The underlying reasons for which there was an increased risk of adverse events in the
ACS cohort in patients treated with monotherapy compared to standard DAPT remains
unclear but may be likely attributed to the presence of HPR among patients treated with
clopidogrel only and no added antiplatelet effect given the withdrawal of aspirin.

STOPDAPT-2 Total Cohort the STOPDAPT investigators performed a prespecified
pooled STOPDAPT-2 and STOPDAPT-2-ACS (n = 5997 in total), the rationale for this pooled
analysis was that in both trials there had a lower-than-expected event rate that could affect
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the trials results [44]. The authors followed the same methodology and endpoints as in the
main trials. One-month DAPT was noninferior but not superior to 12-month DAPT for the
primary endpoint (HR, 0.94; 95%CI, [0.70–1.27]; pnoninferiority = 0.001 and psuperiority = 0.68).
There was no significant risk-difference for the cardiovascular endpoint between groups
(HR, 1.24; 95% CI, [0.88–1.75]; p = 0.23), but one-month DAPT was associated with a lower
risk of the bleeding than 12-month DAPT (HR, 0.38 95%CI, [0.21–0.70]; p = 0.002). When
the results were analyzed according to clinical presentation (ACS vs. CCS), one-month
DAPT was associated with a lower risk for major bleeding than 12-month DAPT in ACS
or CCS patients (HR, 0.46; 95%CI, [0.23–0.94]; p = 0.03. and HR, 0.26; 95%CI, [0.09–0.79];
p = 0.02; pinteraction = 0.40), but there was a numerical increase in cardiovascular events in
ACS patients, but not in CCS patients (HR, 1.50; 95%CI, [0.99–2.27]; p = 0.053, and HR, 0.74;
95%CI, [0.38–1.45]; p = 0.39; pinteraction = 0.08).

4.2. Prasugrel

ASET (Acetyl Salicylic Elimination Trial) was a pilot, prospective, open-label, single-
arm non-randomized study assessing the safety of prasugrel monotherapy in patients with
CCS. All participants (n = 201) were on standard DAPT at the time of the index PCI, after
successful PCI with platinum-chromium everolimus-eluting stent (Pt-EES), aspirin was
discontinued and prasugrel was loaded and maintained for 3 months [45]. The primary
ischemic endpoint was the composite of cardiac death, spontaneous target vessel MI, or
definite stent thrombosis. The primary bleeding endpoint was major bleeding. There was
only one event (cardiac death following intracranial bleeding). The compelling results of
the ASET trial should be interpreted in the light of its small and very selected population
and low lesion complexity.

4.3. Ticagrelor

GLOBAL LEADERS (A Clinical Study Comparing Two Forms of Antiplatelet Therapy
After Stent Implantation) trial was a prospective, open-label RCT. Patients were random-
ized after successful PCI with a biolimus A9-eluting stent to either aspirin plus 90 mg
ticagrelor twice daily for 1 month, followed by 23 months of ticagrelor monotherapy
(90 mg, twice daily) or standard DAPT with clopidogrel (for patients with stable CAD)
or ticagrelor (for patients with ACS) for 12 months, followed by aspirin monotherapy for
another 12 months. A total of 15,968 patients were enrolled. The primary efficacy endpoint
was all-cause death or non-fatal new Q-wave MI, and the primary safety endpoint was
major bleeding, defined as BARC 3 or 5 bleeding. At 2 years, ticagrelor monotherapy
was not superior to standard DAPT for reducing the primary efficacy (RR, 0.87; 95%CI,
[0.75–1.01]; p = 0.073) or safety endpoints (RR, 0.97; 95%CI, [0.78–1.20]; p = 0.770). The
adherence rate at two years was 77.6% in the experimental group and 93.1% in the control
group, consistent with the premature ticagrelor discontinuation rate (25%) observed in
other studies and mainly related to adverse events such as bleeding and dyspnea [46,47].

One of the main limitations of the GLOBAL LEADERS trial was the lack of inde-
pendent event adjudication. Therefore, the prespecified GLASSY (GLOBAL LEADERS
Adjudication Sub-Study) study was conducted following the same methodology as the
main trial [48]. The study included approximately 47% of the main trial sample size enrolled
in the top 20 enrolling sites. At 2 years, ticagrelor monotherapy was noninferior but not
superior to standard 12 months DAPT for reducing the primary efficacy endpoint (RR, 0.85;
95%CI, [0.72–0.99]; pnoninferiority < 0.001 and psuperiority = 0.046 at alpha of 2.5%). There were
no significant differences between groups in major bleeding regardless of the definition.

The prespecified [49–56] and selected post-hoc analyses [57–61] performed by the
GLOBAL LEADERS investigators for exploring the effect size of the intervention on differ-
ent subgroups are shown in Table S1.

TWILIGHT (Ticagrelor with Aspirin or Alone in High-Risk Patients after Coronary
Intervention) was prospective, double-blind, placebo-controlled RCT that compared tica-
grelor plus placebo vs. ticagrelor-based DAPT in event-free and high-risk PCI patients
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who completed 3 months of DAPT with aspirin and ticagrelor [62]. The primary end-
point was defined as clinically relevant bleeding (BARC 2, 3, or 5). The key secondary
endpoint was the composite of all-cause death, nonfatal MI, or nonfatal stroke. A total
of 7119 patient were randomized. At 1 year, the incidence of clinically relevant bleeding
was significantly lower in the ticagrelor monotherapy group than in the ticagrelor-based
DAPT group (HR, 0.56; 95%CI, [0.45–0.68]; p < 0.001). The secondary endpoint of BARC
type 3 or 5 bleeding was also significantly less in the ticagrelor monotherapy group (HR,
0.49; 95%CI, [0.33–0.74]; p < 0.001). In the key secondary ischemic composite endpoint,
ticagrelor monotherapy was non-inferior to ticagrelor-based DAPT group (HR, 0.99; 95%CI,
[0.78–1.24]; pnoninferiority < 0.001).

The main results of the TWILIGHT trial have been shown to be consistent in several
subgroup analyses such as age [63], gender [64], East Asian ethnicity [65], DM status [66],
CKD status [67], prior MI [68], clinical presentation [69], stent used [70], and HBR status [71].
Overall, all indicate a reduced risk of clinically relevant bleeding and without a significant
increase in ischemic events. A complete list of the prespecified and post-hoc analyses
performed by the TWILIGHT investigators are shown in Table S2.

TICO (Ticagrelor Monotherapy After 3 Months in the Patients Treated With New
Generation Sirolimus-eluting Stent for Acute Coronary Syndrome) trial was prospec-
tive, open-label RCT comparing ticagrelor monotherapy after 3 months of DAPT versus
ticagrelor-based DAPT for 12 months in patients with ACS treated with PCI [72]. The
primary outcome was a net adverse clinical event (NACE, composite of MACCE [com-
posite of all-cause death, MI, stent thrombosis, stroke, or target vessel revascularization]
and TIMI major bleeding). A total of 3056 patients were randomized. At 1 year, ticagrelor
monotherapy significantly reduced NACE compared to ticagrelor-based DAPT (HR, 0.66;
95%CI, [0.48–0.92]; p = 0.01). There was significant reduction in major bleeding between
two groups (HR, 0.56; 95%CI, [0.34–0.91]; p = 0.02), but not in MACCE (HR, 0.69; 95%CI,
[0.45–1.06]; p = 0.09).

The main results of the TICO trial have been shown to be consistent in several subgroup
analyses such as DM status [73], high-ischemic risk [74], ST-segment elevation myocardial
infarction (STEMI) [75], and HBR status [76]. A complete list of the prespecified and
post-hoc analyses performed by the TICO investigators are shown in Table S3.

4.4. Meta-Analysis

Several meta-analyses have been reported. However, the most comprehensive data
reported are the individual patient data metanalysis by Valgimigli et al. [77]. In total, 24,096
patients from the GLASSY, SMART-CHOICE, STOPDAPT-2, TICO, and TWILIGHT trials
were included. The primary efficacy endpoint was defined as a composite of all-cause
death, MI, and stroke, and the key safety endpoint was major bleeding (BARC type 3 or 5).
In the intention-treat analysis, P2Y12 monotherapy was non-inferior but not superior to
DAPT for the primary endpoint (HR, 0.93; 95%CI, [0.79–1.09]; p = 0.005 for noninferiority;
p = 0.380). The bleeding risk was significantly lower with P2Y12 inhibitor monotherapy
than DAPT (HR, 0.49; 95%CI, [0.39–0.63]; p < 0.001). In the subgroup analysis, there was
a significant interaction of sex in the effect size of P2Y12 monotherapy and DAPT, there
was a significant reduction in the primary endpoint in women but not in men (HR, 0.64;
95%CI, [0.46–0.89] and HR, 1.00; 95%CI, [0.83–1.19]; pinteraction = 0.02). The interaction was
mainly driven by a reduction of cardiovascular mortality in women but not in men (HR,
0.31; 95%CI, [0.15–0.65] and HR, 0.86; 95%CI, [0.59–1.25]; pinteraction = 0.02). Furthermore,
there was no significant interaction of the type of P2Y12 inhibitor (clopidogrel vs. newer
P2Y12 inhibitor [mainly ticagrelor]) in the primary endpoint (HR, 0.94; 95%CI, [0.66–1.33]
and HR, 0.89; 95%CI, [0.75–1.06]; pinteraction = 0.16) or major bleeding (HR, 0.60; 95%CI,
[0.34–1.06] and HR, 0.47; 95%CI, [0.36–0.62]; pinteraction = 0.41).
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5. P2Y12 Inhibitor versus Aspirin Monotherapy for Long-Term Secondary Prevention

CAPRIE (A Randomized Blinded Trial of Clopidogrel Versus Aspirin in Patients
at Risk of Ischaemic Events) trial was a prospective double-blind RCT reported in 1996
comparing clopidogrel monotherapy with aspirin (325 mg daily) monotherapy in patients
with atherosclerotic vascular disease (defined as recent ischemic stroke, recent MI, or
symptomatic peripheral arterial disease) [78]. A total of 19,185 patients were enrolled
with a mean follow-up of 1.91 years. The primary endpoint was a composite of ischemic
stroke, MI, or vascular death, which was significantly lower in the clopidogrel monotherapy
group than the aspirin group (relative risk reduction, 8.7%; 95%CI, [0.3–16.5]; p = 0.043).
Clopidogrel monotherapy had a significant lower rate of gastrointestinal hemorrhage events
(patients ever reporting: 2.0% vs. 2.7%; p < 0.05 and severe gastrointestinal hemorrhage:
0.5% vs. 0.7%; p < 0.05). Moreover, clopidogrel monotherapy had a better upper GI
tolerability than aspirin alone, with significant less indigestion/nausea/vomiting reported
(patients ever reporting: 15.0% vs. 17.56%; p < 0.05) [78]. Despite the benefits of clopidogrel
over aspirin, aspirin has remained the mainstay of therapy considering its reduced costs
with clopidogrel being recommended over aspirin only in patients who could not tolerate
or with hypersensitivity to aspirin. However, over two decades later with the availability
of generic formulations of clopidogrel, there has been a re-appraisal for P2Y12 inhibitor
monotherapy for long-term secondary prevention.

HOST-EXAM (Harmonizing Optimal Strategy for Treatment of Coronary Artery
Stenosis-Extended Antiplatelet Monotherapy) trial was a prospective, open-label RCT
comparing clopidogrel monotherapy or aspirin monotherapy for 24 months in event-free
patients who were on DAPT for 6–18 months after PCI (n = 5530) [79]. The primary end-
point was a composite of all-cause death, non-fatal MI, stroke, readmission due to ACS,
and major bleeding (BARC 3–5). At 2 years, clopidogrel monotherapy significantly reduced
the primary endpoint compared to aspirin monotherapy (HR, 0.73; 95%CI, [0.59–0.90];
p = 0.003), driven by both the ischemic composite endpoint (HR, 0.68; 95%CI, [0.52–0.87];
p = 0.003) and major bleeding (HR, 0.63; 95%CI, [0.41–0.97]; p = 0.035).

GLOBAL LEADERS investigators performed a post-hoc landmark analysis between
the first and second year of follow-up in patients who were event free during the first
year [80]. In particular, during this period, patients were on ticagrelor monotherapy and
aspirin monotherapy. There was a lower rate of MI in the ticagrelor monotherapy compared
to the aspirin monotherapy group (adjusted HR, 0.74; 95%CI, [0.58–0.96]; p = 0.022), but at the
expense of a higher rate of major bleeding (adjusted HR, 1.89; 95%CI, [1.03–3.45]; p = 0.005).

Meta-Analysis

The P2Y12 inhibitor or aspirin monotherapy as secondary prevention in patients
with coronary artery disease: an individual patient data meta-analysis of randomized
trials (PANTHER) trial assessed the role of long-term P2Y12 monotherapy compared to
aspirin monotherapy for the prevention of recurrent events in patients with CAD [81].
This analysis included 24,325 patients from seven RCTs. The primary endpoint was the
composite of cardiovascular or vascular death, any non-fatal MI, and any non-fatal stroke.
At a median of 557 days, P2Y12 monotherapy was associated with a significant reduction
in the primary endpoint compared to aspirin monotherapy (HR, 0.88; 95%CI, [0.79–0.97];
p = 0.014). The P2Y12 monotherapy was associated with a significant reduction in MI
(HR, 0.89; 95%CI, [0.81–0.98]; p = 0.020) and definite/probable stent thrombosis (HR, 0.46;
95%CI, [0.23–0.92]; p = 0.028) without a significant reduction in major bleedings (HR, 0.87;
95%CI, [0.70–1.09]; p = 0.230), and all cause-death (HR, 1.04; 95%CI, [0.91–1.20]; p = 0.560).
Concerning the bleeding causes, P2Y12 monotherapy was associated with a significant
reduction in gastrointestinal bleeding (HR, 0.75; 95%CI, [0.57–0.97]; p = 0.027) and ICH
(HR, 0.32; 95%CI, [0.14–0.75]; p = 0.009).
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6. Guidelines on P2Y12 Inhibitor Monotherapy

Several scientific societies have incorporated P2Y12 monotherapy among their recom-
mendations in patients treated with PCI. The 2020 European Society of Cardiology (ESC)
guidelines for the management of non-ST-elevation acute coronary syndrome (NSTE-ACS)
recommend stopping aspirin after 3–6 months should be considered, depending on the bal-
ance between the ischemic and bleeding risk [9]. The 2021 American College of Cardiology
(ACC), American Heart Association (AHA), and Society for Cardiovascular Angiography
and Interventions (SCAI) guidelines for coronary artery revascularization which were
developed after the ESC guidelines and thus had more data available, state that in selected
patients undergoing PCI, shorter duration DAPT (1–3 months) is reasonable, with sub-
sequent transition to P2Y12 inhibitor monotherapy to reduce the risk of bleeding events
(Table 2) [2]. For long-term secondary prevention, clopidogrel is recommended in patients
who cannot take aspirin due to intolerance or hypersensitivity [8].

Table 2. Clinical guidelines recommendations concerning P2Y12 inhibitor monotherapy.

Cardiology
Societies

Clinical Scenario Recommendations
Level of

Evidence *
Class of

Recommendation *

ESC

NSTE-ACS [10]
(2020)

After stent implantation in patients undergoing a
strategy of DAPT, stopping aspirin after

3–6 months should be considered, depending on
the balance between the ischemic and bleeding risk.

IIa A

Chronic coronary
syndrome [9]

(2019)

Clopidogrel 75 mg daily is recommended as an
alternative to aspirin in patients with

aspirin intolerance.
I B

ACC/AHA/
SCAI

Coronary artery
revascularization

[2] (2021)

In selected patients undergoing PCI,
shorter-duration DAPT (1–3 months) is reasonable,

with subsequent transition to P2Y12 inhibitor
monotherapy to reduce the risk of bleeding events.

A 2a

* Details of the specific methodology of level of evidence and class of recommendation are provided in each
guideline. ESC, European Society of cardiology; American College of Cardiology, American Heart Association,
and Society for Cardiovascular Angiography and Interventions; NSTE-ACS, non-ST elevation acute coronary
syndrome; DAPT, dual antiplatelet therapy; PCI, percutaneous coronary intervention.

7. Ongoing Studies of P2Y12 Inhibitor Monotherapy

The role of P2Y12 monotherapy in patients treated with PCI is currently a topic of
extensive research with more than 10 ongoing RCTs (Table 3 and Figure 3). Overall, most of
the ongoing trials are focused on ACS patients. In particular, ULTIMATE-DAPT is a placebo-
controlled RCT that will recruit event-free patients after 1 month of DAPT and compare
ticagrelor plus placebo or ticagrelor-based DAPT for 11 months. The MATE and CAGEFREE
II trials are investigating a de-escalation strategy consisting of 1 month of DAPT, followed
by 5 months of ticagrelor monotherapy, and finalized by 6 months of clopidogrel or aspirin
monotherapy. Among HBR or ACS patients, STOPDAPT-3 will compare a short course if
clopidogrel-based DAPT with standard clopidogrel DAPT duration. The BULK-STEMI will
determine the efficacy of ticagrelor monotherapy after 3 months of ticagrelor-based DAPT
in patients presenting with STEMI. Two studies, ASET-JAPAN and NEO-MINDSET, will
also assess the role of prasugrel monotherapy, with peri-PCI aspirin only instead of short-
term aspirin in other studies. Moreover, in the setting of prolonged antiplatelet therapy after
a standard DAPT, SMART-CHOICE II, OPT-BIRISK, and SMART-CHOICE III trials will
assess different long-term P2Y12 monotherapy regimens vs. DAPT or ASA monotherapy.
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Figure 3. Ongoing randomized controlled trials of P2Y12 inhibitor monotherapy in patients treated
with PCI. ASA, aspirin; DAPT, dual antiplatelet therapy; DAPT-C, clopidogrel-based antiplatelet
therapy; DAPT-T, ticagrelor-based dual antiplatelet therapy; DAPT-T/P, ticagrelor-based or prasugrel-
based dual antiplatelet therapy; Invest., investigational group; PCI, percutaneous coronary interven-
tion. * OPT-BIRISK trial is randomizing patients with high ischemic or bleeding risk who already
finished 9–12 months of DAPT.

Table 3. Ongoing clinical trials for P2Y12 inhibitor monotherapy in patients undergoing PCI.

Studies Design Population Experimental Group
Control
Group

Primary Outcome
Key Secondary

Outcomes

RCTs immediately after PCI

NEO–MINDSET
(n = 3400)

(NCT04360720)

Open-label
RCT

12 months
follow-up

ACS Ticagrelor or prasugrel
monotherapy

ASA +
ticagrelor or

prasugrel

Ischemic: all-cause death,
cerebrovascular accident, MI

or urgent target vessel
revascularization

Bleeding: BARC type
2, 3 or 5

Stent thrombosis
BARC 1–5 bleeding

Cost-
effectiveness ratio

ULTIMATE–
DAPT

(n = 3486)
(NCT03971500)

Placebo-
controlled RCT

12 months
follow-up

No MACCE or
major bleeding
within 30 days

Ticagrelor and placebo for 11
months

ASA +
ticagrelor for

11 months

MACCE, clinical-relevant
bleeding (BARC ≥ 2), target

vessel failure

Net adverse clinical
events

STOPDAPT-3
(n = 3110)

(NCT04609111)

Open-label
RCT

12 months
follow-up

Patients with
HBR or ACS

ASA + prasugrel for 1 month
followed by clopidogrel
monotherapy 11 months

ASA +
prasugrel

1 month, ASA
monotherapy

11 months

BARC 3 or 5 bleeding;
cardiovascular composite
(cardiovascular death, MI,

ischemic stroke, definite stent
thrombosis)

Target lesion/vessel
failure and

revascularization

BULK–STEMI
(n = 1002)

(NCT04570345)

Open-label
RCT

12 months
follow-up

STEMI
Ticagrelor monotherapy after

3 months of DAPT (ASA +
ticagrelor)

ASA + P2Y12
inhibitor after
3 months of

DAPT (ASA +
ticagrelor)

MACCE (all-cause death, MI,
cerebrovascular event, stent
thrombosis) and bleeding

events
(BARC 3 or 5)

TARGET FIRST
(n = 2246)

(NCT04753749)

Open-label
RCT

12 months
follow-up

NSTEMI or
STEMI with

complete
revasculariza-

tion

P2Y12 monotherapy after
1 month of DAPT

12 months of
DAPT

All-cause death, non-fatal MI,
stent thrombosis, stroke, or
bleeding events (BARC 3 or

5)
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Table 3. Cont.

Studies Design Population Experimental Group
Control
Group

Primary Outcome
Key Secondary

Outcomes

MATE
(n = 2856)

(NCT04937699)

Open-label
RCT

12 months
follow-up

ACS and high
bleeding risk

ASA + ticagrelor (60 mg bid)
for 1 month → ticagrelor

monotherapy (60 mg bid) for
5 months → clopidogrel

monotherapy for 6 months

ASA+
ticagrelor

All-cause death, non-fatal MI,
stroke, BARC type 2, 3 or 5

bleeding

CAGEFREE II
(n = 1908)

(NCT04971356)

Open-label
RCT

12 months
follow-up

ACS treated
with

drug-coated
balloon

ASA + ticagrelor for 1 month
→ ticagrelor monotherapy

for 5 months → ASA
monotherapy for

6 months

ASA +
ticagrelor

All-cause death, stroke, MI,
revascularization, BARC 3 or

5 bleeding

Stent thrombosis
rates

Non-randomized single-arm study

PIONEER IV
CHINA
(n = 285)

(NCT05015699)

Open-label
single arm
12 months
follow-up

PCI with HT
supreme DES

Ticagrelor monotherapy after
1 month of DAPT None All-cause death, stroke, MI,

coronary revascularization

ASET–JAPAN
(n = 400)

(NCT05117866)

Open-label
single arm
3 months

follow-up for
CCS, 12

months for
ACS

NSTE–ACS
and CCS

Prasugrel (loading: 20 mg;
maintenance: 3.75 mg/d)

3 months in CCS and
12 months in NSTE–ACS

None

Ischemic: cardiac death,
target-vessel MI, definite

stent thrombosis
Bleeding: BARC
3 or 5 bleeding

Long-term 2nd and 3rd prevention

OPT–BIRISK
(n = 7700)

(NCT03431142)

Open-label
RCT

9 months
follow-up

ACS patients
received 9–12

months of
DAPT with

high ischemic
or bleeding

risk

Clopidogrel for 9 months
ASA +

clopidogrel
for 9 months

BARC type 2–5 bleeding MACCE

SMART–
CHOICE II
(n = 1520)

(NCT03119012)

Open-label
RCT

36 months
follow-up after

index
procedure

No major
MACCE at 12
month after

BRS
implantation

Clopidogrel or ticagrelor (60
mg bid) monotherapy for 24

months

ASA +
clopidogrel or
ticagrelor (60

mg bid)

Death, MI, cerebrovascular
events

BARC 2, 3, 5
bleeding

Revascularization
Stent thrombosis

SMART–
CHOICE III
(n = 5000)

(NCT04418479)

Open-label
RCT

12 months
follow-up

Patient
finished 12
months of

DAPT with
high risk of
recurrent
ischemic
events

Clopidogrel monotherapy ASA
monotherapy MACCE BARC 3/5 bleeding

ACS, acute coronary syndrome; ASA, aspirin; BARC, Bleed Academic Research Consortium; BRS, Bioresorbable
scaffold; DAPT, dual antiplatelet therapy; HBR, high bleeding risk; MACCE, major adverse cardiac and cere-
brovascular events; MI, myocardial infarction; RCT, randomized controlled trial; STEMI, ST elevation myocardial
infarction; NSTEMI, non-ST-elevation myocardial infarction. The dosages without specific notes are: aspirin,
81–100 mg daily; ticagrelor, 90 mg twice daily; prasugrel, 10 mg daily.

8. Gaps in Evidence

There are still several gaps in the knowledge that require further research. First, five
out of seven trials studying P2Y12 monotherapy enrolled exclusively East Asian popu-
lations, who have lower ischemic risk and a higher tendency of serious bleeding than
Caucasians (i.e., East Asian Paradox), limiting extrapolation of many of the study findings
to other ethnicities [82]. Second, as a potent P2Y12 inhibitor, compared to ticagrelor, pra-
sugrel has advantages including its once daily regimen and the less respiratory side effect,
which greatly improves adherence. However, there are no dedicated RCTs of prasugrel
monotherapy. Third, although HBR patients could benefit more from P2Y12 monotherapy
as a bleeding reduction strategy, there are no dedicated RCTs in HBR patients and the
current evidence is derived from post-hoc analysis. Fourth, four out seven trials used
clopidogrel as the main P2Y12 inhibitor, platelet function testing or CYP2C19 genotyping to
assess the probability of HPR was not performed in any of these trials and it is unclear if
adverse events could be related to clopidogrel poor responders [41,83]. Ultimately, P2Y12
monotherapy has been mainly compared with standard DAPT regimens and it is unknown
how this strategy compares with other bleeding avoidance strategies, including short
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DAPT with discontinuation of P2Y12 inhibitor and maintaining aspirin or de-escalation
DAPT approaches (e.g., switching from ticagrelor/prasugrel to clopidogrel or reducing the
dose of ticagrelor/prasugrel) [84]. The current gaps in knowledge and ongoing trials are
summarized in Table 4.

Table 4. Current gaps in the evidence and potential research opportunities in the P2Y12 monotherapy.

Current Gaps Ongoing Studies and Potential Research Opportunities

Population:

• Most recent clopidogrel monotherapy trials exclusively
recruited Asian population, known to have different
thrombotic and hemorrhaging profiles, thus limiting their
external validity in western populations

Clinical presentation:

• For ACS patients, data are controversial. In particular, the
role of clopidogrel monotherapy.

• STEMI-focused trials are still needed

• OPT–BIRISK, NEO–MINDSET, STOPDAPT-3, MATE,
CAGEFREE II exclusively for ACS patients

• BULK–STEMI, TARGET FIRST use STEMI as a major
inclusion criterion

Specific conditions:

• Studies on HBR patients are missing
• Dedicated trials assessing treatment for patients with

on-treatment HPR are missing.
• Platelet function testing or CYP2C19 genotyping were not

performed in clopidogrel trials

• STOPDAPT-3 and MATE study HBR as inclusion criteria
• HPR-focused studies are warranted with deliciated

platelet function test
• CYP2C19 genotyping needs to be performed in future

clopidogrel trials

Specific medications:

• Data with prasugrel monotherapy is limited
• NEO–MINDSET, ASET–JAPAN will include

prasugrel monotherapy

Comparison with other strategies:

• It is unknown if P2Y12 monotherapy provides a significant
benefit compared to other bleeding avoidance strategies (i.e.,
de-escalation or abbreviated DAPT regimens)

• Dedicated RCTs are needed to compare clinical outcomes
between patients treated with P2Y12 monotherapy vs.
other bleeding avoidance strategies

ACS, acute coronary syndrome; DAPT, dual antiplatelet therapy; HBR, high bleeding risk; HPR, high platelet
reactivity; RCT, randomized controlled trial; STEMI, ST elevation myocardial infarction; NSTEMI.

9. Practical Implications

The P2Y12 monotherapy is an emerging strategy to be considered among the available
bleeding avoidance strategies in selected patients taking into consideration the following.
First, the safety and efficacy of monotherapy outside of RCTs are very limited, underscoring
that the eligible patients are those who meet the specific selection criteria of the RCTs [85]. It
should be underscored that these trials are heterogeneous in terms of enrolled populations
(Western countries vs. East Asian countries) which could impact the thrombotic and
bleeding risk profiles of the studied populations. Furthermore, previous studies have
shown that different bleeding avoidance strategies (i.e., abbreviated DAPT vs. de-escalation)
are associated with different impact on clinical outcomes, suggesting that the selected
strategy should be tailored according to patient characteristics and desired outcomes [84].
Moreover, procedural characteristics could also raise the concern about the outcomes in
patients treated with complex PCI. Nevertheless, post-hoc analyses of these trials have
not shown impaired outcomes among patients treated with complex PCI [86]. Second,
the clinical presentation and the selected P2Y12 inhibitor appear to impact outcomes.
In particular, prasugrel, and ticagrelor are recommended over clopidogrel in patients
with ACS. In the GLOBAL LEADERS, TWILIGHT, and TICO trials, patients with ACS
treated with ticagrelor monotherapy reduced bleeding without affecting ischemic outcomes.
However, in patients with ACS and clopidogrel monotherapy, the STOPDAPT-2 ACS trial

16



J. Cardiovasc. Dev. Dis. 2022, 9, 340

showed reduced bleeding but increased ischemic events [43]. On the other hand, in CCS,
clopidogrel appears to be a safe and effective drug, as shown in the SMART-CHOICE
and STOPDAPT-2 trials [39,42]. Moreover, ticagrelor can also be an option in CCS with
high ischemic risk as reported in the TWILIGHT trial [62]. Third, most of these trials were
designed with run-in phases and randomized only event-free patients after a short course
of DAPT (i.e., 1–3 months). Therefore, in daily clinical practice, the decision to drop aspirin
and continue P2Y12 inhibitor monotherapy should be made according to these protocols.
Ultimately, P2Y12 inhibitor monotherapy has been compared mainly with standard DAPT
(i.e., guideline-recommended duration) up to one year after the index PCI or randomization.
Therefore, the clinical benefit of P2Y12 inhibitor monotherapy compared to other DAPT
regimens and beyond the following 12–15 months of PCI is uncertain. Nevertheless, the
only recent piece of information about P2Y12 monotherapy for long-term 24 months in
event-free patients who were on DAPT for 6–18 months after PCI) comes from the HOST-
EXAM trial, which suggests that clopidogrel monotherapy is safe and effective strategy
compared to aspirin monotherapy [79].

10. Conclusions

Although DAPT with aspirin and a P2Y12 inhibitor is the standard care and guideline-
recommended strategy in patients treated with PCI, recent pharmacodynamic studies have
shown limited synergistic effects of aspirin in addition to potent oral P2Y12 inhibitors
and have challenged the need for DAPT to achieve optimal platelet inhibition. In fact,
while DAPT is associated with a reduction in ischemic events, it also increases bleeding,
the risk of which is proportional to the intensity and duration of DAPT. As thrombotic
complications mostly occur early after PCI, while bleeding accrues over the time, bleeding
reduction strategies have been developed so that enhanced antithrombotic effects are
present in the early phases post-PCI end then reduced afterwards. To this extent, several
RCTs have assessed the role of P2Y12 inhibitor monotherapy compared to a standard DAPT
regimen. Overall, P2Y12 inhibitor monotherapy is safe and effective for reducing bleeding
without compromising ischemic outcomes in event-free patients treated with PCI after
a short course of DAPT. In particular, ticagrelor has shown optimal results in patients
with ACS, whereas clopidogrel and ticagrelor have been safe and effective for preventing
recurrent events in CCS. The P2Y12 inhibitor monotherapy has already been incorporated
in European and American guidelines as a reasonable antiplatelet strategy in patients
treated with PCI. Over ten RCTs are ongoing to confirm previous findings and provide
new insights P2Y12 inhibitor monotherapy immediately after PCI, the role of prasugrel,
and outcomes in patients with STEMI. Ultimately, ongoing research is warranted to define
whether P2Y12 inhibitor monotherapy should be preferred over aspirin for long-term
secondary prevention in patients with CCS.
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ACC American College of Cardiology
ACS acute coronary syndrome
ADP adenosine diphosphate
AHA American Heart Association
ARC Academic Research Consortium
BARC bleeding academic research consortium
BRS bioresorbable scaffold
CAD coronary artery disease
CCS chronic coronary syndrome
CI confidence interval
COX-1 cyclooxygenase-1
CV cardiovascular
CYP2C19 hepatic cytochrome P450 2C19
DAPT dual antiplatelet therapy
DAPT-C clopidogrel-based dual antiplatelet therapy
DAPT-T ticagrelor-based dual antiplatelet therapy
DAPT-T/P ticagrelor-based or prasugrel-based dual antiplatelet therapy
DM diabetes mellitus
ESC European Society of Cardiology
GI gastrointestinal
HBR high bleeding risk
HPR high platelet reactivity
HR hazard ratio
MACCE major adverse cardiac and cerebrovascular events
MI myocardial infarction
NACE net adverse clinical event
NSTE-ACS non-ST-elevation acute coronary artery syndrome
PCI percutaneous coronary intervention
PFT platelet function test
POCE patient-oriented composite endpoints
Pt-EES platinum-chromium everolimus-eluting stent
RCT randomized controlled trial
SCAI Society for Cardiovascular Angiography and Interventions
SIHD stable ischemic heart disease
STEMI ST elevation myocardial infarction
TIMI Thrombolysis in Myocardial Infarction
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Abstract: Aspirin inhibits platelet function by irreversibly inhibiting the synthesis of thromboxane
A2 (TxA2). Aspirin, at low doses, is widely used for cardiovascular prevention. Gastrointestinal dis-
comfort, mucosal erosions/ulcerations and bleeding are frequent complications of chronic treatment.
To reduce these adverse effects, different formulations of aspirin have been developed, including
enteric-coated (EC) aspirin, the most widely used aspirin formulation. However, EC aspirin is less
effective than plain aspirin in inhibiting TxA2 production, especially in subjects with high body
weight. The inadequate pharmacological efficacy of EC aspirin is mirrored by lower protection
from cardiovascular events in subjects weighing >70 kg. Endoscopic studies showed that EC aspirin
causes fewer erosions of the gastric mucosa compared to plain aspirin (which is absorbed in the
stomach) but causes mucosal erosions in the small intestine, where it is absorbed. Several studies
demonstrated that EC aspirin does not reduce the incidence of clinically relevant gastrointestinal
ulceration and bleeding. Similar results were found for buffered aspirin. Although interesting, the
results of experiments on the phospholipid-aspirin complex PL2200 are still preliminary. Considering
its favorable pharmacological profile, plain aspirin should be the preferred formulation to be used for
cardiovascular prevention.

Keywords: aspirin; coronary artery disease; cerebrovascular disease; diabetes mellitus; essential
thrombocythemia; platelet function; thromboxane; gastrointestinal bleeding; enteric-coated aspirin;
cardiovascular prevention

1. Background

Acetylsalicylic acid, the active principle of aspirin, irreversibly inhibits the activity
of platelet cyclo-oxygenase-1 (COX-1), thereby inhibiting the platelet production of the
pro-aggregatory and vasoconstrictor molecule thromboxane A2 (TxA2) [1,2]. Due to its
inhibitory effect on platelet function, aspirin is widely used as an antithrombotic drug
for the treatment of acute coronary syndromes and cerebrovascular accidents and for
their secondary prevention; its role in the primary prevention of these disorders is less
well established [3]. A common complication of chronic treatment with aspirin is the
increased risk of gastrointestinal (GI) discomfort, mucosal erosions/ulcerations and bleed-
ing, which are frequently observed despite the fact that prevention of thrombosis can be
obtained by administering low-dose aspirin (75–100 mg o.d.) [2]. A placebo-controlled
study showed that the incidence of bleeding peptic ulcers in subjects on cardiovascular
prophylaxis with low-dose aspirin was 40–80% higher than in placebo-treated subjects [4],
while a Danish cohort study of 27,694 individuals showed that the standardized incidence
rate ratio of upper GI bleeding (UGIB) was 2.6 among users of low-dose aspirin [5]. A
meta-analysis of 24 randomized clinical trials (RCTs) on the risk of GI hemorrhage with
long-term use (at least 1 year) of aspirin as an antiplatelet agent compared to placebo or no
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treatment showed that the pooled odds ratio for GI bleeding in 65,987 participants was 1.68
(95% CI, 1.51–1.88) [6]. As GI bleeding in survivors of myocardial infarction is inde-
pendently associated with increased risk of death [adjusted hazard ratio 2.54 (95% CI,
1.66–3.89)] [7] its prevention is of outmost importance. Moreover, it is important to empha-
size that chronic use of aspirin is associated not only with gastric complications but also
with a variety of lesions in the small bowel, including multiple petechiae, loss of villi, ero-
sions, and round, irregular, or punched-out ulcers [8]. With the aim of decreasing GI toxicity,
different formulations of aspirin have been developed, including enteric-coated (EC) aspirin
(tablets coated with cellulose, silicon, or other inactive ingredients) [9], buffered aspirin
(tablets added with buffering agents) [10], and, more recently, PL2200 (a modified-release
lipid-based aspirin) [11]. Among these formulations, EC aspirin has been thoroughly stud-
ied in terms of pharmacokinetics (PK) and pharmacodynamics (PD) and is the most widely
used formulation for the prevention of arterial thrombotic events. Coating aspirin tablets
prevents aspirin absorption in the stomach, thus hypothetically decreasing its GI toxicity,
which was mostly attributed to the local effects of the drug. However, clear evidence that
EC aspirin is safer than non-EC aspirin (which we will refer to as “plain aspirin” in the rest
of the manuscript) in terms of incidence of gastric discomfort and bleeding is lacking. In
addition to its dubious advantages in terms of GI safety, it must be emphasized that many
reports indicate that EC aspirin is inefficiently absorbed by the intestine in some subjects
and, consequently, is unable to inhibit platelet function adequately.

Herein, we will review the PK, pharmacological and clinical efficacy, and GI safety of
EC aspirin as well as, when available, other formulations, compared to plain aspirin.

2. Pharmacokinetics of Different Aspirin Formulations

Plain aspirin is absorbed in the stomach, where the low pH favors its absorption and
protects the active principle from inactivation. EC aspirin, on the other hand, reaches
the small intestine, where the higher pH favors drug deacetylation rather than its absorp-
tion [12]. A lower bioavailability of EC aspirin compared with plain aspirin can thus
be expected. Aspirin is rapidly hydrolyzed to its metabolite salicylic acid by intestinal,
plasma, and hepatic esterases [13], and has therefore a systemic bioavailability of only
approximately 50% [14], with a Cmax and an AUC0–24 h that are much lower than those
of salicylic acid [15]. After oral administration of 100 mg tablets to healthy subjects, Tmax
is about 0.5 h for plain aspirin [16–18] and about 4–5 h for EC aspirin [15,17,18], while
Cmax and AUC are slightly lower with EC aspirin [17,18]. After its absorption, aspirin
acetylates platelet COX-1 in the pre-systemic circulation [14], as demonstrated by the fact
that inhibition of TxB2 (the stable metabolite of TxA2) production [14] and the appearance
of acetylated COX-1 in platelets [15] are detectable before the active principle is measurable
in the systemic circulation. Maximal inhibition of TxB2 production in healthy subjects was
observed 1–1.5 h after oral dosing with 100 mg plain aspirin [18] and 6–8 h after oral dosing
with 100 mg EC aspirin [15,18].

At high doses, buffered aspirin [19,20] and PL2200 [21] displayed PK and PD bioequiv-
alence with plain aspirin, while the bioequivalence of low doses (81–100 mg), which are
commonly used in cardiovascular disease (CVD) prophylaxis, has not yet been assessed.

The PK and PD properties of plain aspirin, EC aspirin, buffered aspirin, and PL2200
are summarised in Table 1.
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Table 1. Pharmacokinetics and pharmacodynamics of plain aspirin, enteric-coated aspirin, buffered
aspirin, and PL2200 after oral administration to healthy subjects.

Plain Aspirin
(100 mg Tablets)

EC Aspirin
(100 mg Tablets)

Buffered Aspirin
(325 mg Tablets)

PL2200
(325 mg Tablets)

Preparations Uncoated tablets Tablets coated with
inactive ingredients

Aspirin associated with
buffering agents *

Complex of aspirin and
lipidic excipients

Site of absorption Stomach Small intestine Stomach Duodenum

Time to maximal plasma
concentration of aspirin 0.5 h 4 h 0.4 h 1 h

Time to maximal inhibition
of thromboxane B2 production 1–1.5 h 6–8 h 1 h 2 h

* Calcium carbonate, magnesium oxide, magnesium carbonate; abbreviations: EC, enteric coated.

3. Pharmacological and Clinical Efficacy of Different Aspirin Formulations

At the beginning of the 21st century, several studies reported a high prevalence of
poor pharmacological response to aspirin in treated patients, which was often referred to
as “aspirin resistance” [22]. However, a careful analysis of the published studies revealed
major flaws in the evaluation of the pharmacological response to aspirin, which was studied
using inappropriate and unspecific tests of platelet function [22]. In fact, most attempts
to evaluate the efficacy of aspirin using in vivo and in vitro platelet function tests, such as
the bleeding time, platelet aggregation assays, and the PFA-100 system, failed to provide
consistent data that may be used when discussing the matter of aspirin resistance because
of the poor specificity, accuracy, reproducibility, and standardization of the aforementioned
tests [22]. The most accurate method to study aspirin resistance is to measure the degree of
inhibition of TxA2 formation after drug administration by dosing its stable analogue TxB2
in serum under controlled conditions [23]. The inhibition of at least 95% of serum TxB2
formation has long been considered necessary to prevent thromboxane-dependent platelet
activation [24]. Some studies that accurately addressed the issue of aspirin response by
measuring serum TxB2 showed inadequate pharmacological inhibition almost exclusively
in subjects treated with EC aspirin, as summarized in the following paragraphs.

3.1. Studies of Healthy Subjects or Patients on Chronic Treatment for Stable Coronary Artery Disease

In the year 2005, Maree et al. measured serum TxB2 levels in 131 stable coronary artery
disease (CAD) patients with a median age of 63 years on chronic low-dose (75 mg o.d.) EC
aspirin treatment [25]. In this study population, a suboptimal inhibition of TxB2 formation
was found in as many as 44% of the patients. In the same patients, the effects of EC
aspirin on platelet aggregation were also studied. Although platelet aggregation tests are
less accurate and precise than TxB2 measurement to test the pharmacologic efficacy of
aspirin, the authors used arachidonic acid (AA), instead of other platelet agonists as in other
studies, which is the specific platelet agonist triggering the COX1/TxA2 pathway of platelet
aggregation. As expected, inadequate inhibition of AA-induced platelet aggregation was
observed more frequently among patients with high serum TxB2 levels. The in vitro
addition of aspirin to patients’ platelet-rich plasma (PRP) samples abolished the residual
AA-induced platelet aggregation, thus implying that insufficient bioavailability of aspirin
after oral EC aspirin administration was responsible for the inadequate pharmacological
response that had been observed in these patients. A very interesting finding of this study
was that predictors of poor response to EC aspirin included young age and high body
weight. In the following year, the same group of investigators showed that equivalent doses
of EC aspirin are less effective than plain aspirin in inhibiting serum TxB2 formation in
71 healthy subjects aged 20 to 50 years [12]. However, in this study, poor pharmacological
response to EC aspirin was observed more frequently among subjects with high body
weight. The inverse relationship between pharmacological response to EC aspirin and
body weight was again confirmed by a study of 148 CAD patients on chronic treatment

27



J. Cardiovasc. Dev. Dis. 2023, 10, 137

with 75 mg o.d. EC aspirin for at least three months [26]. Finally, very high percentages of
poor responders, defined as <95% inhibition of TxA2 production, were observed among
healthy subjects 4 h (39/146, 29%) or 8 h (14/199, 7%) after ingestion of 100 mg EC aspirin,
versus none among 40 healthy subjects after ingestion of plain aspirin [27]. Even within the
class of EC aspirin, there is variability in the ability to inhibit platelet production of TxA2,
as shown by Cox et al., who compared two EC aspirin preparations with plain aspirin: both
EC preparations were less effective than plain aspirin in inhibiting TxA2 production, but
there was no bioequivalence between the two EC preparations [28].

3.2. Studies of Patients Affected by Diseases Associated with Particularly High Cardiovascular Risk
3.2.1. Patients with Diabetes Mellitus

In a randomized, single-blinded, triple-crossover study [29], 40 obese diabetic patients
not requiring insulin received three different 325 mg aspirin preparations: plain aspirin,
PL2200, and EC aspirin for three days. Aspirin poor responsiveness, defined as <99%
inhibition of TxB2 formation in serum at any time during the first 72 h of the study,
occurred in a higher proportion of patients receiving the EC preparation (52.8%), compared
with plain aspirin (15.8%) or PL2200 (8.1%). Therefore, some degree of aspirin hypo-
responsiveness in diabetic patients was observed independently of the aspirin formulation
used, although it was much higher in patients treated with EC aspirin. However, it must be
noted that the chosen criterion to define aspirin responsiveness in this study was extremely
strict (>99% inhibition of TxB2 production), which likely accounts for the high prevalence
of “poor responders” also in patients treated with plain aspirin. PK studies, confirming
the results of previous reports [16–18], showed that Tmax was significantly lower, while
Cmax and AUC were significantly higher for plain aspirin and PL2200 compared with EC
aspirin, suggesting that the observed poor responsiveness to EC aspirin was due to reduced
absorption and bioavailability of aspirin. A small study of 42 patients with acute stroke
reported that the prevalence of poor pharmacological response to EC aspirin compared to
plain aspirin was higher in diabetic patients [30]. In conclusion, plain aspirin should be the
preferred formulation for use in diabetic patients.

3.2.2. Patients with Essential Thrombocythemia

Patients with the myeloproliferative neoplasm Essential Thrombocythemia (ET) are at
heightened risk for cardiovascular events and, consequently, are prophylactically treated
with low-dose aspirin, in analogy with patients with another myeloproliferative neoplasm,
Polycythemia Vera, unless their platelet count is >1000 × 109/L, which is associated with
high bleeding risk [31]. Several studies reported that these patients may be poor responders
to aspirin because the 24 h serum levels of TxB2 were higher than in normal subjects [32].
However, these studies actually tested the recovery of platelet ability to synthesize TxB2
after aspirin administration, rather than the pharmacological response to the drug [31]. In a
more recent cross-over study, we showed that poor responsiveness to aspirin is attributable
to the use of EC aspirin in these patients [18]. Indeed, our study showed that, in a high
proportion of ET patients, serum TxB2 levels are not decreased by 100 mg o.d. EC aspirin,
whereas they are adequately suppressed in the same patients by 100 mg o.d. plain aspirin.
This difference was attributable to impaired and variable absorption of EC aspirin, with
consequent higher Tmax and lower Cmax and AUC compared with those of healthy subjects
treated with 100 mg o.d. EC aspirin. In contrast, all PK parameters in ET patients were
comparable to those of healthy subjects after the oral administration of plain aspirin. In
partial agreement with previous reports, we found that the 24 h post-dose serum TxB2
levels were higher in ET patients than in healthy controls, independent of the aspirin
formulation used. This difference was attributable to the increased entry of newly formed
non-acetylated platelets in the circulation, caused by increased platelet production (which
characterizes the disease). Twice daily administration of 100 mg plain aspirin corrected
this abnormality in ET patients, suggesting that ET patients with high platelet counts
(>400–450 × 109/L) might benefit from 12-h administration of the plain aspirin [18,31].
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3.3. Studies with Clinical End Points

It is impossible to provide accurate and solid information on the differences between
plain aspirin and EC aspirin in preventing cardiovascular events because no direct compar-
isons between the two formulations have been made in high-quality, large RCTs. However,
some indirect evidence exists that EC aspirin could be less effective than plain aspirin.

Rothwell et al., reviewed seven RCTs of low-dose aspirin (75–100 mg o.d.) in the
primary prevention of vascular events, which collected data on body weight, height, and
individual subject data on baseline characteristics [33]. The most relevant finding of the
study was that the ability of 75–100 mg aspirin to reduce cardiovascular events decreased
with increasing body weight of the treated subjects: vascular events were reduced by
aspirin in subjects weighing 50–69 kg (hazard ratio 0.75 [95% CI 0.65–0.85]) but not in those
weighing 70 kg or more (0.95 [0.86–1.04]; 1.09 [0.93–1.29]). The inverse relation between
body weight and the efficacy of aspirin was confirmed by the observation that also the
increased risk of major bleeding on low-dose aspirin versus control was lost in participants
weighing 90 kg or more. Findings were similar in men and women, in people with diabetes,
in trials of aspirin in secondary prevention, and in relation to height. Aspirin-mediated
reductions in long-term risk of colorectal cancer were also weight-dependent.

Among the seven trials on low-dose aspirin in primary prevention included in Roth-
well’s analysis, four employed EC aspirin [34–37] and one used a delayed-release formula-
tion [38]. The body weight dependence of the effect of low-dose aspirin on cardiovascular
events was observed for all formulations, but the loss of effect in participants weighing
70 kg or more was much more evident for EC or delayed-release aspirin [33]. This finding
is in perfect agreement with the demonstrations that a poor pharmacological response to
EC aspirin is observed more frequently among subjects with high body weight [12,25,26].
Therefore, it is plausible to hypothesize that, given the large prevalence of adult subjects
weighing >70 kg who need cardiovascular protection by aspirin, a higher efficacy of aspirin
would have been observed if plain aspirin, instead of EC aspirin, had been used for primary
(and secondary) prophylaxis of cardiovascular events.

4. Gastrointestinal Injury and Bleeding with Different Aspirin Formulations

As already mentioned, aspirin formulations alternative to plain aspirin were devel-
oped with the aim of decreasing GI discomfort, mucosal erosions/ulcerations and bleeding
that are associated with chronic treatment with plain aspirin. The effective safety advan-
tage of these formulations (EC aspirin in most instances) over plain aspirin was tested in
some studies.

4.1. Endoscopic Studies in Asymptomatic Healthy Subjects

Some studies tested the effects of the acute administration (5–7 days) of plain aspirin
compared with EC aspirin on the prevalence of gastric mucosal erosion and submucosal
hemorrhage in healthy asymptomatic subjects who underwent endoscopic examination
at the end of treatment (in some studies, endoscopy had also been performed at the
beginning of the study, to have a baseline picture of the status of the volunteers). Both
formulations of aspirin were given (in a cross-over design for some studies) at doses
ranging from 100 mg daily [39], up to 300–325 mg daily [40–44] or even 2.4–3.9 g [40,41,45].
All studies demonstrated that treatment with EC aspirin was associated with a lower
prevalence of mucosal injuries, especially when very high doses of aspirin were used,
which are commonly administered for the management of inflammatory states rather
than for cardiovascular prevention. In none of the studies had episodes of GI bleeding or
ulceration been detected. No differences in the frequency of lesions of the gastric mucosa
were observed after the oral administration of plain aspirin and buffered aspirin [44].

After a 7-day course of 325 mg aspirin was administered to subjects at high risk of GI
complications, endoscopic studies showed that PL2200 was associated with fewer gastric
mucosal lesions than plain aspirin [46]. The comparative effects of PL2200 and plain aspirin
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at low doses and in longer-term studies are necessary to define more accurately the safety
profile of PL2200 compared to plain aspirin.

4.2. Studies of Upper Gastrointestinal Bleeding or Ulceration in Patients on Chronic Treatment
with Aspirin

In the year 1996, a multicenter case-control study by Kelly et al., aimed at assessing
aspirin use in the week preceding the acute event or the day of the interview in incident
cases of upper GI bleeding (UGIB) and matched controls derived from population census
lists [47]. This study investigated the use of plain aspirin, EC aspirin, and buffered aspirin.
Data analysis showed that the relative risks (RR) of UGIB for plain, EC, and buffered
aspirin preparations at average daily doses of 325 mg or less were 2.6 (95% CI, 1.7–4.0),
2.7 (95% CI, 1.4–5.3) and 3.1 (95% CI, 1.3–7.6), respectively; there were insufficient data
to compare the RR of UGIB for doses greater than 325 mg of plain aspirin with those of
EC aspirin. The authors concluded that, given the similar RR of major UGIB (both gastric
and duodenal) in subjects taking different 325 mg or less aspirin preparations, the systemic
effects of the active principle might outweigh the differences in local toxicity, showing no
clear benefit in the use of EC preparations. Results mirroring those of Kelly’s study were
provided by a population-based case-control study on the risk of upper GI complications
(UGIC, bleeding and perforation) associated with the administration of 75–300 mg/day of
aspirin [48]. This study used data from the UK-based General Practice Research Database;
unlike Kelly’s study, no direct contact was made with patients and controls to better define
aspirin exposure, which was solely estimated according to database information. Moreover,
only 13% of cases and 7% of controls were exposed to aspirin. Despite these limitations,
the RR of UGIC was 2.3 (95% CI, 1.6–3.2) for EC aspirin and 1.9 (95% CI, 1.6–2.3) for plain
aspirin, and the results did not change when only patients without antecedents of upper GI
disorder were included in the analysis and after adjustment for the use of antiulcer drugs.
A Danish population-based cohort study showed similar risks of UGIB in users of low-dose
plain aspirin and EC aspirin (standardized incidence rate ratio, 2.6; 95% CI, 1.8–3.5 for plain
aspirin vs. 2.6; 95% CI, 2.2–3.0 for EC aspirin) [5]. Only one case-control study on the risk
of peptic ulcer bleeding in prophylactic (300 mg daily or less) aspirin users suggested that
EC preparations might be safer than other preparations, although no aspirin preparation
seemed to be free of the risk of peptic ulcer complications [49].

Garcìa Rodrìguez et al., reviewed the aforementioned four studies and two studies on
buffered aspirin published between 1990 and 2001 [50]. The authors calculated a summary
RR of serious UGIC (bleeding, perforation, or other serious upper GI events resulting in
hospitalization or a visit to a specialist) of 2.6 (95% CI; 2.3, 2.9) for plain aspirin, 5.3 (95% CI;
3.0, 9.2) for buffered aspirin, and 2.4 (95% CI; 1.9, 2.9) for EC aspirin. They therefore
concluded that aspirin formulation has little or no effect on the prevention of serious UGIC
and hypothesized a likely greater impact of the systemic rather than topical effects of the
drug, as suggested by the similar RR of duodenal and gastric lesions. Therefore, the lower
incidence of gastric mucosal lesions in endoscopic studies might be explained by the topical
effects of the drug, whereas the systemic effects might be predominant in the pathogenesis
of UGIC.

The hypothesis about differences between local and systemic toxicity of aspirin is
corroborated by evidence from additional studies with somewhat different designs. Some
studies showed that the frequency of small bowel mucosal lesions detected by capsule
endoscopy was higher in patients taking EC aspirin (which is absorbed in the small in-
testine) than in those taking non-EC aspirin formulations [51–53]. Moreover, although an
endoscopic study showed that buffered aspirin formulations reduced the frequency of
gastric mucosal erosion compared to plain aspirin [54], the use of buffered aspirin failed to
decrease the incidence of peptic ulcer [55].

To summarize, the only source of evidence regarding the decreased GI toxicity of EC
aspirin is represented by endoscopic studies, which showed fewer gastric mucosal lesions.
However, lesions of the small bowel mucosa appeared to be more frequent with EC aspirin
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than with non-EC aspirin formulations. These data suggest that GI mucosal lesions are
caused by topical effects of aspirin in the region of its absorption. Most importantly, event-
driven studies of GI hemorrhage failed to provide data supporting the clinical benefit of EC
aspirin or buffered aspirin, therefore suggesting that the systemic effects of the drug, which
are unchanged by enteric coating, are to blame for the occurrence of clinically relevant GI
complications and bleeding.

5. Use of Proton Pump Inhibitors during Chronic Aspirin Treatment

The European Society of Cardiology recommends the use of proton pump inhibitors
(PPIs) in patients on chronic aspirin treatment who are at high risk of GI bleeding [56].
PPIs are effective in reducing upper GI clinical events in patients receiving aspirin in the
context of dual antiplatelet therapy [57]. The risk, however, is only reduced, not abolished:
randomization to PPI therapy reduced 180-day Kaplan-Meier estimates of the primary GI
endpoint in low-dose aspirin recipients to 1.2% from 3.1% [57]. These results are in keeping
with a previous literature review focused on PPIs effectiveness in patients taking aspirin as
single antiplatelet therapy [58] and with the results of a Swedish cohort study [59], which
highlighted that compliance to continuous use of PPIs was pivotal, as intermittent use was
associated with increased risk of adverse GI outcomes and of aspirin discontinuation. As
an alternative to PPIs, histamine H2 receptor antagonists (H2RAs) can be used, although
they have been proven less effective than PPIs in the prevention of GI complications in
patients on low dose aspirin alone [60] or in combination with anti-P2Y12 drugs [61].

6. Conclusions

The absorption of EC aspirin is delayed and erratic, resulting in less effective inhibi-
tion of the platelet production of TxA2, thus providing less effective inhibition of platelet
function, especially in subjects with high body weight. Such inferiority in pharmacological
efficacy seems to have a clinical impact, as shown by a meta-analysis of RCTs, predomi-
nantly on primary cardiovascular prevention, which revealed that lack of protection by
low-dose aspirin in subjects weighing >70 kg was particularly evident in subjects treated
with EC aspirin. On the other hand, there is no evidence that EC aspirin protects from
clinically relevant GI bleeding and ulceration. Differences in the incidence of asymptomatic
lesions of the GI mucosa detected by endoscopy reflect the effects of the drug on the site of
its absorption: more lesions of the gastric mucosa can be observed after plain aspirin ad-
ministration, while more lesions of the small bowel are observed after EC aspirin ingestion
(the main differences between plain aspirin and EC aspirin are summarized in Figure 1).

The use of PPIs is recommended for patients on chronic aspirin with risk factors for
GI bleeding, which include a history of peptic ulcer disease or gastrointestinal bleeding,
older age, concomitant use of NSAIDs, concomitant use of anticoagulants or other platelet
aggregation inhibitors, and the presence of severe co-morbidities [62]. Coformulations
of aspirin and PPIs could be considered for patients for whom polypharmacy and poor
compliance are a reason for concern. H2RAs can be considered as alternatives when PPIs
are unavailable or contraindicated.

Considering its more favorable pharmacological profile, plain aspirin should be the
preferred formulation for cardiovascular prevention. The improvement in P2Y12 inhibition
obtained with the newer antiplatelet drugs prasugrel and ticagrelor, which have a more
efficient PK than clopidogrel [63] could be replicated for COX-1 inhibition by using an older
antiplatelet drug with a more efficient PK than EC aspirin, which is still the most widely
used aspirin formulation in the setting of cardiovascular prevention.
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Figure 1. Pharmacological profile, clinical efficacy, and safety of enteric coated (EC) aspirin compared
to plain aspirin. The height of the histograms shown in the figure is not reflecting real data and
should be interpreted as illustrative of the average values obtained in several studies with EC-aspirin
relative to plain aspirin (higher, equal, lower). Pharmacokinetic parameters (usually measured in
serum): Tmax = time to peak drug concentration; Cmax = peak drug concentration; AUC = Area
Under the Curve (integral of drug concentration as a function of time). TxB2 = thromboxane B2
(a stable metabolite of thromboxane A2).
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Abstract: Cardiovascular (CV) events in patients with cancer can be caused by concomitant CV
risk factors, cancer itself, and anticancer therapy. Since malignancy can dysregulate the hemostatic
system, predisposing cancer patients to both thrombosis and hemorrhage, the administration of
dual antiplatelet therapy (DAPT) to patients with cancer who suffer from acute coronary syndrome
(ACS) or undergo percutaneous coronary intervention (PCI) is a clinical challenge to cardiologists.
Apart from PCI and ACS, other structural interventions, such as TAVR, PFO-ASD closure, and
LAA occlusion, and non-cardiac diseases, such as PAD and CVAs, may require DAPT. The aim
of the present review is to review the current literature on the optimal antiplatelet therapy and
duration of DAPT for oncologic patients, in order to reduce both the ischemic and bleeding risk in this
high-risk population.

Keywords: cancer; acute coronary syndrome (ACS); percutaneous coronary intervention (PCI); dual
antiplatelet therapy (DAPT); triple antithrombotic therapy (TAT); atrial fibrillation (AF); cardiotoxicity

1. Introduction

Patients with cancer show a high prevalence of coronary artery disease (CAD) [1].
These diseases share common predisposing factors, such as obesity, diet, sedentary lifestyle,
smoking, alcohol, and chronic inflammation [2]. Moreover, cancer itself increases the risk of
cardiovascular disease by invading the cardiovascular system directly, releasing metabolites
and cytokines, and leading to neurohormonal activation [3,4]. At the same time, anticancer
therapies promote inflammation, vasospasm, endothelial dysfunction, plaque formation,
and dysregulation of the hemostatic system [5,6].

Patients with cancer who have undergone percutaneous coronary intervention (PCI)
and/or suffered an acute coronary syndrome (ACS) may need to discontinue dual an-
tiplatelet therapy (DAPT) due to re-initiation of anticancer therapy, surgery, or biopsies [7].
In addition, since cancer can cause disorders in the hemostatic system, leading to both
thrombosis and hemorrhage [6,8], deciding the optimal duration of DAPT in patients with
cancer is challenging.
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The aim of this study is to review the current literature on the optimal antiplatelet
therapy and duration of DAPT for oncologic patients, in order to reduce both the ischemic
and bleeding risk in this high-risk population.

2. Materials and Methods

A literature review was performed by searching the PubMed database for studies
published in the English language up to January 2023. The following key words and their
abbreviations were used: “cancer” OR “malignancy” OR “anticancer therapy” AND “dual
antiplatelet therapy” OR “acute coronary syndrome” OR “percutaneous coronary interven-
tion” OR “coagulation” OR “cardiotoxicity” OR “transcatheter aortic valve replacement”
OR “patent foramen ovale—atrial septal defect closure” OR “left atrial appendage occlu-
sion”. Clinical guidelines, meta-analyses, systematic reviews, retrospective and prospective
studies, narrative reviews, and case reports were included. Non-English-language articles
and articles with unavailable full text were excluded from further analysis. The articles were
considered eligible regarding their clinical relevance to the optimal agents and duration of
DAPT in patients with cancer when DAPT is needed.

3. Biological and Clinical Aspects of Coagulation in Patients with Cancer

Malignancy may dysregulate hemostatic mechanisms, predisposing cancer patients to
both thrombosis and hemorrhage [6]. Approximately 15% of patients with acute coronary
syndrome (ACS) have concomitant cancer [7], including lung, prostate, gastric, pancreatic,
and breast cancer [9]. The risk of venous thromboembolism (VTE) is fourfold to sevenfold
higher in patients with active cancer [10], while approximately 10% of patients with solid
cancer experience bleeding, and this incidence is even higher in patients with hematologic
malignancies [6,11]. Moreover, according to the study of Guo et al., cancer patients who
undergo PCI have a higher risk of thrombotic and ischemic events as well as bleeding after
the procedure [12].

Thromboembolic events, which include arterial and venous thrombosis, thrombotic
microangiopathy, non-bacterial thrombotic endocarditis, and veno-occlusive disease, can
lead to ACS and ischemic stroke. Regarding bleeding, a fatal or a major bleeding event or
an ongoing low-degree emission may happen, and it can be manifested either as a localized
injury due to tumor invasion or as generalized bleeding predisposition [6,13]

These thromboembolic and bleeding manifestations, which are caused by the dysregu-
lation of the hemostatic system provoked by the cancer, have been associated with both
clinical and biological risk factors.

The clinical risk factors can be divided in three groups, regarding patient character-
istics, cancer characteristics, and treatment characteristics [6,14–16], as shown in Figure 1.
Concerning cancer characteristics, the incidence of VTE is higher in patients with pancreatic,
gastric, and lung cancer; hematologic malignancies; and metastatic disease [17]. Malignan-
cies that often cause bleeding include head and neck, lung, gastrointestinal, colorectal, and
gynecologic malignancies; acute myelogenous leukemia; chronic lymphocytic leukemia;
non-Hodgkin lymphoma; multiple myeloma; Waldenström’s macroglobulinemia; and
monoclonal gammopathy of unknown significance (MGUS) [18–20]. Patients with active
lung cancer or colon cancer treated with PCI are more likely to have a 90-day readmission
for acute myocardial infarction (AMI) after PCI, while patients with active colon cancer or
metastatic cancer are more likely to have a 90-day readmission for bleeding after PCI [21].

As for biological factors, cancer cells can activate the hemostatic system by expressing
and releasing molecules. Specifically, tumor cells activate the coagulation cascade by
releasing procoagulant tissue factor, inflammatory cytokines, and microparticles, while
they also activate endothelial cells, leukocytes, and platelets by expressing procoagulant
proteins and releasing soluble factors [6,8].

Apart from the anticancer therapies, other causes of bleeding in oncologic pa-
tients are decreased synthesis of coagulation factors, vitamin K deficiency, excessive
fibrinolysis, medication—such as anticoagulation and non-steroidal anti-inflammatory
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drugs—disseminated intravascular coagulation syndrome (DIC), acquired hemophilia,
and acquired von Willebrand Disease [13,18,19].

 
Figure 1. Clinical risk factors for both thromboembolic and bleeding manifestations in patients
with cancer.

4. Cardiotoxicity Caused by Anticancer Treatment

Damage to the cardiovascular system can be caused by radiation treatment, chemother-
apeutic agents, immunotherapies, and targeted therapies (Table 1). The mechanism by
which anticancer treatment causes harm varies depending on the agent used [7].

Radiation treatment can cause endothelial injury, accelerated atherosclerosis, plaque
rupture, and platelet aggregation since radiation produces free radicals, leading to oxidative
stress, DNA damage, and inflammation [20,22].

Additionally, 5-fluorouracil is a chemotherapeutic drug most frequently used in breast,
pancreatic, gastric, and colorectal cancer. A systematic review showed that patients treated
with 5-fluorouracil developed chest pain as a result of myocardial infarction with ST
elevation, most commonly during the first 2 days after administration [23]. The underly-
ing mechanism is considered to be endothelium damage, which promotes inflammation,
vasospasm, and plaque formation [24].

Another well-known chemotherapeutic agent, which is used mostly in patients with
ovarian, testicular, or small cell lung cancer, is cisplatin. Long-term cardiac events may be
related to LDL–HDL imbalance and endovascular damage caused by lipid peroxidation that
causes platelet aggregation and thus thrombosis. In acute setting, cisplatin administration
has been associated with vasospastic angina [25,26].
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Bevacizumab is an anti-VEGF agent used as a first-line therapy for colorectal, lung,
breast, and renal cancer. Ischemic heart disease is developed in one per 100 patients treated
with bevacizumab and is developed due to endothelium dysfunction [27], while it has also
be linked with hemorrhage and arterial thromboembolism [28].

Men with prostate cancer undergoing androgen deprivation therapy and women with
breast cancer treated with aromatase inhibitors present an increased risk of cardiovascular
events [29,30].

Tyrosine kinase inhibitors (TKIs), such as sorafenib and sunitinib, are both related with
hypertension and ACS due to coronary vasospasm because TKIs decrease the vasodilator
nitric oxide and increase the vasoconstrictor endothelin-1 [31]. Patients treated with nilo-
tinib and ponatinib develop acute coronary occlusion and myocardial infarction due to
progression of atherosclerosis [32].

Immune checkpoint inhibitors (monoclonal antibodies that block the immune brakers
or regulators), such as ipilimumab (cytotoxic T lymphocyte-associated antigen-4 inhibitor),
nivolumab (programmed death-1 inhibitor), and atezolizumab (programmed death-ligand
1 inhibitor), are related to major cardiovascular events such as myocardial infarction due to
the acceleration of atherosclerosis and plaque rupture [33].

The use of the immunomodulatory drugs lenalidomide and pormalidomide in patients
with multiple myeloma is associated with increased risk of ACS, but the underlying
mechanism needs further investigation [34].

Ibrutinib, which reduces mortality in several B-cell malignancies and chronic lympho-
cytic leukemia, is associated with atrial fibrillation and increased bleeding risk [35].

Table 1. Agents associated with cardiovascular dysfunction.

Treatment Incidence Mechanism

Radiation [22] Depends on the prescribed dose and the
cardiac radiation exposure Endothelial injury, acceleration of CAD, ACS

5-Fluorouracil [23,24] 2–18% ACS, vasospasm
Cisplatin [25,26] 0.2–12% ACS, acute thrombosis, acceleration of CAD

Bevacizumab [28,36] 0.52–1.7% ACS, acute thrombosis
Leuprolide (GNRH agonist) [37] 2.6–5.6% Angina, ACS, acceleration of CAD

Anastrozole (aromatase inhibitor) [29] 2% ACS

Tyrosine kinase inhibitors:
Sorafenib [31] 1% Acute thrombosis
Sunitinib [31] 5–8% Acute thrombosis, acceleration of CAD

Nilotinib [20,32] 8–12% ACS, acceleration of CAD, AF
Ponatinib [32] 2% ACS, acceleration of CAD
Ibrutinib [35] 8.8% Bleeding diathesis, AF

ACS, acute coronary syndrome; CAD, coronary artery disease; AF, atrial fibrillation.

5. DAPT in Patients with Cancer Undergoing Elective PCI

Since cancer patients undergoing elective PCI have an increased ischemic and bleeding
risk, the appropriate antiplatelet therapy remains a challenge. Clopidogrel is the main
P2Y12 inhibitor used in these patients since prasugrel and ticagrelor have been associated
with more bleeding events, and there are no data in the literature regarding their safety in
cancer patients [38].

New technologies entering our quiver, such as new generation drug-eluted stents
(DESs), have led to the possibility of shortening the DAPT duration to a minimum of
1 month [39]. After the first month, there is the possibility of extending DAPT up to
3–6 months depending on the patient’s ischemic and bleeding risk, the type and stage
of cancer, the need for surgery, and the current cancer treatment [7,20,40]. In their study
of 75 patients undergoing PCI with drug-eluting stents (DESs), Balanescu et al. reported
that the discontinuation of DAPT at 6 months after DES implantation did not increase
the incidence of in-stent thrombosis and restenosis [41]. The shortening of DAPT was
feasible and safe using newer generation DESs; thus, cancer therapies with high bleeding
risk can be administered more quickly, resulting in potential survival benefits. The authors
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suggested that cancer therapies can be safely started again at <6 months and as early as
2 weeks after PCI with DESs. However, a retrospective, observational study comparing the
outcomes of using bare metal stents (BMSs) or DESs in cancer patients with CAD did not
show any significant difference between the number of revascularizations nor the all-cause
mortality between cancer patients with CAD treated with BMSs versus DESs during a
follow-up period of 34.1 months [42].

Finally, an alternative strategy for these high-risk patients to allow early DAPT discon-
tinuation could be the evaluation of the coverage of the stent’s struts with optical coherence
tomography (OCT) [43,44]. In the PROTECT-OCT study, cancer patients who had a recent
DES placement (1–12 months) and had to discontinue DAPT prematurely were evaluated
using coronary angiograms and OCT [45]. Patients with satisfactory characteristics, such as
appropriate stent strut coverage, expansion, apposition, and absence of in-stent restenosis
or intraluminal masses, were considered low risk, and DAPT was discontinued, while
the remaining patients were considered high risk and stopped DAPT after bridging with
low-molecular-weight heparin. In a total of 40 patients, no cardiovascular event occurred
in the low-risk group, and only one myocardial infarction occurred in the high-risk group,
suggesting that the use of OCT could be useful in the management of this group of pa-
tients [45]. Nevertheless, further studies with more patients are required to exact more
reliable conclusions.

However, the decision between optimal medical therapy and invasive therapy should
be individualized, taking into consideration the cancer prognosis, type of cancer, cancer
treatment, and patients’ ischemic and bleeding risks, and it should be made after an
extensive discussion between the various specialties involved [46].

6. DAPT in Patients with ACS and Cancer

Available data concerning ACS management among cancer patients are limited, mak-
ing the clinical decision a challenge. Generally, treatment should be personalized according
to the ACS subtype, the stage and type of cancer, and the patient prognosis [47], and
cancer therapy should be temporarily interrupted, especially if a causal relationship is
suspected [48].

The management of patients with cancer presenting with an ACS often requires
a multidisciplinary and individualized approach [48]. An invasive strategy should be
preferred in ST elevation myocardial infarction (STEMI) patients, as well as in NSTEMI
patients who are unstable or are considered high risk. The use of third-generation DESs is
indicated because of their lower risk of thrombosis and the need for a shorter duration of
DAPT. On the contrary, in clinically stable NSTEMI patients, a conservative non-invasive
strategy could be adopted, especially in the case of poor life expectancy and/or of a high risk
of bleeding, such as patients with metastases, coagulopathies, or thrombocytopenia [49].

DAPT required after PCI poses a great concern in cancer patients, limiting the use
of an invasive strategy. DAPT consisting of aspirin and clopidogrel is recommended in
these patients, especially in cancer patients with a recent diagnosis (<1 year) or other
coexisting bleeding risk factors [10,17]. On the contrary, newer P2Y12 antagonists, such as
ticagrelor and prasugrel, should be avoided due to their high bleeding risk and the lack
of data on this patient subset. However, ticagrelor or prasugrel may be used under strict
surveillance of the bleeding risk in specific patients with previous stent thrombosis during
treatment with clopidogrel [48]. According to the 2022 ESC Guidelines on cardio-oncology,
the duration of DAPT should be as short as possible, with 1–3 months being proposed as
the optimal duration [49–51]. If urgent surgery is necessary, interruption of clopidogrel is
recommended, as in non-cancer patients [48]. We suggest that a 6-month DAPT may be
considered in specific patients with cancer and ACS who are of high ischemic risk, according
to risk criteria for extended treatment with a second antithrombotic agent in “2020 ESC
Guidelines for the Management of Acute Coronary Syndromes in Patients Presenting
without Persistent ST-Segment Elevation” [52] under careful monitoring (Figure 2).
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Figure 2. Strategies regarding the duration of DAPT after elective PCI and ACS in all-comers and
cancer patients.

In Figure 2, for all-comer patients, green indicates a low bleeding risk according
to “2019 ESC Guidelines for the Diagnosis and Management of Chronic Coronary Syn-
dromes” [53] and “2020 ESC Guidelines for the Management of Acute Coronary Syndromes
in Patients Presenting without Persistent ST-Segment Elevation” [52]. Orange indicates a
high bleeding risk according to “2019 ESC Guidelines for the Diagnosis and Management
of Chronic Coronary Syndromes” [53] and “2020 ESC Guidelines for the Management
of Acute Coronary Syndromes in Patients Presenting without Persistent ST-Segment Ele-
vation” [52]. Red indicates a very high bleeding risk according to “2019 ESC Guidelines
for the Diagnosis and Management of Chronic Coronary Syndromes” [53] and “2020 ESC
Guidelines for the Management of Acute Coronary Syndromes in Patients Presenting
without Persistent ST-Segment Elevation” [52]. The dashed blue arrow indicates that in
patients with high thrombotic risk and CCS (as described in “2020 ESC Guidelines for
the Management of Acute Coronary Syndromes in Patients Presenting without Persistent
ST-Segment Elevation” [52]), 12-month DAPT could be considered.

In Figure 2, for patients with cancer, orange indicates active malignancy (excluding
non-melanoma skin cancer) within the past 12 months without any other bleeding risk
factors. Red indicates active malignancy (excluding non-melanoma skin cancer) within the
past 12 months plus at least one major or two minor criteria for high bleeding risk according
to the Academic Research Consortium for High Bleeding Risk at the time of percutaneous
coronary intervention [52], or according to criteria in “2022 ESC Guidelines on Cardio-
Oncology Developed in Collaboration with the European Hematology Association (EHA),
the European Society for Therapeutic Radiology and Oncology (ESTRO) and the Interna-
tional Cardio-Oncology Society (IC-OS)” [20], namely: a high risk of gastrointestinal or
genitourinary bleeding, significant drug–drug interactions, severe renal dysfunction (creati-
nine clearance < 30 mL/min), significant liver disease (alanine aminotransferase/aspartate
aminotransferase > 2 × ULN), or significant thrombocytopenia (platelet count < 50,000/μL).
The dashed blue arrow indicates that in patients with active malignancy and ACS who are
of high ischemic risk (as described in “2020 ESC Guidelines for the Management of Acute
Coronary Syndromes in Patients Presenting without Persistent ST-Segment Elevation” [52]),
6-month DAPT could be considered. ACS stands for acute coronary syndrome, and CCS
stands for chronic coronary syndrome.

Furthermore, the platelet count should be taken into consideration when DAPT is
administered in patients with cancer. Aspirin is allowed if the platelet count is >10,000/μL,
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while DAPT initiation (with aspirin and clopidogrel) is allowed if the platelet count is
>30,000/μL [7,54]. Ticagrelor, prasugrel, and glycoprotein IIb/IIIa inhibitors should be
used with more caution in cancer patients and should be avoided in patients with a platelet
count <50,000/μL/ [55]. In addition, if the platelet count is <20,000/μL, prophylactic
platelet transfusion may be considered [56]. Taking into account the platelet count and the
need for urgent surgery or chemotherapy, Radmilovic et al. also suggested a protocol [7]
regarding the management of antiplatelet therapy in cancer patients taking into account
the platelet count (Figure 3).

Figure 3. Modified algorithm of Radmilovic et al. for the management of antiplatelet therapy in
cancer patients. DES = drug-eluting stent, DAPT = dual antiplatelet therapy, PCI = percutaneous
coronary intervention.

Bleeding in patients with ACS increases mortality and requires clinical decisions on the
continuation of DAPT. Bleeding could lead to anemia, which is an independent risk factor
for ACS [57]. The severity of bleeding should be taken into consideration when deciding
the continuation or discontinuation of antiplatelet therapy. In this way, DAPT can be
maintained in cases of minor bleeding (such as hematomas). On the contrary, DAPT should
be stopped in cases of severe bleeding (such as need for hospitalization or >2g/dL decrease
in hemoglobin levels), and monotherapy with clopidogrel should be considered thereafter.
In the case of life-threatening bleeding, all antiplatelet agents should be discontinued [7].

In many cancer patients, comorbidities such as atrial fibrillation (AF), venous throm-
boembolism, and valvular heart disease often coexist. However, triple antithrombotic
therapy (TAT), which would be indicated in the absence of cancer, is not advised because
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of the significantly higher risk of bleeding [49]. Thus, the administration of a novel oral
anticoagulant (NOAC) and a single oral antiplatelet agent (preferably clopidogrel) is pre-
ferred after a short period of triple antithrombotic therapy (TAT) (up to 1 week in the
hospital) [48].

It should be noted that several scores (such as PARIS and DAPT) used to assess the
bleeding risk regarding the duration of antiplatelet therapy after PCI have not been vali-
dated in patients with malignancy [49], while the PRECISE-DAPT score did not perform
well for predicting bleeding in oncologic patients [58]. In addition, cancer has not been
included in the most common risk scores, such as CHA2DS2-VASc and HAS-BLED, mak-
ing the clinical decision of balancing the higher ischemic and bleeding risk even more
difficult [49]. A risk assessment model (RAM) for VTE that is applicable to patients with
specific types of solid tumor after the initiation of anticancer therapy is the COMPASS–CAT
RAM [59].

Although platelet function testing (PFT) is not performed on a routine basis in patients
with ACS or stable CAD, it may be a useful tool for guiding antiplatelet treatment escalation
in patients with high platelet reactivity (HPR) on clopidogrel and screening for HPR on
clopidogrel when DAPT de-escalation is necessary in complex cases [60]. Patients with
advanced cancer display platelet hyperreactivity [61], with a higher number of platelets
stably adhering to von Willebrand factor (VWF) and greater platelet surface coverage
compared with those patients with early-stage cancer [62]. On the contrary, in patients
with acute myeloid leukemia (AML) and thrombocytopenia, reduced platelet aggregation
and platelet activation predict bleeding better than platelet count alone [63]. Thus, since
platelet function is altered in patients with cancer, PFT may be useful in adjusting DAPT in
oncologic patients, while taking into consideration their ischemic and bleeding risk.

7. Antiplatelet Therapy in Patients with Cancer Undergoing CABG

As complex PCI has become a reasonable and safe choice in daily practice in the
majority of catheterization laboratories, the overall utilization of coronary artery bypass
grafting (CABG) has decreased over time (250,677 in 2003 vs. 134,534 in 2015), while the
proportion of those with comorbid cancer undergoing CABG has increased (7% vs. 12.6%,
p < 0.001) [64].

Although most cancer patients with CAD are treated conservatively or with PCI, given
the prevalence of complex coronary disease and the potential challenges of prolonged
anticoagulation therapy in the presence of cancer, CABG may be sometimes the best
option for these patients, mainly for those without active cancer or those with >1 year
life expectancy [20]. Moreover, according to Guha et al., the presence of breast, lung,
prostate, and colon cancer and lymphoma does not appear to be associated with increased
in-hospital mortality in cancer versus non-cancer patients with CABG. However, there is a
higher bleeding risk in CABG patients with breast and prostate cancer compared with non-
cancer patients with CABG [64]. Even in non-cancer patients undergoing CABG, guidelines
and clinical practice are not uniform and specific regarding DAPT therapy, especially
in the setting of chronic coronary syndrome (CCS). According to the latest guidelines
of the European Association for Cardio-Thoracic Surgery [65] and the American Heart
Association [66], there is limited evidence regarding DAPT after CABG in CCS. Therefore,
based on extensive evidence, aspirin is strongly recommended (class IA recommendation)
for all patients after CABG by both American and European guidelines, whereas the use of
DAPT in CABG patients without a separate indication (e.g., ACS) is graded as class IIb,
meaning they only provide some benefit [67,68]. Thus, cancer patients undergoing CABG
for CCS should be treated with a single antiplatelet agent.

Many patients with malignancies suffer from atrial fibrillation (AF) and/or VTE
for which they should take anticoagulants. For this population undergoing CABG, a
short course of combined antithrombotic therapy with an antiplatelet and an NOAC is
recommended, followed by monotherapy with an NOAC lifelong [65].
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8. Antithrombotic Therapy in Patients with AF and Cancer Undergoing PCI or
Suffering from ACS

Different cancer types are associated with different bleeding risk profiles. Active
cancers (especially hematologic malignancies and gastrointestinal cancers) and existing
metastases increase the bleeding risk [69]. Moreover, cancer patients have a higher rate of
bleeding after PCI compared with non-cancer patients [12]. Taking this into consideration,
along with the fact that cancer patients with AF are already under anticoagulation therapy,
it is preferred to keep DAPT as short as possible in cancer patients with AF after stent
implantation or ACS.

According to the 2022 ESC Guidelines on Cardio-Oncology, when both anticoagulation
and antiplatelet therapy are needed, TAT can be administered for a short period of time
(up to 1 week in the hospital), and then an NOAC and single oral antiplatelet agent
(preferably clopidogrel) is the default strategy [20]. The combination of NOACs plus a
P2Y12 inhibitor was associated with less bleeding without a significant difference in major
adverse cardiovascular events (MACE), compared with the use of vitamin K antagonists
(VKA) plus DAPT [70–73]. A combination of VKA plus DAPT should be avoided due to
dramatically increasing bleeding complications [72].

In patients treated with oral anticoagulants (OACs) undergoing PCI, bleeding compli-
cations occur mostly in the first period of treatment, and this risk remains elevated over
time [74,75]. Therefore, in patients with additional risk factors for bleeding, the duration of
aspirin therapy should not exceed the peri-PCI period, namely, during inpatient stay, until
the time of discharge [74].

Clopidogrel is the most studied P2Y12 inhibitor in (≈88%) patients enrolled in trials of
AF patients treated with an NOAC undergoing PCI [76–80]. Prasugrel should not be used
concomitantly with an OAC, while ticagrelor may be a good alternative to clopidogrel for
specific cases of cancer patients [74]. Considering that cancer patients treated with an OAC
are at a high risk of bleeding, the duration of the P2Y12 inhibitor administration should
be as short as possible after PCI or ACS, and then patients should continue with the OAC
at the appropriate dose. Whether the P2Y12 inhibitor would be discontinued after 1, 3, or
6 months or in between probably depends on the specific profile of the patient and is up to
the discretion of the treating physicians [74].

9. Antiplatelet Therapy in Patients with Cancer Undergoing Cardiac
Structural Interventions

Apart from PCI, there are also other structural interventions, such transcatheter aortic
valve replacement (TAVR), patent foramen ovale (PFO), or atrial septal defect (ASD) closure
and left atrial appendage (LAA) occlusion, which include device implantation and require
the appropriate antiplatelet therapy as a prevention measure for thrombosis.

9.1. TAVR

Nowadays, TAVR has gained significant ground in the management of aortic stenosis.
While it was applied mainly in very high-risk patients, recent data support that TAVR is a
feasible and safe option even for low-risk patients [81,82]. Moreover, TAVR is indicated
for oncologic patients with active cancer or cancer in remission, as the existing literature
supports that TAVR should be preferred when compared with medical treatment or surgical
replacement [83–85].

The optimal antiplatelet post-TAVR therapy remains under investigation [86]. Capo-
danno and colleagues suggested that single-antiplatelet treatment (SAPT) should be ad-
ministered in post-TAVR patients without any indication for DAPT. Aspirin should be
preferred, whereas clopidogrel could be the alternative option [87]. The only indication in
which DAPT should be chosen is for patients who need DAPT for another reason, such as
coronary stenting during the last 3 months. In these patients, an individualized approach
should be followed, and DAPT could be administered for no more than 6 months; then,
it should be replaced with SAPT [88]. On the contrary, the recent OCEAN-TAVI Registry
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showed that the nonantithrombotic strategy after TAVR does not increase the risk of net
adverse clinical events and reduces the bleeding risk in patients who do not need antico-
agulation therapy [89], leading to the conclusion that a nonantithrombotic approach after
TAVR may be feasible in specific oncologic patients with high bleeding risk. However,
future studies are required to establish the necessity, duration, and agents of antiplatelet
therapy after TAVR in patients with cancer.

9.2. PFO-ASD Closure

Thanks to the progress of interventional cardiology, transcatheter PFO and ASD oc-
clusion have been established as feasible and safe procedures. After the procedure and
until complete endothelization of the device, DAPT is required mainly for thrombosis
prevention and secondarily for nickel release inhibition. Endothelization is estimated
to be completed in 3–6 months, so the duration of DAPT should be adapted respec-
tively [90–92]. Regarding the duration of DAPT in this field, the existing literature lacks
large-scale, randomized trials to provide adequate data; current practice is established
on based consensus statements and empirical approaches. Recently, Pristipino et al.
published the first European position on the management of patients with PFO [93].
Based on current studies, the experts advised using DAPT for 1–6 months (strength:
conditional, evidence level: A), which should be followed by SAPT with aspirin for at
least 5 years (strength: conditional, evidence level: C) [94,95]. Interatrial shunt closure
in the setting of active cancer remains poorly investigated. Taking into consideration
the thrombogenicity of malignancies, percutaneous PFO closure could theoretically be
beneficial acting as a protective shield against thrombus formation and embolization
to cerebral circulation. Further studies are required to evaluate the benefit/harm ratio
in patients with active malignancy undergoing PFO closure as a secondary prevention
strategy [96].

9.3. LAA Occlusion

Fatal strokes are the main mortality cause in patients with AF, while the emboli
are created in the LAA. Studies have reported that surgical LAA occlusion has been
associated with reduced incidence of both fatal and non-fatal strokes. Notably, cancer
patients who need anticoagulation therapy due to AF are commonly candidates for
this specific intervention due to their high bleeding and ischemic risk [97]. However,
no common line exists regarding the most appropriate antiplatelet therapy for either
patients with cancer or generally people undergoing LAA closure. Chen et al. sup-
ported that either short-term DAPT for 6 weeks or SAPT should be preferred due to
the hemorrhagic risk in people undergoing LAA closure [98]. A newer study showed
that SAPT or even no therapy does not increase the ischemic risk [99], while a recent,
non-randomized study found that SAPT instead of DAPT after LAA occlusion was
associated with a reduction of bleeding complications, with no significant increase in
the risk of thrombotic events [100]. Therefore, a tailored approach should be followed,
pending for large-scale, suitably designed clinical trials.

10. Antiplatelet Therapy for Non-Cardiac Diseases in Patients with Cancer

Antiplatelet therapy also plays a pivotal role in non-cardiac diseases, such as peripheral
artery disease (PAD) and cerebrovascular accidents (CVAs).

10.1. PAD

PAD often coexists with CAD, hypertension, dyslipidemia, and diabetes mellitus.
Nowadays, the management of PAD includes percutaneous stent implantation regardless
of the location of the lesions. Thanks to the newer drug-eluting stents, carotid artery
stenting (CAS) has become a safe and feasible approach with comparable results to surgery.
According to the recent ESC Guidelines about PAD [101], stent implantation in the carotid
artery should be followed by DAPT (aspirin + clopidogrel) for 1 month (class IA recommen-
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dation). After this time frame, DAPT should be replaced with SAPT, with either aspirin
or clopidogrel. A similar approach should be followed in patients with lower-extremities
artery disease. After percutaneous revascularization, DAPT administration for 30 days
is required prior to switching to SAPT (aspirin or clopidogrel). However, the existing
literature for lower-extremities artery disease lacks large-scale, randomized studies, so the
strength of evidence is limited (class IIa C). To date, special recommendations for cancer
patients with concomitant PAD are not available. Thus, application of the guidelines rele-
vant to the general population in this subpopulation should be considered. Nevertheless,
a personalized approach based on the ischemic and bleeding risk of each patient should
be followed.

10.2. CVAs

CVAs remain one of the major causes of mortality and disability globally. The progress
of imaging techniques, reperfusion therapy, and improved medical treatment during the
last decades has significantly increased the life expectancy of these patients [102]. Although
the optimal antithrombotic treatment is important to minimize the incidence of ischemic
CVAs, the optimal regimen remains under investigation.

A recent guideline by the European Stroke Organization (ESO) strongly advises
the administration of DAPT (aspirin + clopidogrel) for 21 days in patients with a non-
cardioembolic minor ischemic stroke or high-risk transient ischemic attack (TIA) during
the last 24 h. Moreover, the experts recommend that DAPT (aspirin + ticagrelor) for 30 days
may be beneficial in patients with non-cardioembolic mild-to-moderate ischemic stroke or
high-risk TIA in the last 24 h [103].

According to a recent meta-analysis of randomized trials, short-term (for up to
3 months) DAPT seems to reduce the risk of recurrent stroke at the expense of a higher
risk of major bleeding, compared with aspirin, in patients with high-risk TIA or mild to
moderate ischemic strokes [104].

Cancer patients are at higher risk of suffering from acute CVAs and fatal strokes. In
particular, patients with prostate, breast, and colorectum malignancies are more prone to
fatal strokes [105]. Recently, Bang and colleagues [106] proposed that cancer-related strokes
could be an emerging subtype of ischemic stroke, with unique underlying pathophysiologi-
cal mechanisms. However, the existing literature and current evidence cannot adequately
support the precise and tailored antithrombotic management of these patients.

11. Conclusions

Since oncologic patients are at high risk for both ischemic and bleeding events due
to the dysregulation of their hemostatic system by cancer, the appropriate duration and
the optimal agents of antiplatelet therapy after undergoing PCI and/or suffering from
an ACS remain a challenge. The use of new technologies, such as DESs and OCT, may
lead to shortened DAPT duration in all-comer patients, including patients with cancer.
The optimal duration of DAPT is considered to be 1–3 months, consisting of aspirin and
clopidogrel, while TAT can only be administered for a short period of time (up to 1 week
in the hospital), followed by an NOAC and a single oral antiplatelet agent (preferably
clopidogrel). Other structural interventions, such as TAVR, PFO-ASD closure, and LAA
occlusion, and non-cardiac diseases, such as PAD and CVA, may require DAPT. Although
further studies are needed in order to establish the optimal duration and agents of DAPT, it
is indisputable that a personalized and multidisciplinary approach is necessary to increase
the life expectancy and quality of life of patients with cancer and CVD, along with finding
the balance between thrombotic and bleeding risk.
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Abstract: Dual antiplatelet therapy (DAPT), consisting of the combination of aspirin and an inhibitor
of the platelet P2Y12 receptor for ADP, remains among the most investigated treatments in cardio-
vascular medicine. While a substantial amount of research initially stemmed from the observations
of late and very late stent thrombosis events in the first-generation drug-eluting stent (DES) era,
DAPT has been recently transitioning from a purely stent-related to a more systemic secondary
prevention strategy. Oral and parenteral platelet P2Y12 inhibitors are currently available for clinical
use. The latter have been shown to be extremely suitable in drug-naïve patients with acute coronary
syndrome (ACS), mainly because oral P2Y12 inhibitors are associated with delayed efficacy in patients
with STEMI and because pre-treatment with P2Y12 inhibitors is discouraged in NSTE-ACS, and in
patients with recent DES implantation and in need of urgent cardiac and non-cardiac surgery. More
definitive evidence is needed, however, about optimal switching strategies between parenteral and
oral P2Y12 inhibitors and about newer potent subcutaneous agents that are being developed for the
pre-hospital setting.

Keywords: dual antiplatelet therapy; P2Y12 inhibitors; acute coronary syndrome; clopidogrel;
prasugrel; ticagrelor; cangrelor; selatogrel; zalunfiban

1. Introduction

Dual antiplatelet therapy (DAPT) consists of the combination of aspirin and an in-
hibitor of the platelet P2Y12 receptor for adenosine diphosphate (ADP). At the end of the
1990s, two randomized trials definitively established DAPT with aspirin and ticlopidine
as the gold standard therapy after percutaneous coronary intervention (PCI) with stent
implantation, in comparison to aspirin or to aspirin and anticoagulant therapy [1,2]. Ticlo-
pidine was soon replaced by clopidogrel at the beginning of the 2000s. DAPT has proven
to be among the most investigated treatments in cardiovascular medicine. Such necessity
of research initially arose from the observations of late and very late stent thrombosis (ST)
events occurring after first-generation drug-eluting stent (DES) implantation, highlighting
lack of efficacy of clopidogrel as one of the possible drivers of thrombotic events [3] and
paving the way to development of potent oral agents such as prasugrel [4] and ticagrelor [5].
More recent evidence in high-risk patients has suggested that DAPT reduces the long-term
risk of cardiovascular death, spontaneous myocardial infarction (MI), stroke and major
adverse cardiac events (MACE) [6,7]. After decades of research, DAPT has been moving
from a stent-related to a systemic treatment among other secondary prevention strategies
such as lipid-lowering therapy and control of diabetes and hypertension. Most evidence
remains largely based on post-PCI patients [8], while patients that are either medically
managed (e.g., those with MINOCA [9], spontaneous coronary artery dissection [10], or
takotsubo syndrome [11]) or undergoing coronary artery bypass grafting (CABG) [12]
remain underrepresented in clinical trials. On this background, we will discuss the role,
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indications, and utilization of cangrelor, the only parenteral P2Y12 inhibitor available so far,
its recommendations as a bridging antiplatelet agent for cardiac and non-cardiac surgery
and the future directions of DAPT with new parenteral agents.

2. P2Y12 Inhibitor Antiplatelet Agents

2.1. Oral P2Y12 Inhibitors

While ticlopidine was the first P2Y12 inhibitor to be associated with low-dose as-
pirin for DAPT, its unfavorable safety profile made it obsolete after the introduction of
clopidogrel. Clopidogrel is a second-generation thienopyridine and an irreversible P2Y12
receptor antagonist that is administered as an inactive pro-drug and requires enzymatic
liver conversion into its active metabolite by a series of cytochrome P450 (CYP) enzymes.
After activation, clopidogrel irreversibly binds to P2Y12, an ADP receptor, on the surface
of platelets, resulting in an inactivation of the glycoprotein (GP) IIb/IIIa receptor and
destabilization of the platelet aggregate [6]. The recommended regimen is a loading dose
of 600 mg followed by a maintenance dose of 75 mg once daily. No dose adjustment is
required in CKD patients. The onset of action is particularly delayed and variable, ranging
from 2 to 6 h and the offset of effect ranges from 3 to 10 days. The evidence provided by
the landmark CURE trial established DAPT with clopidogrel as the standard of care after
acute coronary syndrome (ACS) and after coronary stent implantation [13]. However, clopi-
dogrel has too much inter-individual variability in platelet inhibition and has significant
non responsiveness and resistance in some patients. The enzymatic liver conversion is
one of the main causes of variability of clopidogrel action. CYP2C19 is one of the most
important polymorphic CYP enzymes across different populations and this is associated
with worse outcomes, for instance, in those with the CYP2C19*2 variant [14]. Likewise,
all comedications that are inhibitors of CYP2C19 suppress clopidogrel bioactivation (e.g.,
some proton pump inhibitors, statins and calcium channel blockers) [15]. Moreover, poor
intestinal absorption can delay the onset of action of clopidogrel, which can be worsened
by concomitant administration of opioids for angina relief. Inadequate P2Y12 inhibition,
especially in the setting of ACS, contributes to more frequent periprocedural complications
such as need for recurrent revascularization, MI, and ST. This highlighted the need for a
more potent and consistent platelet inhibition that was introduced with novel generation
P2Y12 inhibitors.

Prasugrel is thienopyridine as well and an irreversible P2Y12 receptor antagonist
that is administered as an inactive pro-drug and requires an enzymatic liver activation.
Differently than clopidogrel, it gains a faster, greater, and more consistent degree of platelet
inhibition [16]. The recommended regimen is a loading dose of 60 mg followed by a
maintenance dose of 10 mg once daily, reduced to 5 mg in patients ≥75 years old or <60 kg.
No dose adjustment is required in CKD patients. The onset of action is rapid, ranging
from 0.5 to 4 h and the offset of effect ranges from 5 to 10 days. The TRITON-TIMI 38
trial compared prasugrel versus clopidogrel in P2Y12 inhibitor-naïve ACS patients referred
to PCI [4]. Prasugrel determined a reduction in primary ischemic endpoint compared
to clopidogrel, counterbalanced by a significant increase in the rate of major bleeding.
Prasugrel was also compared to ticagrelor, the other potent P2Y12 inhibitor, in the recent
ISAR-REACT 5 randomized trial. Prasugrel was superior in reducing the rate of death,
MI, and stroke without any increase in bleeding complications [17]. Thus, prasugrel is the
recommended P2Y12 inhibitor in ACS patients without high bleeding risk proceeding to
PCI [18].

Ticagrelor is a direct oral reversible P2Y12 receptor inhibitor, which belongs to a
novel chemical class, the cyclopentyl triazolopyrimidine. Following intestinal absorption,
ticagrelor does not need to be metabolized for platelet inhibition. The recommended dose
is a loading dose of 180 mg followed by a maintenance dose of 90 mg twice a day. No
dose adjustment is required in CKD patients. The onset of action is rapid as well, ranging
from 0.5 to 2 h and the offset of effect ranges from 3 to 4 days. The PLATO trial proved
the superiority of ticagrelor compared to clopidogrel in ACS patients regarding the rate of
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death from vascular causes, MI, or stroke, without significant difference in major bleeding
rates [5]. Nevertheless, ticagrelor also led to more patients stopping medication because of
side effects, mainly dyspnea. As it is not associated with pulmonary or cardiac dysfunction,
alterations in the mechanisms and the neurological pathways of the sensation of dyspnea
may be involved in its pathogenesis [19].

2.2. Drawbacks of Oral P2Y12 Inhibitors

Despite potent P2Y12 inhibitors (prasugrel and ticagrelor) provide lower rates of is-
chemic events compared to clopidogrel, significant concerns remain about their onset of
action. Moreover, their administration does not counterbalance the high residual platelet
reactivity (HRPR) up to 4–6 h after the standard loading dose [20–22]. For this reason,
strategies have been tested to increase the bioavailability of oral P2Y12 inhibitors, such
as crushing or chewing tablets. However, pharmacokinetic and pharmacodynamic data
remain limited [23–25]. So far, clopidogrel remains the P2Y12 inhibitor recommended in
stable coronary artery disease (CAD) patients, unless specific high-risk procedural charac-
teristics are present, such as complex left main or multivessel stenting, suboptimal stent
deployment, or other conditions associated with high risk of stent thrombosis; in such cases,
initial treatment with either prasugrel or ticagrelor may be considered according to Euro-
pean guidelines [26] if the tradeoff between risk of ischemia and bleeding is favorable [27].
All these therapies are limited by their need to be absorbed in the gastrointestinal (GI) tract
before becoming available and this leads to an inevitable delay between drug intake and
time of reaching effective platelet inhibition. Gastric emptying, intestinal motility, blood
perfusion of the mucosa and its permeability are all factors influencing the absorption rate
of medications [28]. Moreover, it has been reported that the velocity of platelet inhibition af-
ter oral intake was influenced by the clinical presentation: faster for stable CAD undergoing
PCI, slower for NSTE-ACS patients, and the slowest for STEMI patients [20,29]. This phe-
nomenon can be explained by a decreased cardiac output in ACS patients, which leads to a
sympathetic system activation, and a vasoconstriction of the peripheral arteries that shunts
the blood to vital organs, impairing gastric emptying, intestinal motility, and permeability
of the hypo-perfused mucosa [30]. Elevated central pressure due to reduced cardiac output
also leads to the release of atrial natriuretic peptide, which inhibits intestinal permeability
and motility [31]. In acute settings, nausea and vomiting are common, reducing drug
absorption as well. Finally, concomitant treatment with morphine, an opioid analgesic
usually used to alleviate chest pain, delays gastric emptying, reduces intestinal peristalsis,
and itself induces nausea and vomiting. Another barrier concerns the inability for oral
administration of medications in intubated or unconscious patients. A new formulation
of ticagrelor in orodispersible tablets that promptly releases its components upon contact
with the oral cavity has recently become available and has been tested in a prospective
trial of high-risk ACS patients. Although a superior grade of platelet inhibition was not
obtained as compared with standard ticagrelor tablets, the trial confirmed the feasibility
and safety of administration of ticagrelor without the need of swallowing water, that may
prove to be convenient in critical ACS patients [32].

That said, following intake of oral P2Y12 inhibitors there is a variable timeframe of
hours of inadequate antiplatelet protection. While the risk for ST is low with new generation
stents, the delayed antiplatelet effects may still increase the risk of peri-procedural MI and
impaired coronary/myocardial reperfusion, translating into worse clinical outcomes. Pre-
treatment whenever possible could reduce this delay, but most recent ESC guidelines do
not recommend (class III) pre-treatment with oral P2Y12 inhibitors in NSTE-ACS patients,
because several trials showed no ischemic benefits and more bleeding complications [18].
In addition, treatment of stable CAD patients does not include a P2Y12 inhibitor before
coronary angiography. These observations underscore the need to define strategies that
can bridge the gap in platelet inhibitory effects following intake of oral P2Y12 inhibitors.
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2.3. Parenteral P2Y12 Inhibitors

Parenteral administration of a P2Y12 inhibitor allows for immediate antiplatelet effects,
skipping the delay and variability in intestinal absorption velocity and providing an
enhanced platelet inhibition during the time window of inadequate response to oral agents.
This is notable especially in high-risk patients undergoing PCI, who require an immediate
platelet inhibition.

Cangrelor is an adenosine triphosphate-analog that is a highly specific and a direct
reversible antagonist for the P2Y12 receptor on the surface of platelets. This leads to
blockage of ADP-induced GP IIb/IIIa receptors and inhibition of platelet aggregation.
After administration, cangrelor does not need bioactivation and is immediately ready for
platelet inhibition. It is available as a lyophilized powder and it is administered initially
as a 30 mcg/kg intravenous bolus prior to PCI and then continued with a 4 mcg/kg/min
infusion for at least 2 h or for the duration of PCI, whichever is longer. It reaches an
immediate (~2 min) onset of action and has a very short offset with a rapid (30–60 min)
restoration of platelet function after its discontinuation. There is neither dosage adjustment
required for renal or hepatic impairment, nor for age. It has a short plasma half-life of
3–5 min as it is rapidly inactivated via dephosphorylation by nucleotidases in the blood
and the major metabolite is considered inactive. Cangrelor allows high levels of platelet
inhibition (>95%) and provides further decrease in platelet aggregation in patients treated
than with the more potent oral P2Y12 inhibitors [33]. This reduces the risk of periprocedural
and early postprocedural complications such as MI, repeat coronary revascularization and
ST. Cangrelor is the only parenteral P2Y12 receptor inhibitor that has received approval.
In 2015, both the US FDA and the EMA approved it in P2Y12 naïve patients undergoing
PCI, both with ACS and with CAD. A large RCT showed faster and enhanced platelet
inhibition in the peri-PCI period, translating into reduced ischemic events leading to clinical
approval of the drug [34]. We will discuss later the CHAMPION program and more recent
randomized clinical trials that have been designed to compare cangrelor vs. the more
potent P2Y12 inhibitors (prasugrel and ticagrelor).

Some parenteral antithrombotic drugs that interact with multiple pathways are cur-
rently being developed for the treatment of ACS, with the aim of further reducing ischemic
events without significantly increasing bleeding complications [35]. Selatogrel is a re-
versible binding P2Y12 inhibitor formulated for subcutaneous (SC) administration. Its
molecular structure derives from incorporation of the pyrimidine group of ticagrelor into a
family of compounds previously studied as P2Y12 receptor antagonists [36,37]. Preclinical
studies have suggested that selatogrel is potent and selective, but also that it may have a
broader therapeutic index than clopidogrel or ticagrelor with regards to increased bleeding
risk while maintaining antithrombotic effect [38]. Selatogrel has a rapid onset and one
study of the radiolabeled drug suggested that there were no significant plasma metabolites,
and that elimination was largely fecal, predicting no significant drug–drug interactions [39].
Phase II trials in both ACS and stable, chronic CAD are now being reported with promising
results. Selatogrel reliably and potently inhibits platelet reactivity within 30 min after
subcutaneous administration and for approximately 8 h in patients with chronic coronary
syndrome, the effect fading within 24 h [40]. In patients with AMI, a single subcutaneous
injection of selatogrel rapidly induced a profound and dose-dependent inhibition of platelet
activity, independently from age, sex or clinical presentation, without major bleeding events
and with short-term dyspnea as the only relevant adverse event [41]. The clinical context in
which selatogrel may find its place remains to be determined; however, as it provides potent,
rapid and reversible P2Y12 inhibition without the need for intravenous access or infusion,
it could represent a promising pre-treatment option for early prehospital administration by
healthcare professionals or even from self-administration by patients during a suspected
re-infarction [42]. A large-scale clinical outcomes trial (SOS-AMI, Selatogrel Outcome Study
in Suspected Acute Myocardial Infarction) in patients with a recent history of AMI, employ-
ing an autoinjector for early and convenient subcutaneous self-administration of selatogrel
by the patient him/herself, is now ongoing (ClinicalTrials.gov Identifier: NCT04957719).
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RUC-4 (zalunfiban) is a second-generation GP IIb/IIIa inhibitor (GPI) which has
shown a good safety profile and a high and limited-duration antiplatelet efficacy in both
stable [43] and STEMI [44] patients. Zalunfiban is now being investigated in a large-scale
Phase 3 RCT testing pre-hospital subcutaneous injection in STEMI patients (CELEBRATE, A
Phase 3 Study of Zalunfiban in Subjects with ST-elevation MI, ClinicalTrials.gov Identifier:
NCT04825743).

3. Efficacy and Safety of Cangrelor: Main Evidence Available

3.1. The CHAMPION Program

The pharmacologic profile of cangrelor makes it not only an attractive agent for
protection of ischemic events in patients undergoing PCI, but also a safe one in case of
procedural complications, such as bleeding or need for emergent surgery, given its fast
offset of effects, obviating the need for an antidote for reversal [45–47]. The efficacy and
safety of cangrelor in the setting of PCI were evaluated in three large randomized controlled,
double-blind, phase III trials (Table 1):

Table 1. Overview of the CHAMPION Program trials.

CHAMPION
PLATFORM

CHAMPION
PCI

CHAMPION
PHOENIX

Years 2007–2009 2007–2009 2010–2012

Patients (n) 5362 8877 11,145

Diagnosis NSTE-ACS (94.8%);
stable angina (5.2%)

STEMI (11.2%);
NSTE-ACS (73.8%);
stable angina (1.5%)

STEMI (18%);
NSTE-ACS (25.7%);
stable angina (62.3%)

Antiplatelet
therapy Clopidogrel naïve Clopidogrel Clopidogrel naïve

Treatment

Cangrelor:
30 μg/kg bolus,
4 μg/kg/min

infusion

Cangrelor:
30 μg/kg bolus,
4 μg/kg/min

infusion

Cangrelor:
30 μg/kg bolus,
4 μg/kg/min

infusion

Transition to
clopidogrel

Clopidogrel 600 mg
at the end of

cangrelor infusion

Clopidogrel 600 mg at
the end of cangrelor

infusion

Clopidogrel 600 mg at
the end of cangrelor

infusion

Control arm Placebo Clopidogrel 600 mg Clopidogrel 600 mg
or 300 mg

Definition of
myocardial
infarction

Clinical Clinical Universal
definition

Primary
composite
endpoint

Death, MI,
IDR at 48 h

Death, MI,
IDR at 48 h

Death, MI,
IDR at 48 h

Results
OR 0.87

(95% CI 0.71–1.07;
p = 0.17)

OR 1.05
(95% CI 0.88–1.24;

p = 0.59)

OR 0.78
(95% CI 0.66–0.93;

p = 0.005)

The CHAMPION-PLATFORM trial enrolled 5362 patients with stable angina, unstable
angina or NSTE-ACS undergoing PCI [48]. Patients were randomized to either cangrelor
or placebo, bolus and infusion initiated during PCI, followed by 600 mg of clopidogrel
at the end of the cangrelor infusion or at the end of the PCI for the placebo group. The
primary endpoint of a composite of death, MI or ischemia-driven revascularization at
48 h was not significatively different between cangrelor or placebo (7.0 vs. 8.0%; p = 0.17)
but cangrelor, had significantly lower rate of ST (0.2 vs. 0.6%; p = 0.02) and death from
any cause (0.2 vs. 0.7%; p = 0.02) at 48 h. Cangrelor had no differences compared to
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placebo for major or minor bleeding according to the TIMI criteria and for severe or
moderate bleeding according to the GUSTO study [49]. There was only a difference in
major bleeding according to the ACUITY criteria, due to an excess of groin hematomas
in the cangrelor group. However, the rates of blood transfusion were not significantly
different. The CHAMPION-PCI trial (n = 8877) had a similar design to the prior trial but
clopidogrel was given at the start of the placebo infusion, before PCI. The trial population
was basically the same but also included ST-segment elevation myocardial infarction
(STEMI) patients undergoing primary PCI (pPCI). The primary and secondary endpoints
were the same as for CHAMPION-PLATFORM. However, in CHAMPION-PCI there were
no statistically significant differences between the cangrelor and clopidogrel groups for any
endpoint. The incidence of bleeding was significatively higher in the cangrelor group only
by ACUITY minor (17.6 vs. 15.2%; p = 0.003) or GUSTO mild (19.6 vs. 16.9%; p = 0.001)
criteria [50]. These discouraging results could be explained by the MI definition used
in these trials which was considered obsolete and did not appropriately discriminate
periprocedural MI especially from the first MI in ACS patients, being based mainly on CK
and CKMB assays [51]. An analysis of these two trials using the universal MI definition
demonstrated that the primary endpoint of a composite of death, MI and ischemia-driven
revascularization was significantly reduced with cangrelor compared with the control
(3.1 vs. 3.8%; p = 0.037). This difference was seen early, within the prior 6 h, according
to the cangrelor time of action. Even acute ST was lower with cangrelor compared to
placebo (0.2 vs. 0.4%; p = 0.018). In addition, cangrelor caused more rate of major and
minor bleeding by ACUITY criteria and more hematomas, though they did not need more
blood transfusions, according to trial results [52]. The benefit of cangrelor in ischemic
endpoints seen in this analysis led to conduct of a similar trial, incorporating the universal
definition of MI, the CHAMPION PHOENIX [34]. Enrolled patients (n=11,145), who were
P2Y12 inhibitor naïve, underwent PCI for stable angina, NSTEMI or STEMI. They received
cangrelor and a loading dose of clopidogrel (600 mg) at the end of infusion, or placebo
and a loading dose of clopidogrel (300 or 600 mg) before or after PCI. Cangrelor led to a
significantly lower rate of the primary endpoint (composite of death, MI, ischemia-driven
revascularization or ST at 48 h) (4.7 vs. 5.9%; p = 0.005), particularly driven by a reduction in
the periprocedural MIs; it led also to a significantly lower rate of the secondary endpoint of
intraprocedural ST at 48 h [53]. Bleeding outcomes defined as GUSTO major and moderate
criteria were not significantly different between the cangrelor group and the clopidogrel
group. Bleeding measured using the more sensitive ACUITY criteria was consistently
increased with cangrelor relative to clopidogrel in both stable and ACS patients. However,
the need for blood transfusions was similar between the groups [53]. A post-hoc analysis
combined the primary efficacy and safety endpoints to provide a composite of net adverse
clinical events. Cangrelor compared with clopidogrel consistently reduced net adverse
clinical events, in both ST and ACS subsets, both early at 48 h and at 30 days. These
results were confirmed, at 48 h and 30 days, by a pooled analysis of all three CHAMPION
trials [54].

3.2. Use of Cangrelor in Combination with Potent Oral P2Y12 Inhibitors

As already mentioned, the first trials of cangrelor mainly involved patients with stable
or unstable CAD and a limited proportion of patients with STEMI. Thus, there was an
urgent need for clinical and pharmacodynamic information on the wide use of cangrelor in
combination with ticagrelor, the fastest oral formulation of P2Y12 inhibitors, for patients
who have STEMI treated with pPCI. The CANTIC Study (Platelet Inhibition with Cangrelor
and Crushed TICagrelor in STEMI Patients Undergoing Primary Percutaneous Coronary
Intervention) was the first prospective randomized study designed in patients undergoing
pPCI to explore the occurrence of drug–drug interaction (DDI) when cangrelor or placebo
are concomitantly administered with ticagrelor [55]. Fifty STEMI patients scheduled for
pPCI were randomized into two groups: one group received blinded 2 h cangrelor bolus
followed by infusion, the other group received placebo. Additionally, both groups received
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180 mg of crushed ticagrelor. Platelet reactivity was measured with VerifyNow P2Y12 point-
of-care testing as P2Y12 reaction units (PRU) and vasodilator-stimulated phosphoprotein
(VASP). Following PCI, all patients were prescribed aspirin indefinitely and ticagrelor
90 mg twice daily for at least 12 months. PRU levels were significantly lower in patients
randomized to cangrelor than in those randomized to placebo as early as 5 min after the
bolus (p < 0.001). PRU levels at 30 min (primary endpoint) were significantly lower with
cangrelor versus placebo (63 vs. 214; p < 0.001) and remained significantly lower in the
cangrelor group until completion of the 2 h infusion. In the placebo group, PRU levels
decreased over time, with significant differences from baseline observed only 1 h after
drug administration (p < 0.001), which became more marked after 2 h (p < 0.001). At
the end of the infusion, there was an increase in PRU levels in the cangrelor group with
significant differences at 1 h (p = 0.001) and 2 h (p = 0.027) after the infusion. In the placebo
group, PRU levels continued to decrease at 1 h (p = 0.059) and 2 h (p = 0.007) after the
infusion and remained similar at 1 and 2 h after having stopped the infusion. Rates of high
platelet reactivity (HPR), as defined by PRU > 208, were significantly higher with placebo
than with cangrelor at any study time point during the infusions (Table 2). A DDI during
concomitant administration of cangrelor and ticagrelor was therefore ruled out, since no
differences in PRU levels were found between the two groups after drug infusion was
stopped. Indeed, patients in the cangrelor group did not have HPR, differently than placebo
group where HPR status was reduced but still present in already half of the individuals at
the end of the PCI and in one-third of the patients at the end of the placebo infusion. HPR
levels were low overall and similar between groups after discontinuation of drug infusion.
This consideration is consistent with the absence of DDI between cangrelor and ticagrelor.
Despite several limitations, including the limited number of patients, the results were
consistent with another nonrandomized pharmacodynamic study of the combination of
cangrelor and ticagrelor for pPCI [56] and with a smaller open-label randomized trial [57].
The study demonstrated that in patients undergoing pPCI, the combination of cangrelor and
ticagrelor results in a more rapid and potent platelet inhibitory effect compared to ticagrelor
alone, with important implications for clinical practice such as a more versatile use of
ticagrelor with respect to timing of its administration in patients treated with cangrelor.

Table 2. Characteristics of patients randomized in the CANTIC trial [55].

Cangrelor Group Placebo Group p-Value

Patients, n 22 22

Diagnosis STEMI STEMI

Treatment

Cangrelor:
30 μg/kg 2 h

bolus,
4 μg/kg/min

infusion

Placebo

Time from bolus
to end of PCI, min (SD) 39 (18–51) 33 (26–60)

Transition to ticagrelor Crushed ticagrelor
180 mg

Crushed ticagrelor
180 mg

HPR at baseline, n
HPR during cangrelor

5 min, n (%)
30 min, n (%)

End of PCI, n (%)
1 h, n (%)
2 h, n (%)

HPR post cangrelor
1 h, n (%)
2 h, n (%)

15 (68%)

0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

2 (10%)
1 (5%)

15 (68%)

15 (71%)
12 (57%)
13 (62%)
8 (38%)
6 (33%)

2 (12%)
1 (6%)

NS

<0.001
<0.001
<0.001
0.003
0.007

NS
NS

59



J. Cardiovasc. Dev. Dis. 2023, 10, 163

The findings of the CANTIC study were confirmed by the recently published results
of the prospective, randomized, double-blind, placebo-controlled, crossover, pharmacoki-
netic (PK) and pharmacodynamic (PD) SWAP-5 (Pharmacodynamic and Pharmacokinetic
Profiles of Switching Between Cangrelor and Ticagrelor Following Ticagrelor Pre-treatment:
The Switching Antiplatelet-5 Study) trial, which aimed to rule out DDI among cangrelor-
treated patients who were pre-treated with ticagrelor [58]. Indeed, many patients in
real-world clinical practice, in whom there may be the desire to use cangrelor to achieve
enhanced P2Y12 inhibitory effects during PCI, are pre-treated with ticagrelor [59]. This
may include patients in whom the full antiplatelet effects of ticagrelor may be delayed
by several hours due to impaired absorption such as in patients presenting with ACS,
especially STEMI, or treated with opioids [60,61]. In ticagrelor-pretreated patients there
was a significant reduction in PRU at 30 min and 1 h after the start of the cangrelor infusion
compared to the placebo group. At 2 h after stopping the cangrelor or placebo infusion,
PRUs were low and similar in both groups (16.9 vs. 12.6), satisfying the primary endpoint of
non-inferiority. No differences were found in PK/PD profiles such as plasma levels of tica-
grelor and its metabolite between the two groups after drug infusion discontinuation, thus
the absence of a DDI was also confirmed [58]. SWAP-5 Study was conducted in patients
with stable CAD and not in patients with ACS undergoing PCI. Hence, the magnitude of
the PK/PD findings observed may not be reflective of those in the acute setting. Several
other studies are ongoing and will provide further insights into the use of cangrelor in
patients undergoing pPCI. More data on transition to potent oral P2Y12 receptor inhibitors
is desirable, for instance for patients who require a fast-acting intravenous agent such as
cangrelor in emergency situations, such as cardiac arrest or cardiogenic shock, or for those
who have been preloaded with oral antiplatelet agents and have angiographic findings
requiring an additional antiplatelet agent.

The first results of the CAMEO Registry, aimed at retrospectively addressing opti-
mal platelet inhibition during early management of patients with MI prior to coronary
angiography or coronary artery bypass grafting, demonstrated inter-hospital variability
in how cangrelor was administered and switched to an oral P2Y12 inhibitor [62]. These
findings highlight opportunities for optimization of cangrelor dosing, infusion duration,
and the transition of care from the catheterization lab to the coronary intensive care unit.
Data from recently published Cangrelor OHCA (Out-of-Hospital Cardiac Arrest) Study
showed that in comatose survivors of OHCA undergoing PCI and target temperature
management, cangrelor safely induced immediate and profound platelet inhibition without
significant DDI with ticagrelor; nevertheless the study is a single-center and non-placebo-
controlled trial [63]. Furthermore, the ongoing multicenter, randomized, double blind trial
DAPT-SHOCK-AMI (Dual Antiplatelet Therapy for Shock Patients with Acute Myocardial
Infarction; ClinicalTrials.gov Identifier: NCT03551964) will provide results on the compari-
son between the combination of cangrelor and crushed ticagrelor versus ticagrelor alone
in patients with AMI complicated by initial cardiogenic shock and treated with pPCI. The
ARCANGELO (Italian Prospective Study on Cangrelor) is a recently published multicenter,
observational, prospective cohort study that included patients with ACS undergoing PCI
who had not received an oral P2Y12 inhibitor before the PCI procedure and in whom oral
therapy with P2Y12 inhibitors was not feasible or desirable; this study aimed to assess
the safety of cangrelor in daily practice [64]. The primary endpoint is the incidence of
any hemorrhage, according to Bleeding Academic Research Consortium (BARC) criteria,
in the 30 days following the PCI, calculated as the ratio between the number of patients
experiencing at least one event during the 30-day observation period and the total number
of evaluable patients. The different types of bleedings according to the GUSTO criteria
and MACE at various timeframes (from 48 h to 30 days) were investigated, too. The
preliminary results showed that all bleedings were classified as BARC Type 1–2, BARC
Grade 3a bleeding occurred in one (0.3%) patient, while more severe bleedings were not
reported. A total of 17 bleedings were observed in the 320 patients who completed the
study. MACE was observed in four patients (two AMI, one sudden cardiac death, one
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non-cardiovascular death). None bleeding was classified as related to cangrelor. The final
analysis of data will assess a more precise evaluation of the study endpoints; however, the
use of cangrelor in patients with ACS undergoing PCI does not appear to be associated with
severe bleedings. The ongoing SWAP-6 (Pharmacodynamic and Pharmacokinetic Profiles
on Switching from Cangrelor to Prasugrel in Patients with Acute Coronary Syndrome
Undergoing Percutaneous Coronary Intervention: The Switching Antiplatelet-6 Study;
ClinicalTrials.gov Identifier: NCT04668144) trial will further clarify pharmacodynamic
effects to rule out a DDI when cangrelor and prasugrel are concomitantly administered
in patients undergoing coronary stenting. Currently, a single study has suggested that
prasugrel can be administered at the beginning of the cangrelor infusion, with no evidence
of drug interactions [65]. Whether this evidence applies to patients with STEMI is unknown
and this treatment strategy remains off-label [66].

FABOLUS-FASTER (Facilitation through Aggrastat or Cangrelor Bolus and Infusion
over Prasugrel: A Multicenter Randomized Open-Label Trial in Patients with ST-Elevation
Myocardial Infarction Referred for Primary Percutaneous Intervention) is a trial that com-
pared, for the first time, the pharmacodynamic effects of cangrelor with the GPI inhibitor
tirofiban and the pharmacodynamic and pharmacokinetic effects of prasugrel 60 mg in
chewed or whole tablets in patients with STEMI undergoing pPCI [67]. Patients were
randomly assigned (1:1:1) to cangrelor (n = 40), tirofiban (n = 40) (both given as a bolus
and 2 h infusion followed by a loading dose of 60 mg prasugrel at the time of infusion
interruption) or prasugrel 60 mg loading dose (n = 42). Patients in the prasugrel group
underwent further 1:1 sub-randomization to oral administration of the loading dose as
chewed (n = 21) or whole (n = 21) tablets. Briefly, the aim of the study was to test three pri-
mary hypotheses: non-inferiority of cangrelor versus tirofiban, superiority of both tirofiban
and cangrelor versus chewed prasugrel, and superiority of chewed prasugrel versus whole
prasugrel. Cangrelor did not reach non-inferiority as compared to tirofiban in terms of
ADP-induced platelet aggregation (Table 3) due to a lower platelet aggregation in patients
treated with tirofiban than cangrelor or chewed prasugrel up to 2 h. Interestingly, residual
platelet reactivity was lower with cangrelor compared to chewed prasugrel within the first
hour, but higher thereafter.

Table 3. Rates of high residual platelet reactivity (>59%) at Light Transmittance Aggregometry (LTA)
after ADP 20 μmol/L stimulation in FABOLUS FASTER trial [67].

Rates p-Values

Tirofiban Cangrelor
Chewed

Prasugrel
Integral

Prasugrel
Tirofiban vs.

Cangrelor

Tirofiban vs.
Chewed

Prasugrel

Cangrelor vs.
Chewed

Prasugrel

Chewed
Prasugrel vs.

Integral
Prasugrel

>59% LTA with
ADP 20 μmol/L

15 min
30 min

1 h
2 h
3 h

4 to 6 h

0.0%
0.0%
0.0%
0.0%
7.5%
7.5%

57.5%
55.0%
55.0%
50.0%
81.6%
68.4%

100.0%
90.5%
66.7%
38.1%
28.6%
33.3%

95.2%
95.2%
81.0%
52.4%
19.0%
19.0%

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
0.030
0.014

<0.001
0.012
NS
NS

<0.001
0.009

NS
NS
NS
NS
NS
NS

Tirofiban was associated with lower TRAP-induced platelet aggregation than cangrelor
or chewed prasugrel (p < 0.001 at any time point for both comparisons) whereas there was no
difference between cangrelor and chewed prasugrel or between the two prasugrel groups.
The FABOLUS-FASTER study strengthened the notion of the superiority of parenteral over
oral antiplatelet drugs in the acute phase of STEMI treatment in terms of platelet inhibition;
however, the observed superiority of tirofiban versus cangrelor remains a mechanistic
observation, and whether it could be translated into better clinical outcomes without
impairing risk of bleeding remains to be elucidated. Large-scale studies re-evaluating the
comparative risks and benefits of a short infusion of parenteral platelet inhibitors such

61



J. Cardiovasc. Dev. Dis. 2023, 10, 163

as cangrelor or GPI versus the newer oral P2Y12 receptor blockers alone in contemporary
pPCI practice remain desirable. Based on the observations from the FABOLUS-FASTER
that cangrelor followed by prasugrel is associated with a rebound in platelet activation over
2 to 4 h and on the data of CANTIC Study [55] and Alexopoulos [20] showing some HRPR
during and after the cangrelor infusion, it could be hypothesized that when cangrelor is
used, ticagrelor may be the preferred oral P2Y12 inhibitor.

4. Current Recommendations for the Transition from Cangrelor to Oral
P2Y12 Inhibitors

At the end of cangrelor infusion, which should be prolonged at least for two hours,
patients who underwent PCI with stent implantation should receive a loading dose of an
oral P2Y12 inhibitor, beyond aspirin. The timing for the P2Y12 inhibitor loading dose is
related to the pharmacology of the specific drug. Clopidogrel active metabolite is rapidly
degraded if it does not bind P2Y12 receptor. So, if the receptor is already occupied by
cangrelor, a more potent P2Y12 inhibitor, clopidogrel active metabolite is degraded, getting
no platelet inhibition following the cangrelor infusion cessation. Therefore, loading dose of
600 mg clopidogrel must be administered only after cangrelor infusion cessation. This is
also widely supported by CHAMPION platelet sub-study, where there was no apparent
significant pharmacodynamic interaction when clopidogrel was administered at the end of
the cangrelor infusion [68].

Prasugrel is a thienopyridine requiring activation with similar pharmacodynamics
to clopidogrel. Therefore, the loading dose administration of prasugrel should be admin-
istered at the end of cangrelor infusion as well. A study examining the transition from
cangrelor to thienopyridines showed a transient recovery of platelet reactivity during the
switch and found the optimal administration time of prasugrel, to limit the recovery of
platelet function, at 30 min prior to cangrelor cessation [69]. This is in line with the more
potent binding power to P2Y12 receptor of prasugrel compared to clopidogrel. In accor-
dance with this study, the EMA recommends the administration of a prasugrel loading
dose (60 mg) either 30 min prior to the cangrelor cessation or immediately after; the FDA
recommends it only immediately after cangrelor cessation.

Ticagrelor is a reversible P2Y12 inhibitor, and it binds a different site of the receptor
compared to cangrelor. Previous studies have demonstrated that there are no DDI between
ticagrelor and cangrelor, suggesting that ticagrelor can be given at any time during can-
grelor infusions or at the end of it [70]. Both the FDA and EMA have recommended the
administration of a ticagrelor loading dose (180 mg) either during the cangrelor infusion or
immediately after the infusion cessation.

For clopidogrel and prasugrel, the recommended transitions from cangrelor may result
in a brief inadequate P2Y12 inhibition, due to the delayed onset of action of clopidogrel and
prasugrel. This is consistent with the results of a recent observational pharmacodynamic
registry confirming that the switch from cangrelor to clopidogrel could expose patients to a
variable period of inadequate platelet inhibition, while ticagrelor given as early as possible
after starting cangrelor infusion may avoid any rebound effect in platelet reactivity [71].
Therefore, it is reasonable to prefer ticagrelor as the maintenance P2Y12 inhibitor in oral
DAPT, as it can be started prior to the cessation of cangrelor.

5. Antiplatelet Bridging for CABG and Non-Cardiac Surgery

Patients treated with a P2Y12 inhibitor, who require a major cardiac or non-cardiac
surgery, have worse outcomes due to an increased risk for peri- and post-operative bleed-
ings, reoperation and need for blood transfusions. The European guidelines recommended
to delay, if it is possible, a non-emergent surgery after PCI with DES implantation until
completion of the full course of DAPT, or at least after one month of DAPT [72]. In cases
when surgery cannot be delayed for a longer period, a minimum of 1 month of DAPT
should be considered, because the higher risk of adverse cardiac events is within the first
30 days after PCI. In any case of patients who need earlier surgery, it is recommended to
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withhold P2Y12 inhibitor at least 7 days for prasugrel, 5 days for clopidogrel and 3 days for
ticagrelor before surgery (Figure 1). However, cessation of DAPT in the setting of recent
ACS or PCI with stent implantation is associated with a time-dependent increased risk for
worse outcomes. It is particularly true for ACS patients with high ischemic risk features,
who need at least 6 months of DAPT.

Figure 1. Time frames of P2Y12 inhibitor discontinuation and restarting in patients undergoing
cardiac or non-cardiac surgery. Elaborated from Valgimigli et al. [72].

For patients with a very high risk of ST who cannot delay surgery, bridging therapy
with intravenous, reversible platelet inhibitor may be considered (Figure 1). Due to its
profile of being a rapid onset/offset, potent and reversible P2Y12 inhibitor, cangrelor was
tested as a P2Y12 inhibitor ‘bridge’ after discontinuation of thienopyridines, in patients
undergoing surgery (BRIDGE trial). In this trial, 210 participants who were planned to
undergo non-emergent CABG and had received an oral P2Y12 inhibitor were randomized to
either cangrelor as bridge therapy or placebo. Aspirin therapy was maintained. Cangrelor,
compared with placebo, resulted in higher proportions of suppressed platelet activity,
without a significant increase in CABG-related bleeding (11.8 vs. 10.4%; p = 0.76), despite
some participants receiving cangrelor infusion for up to 7 days [73].

Based on the BRIDGE trial protocol, a recent consensus document standardized man-
agement of antithrombotic therapy in patients treated with coronary stents in various types
of surgery [74]. It is recommended to stop prasugrel 7 days, clopidogrel and ticagrelor
5 days before surgery. Cangrelor as bridge therapy should be started within 72 h from
P2Y12 discontinuation, at the dose of 0.75 μg/kg/min without bolus and continued until
1–6 h before skin incision. Clopidogrel should be started, with a new loading dose of
300 or 600 mg, as soon as possible after surgery (within 1–6 h). If oral administration is
not possible due to intubation, cangrelor should be restarted. Prasugrel and ticagrelor are
discouraged. The MONET BRIDGE study was designed to assess the use of cangrelor as
a platelet-inhibiting bridge for patients who discontinue DAPT before cardiac and non-
cardiac surgery within 12 months from coronary stent implantation [75]. It demonstrated
that perioperative bridging therapy with cangrelor is a feasible approach for patients with
DES at high thrombotic risk and undergoing surgery requiring interruption of DAPT: no
ischemic outcomes occurred after surgery and up to 30-days follow-up. Moreover, the
mean hemoglobin drop was <2 g/dL; nine patients received blood transfusions consistent
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with the type of surgery, but no life-threatening or fatal bleeding occurred. More studies
are warranted to support the efficacy and safety of a standardized bridging strategy by
identifying the patient population that would receive the maximum clinical benefit from
bridge therapy. In addition to MONET BRIDGE, the MARS (Management of Antiplatelet
Regimen During Surgical Procedures; ClinicalTrials.gov Identifier: NCT03981835) trial is
currently studying the area of perioperative antiplatelet therapy management through a
multi-center, observational US national registry designed to collect preoperative, intraoper-
ative and postoperative clinical strategies, therapeutic interventions, and 30-day outcomes
data of ~1500 patients post-PCI scheduled to undergo cardiac or noncardiac surgery.

6. Future Directions

The current available oral P2Y12 has a relatively slow onset of action, so drug-naïve
patients, and especially those with ACS, undergoing PCI lack the protection conferred by
antiplatelet therapy for a too long period and may be exposed to a greater thrombotic risk.
Cangrelor proved its effectiveness in drug-naïve patients undergoing PCI, both in the stable
and the acute setting, by reducing early and 30-day ischemic outcomes, with particular
emphasis for ischemia driven revascularization and early ST. Cangrelor appears to be a
very safe drug with a low rate of bleeding and specifically of major (BARC 3–5) events.
The results of ongoing randomized trials with new short-acting and potent parenteral
antiplatelet agents will be likely to open a new debate about the optimal choice and timing
to administer parenteral DAPT in patients with STEMI, since we could have available, at the
same time, a drug to be self-administered at home (selatogrel), a drug to be administered
in the ambulance (zalunfiban) and a drug to be administered in the hospital (cangrelor).
Further RCTs are needed about the combination of parenteral and potent oral P2Y12
inhibitors in patients with ACS and about the optimal switching strategies. Available
studies so far support the most adopted practice to administer ticagrelor at the same time
of cangrelor bolus or as soon as possible after initiation of cangrelor infusion.
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Abstract: Ischemic cardiovascular diseases have a high incidence and high mortality worldwide.
Therapeutic advances in the last decades have reduced cardiovascular mortality, with antithrombotic
therapy being the cornerstone of medical treatment. Yet, currently used antithrombotic agents carry an
inherent risk of bleeding associated with adverse cardiovascular outcomes and mortality. Advances
in understanding the pathophysiology of thrombus formation have led to the discovery of new targets
and the development of new anticoagulants and antiplatelet agents aimed at preventing thrombus
stabilization and growth while preserving hemostasis. In the following review, we will comment
on the key limitation of the currently used antithrombotic regimes in ischemic heart disease and
ischemic stroke and provide an in-depth and state-of-the-art overview of the emerging anticoagulant
and antiplatelet agents in the pipeline with the potential to improve clinical outcomes.

Keywords: cardiovascular diseases; novel antithrombotic agents; antiplatelet drugs; anticoagulants;
hemostasis

1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide. In
2016, 17.9 million people died from all causes of CVDs [1,2]. There were approximately
8.9 million deaths due to ischemic heart disease (IHD) worldwide, remaining the first cause
of death; a less prevalent disease was ischemic stroke, with an incidence of 7.6 million
globally [3–5].

Therapeutic advances in the last decades have reduced CVD mortality, with antithrom-
botic therapy being the cornerstone of medical treatment. Several antithrombotic drugs
are currently used to either block platelet activation (Figure 1), prevent the activation of
the coagulation cascade, or induce fibrinolysis once the clot is formed (Figure 2) [6–9]. Yet,
although these antithrombotic agents have robustly demonstrated their effectiveness in
preventing atherothrombotic events, they also carry an inherent risk of bleeding. Bleeding
is associated with adverse cardiovascular outcomes and mortality; hence, there is a need
to discover new targets and develop novel antithrombotic strategies to effectively inhibit
thrombosis while preserving hemostasis.

In the following review, we will comment on the key limitations of the currently
used antithrombotic regimes in ischemic heart disease and ischemic stroke and provide
an in-depth and state-of-the-art overview of the emerging anticoagulant and antiplatelet
agents in the pipeline with the potential to improve clinical outcomes.
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Figure 1. Antiplatelet drugs currently used to treat ischemic heart disease and ischemic stroke. ENT:
equilibrative nucleoside transporter; ASA: acetylsalicylic acid; TXA2: thromboxane A2; VWF: Von
Willebrand Factor; PDR: phosphodiesterase; COX: cyclooxygenase. Figure created with BioRender.com.

2. The Coagulation Cascade: Targeting the Intrinsic Coagulation Pathway

Anticoagulants are the treatment of choice to prevent cardioembolic stroke in pa-
tients with atrial fibrillation [10,11]. During the last decade, the development of direct
oral anticoagulants (DOACs; Figure 2) has brought many advantages as compared to
vitamin K antagonists, including a predictable pharmacokinetic profile, rapid onset and
offset of action, and fixed dosing with no need for laboratory monitoring or dietary discre-
tion [12]. Conversely, different reversal agents have also been developed to block the effect
of anticoagulants in case of need (Table 1).

Table 1. Anticoagulant reversal agents in clinical use and preclinical/clinical development.

In Clinical Use [13–15]

Agent Target

Vitamin K Warfarin, acenocumarol

Idarucimab Dabigatran

Andexanet alfa Apixaban, rivaroxavan, edoxaban

Protamine sulfate Unfractionated heparin LMWH (partially)

Prothrombin complex concentrate, fresh frozen plasma Non-specific prohemostatic agents

Preclinical/Clinical Development

Agent Target

Aripazine (ciraparantag/PER977) (NCT04593784) [16,17] LMWH, fondaparinux, FXa inhibitors, dabigatran

γ-thrombine S195A [18] Dabigatran

GDFXa-α2M complex [19] Rivaroxaban, apixaban, dabigatran and heparins

Yet, important challenges still need to be addressed. As such, bleeding remains the
most reported side effect of DOACs, and in certain sub-groups of patients, including
patients with mechanical heart valves or triple-positive antiphospholipid disease syn-
drome, DOACs seem to be less effective than vitamin K antagonists and are not recom-
mended [20–22].

Anticoagulants are also implemented in ischemic heart disease since patients who
suffer an acute coronary event present an excess of thrombin generation that persists
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beyond the acute presentation [23]. So far, several trials have demonstrated the ability
of anticoagulants to protect against cardiovascular events. As such, the addition of war-
farin [24], rivaroxaban [25,26], or ximelagatran [27] to a standard antiplatelet regime has
shown to significantly reduce ischemic events, though at the expense of increased bleeding
risk. Ximelagatran was, however, withdrawn from the market due to hepatotoxicity and
the only anticoagulant recommended by the guidelines for long-term secondary preven-
tion is rivaroxaban, which may be administered at low doses on top of aspirin at 1-year
post-MI [25].

Altogether, these trials have evidenced the need to discover new targets that effectively
block thrombin generation without displaying hemorrhagic side effects. In recent years,
special attention has focused on the main components of the intrinsic coagulation pathway,
particularly factor (F)XII, FXI, and FIX [28].

2.1. Targeting Factor XII

FXII has been associated with thrombosis, hereditary angioedema, and (neuro) in-
flammation. On the other hand, FXII deficiency (i.e., Hageman factor deficiency) is a rare
genetic blood disorder that is entirely asymptomatic, showing prolonged active partial
thromboplastin times (aPTT) as the only alteration on coagulation tests [29]. FXII circulates
in plasma in a zymogen form, and its activation is brought about by the interaction with
negatively charged molecules that induce a conformational change in zymogen FXII leading
to activated protease FXIIa followed by activation of the enzyme precursors FXI and FIX
(Figure 2) [30]. Hence, FXII inhibitors are expected to be particularly efficient in patients
whose blood is exposed to non-physiological surfaces of medical devices such as vascular
catheters, hemodialysis circuit tubes and membranes, and mechanical valves or stents,
that expose negative charge molecules [31]. Alternatively, contact system proteins FXII,
high-molecular-weight kininogen (HK), and plasma kallikrein (PK) may assemble on cell
surface proteoglycans of various cardiovascular cells. Contact with surface-exposed moi-
eties and plasma-borne soluble contact activators induces FXII activation, which initiates
the intrinsic coagulation pathway and activates PK leading to the release of the proinflam-
matory mediator bradykinin (BK) by PK-mediated cleavage of HK. FXII inhibitors are
also being evaluated as a potential treatment for hereditary angioedema, a BK-mediated
life-threatening inherited swelling disorder where Serpin C1 esterase inhibitor (a major
plasma inhibitor of FXII and and PK) is dysfunctional or deficient [16].

Figure 2. Diagram of the coagulation and fibrinolytic pathways and the different anticoagulants and
fibrinolytic agents used in the clinical setting. LMWH: low molecular weight heparin. * Indirect
inhibition of factors II, VII, IX and X.
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Multiple prototypes have been discovered within the last years, including mono-
clonal antibodies, small interfering RNAs, antisense oligonucleotides, and serine protease
inhibitors which are currently being tested at a preclinical level (details are provided in
Table 2) [32]. However, each one of these strategies confers different pharmacological
properties, which may limit their indications. Antibodies and approaches to silence gene
expression require parenteral delivery by subcutaneous or intravenous injection, whereas
small molecules can be delivered orally or parenterally (Table 2). On the other hand, small
interfering RNAs and antisense oligonucleotides have a slow onset of action requiring
about four weeks to achieve therapeutic levels. Although they are not optimal for use in
acute settings, their effect extends over time which may enable once-monthly administra-
tion. On the other hand, however, they may also require the development of antidotes.
In contrast, antibodies and serine protease inhibitors have a rapid onset of action and an
expected half-live of <24 h, thereby limiting the need to develop reversal strategies [33].

Table 2. Factor XIIa inhibitors currently under development. This table includes the emerging FXIIa
inhibitors and details the studies conducted so far to assess their efficacy and safety.

Factor XIIa Inhibitors Type Phase Studies Conducted So Far

Garadacimab (subcutaneous) Antibody III

Tested in patients with C1-esterase inhibitor-deficient hereditary
angioedema showing a significant reduction of angioedema attacks.
A dose-dependent increase in aPTT with no change in prothrombin

time was also observed without increasing of bleeding
events [34,35]. Currently ongoing phase III trials

(NCT04656418, NCT04739059).

3F7 (intravenous) Antibody Preclinical Thromboprotection in ECMO without impairing the hemostatic
capacity or increasing bleeding [36,37].

9A2 and 15H8
(intravenous) Antibody I

Both antibodies have been shown to protect against ferric
chloride-induced arterial thrombosis. 15H8 prolonged the aPTT

time in non-human primates and humans and reduced fibrin
formation in collagen-coated vascular grafts inserted into

arteriovenous shunts in non-human primates [38].

5C12 (intravenous) Antibody Preclinical Thromboprotection in ECMO in non-human primates [39].

Ir-CPI (intravenous) Kunitz-type serine
protease inhibitor Preclinical

It has demonstrated antithrombotic activity in:
(1) venous and arterial in vitro thrombosis models; (2) arteriovenous

shunt rabbit models; and (3) extracorporeal circuit [40,41]. It can
interact with factors XIIa, XIa, and Kallikrein [42].

FXII-ASO (subcutaneous) Antisense
oligonucleotide Preclinical

Prolonged the time to catheter thrombotic occlusion (implanted in
jugular vein) compared to control in a rabbit model of

thrombosis [43].

ALN-F12 (subcutaneous) Interfering RNA Preclinical Dose-dependently reduced platelet and fibrin deposition in mice
models of venous and arterial thrombosis models [44].

rHA-Infestin-4 (intravenous) Kazal-type serine
protease inhibitor Preclinical

Protects against arterial and venous thrombosis in mouse and
rabbit models.

Reduces infarct size and brain edema formation leading to better
neurological scores and survival in a mouse model of

stroke [45–47].

aPTT: activated partial thromboplastin time; ECMO: extracorporeal membrane oxygenation.

Garadacimab, a monoclonal antibody, has been the sole FXIIa inhibitor to reach phase
III clinical trials (NCT04656418) in patients with hereditary angioedema, showing promising
preliminary data after a 6-month follow-up. Another phase III trial (NCT04739059) is
ongoing to evaluate its benefits in a longer term (32 months). Based on its proven safety
profile and the outcome of both trials, garadacimab may be considered a promising strategy
for other indications, including CVDs.

2.2. Targeting Factor XI

Factor XI congenital deficiency has been proven to protect against arterial and venous
thrombosis reducing the incidence of deep-vein thrombosis, ischemic stroke, myocardial
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infarction, and vascular graft occlusion [48–51]. Most importantly, FXI-deficient patients
do not generally exhibit spontaneous bleeding, and the bleeding associated with injury or
surgery tends to be mild [52,53]. These observations have supported the development of
multiple FXI inhibitors, most of which have reached Phase II testing. Table 3 details the
studies conducted so far as per FXI inhibitors.

Table 3. Factor XIa inhibitors currently under development. This table includes the emerging
FXIa inhibitors and details the studies conducted so far to assess their efficacy and safety. VTE:
venous thromboembolism; AF: atrial fibrilation; aPTT: activated partial thromboplastin time; MI:
myocardial infarction.

Factor XIa Inhibitors Type Phase Studies Conducted So Far

Osocimab (subcutaneous) Antibody II Effective in thromboprophylaxis in patients undergoing knee arthroplasty [54].

Abelacimab (intravenous) Antibody III

Effective in preventing venous thromboembolism and is associated with a low
bleeding risk [55]. There are ongoing phase III trials in cancer patients to compare

the effect of abelacimab relative to apixaban (NCT05171049) or dalteparin
(NCT05171075) in VTE recurrence and bleeding.

AB023 (Xisomab)
(intravenous) Antibody II

Effective and secure in patients with end-stage renal disease [56]. Ongoing phase II
trial to test xisomab for the prevention of catheter-associated thrombosis in

patients with cancer receiving chemotherapy (NCT04465760).

14E11 (subcutaneous) Antibody Preclinical

In mice, 14E11 has been shown to prevent arterial occlusion induced by ferric
chloride to a similar degree as that accomplished by total FXI deficiency. In

baboons, it has been shown to reduce platelet-rich thrombus growth in
collagen-coated grafts inserted into arteriovenous shunts [57].

FXI-175, FXI-203
(intravenous) Antibody Preclinical

Ferric chloride-induced thrombosis was reduced in mice treated with FXI-175 and
FX-203 compared to placebo-treated mice. Neither antibody caused severe blood

loss assessed through the tail bleeding assay [58].

Frunexian EP-7041a
(intravenous)

Small molecule
C19H27ClN4O4

II

EP-7041 was safe and well tolerated in healthy volunteers with rapid onset and
offset of action and predictable dose-related increases of aPTT [59]. In addition,

there is an ongoing trial in thromboprophylaxis in COVID-19
patients (NCT05040776).

Milvexian (BMS-986177)
(oral)

Small molecule
C28H23Cl2F2N9O2

II

Prevention of venous thromboembolism with low risk of bleeding (phase II) [60].
In rabbits, it has demonstrated effective antithrombotic potential with limited

impact on hemostasis, even when combined with aspirin [61]. A recent phase II
trial (AXIOMATIC-SSP) has shown it is safe in secondary stroke prevention [62].

Asundexian (oral) Small molecule
C26H21ClF4N6O4

II b

In patients with AF, it has shown low rates of bleeding as compared with apixaban
[63]. It has also shown no increase in bleeding events in MI [64] and stroke [65]
patients. New phase III clinical trials have been announced to test its efficacy in

patients with AF (OCEAN-AF) and in secondary prevention of stroke
(OCEAN-STROKE).

BMS-962212 (intravenous) Small molecule
C32H28ClFN8O5

I Tested in healthy subjects showing good tolerance, no signs of bleeding and
significant changes in aPTT and FXI clotting activity [66].

ONO-7684 (oral) Small molecule
C23H16ClF2N9O I It strongly inhibited factor XI coagulation activity and increased activated partial

thromboplastin time [67].

BMS-654457 (intravenous) Small molecule
C36H37N5O4)

Preclinical

It has been shown in vitro to increase aPTT without altering prothrombin time or
ADP-, arachidonic acid-, or collagen-induced platelet aggregation. In rabbit

models, it has shown equivalent antithrombotic effect to that achieved by standard
doses of reference anticoagulants (warfarin and dabigatran) and antiplatelet agents

(clopidogrel and prasugrel) in addition to reducing bleeding time [68].

ONO-5450598 (oral) Small molecule Preclinical
It provided a significant reduction of thrombus formation as compared to

rivaroxaban in a non-human primate arteriovenous shunt model of
thrombosis [69].

BMS-262084 (intravenous) Small molecule
C18H31N7O5

Preclinical
Evaluated in rabbits, where it displayed antithrombotic potential in an

arteriovenous-shunt model of thrombosis, and in an electrolytic-mediated carotid
arterial thrombosis [70].

FXI-ASO (ISIS416858)
(subcutaneous)

Antisense
oligonucleotide II Effective in thromboprophylaxis in patients undergoing knee arthroplasty [71].

2.3. Targeting Factor IX

Factor IX is another potential drug target currently under intensive research because of
its efficacy and safety profile [72]. Factor IX is activated by both the intrinsic and extrinsic
pathways (Figure 2). In the intrinsic pathway, FXIa induces FIX activation, whereas, in the
extrinsic coagulation pathway, FIX is activated by the tissue factor (TF)–VIIa complex. FIXa
forms a complex with FVIIIa that binds to platelets serving as a very potent activator of
FX [73].
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As for FXIIa and FXIa, multiple FIX inhibitors have been developed, most of them in
the preclinical development phase, and only a few have reached clinical trials (Table 4) [74].
One that raised great interest is pegnivacogin, a RNA-aptamer based FIXa inhibitor featur-
ing a reversal agent, anivamersen [73]. However, both phase II trials where pegnivacogin
has been tested have not resulted in the expected positive outcome. The RADAR trial in
NSTEMI patients undergoing cardiac catheterization [75] did not show differences between
pegnivacogin and heparin, and the REGULATE-PCI trial performed in patients undergoing
PCI [76] had to be prematurely terminated due to the presence of severe allergic reactions.

Table 4. Factor IXa inhibitors currently under development. This table includes the emerging FIXa
inhibitors and details the studies conducted so far to assess their efficacy and safety.

Factor IXa
Inhibitors

Type Phase Studies Conducted So Far

Pegnivacogin
(intravenous) RNA aptamer II

- Phase II trial in NSTEMI patients undergoing cardiac catheterization
did not show significant differences compared with heparin [75].

- A randomized clinical trial in patients undergoing percutaneous coro-
nary intervention had to be terminated early due to severe allergic
reactions [76].

- It has decreased platelet activation and aggregation in vitro [77].

SB249417
(intravenous) Antibody I It has demonstrated prolongation of coagulation measures in humans [78].

TTP889 (oral) Small molecule II It has not been shown to be effective for the extended prevention of venous
thromboembolism [79].

3. Targeting the Platelet: What Is in the Pipeline for Novel Antiplatelet Agents?

Antiplatelet agents are used in treating both ischemic heart disease and ischemic stroke
(Figure 1). The currently available antiplatelet agents either: (1) target intraplatelet enzymes
(COX-1 inhibition by ASA and PDE inhibition by dipyridamole and cilostazol), preventing
the formation of thromboxane A2 (TXA2) or the degradation of AMPc, respectively; or
(2) block platelet membrane receptors (P2Y12 receptor antagonists, GPIIb/IIIa inhibitors,
and PAR antagonist) preventing their downstream signaling activation (Figure 1) [80].

In the setting of ischemic heart disease, antiplatelet agents are used both in acute
and chronic coronary syndromes and after stent implantation to prevent stent-related
thrombosis [81–84]. A double antiplatelet regime with a combination of ASA and a P2Y12
inhibitor is recommended during the first year after an acute myocardial event [85–87].
Among the P2Y12 inhibitors, clopidogrel, a second-generation thienopyridine, is a pro-drug
that requires a two-enzyme-mediated transformation to become active and irreversibly
block the P2Y12 platelet ADP receptors. Yet, clopidogrel exhibits high individual variability
because of differences in the activity of cytochrome P450 2C19. Prasugrel, a third-generation
thienopyridine, is also a pro-drug but requires fewer hepatic steps to be converted into an
active metabolite [88] and hence is less affected by variation in CYP enzymes and exerts a
higher degree of platelet inhibition as compared to clopidogrel. Finally, ticagrelor, the first
of a new class of P2Y12 inhibitors named cyclopentyl-triazole-pyrimidines, is a reversible
P2Y12 receptor inhibitor that does not need hepatic metabolism and accordingly has a more
predictable metabolic pathway resulting in a better inter-individual consistency among
patients and clinical efficacy. Both prasugrel and ticagrelor have demonstrated greater
efficacy than clopidogrel [86,87] and accordingly are recommended over clopidogrel in
clinical guidelines in patients with no high bleeding risk [83].

Another known antiplatelet target is the GPIIb/IIIa, the most abundant platelet re-
ceptor mainly involved in platelet aggregation [89]. Two GPIIb/IIIa receptor blockers
have been approved for intravenous clinical use in STEMI patients, including tirofiban
(tyrosine-derived non-peptide derivative) and eptifibatide (heptapeptide). Both antagonize
the GPIIb/IIIa receptor preventing fibrinogen and Von Willebrand factor (VWF) from
binding to the receptor [90].
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In the setting of strokes, antiplatelet therapy is used in secondary prevention in patients
with non-cardioembolic transient ischemic attack or stroke. Single antiplatelet therapy with
ASA or clopidogrel, or the combination of low dose ASA and dipyridamole or cilostazol,
is usually recommended for secondary prevention. In some patients, a combination of
ASA and clopidogrel is recommended for up to 90 days to reduce early recurrences [91].
Recent data have demonstrated that ticagrelor on top of ASA reduces the total burden
of disability owing to ischemic stroke recurrence compared to ASA alone [92]. Based on
these recent findings, the combination of ASA and ticagrelor for up to one month might
be considered in patients at risk of ischemic stroke [91]. Cilostazol may also be used for
secondary stroke prevention, particularly in Asian patients [93], since randomized clinical
trials are still needed to determine its usefulness in non-Asian populations.

There are no reversal agents for the antiplatelet drugs presently used in the clinical
setting. However, this might change in short/medium term for ticagrelor. Bentracimab
(PB2452) is a recombinant human monoclonal antibody antigen-binding fragment with a
dual mechanism of action; it binds both to free ticagrelor and to its major active metabolite
(AR-C124910XX) [94]. Bentracimab is currently being tested in a phase III clinical trial
(NCT04286438) in patients with uncontrolled major or life-threatening bleeding or requiring
urgent survey or invasive procedure.

Despite the currently available antiplatelet armamentarium, recurrent thrombotic
events still occur, and enhanced bleeding risk remains a challenge that needs to be ad-
dressed. These limitations have stimulated research interest in identifying and developing
new antiplatelet targets (Figure 3).

Figure 3. Emerging antiplatelet targets and drugs. PDI: phosphodiesterase; VWF: Von Willebrand
factor; GP: glycoprotein; PAR: protease activator receptor.

3.1. Targeting Platelet Adhesion
3.1.1. Inhibition of Von Willebrand Factor-Glycoprotein 1bα-Mediated Platelet Activation

VWF is synthesized by endothelial cells and megakaryocytes. VWF activity depends
on the size of the multimer being ultra-large VWF multimers highly reactive with platelets.
The monomeric VWF displays a multi-domain structure which includes an A3 domain
(interacts with exposed vascular collagen) and an A1 domain (binds to platelet GPIbα).
A1 interaction with GPIbα favours platelet rolling and adhesion, especially under high
share rate conditions. GPVI and integrin α2β1 further support tight platelet adhesion.
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The resultant platelet activation induces the conformational change of GPIIb/IIIa, which
favours platelet–platelet interaction (i.e., platelet aggregation) by binding to fibrinogen
(primary ligand) or to the C1 domain of VWF. Although VWF also plays a pivotal role
in platelet aggregation by serving as an intercellular bridge between platelets, efforts
have mainly focused on the discovery of pharmacological agents able to interfere with
VWF-mediated platelet adhesion either by blocking the VWF-collagen or the VWF-GPIbα
interaction. Promising preclinical and proof-of-concept clinical trials have supported their
antithrombotic potential, as described below [95].

Anfibatide is a direct GPIb antagonist purified from snake (Deinagkistrodon acutus)
venom that prevents GPIb interaction with VWF. Intravenous administration of anfibatide
in NSTEMI patients (phase Ib/IIa study) proved feasible and safe and markedly inhib-
ited platelet aggregation without increasing the risk of bleeding [96]. A phase II trial is
currently assessing its safety and efficacy in STEMI patients before primary PCI being
the primary endpoint TIMI myocardial perfusion grades (NCT02495012). In the field of
stroke, administering anfibatide after cerebral ischemia/reperfusion injury in rats has been
shown to significantly improve ischemic lesions alleviating inflammation and apoptosis
in a dose-dependent manner [97] and preserving blood-brain barrier integrity [98]. These
observations further support the contribution of platelets to inflammation and immune
responses in ischemic damage beyond their function in hemostasis [99].

Caplacizumab (formerly ALX-0081) is a humanized monoclonal nanobody that targets
the A1 domain of VWF, preventing its interaction with GPIb. After promising results
in phase I studies (healthy subjects and stable angina patients undergoing PIC) [100], a
phase II study in high-risk patients with ACS undergoing PCI (NCT01020383) is currently
underway and aims to compare the safety and efficacy of caplacizumab vs. abciximab on
top of standard antithrombotic therapy (ASA, clopidogrel, and heparin).

Aptamers have also been developed to block the A1 domain (Table 5). As such, BT200
has been shown to effectively block VWF activity in both ACS [101] and stroke [102] patients
by binding to the VWF-A1 domain and is currently being tested in healthy volunteers
(phase I, NCT04103034).

3.1.2. Glycoprotein VI: Inhibition of Collagen-Mediated Platelet Activation

GPVI is a platelet- and megakaryocyte-specific 60–65 kDa immunoglobulin-like trans-
membrane receptor. It is expressed at the platelet surface and is associated with the FcR
γ (Fc receptor γ)-chain, which is responsible for the signaling via its immunoreceptor-
tyrosine-based-activation motif. GPVI is considered the main collagen receptor in platelets,
although it also binds to other substrates, including fibrin, fibrinogen, fibronectin, galectin-
3, or laminin [103]. Activation of the GPVI–FcRγ complex initiates intracellular signaling
through a tyrosine kinase-based signaling pathway [104] that eventually triggers calcium
mobilization and the resultant platelet activation [105]. Several experimental studies have
supported that GPVI seems to have little or no impact on hemostasis. As such, patients
lacking functional GPVI have shown mild bleeding diathesis [106] unless they have moder-
ate to severe thrombocytopenia [107]. Likewise, a mutation in the GPVI gene identified
in the Chilean population that prevents GPVI surface expression has not been associated
with a significant increase in bleeding and has been hypothesized to confer a protective
benefit against CVD [108]. Overall, the fact that GPVI is uniquely expressed in platelets and
megakaryocytes and has reported minor involvement in hemostasis [109,110] has made
GPVI inhibition a promising approach to prevent thrombosis while limiting bleeding risk.

Revacept, a competitive antagonist to GPVI-collagen signaling, is one of the most
studied drugs. Revacept is a dimeric, soluble fusion protein composed of the extracellular
domain of the GPVI receptor and the human Fc-fragment. It competes with endogenous
platelet GPVI for binding to exposed collagen fibers preventing platelet activation [105].
Since revacept targets the exposed vascular collagen, it does not interfere with circulating
platelets beyond the atherosclerotic lesion, exerting a little effect on systemic hemostasis or
bleeding as suggested in experimental models and a phase I clinical trial [111]. Revacept

76



J. Cardiovasc. Dev. Dis. 2022, 9, 397

has been tested in phase II clinical trials [112] in patients with stable coronary heart disease
undergoing PCI. Yet, no significant differences were observed in the primary endpoint
(death or myocardial injury) or bleeding between the treated and placebo arm. Future
studies are being planned to address its efficacy in patients at higher risk of ischemic events
(e.g., in the context of ACS), where collagen-induced platelet activation may play a more
important role.

In the setting of ischemic stroke, revacept is currently being tested in a phase II
clinical trial (NCT01645306) in patients with symptomatic carotid artery stenosis (history of
ischemic stroke, transitory ischemic attack or amaurosis fugax within the last 30 days) to
check its efficacy in secondary prevention of thromboembolic ischemic events.

Several monoclonal antibodies against GPVI have also been developed, as detailed
in Table 5, the most important being glenzocimab (ACT017). This monoclonal antibody
binds to human GPVI and has inhibited platelet adhesion, aggregation, and thrombus
formation onto collagen surface under arterial flow conditions [113]. Glenzocimab has
a short plasma half-life requiring to be infused intravenously for 6 or 12 h to maintain
the necessary duration of effect [114]. Glenzocimab has been demonstrated to sufficiently
block collagen-induced platelet aggregation in a phase I study [115] with an excellent safety
profile (no evidence of thrombocytopenia or excess bleeding). Glenzocimab is being tested
in a phase II/III trial to evaluate the safety and efficacy of a single dose of glenzocimab
used in combination with standard of care (thrombolysis and thrombectomy) for acute
ischemic stroke (ACTIVASE NCT05070260).

Table 5. Novel antiplatelets in the preclinical phase.

Antiplatelet Type
Mechanism of

Action
Studies Conducted So Far

TAGX-0004 (studies
in vitro)

Aptamer VWF inhibition It has excellent affinity with VWF-A1 domain and a superior
antithrombotic potential than ARC1779 [116].

ARC1779
(intravenous) Aptamer VWF inhibition

In a phase II trial, it reduced cerebral thromboembolism in patients
undergoing carotid endarterectomy [117]. However, the study was

terminated due to a lack of funding and associated increased bleeding
risk. Further development of ARC1779 was halted.

AJW200 (intravenous) Monoclonal antibody VWF inhibition

Tested as adjunctive therapy with tPA in a mouse model of embolic stroke
where it showed a synergistic effect and improved behavioural function [118].

In monkeys, it has been shown to inhibit high-shear-stress-induced
platelet adhesion, aggregation, and thrombin generation [119].

82D6A3 (intravenous) Monoclonal antibody
(A3 domain) VWF inhibition It has been tested in baboons, showing potent antithrombotic activities

without significantly prolonging the bleeding time [120].

Caplacizumab (intra-
venous/subcutaneous) Nanobody VWF inhibition Approved for the treatment of immune-mediated thrombotic

thrombocytopenic purpura [121].

h6B4-Fab
(intravenous) Monoclonal antibody GPIb inhibition Reduce thrombus formation in baboons with minimal effect on bleeding

time [122].

SZ2 (intravenous) Monoclonal antibody GPIb inhibition
In vitro, functional studies revealed that it prevents platelet adhesion to

VWF under high-shear stress and inhibits ristocetin-induced platelet
aggregation in a dose-dependent manner [123].

JAQ1 (Intravenous) Monoclonal antibody GPVI inhibition It protects against lethal thromboembolism in mice with minimal impact
on hemostasis [124,125].

SCH-28 (studies
in vitro)

Small molecule PAR4 inhibition It inhibits PAR-4-mediated platelet activation and aggregation by
blocking the thrombin exosite II binding domain [126].

HPW-RX40
(intravenous) Small molecule PDI inhibition

Reduces thrombus formation in whole human blood under flow
conditions and protects mice from ferric chloride-induced thrombus

formation [127].

ML359 (studies
in vitro)

Small molecule PDI Inhibition It exerts no cytotoxicity in three human cell lines and inhibits platelet
aggregation [128].

ML355 (oral) Small molecule 12-Lipoxygenase
inhibition

It reduces thrombus growth and vessel occlusion in a mouse model of
arterial thrombosis with minimal impact on hemostasis [129].
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Table 5. Cont.

Antiplatelet Type
Mechanism of

Action
Studies Conducted So Far

MIPS-9922
(intravenous) Small molecule PI3Kβ inhibition It prevents arterial thrombus formation in an in vivo electrolytic mouse

model of thrombosis with minimal impact on hemostasis [130].

scFv (intravenous) Antibody GPIIb/IIIa
inhibition

It has demonstrated comparable antithrombotic efficacy to currently used
GPIIb/IIIa inhibitors (tirofiban and eptifibatide) in a mice model of ferric
chloride-induced thrombosis with minimal impact on hemostasis [131].

mP6 (intravenous) Péptide GPIIb/IIIa
inhibition

It has proven superior to aspirin and is similar to ticagrelor in a mice
model of ferric chloride-induced thrombosis with minimal effects on

hemostasis [132].

SAR216471 (oral) Small molecule P2Y12 Inhibition It has shown potent antithrombotic activity in a rat arterio-venous shunt
model with no effect on hemostasia [133].

AZD1283 (oral) Small molecule P2Y12 Inhibition
It has shown potent antithrombotic efficacy in a rat model of ferric
chloride-induced thrombosis and lowers bleeding risk compared to

clopidogrel [134].

BMS-884775 (oral) Small molecule P2Y1 Inhibition It has demonstrated, in a rabbit model of thrombosis, similar efficacy to
prasugrel with less bleeding risk [135].

MRS2500
(intravenous) Small molecule P2Y1 Inhibition

It prevents carotid artery thrombosis in monkey models of
electrolytic-mediated arterial thrombosis with a concomitant mild

prolongation in bleeding time [136].

GLS-409 (intravenous) Small molecule P2Y1 and P2Y12
Inhibition

A
It attenuates thrombosis in a canine model of unstable angina and reduces

platelet aggregation to a comparable extent to cangrelor or the
combination of cangrelor with a selective P2Y1 inhibitor [137].

Troα6 and Troα10
(intravenous) Peptides GPVI inhibition

It inhibits collagen-induced platelet aggregation and thrombus formation
in a ferric chloride-induced thrombosis model without prolonging

bleeding time [138].

BI1002494 (oral) Peptide GPVI inhibition It reduces infarct sizes and improves neurological outcomes in a mouse
model of cerebral ischemia without affecting hemostasis [139].

Tyrosine kinase inhibitors are also being developed to prevent downstream signaling
initiated by activation of the GPVI-FcRγ complex. As such, platelet activation through
GPVI relies on a potent protein tyrosine kinase cascade culminating in the activation of the
tyrosine kinase Syk (spleen-associated tyrosine kinase). Tyrosine kinase inhibitors have
been shown to exert antiplatelet effects in cancer patients (e.g., pazopanib in patients with
renal cell carcinoma) [140] and short-term studies with ibrutinib analogs Btki (Bruton’s
tyrosine kinase inhibitors) 43607 and Btki 43761 have shown a dramatic reduction in
collagen-induced platelet aggregation in non-human primates without measurable effects
on plasma clotting times or bleeding risk [141]. In addition, the Syk inhibitors PRT-060318
and BI1002494 have been shown to reduce thrombus stability in vitro [142] and thrombosis
in a mouse model of cerebral ischemia [139], respectively. Finally, ibrutinib has also been
shown to block CLEC-2-mediated platelet activation [143]. CLEC-2 is a platelet-activating
type II transmembrane receptor which has a function similar to that of GPVI in activating
Syk [144].

3.2. Targeting Platelet Activation
3.2.1. PAR1 and PAR4: Inhibition of Thrombin-Mediated Platelet Activation

Thrombin activates human platelets through the protease-activated receptor (PAR)-1
and PAR-4. PARs are G protein-coupled receptors whose activation by thrombin depends
on proteolytic cleavage of the N-terminal domain of the receptor, generating a new amino
terminus that acts as a tethered ligand to activate the receptor. PAR-4 has shown to interact
with PAR-1 and P2Y12, inducing sustained platelet activation, whereas PAR-1 does not
interact with ADP receptors leading to an acute platelet response. Hence, blockage of the
P2Y12 receptor may suppress PAR-4-mediated platelet aggregation, while PAR-1-mediated
effects remain unaltered [145].

78



J. Cardiovasc. Dev. Dis. 2022, 9, 397

PAR-1 has shown a high affinity for thrombin, whereas higher thrombin levels are
required to activate PAR-4. Hence, PAR-1 has become the focus of intense research as a
therapeutic antiplatelet target. Vorapaxar is a competitive PAR-1 antagonist that irreversibly
binds to the ligand-binding pocket on the extracellular surface of PAR-1. Based on two
large phases III clinical trials (TRA 2◦P–TIMI 50 [146] and TRACER [147] vorapaxar may be
used on top of standard antiplatelet therapy in the secondary prevention of ischemic events
in patients with a history of MI or symptomatic peripheral artery disease. Yet, vorapaxar
is contraindicated in patients with a history of stroke or transient ischemic attack because
it has been associated with increased intracranial bleeding. However, subgroup analyses
of both trials have found that vorapaxar might be potentially beneficial in patients with
previous MI, diabetes, coronary artery bypass grafting, and ischemic stroke [148,149]. So
far, vorapaxar has been shown to reduce thrombus formation in post-MI patients treated
with potent P2Y12 inhibitors [150].

PZ-128 is a pepducin inhibitor of PAR1 for patients with CAD/ACS undergoing coro-
nary interventions. Pepducins are lipidated peptides which target the cytoplasmic surface
of their cognate receptor, not affecting the ligand-binding. PZ-128 has experimentally
been demonstrated to reduce acute arterial thrombosis and atherosclerotic plaque bur-
den [151]. Furthermore, PZ-128 was recently tested in a phase II trial in NSTEMI or stable
angina patients undergoing PCI and appeared to be safe, well-tolerated, and potentially
reduce periprocedural myonecrosis when administered on top of standard antiplatelet
therapy [152].

As per PAR-4 inhibitors, BMS-986141 has been demonstrated to reduce platelet-rich
thrombus formation under a high shear rate [153] and is currently being tested in a phase
IIa trial (NCT05093790). A similar drug, BMS-986120, has been recently tested with success
in humans (phase I) [154] after encouraging data from preclinical studies where it has
shown robust antithrombotic activity and a low bleeding profile [155,156].

3.2.2. Inhibition of Phosphoinositide 3-Kinase Beta (PI3Kβ)

PI3Kβ is a lipid kinase that acts as an important mediator in the signal transduction
downstream of the activation of P2Y12, GPIIb/IIIa, GPVI, PAR, and GPIb and plays a
pivotal role in platelet aggregation and thrombus stability.

Based on the specific PI3Kβ inhibitor, TGX-221, which has only been tested in preclini-
cal studies, a new molecule with better pharmacological properties has been developed,
AZD-6482. This drug has shown in a phase I trial to moderately inhibit ADP- and collagen-
induced platelet aggregation, particularly under high shear stress conditions with only
mild prolonged bleeding time [157]. In another phase I study, the combination of AZD-
6482 with ASA provided greater platelet inhibition compared to DAPT with ASA and
clopidogrel without translating into prolonged bleeding times [158]. A new phase II
trial (STARS) is planned to test the safety and tolerability of this drug in reperfusion for
stroke (NCT05363397).

3.2.3. Selatogrel: The New Antagonist of the P2Y12 Receptor

Selatogrel (ACT-246475) is a new potent, reversible, and selective inhibitor of the P2Y12
platelet receptor. Its efficacy and safety have already been confirmed in phase I and II
clinical trials. In contrast to the currently used P2Y12 inhibitors (i.e., oral or intravenous
administration), selatogrel is administered subcutaneously, overcoming potential pharma-
cokinetic limitations of other P2Y12 inhibitors, including the delay of absorption and lack
of enteral access for administration with oral formulations; the need for intravenous access
with cangrelor; or the need for metabolization (e.g., clopidogrel and prasugrel) to be ideal
in the critical 3-h window during an ACS [159]. Additionally, selatogrel seems to have
a lower bleeding risk profile than clopidogrel or ticagrelor. A study performed in mice
showed that the stability of hemostatic seals was undisturbed in the presence of selatogrel,
unlike clopidogrel or ticagrelor. The authors suggested that the mechanism underlying the
differences in blood loss profiles among these P2Y12 receptor antagonists was related to off-
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target interference with endothelial and neutrophil cells and fibrin-mediated stabilization of
hemostatic seals [160]. Subsequently, phase I and phase II clinical trials have confirmed that
selatogrel provides sustained and reversible P2Y12 platelet inhibition with an acceptable
safety profile [159]. A phase III clinical trial is currently underway (NCT04957719).

3.2.4. New P2Y1 Receptor Antagonists

Besides the P2Y12 receptor, human platelets express another purinergic ADP receptor
named P2Y1. The binding of ADP to P2Y1 initiates platelet aggregation response which
may be reverted, while P2Y12 activation leads to irreversible platelet aggregation. Therefore,
complete platelet aggregation requires a complex interplay and coactivation of both P2Y1
and P2Y12 receptors [161]. Following this assumption, several P2Y1 inhibitors have been
developed, though so far, they have only been tested in animal models, as detailed in
Table 5 [162].

3.3. Targeting Platelet Aggregation and Thrombus Propagation
3.3.1. New Inhibitor of GP IIb/IIIa

Zalunfiban (RUC-4) is a second-generation small-molecule platelet GPIIb/IIIa inhibitor
that blocks the receptor in its inactive conformation. This blockade avoids the drug-
induced thrombocytopenia associated with other GPIIb/IIIa inhibitors since it prevents the
exposition of epitopes that are potential targets for thrombocytopenia-related antibodies.
Subcutaneous administration of RUC-4 in healthy subjects and stable coronary artery
disease patients on ASA (Phase I trial) has shown a rapid (<15 min), potent (>80% reduction
of platelet aggregation), and reversible (platelet function is restored after 1–2 h) platelet
inhibitory effect [163]. These observations were confirmed in a phase IIa trial in the setting
of STEMI [164]. Currently, RUC-4 is being tested in phase IIb trial in STEMI patients
undergoing primary PCI (NCT04825743). Other GPIIb/IIIa inhibitors have been developed
and are currently being tested in the preclinical setting, as detailed in Table 5.

3.3.2. Inhibition of Protein Disulfide Isomerase (PDI)

PDI is an enzyme in the endoplasmic reticulum that catalyzes the modification of
thiol-disulfide bonds during protein synthesis and is also expressed on the surface of
multiple cells, including platelets. Four members of the PDI family of enzymes, including
PDI, ERp57, ERp72, and ERp5, are secreted from activated platelets and endothelial cells at
the site of vascular injury. The mechanisms by which extracellular PDI regulates platelet
function remain to be determined. However, it is thought to interact with prothrombotic
components, including GPIIb/IIIa, α2β1, vWF, GPIbα, and TF supporting, and thus,
platelet activation, aggregation, and coagulation [165–167].

Quercetin flavonoids (mainly isoquercetin) are potent PDI inhibitors present in fruits
and vegetables. They have been tested primarily in the field of cancer and venous throm-
boembolism where it has been shown, in phase II trial, to improve hypercoagulability in
advanced cancer [168]. However, its potential role in the context of CVD has yet to be
established [169,170]. So far, other PDI inhibitors are in the pipeline since they have been
shown to exert antithrombotic effects in vitro and in experimental animal models (Table 5).

4. Conclusions

Despite the major advances in antithrombotic therapy accomplished over the last
decades, atherothrombotic events remain a leading cause of death worldwide. The sec-
ondary prevention of both ischemic heart disease and ischemic stroke requires effective
antiplatelets and anticoagulants without bleeding side effects. Research conducted over
the last years has led to a deeper understanding of the molecular mechanisms regulating
atherothrombosis and hemostasis, providing new targets for intervention [5,6,171–173].
New antithrombotic strategies have been developed and assessed in preclinical animal
models, and some have already reached clinical testing. As per the coagulation cascade,
new anticoagulants have focused on the intrinsic coagulation pathway to prevent ischemic
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coronary and cerebral events. In this regard, although the long journey from animal studies
to randomized clinical trials has just started, hopefully, some of these promising strategies
will reach routine clinical use, providing the patient with optimal protection against arterial
thrombosis inhibition while preserving hemostasis.
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Abstract: Despite major advancements in the development of safer and more effective anticoagulant
agents, bleeding complications remain a significant concern in the treatment of thromboembolic
diseases. Improvements in our understanding of the coagulation pathways highlights the notion that
the contact pathway—specifically factor XI (FXI)—has a greater role in the etiopathogenesis of throm-
bosis than in physiological hemostasis. As a result, a number of drugs targeting FXI are currently
in different stages of testing and development. This article aims to review the different strategies
directed towards FXI-inhibition with a brief summation of the agents in clinical development, and
to comment on the therapeutic areas that could be explored for potential indications. Therapeutics
targeting FXI/FXIa inhibition have the potential to usher in a new era of anticoagulation therapy.

Keywords: factor XI; factor XI inhibitor; thrombosis; new drugs

1. Introduction

Thromboembolism and its associated complications remain a huge healthcare burden
worldwide. The central role of thrombosis is observable in a variety of cardiovascular
disorders, most notably in coronary artery disease (CAD), atrial fibrillation and stroke,
peripheral arterial disease (PAD), and venous thromboembolism (VTE). Ischemic heart
disease and stroke collectively are responsible for nearly 25% of all deaths worldwide [1],
whereas estimates for the incidence rate for VTE, comprising deep vein thrombosis (DVT)
and pulmonary embolism (PE), range from 115 to 269 per 100,000 people worldwide [2].
The impact of thrombosis extends beyond the cardiovascular arena and is increasingly
being encountered in pathologies as diverse as cancer, immunological diseases, and even
psychiatric disorders. Even among patients with human immunodeficiency virus (HIV)
infection, who are living longer thanks to improvements in antiretroviral treatment, there is
evidence of increased thrombosis [3], which contributes to their increasing morbidity and
mortality from cardiovascular causes (6–15% of total mortality) [4,5].

The high human and financial cost of thromboembolic events underscore the need
for newer and better therapeutic options for the management of thrombotic disorders.
The challenge is in developing an agent that has potent antithrombotic effects but mini-
mal bleeding risk, as it requires a very fine balancing act in modulating the hemostatic
processes. Current anticoagulant options for clinical treatment of thrombotic disorders
include antithrombin activators (unfractionated heparin), low molecular weight heparins
(LMWHs and fondaparinux), vitamin K antagonists (VKA—warfarin), direct inhibitors
of activated factor X (rivaroxaban, apixaban, edoxaban, betrixaban), and direct inhibitors
of thrombin (hirudins, argatroban, and dabigatran). Although heparins and warfarin
are low-cost options with a high degree of efficacy, both are associated with drawbacks
that limit their clinical use. Heparin-induced thrombocytopenia, although infrequent,
can be potentially lethal, and the development of osteoporosis and risk of contamination
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are additional factors to consider when using unfractionated heparin [6]. Some of these
shortcomings have been reduced by LMWH and fondaparinux [6]. Warfarin presents the
limitation of a narrow therapeutic window and major food- and drug-interactions [7]. The
significant intra- and inter-patient variability of response of VKA makes frequent blood
testing for dose-adjustment a cumbersome necessity. The last few years have provided a
much-improved treatment option in direct oral anticoagulants (DOACs) that are convenient
in administration while being potent and equally effective to VKA, often with a lower
risk of bleeding [8–11]. Even so, the annual rate of major bleeding in patients on DOAC
treatment remains significant [12], approximately 5% in elderly patients with atrial fibrilla-
tion (AF) [13]. This is partly why an unacceptably high proportion of AF patients—nearly
one-third—do not receive the prophylactic anticoagulation they require. Even among those
that do receive anticoagulation therapy, nearly half do not receive the proper doses [14].
The need for newer, safer anticoagulants is therefore high, and novel targets for therapeutic
intervention are constantly under investigation.

2. Distinguishing Physiological Hemostasis from Pathological Thrombosis

Hemostasis is the normal, physiological process by which the clotting cascade seals
up vascular damage to limit blood loss following injury. Thrombosis, on the other hand,
encompasses various pathological conditions where the normally physiological clotting
processes end up generating blood clot(s) inside the vascular lumen that are disruptive
to the normal flow of blood. Thrombin generation and fibrin formation are the culmi-
nating steps in both hemostasis and thrombosis, but with important differences in the
pathways involved.

Hemostasis is commonly triggered when tissue factor (TF) within the adventitial layer
of blood vessels gets exposed to blood. Injury to vasculature that can lead to bleeding
activates a series of soluble plasma proteins that act together in a cascade of enzyme
activation events and culminate in the formation of platelet-fibrin clot(s). Because of the
relatively high concentration of TF in such scenarios, the generation of thrombin is rapid
and intense, quickly forming a hemostatic plug that seals the inciting TF away from blood.
This disrupts the amplification of the coagulation processes through feedback mechanisms
to the point of becoming pathological.

The concentration of TF in thrombosis is lower relative to hemostasis, but its duration
of contact with blood components often lasts longer. Whether triggered by TF from
disruption of an atherosclerotic plaque or activated monocytes/macrophages recruited
to the site of injury or inflammation, or by implanted medical devices or neutrophil
extracellular traps (NETs), these scenarios depend on the feedback mechanisms of the
coagulation cascade for the growth and stabilization of the thrombus. This clot or thrombus
can impede the flow of blood to the distal tissues and organs, leading to ischemia and
necrosis, manifesting as clinical events including acute coronary syndrome, stroke, or deep
vein thrombosis.

3. A Brief Review of the Classic Coagulation Cascade

The two major pathways for triggering blood clotting cascade are well known; (1) the
tissue factor pathway and (2) the contact pathway. Both pathways trigger a series of
cascading events that generate a blood clot (Figure 1) with the purpose to separate and
seal the triggering agent from blood, thereby preventing its further contact with plasma
components and arresting the thrombotic process.

3.1. Tissue Factor Pathway

This pathway is also known as the ‘Extrinsic’ pathway, as it is triggered by plasma
components coming into contact with an agent that is extrinsic to blood (i.e., TF). The
contact may happen when TF, normally embedded in the vascular wall, is exposed to
blood due to rupture of a plaque, or when TF is expressed on the surface of cells active in
inflammatory and immunological processes (e.g., monocytes and macrophages).
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Figure 1. The classic model of the coagulation cascade with the Tissue Factor/extrinsic, the Con-
tact/intrinsic and the common pathways. Triggering factors for both pathways are shown in square
boxes. NETs: neutrophil extracellular traps, ECMO: extracorporeal membrane oxygenation.

Tissue Factor is an integral cell-membrane protein that forms a complex with the
coagulation factor VIIa (FVIIa), normally present in plasma in the inactive zymogen form
FVII. The TF:FVIIa complex is a potent activator of coagulation and converts factors IX (FIX)
and X (FX) to the active forms FIXa and FXa, respectively (Figure 1). Each of these active
enzymes assembles with its protein cofactor (FVIIIa and FVa, respectively) on suitable
membrane surfaces to further propagate the coagulation cascade. The end result is a large
burst of thrombin, the last serine protease in the clotting cascade. Thrombin not only
converts fibrinogen into fibrin via limited proteolysis—which in turn assembles into a
fibrin clot—but is also one of the most potent activators of platelets. The activation and
aggregation of platelets contributes to the formation of a hemostatic plug. Additionally,
thrombin also activates FV, FVIII, and FXI, the latter two of which are part of the contact
pathway. Thus, the initial thrombin generated by the TF pathway can lead to activation of
the contact pathway.

3.2. Contact Pathway

Also known as the ‘Intrinsic’ pathway, this pathway is triggered when blood comes
into contact with anionic surfaces, such as extracellular DNA, RNA from activated or dying
cells including neutrophil extracellular traps (NETs) released by activated neutrophils [15],
or polyphosphates from the dense granules of activated platelets or microorganisms [16],
or those on artificial surfaces [17]. This leads to a change in the conformation of plasma
factor XII (FXII) into the active factor XII (FXIIa) [18,19]. FXIIa activates Prekallikrein to
Kallikrein, which in turn reciprocally activates FXII to FXIIa in a positive feedback loop [20].
Downstream, FXIIa activates FXI to FXIa, which in turn leads to proteolysis of factor IX
(FIX) to the active form (FIXa). The complex of FIXa and FVIIIa then activates FX to
FXa at the point where the TF and contact pathways converge to form the final common
pathway (Figure 1). The end result of all these interactions again is thrombin generation
and formation of a blood clot.
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The hemostatic process is kept in check by various inhibitory mechanisms that shut
down the coagulation pathways, thereby localizing the hemostatic plug. These inhibitory
mechanisms include proteins such as the tissue factor pathway inhibitor (TFPI) that inhibits
FXa [21], activated protein C (APC), which degrades FVa and FVIIIa [22], and antithrombin
(AT), which, in addition to factors IIa, Xa, and IXa [23], can also inhibit FVIIa and FXIa [24,25].

Significance of Contact Pathway in Thrombosis

Our understanding of the coagulation system in thrombotic pathophysiology has
improved significantly in recent years, with the classical cascade being superseded by the
cell-based model of coagulation (Figure 2). The TF pathway is understood to play a larger
role in the ‘initiation’ and ‘propagation’ phases of coagulation, functioning more in normal
hemostasis than in thrombosis. The contact pathway is more important in ‘amplifying’
the coagulation response, and despite its important role in clot formation in vitro, may
contribute minimally to hemostasis in vivo, as supported by the lack of bleeding tendencies
in patients deficient in FXII [26]. The contact pathway does appear, however, to have
an important role in thrombotic disorders. Increased activity of plasma FXII, FXI, or
kallikrein has been associated with atherosclerosis [27] and myocardial infarction [28,29],
whereas severe FXI deficiency has been associated with reduced risk of stroke and deep
vein thrombosis [30,31]. Deficiency in FXII in animal models has been reported to be
protective against arterial thrombosis [32] and ischemic brain injury [33].

Figure 2. Cell-based coagulation model illustrating the Initiation, Amplification, and Propagation of
the coagulation process. In the initiation phase, a small amount of thrombin and FIXa is generated
on the surface of the tissue factor (TF)-bearing cell that then diffuse away towards platelets. In the
amplification phase, this thrombin activates platelets (releasing factor Va from α granules), acts on
vWF-VIII to release vWF and activated factor VIIIa, and generates activated factor XIa. The role of
factor XI/XIa is primarily in the amplification stage where it activates factor IX and, in a feedback
loop, promotes further activation of zymogen factor XI to active factor XIa. The propagation phase
involves assembly of the various enzymes generated earlier to advance the process towards fibrin
generation and clot formation. Components of the classic TF-, contact- and common-pathway are
shown in blue, dark red, and green, respectively, along with triggers (black boxes) for each pathway.
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Selective modulation of the contact pathway theoretically should lower the risk of
thrombosis without increasing bleeding. Development of drugs that act by inhibiting
components of the contact pathway is currently in high gear, with factor XI (FXI), and to a
lesser degree factor XII (FXII), being the most prominent targets [34–36]. Evidence from
epidemiological studies supporting their role in thrombosis is stronger for FXI than it is for
FXII [37].

4. Factor XI as a Therapeutic Target

Factor XI is a blood coagulation zymogen produced by the liver that is part of the
early phase of the contact pathway [38]. It is converted to the active serine protease FXIa
by thrombin, FXIIa, and by FXIa itself and in turn activates FIX to further advance the
coagulation process [38]. FXI plays an important part in blood coagulation because its
feedback activation amplifies in vivo thrombin generation and fibrin formation [39]. The
additional thrombin formed via the FXI feedback loop also promotes the activation of
Thrombin Activatable Fibrinolysis Inhibitor (TAFI), which increases the clot’s resistance to
fibrinolysis, thereby helping to stabilize the formed clot.

The greater role of FXIa in thrombosis compared to hemostasis is evident from several
epidemiological and genetic studies. Higher levels of circulating FXI levels are associated
with increased risk for venous and arterial thrombosis, including stroke [40,41]. Deficiency
of FXI (Hemophilia C, Plasma Thromboplastin Antecedent Deficiency, Rosenthal Syndrome)
is rare and characterized by little to no bleeding tendency. Bleeding risk with factor XI
deficiency selectively increases in tissues with high fibrinolytic activity (e.g., following
dental surgery, tonsillectomy, and prostate surgery) [42]. Most frequent presentations
involve nosebleeds or bleeding after tooth extractions. In fact, patients suffering from
congenital FXI deficiency appear to have some degree of protection from thrombotic events,
with lower rates of ischemic stroke and venous thromboembolism [30,43]. Moreover,
hemorrhaging does not correlate with the levels of FXI in blood, i.e., bleeding is not
restricted to patients with severe deficiency, and individuals with similar levels of FXI can
experience different degrees of bleeding.

5. Pharmacologic Strategies for Factor XI Inhibition

Given the larger role FXI is thought to play in thrombosis than in hemostasis, novel
approaches to inhibit its generation and activity are being explored as new therapeutic
strategies (Figure 3). These include: (a) Antisense Oligonucleotides (ASOs) that act on the
liver to knockdown hepatic synthesis of FXI, (b) small molecules that target the FXI active
site or the heparin allosteric site on FXIa, (c) monoclonal antibodies that act by blocking the
activation or inhibiting the activity, and (d) Aptamers.

In addition to their varying mechanisms of action, these strategies also differ in their
routes of administration (oral vs. parenteral), the onset of action, and the duration of effect.
Parenteral administration is a requirement for ASOs, aptamers and monoclonal antibodies,
whereas small molecule agents offer the option of either parenteral or oral administration.
The varied onset and duration of action may present a broad set of treatment options
depending on the pathology at hand; acute thrombotic events requiring quick-acting
agents whereas longer-acting options, such as antibodies, would be more suitable for
chronic prophylactic and preventative measures. Similarly, for conditions presenting a
high risk of bleeding complications such as trauma or surgery, shorter-acting agents would
be preferable.

Inhibition of FXIa as a therapeutic option may also allow the possibility to easily
reverse the effects of treatment, as has been tested successfully in animal models. In a
rabbit AV-shunt model of thrombosis, the antithrombotic effects of a small molecule FXIa
inhibitor (71.3 ± 5.2% lowering of thrombus weight vs. vehicle) were completely abolished
by non-specific reversal agents (222% and 64% increase in thrombus weight vs. vehicle
with FEIBA and NovoSeven, respectively) [44]. In another rabbit study, the addition of a
specific reversal agent fully normalized the 210% prolongation in APTT produced by an

95



J. Cardiovasc. Dev. Dis. 2022, 9, 437

anti-FXIa antibody [45]. This availability of reversing strategies for FXIa inhibition would
be a significant advantage for this class of drugs, similar to the one available for some
DOACs. Inability to reverse treatment effects can magnify the concerns about bleeding risks
associated with any antithrombotic agent, thereby hampering its proper clinical utilization.
As an example, although it is still possible to reverse the effects of antiplatelet drugs [46–48],
the lack of a convenient and simple reversal strategy mandates that bleeding risk be always
at the forefront of any discussion involving antiplatelet drugs.

Figure 3. Sites of action (represented by the yellow circles) of the factor XI/XIa inhibitory drugs
currently at different stages of clinical development. The anti-FXI ASOs (Antisense Oligonucleotides)
block mRNA transcription of FXI in the hepatocytes, thus inhibiting its synthesis. Some monoclonal
antibodies attach to the catalytic domain of FXI and block its FXIIa-mediated conversion to the active
FXIa form, thus locking it in the inactive zymogen state. Most of the currently in development
anti-FXIa antibodies act similar to the small molecule FXIa inhibitors and bind to the active site(s) on
FXIa, thereby blocking its activity.

A summary of FXIa inhibitors in more advanced stages of clinical development is
presented in Table 1.

5.1. Antisense Oligonucleotides (ASOs)

Antisense Oligonucleotides are short, single-stranded nucleic acid sequences that pair
with specific regions of mRNA and regulate its gene expression [49,50], thereby down-
grading the hepatic synthesis of FXI. Their benefits include high specificity, predictable
pharmacokinetics (PK), and long half-life. Furthermore, ASOs lack the drug–drug interac-
tions commonly seen with conventional therapeutic agents. However, as nucleic acids in
general are susceptible to degradation by nucleases, ASOs require some sort of chemical
modification to confer nuclease resistance and enhance intracellular stability.
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1. IONIS-FXIRx.

This agent (formerly known as ISIS 416858) is the ASO furthest in clinical development.
Administered subcutaneously, IONIS-FXIRx has been shown to produce a concentration-
dependent reduction in FXI antigen and activity levels [51]. In a phase II study of 315 pa-
tients undergoing total knee replacement, IONIS-FXIRx reduced the risk of postoperative
VTE more than enoxaparin, without increasing the risk of bleeding. Rates of VTE were 27%
and 4% among patients treated with 200 and 300 mg doses of IONIS-FXIRx, respectively,
versus 30% in patients who received enoxaparin 40 mg once-daily [52]. Additionally, rates
of major or clinically relevant non-major bleeding were also lower with IONIS-FXIRx (3%
with both doses versus 8% with enoxaparin) [52].

IONIS-FXIRx has also been tested in 49 patients with end-stage renal disease (ESRD)
requiring hemodialysis, where it produced a dose-dependent reduction in FXI antigen level
and activity, and in aPTT without changing INR [53]. No drug-related serious adverse
events or accumulation of the drug were observed after 12 weeks of treatment. A larger
phase II study of the safety, PK, and pharmacodynamics (PD) was completed in 2019 in
patients with ESRD, but no results are available to-date (NCT03358030).

2. IONIS-FXI-LRx.

A second-generation, ligand-conjugated antisense (LICA) agent named IONIS-FXI-
LRx is also under clinical development. Its increased potency allows for once-monthly
administration at lower doses, which helps to reduce the potential for injection-site reactions
seen with IONIS-FXIRx. A phase II study of the safety, PK, and PD of IONIS-FXI-LRx in pa-
tients with ESRD was recently completed, but results are not yet available (NCT03582462).

Table 1. Inhibitors of FXI/FXIa in various stages of clinical development.

Compounds Route Stage Indication N Status

ASO 1

IONIS-FXIRx S.C. 2 Phase II Total knee arthroplasty 315 Published [52]
Phase II ESRD 4 49 Published [53]
Phase II ESRD 4 213 Completed (NCT03358030)

IONIS-FXI-LRx S.C. 2 Phase II ESRD 4 307 Completed (NCT04534114)

Small molecule
Asundexian Oral Phase II Myocardial infarction 1601 Published [54]

Phase II Ischemic stroke 1808 Published [55]
Phase II AF 5 753 Published [56]
Phase III AF 5; Stroke and TIA 6 30,000 Announced [57]

Milvexian Oral Phase II Total knee arthroplasty 1242 Published [58]
Phase II Stroke and brain MRI 7 NCT03766581 [59]

ONO-7684 Oral Phase I PK 8 & PD 9 in healthy 48 + 24 Published [60]
EP-7041 I.V. 3 Phase II Thrombocytopenia, COVID-19 90 Not recruiting (NCT05040776)
BMS-962212 I.V. 3 Phase I PK 8 & PD 9 in healthy 691 Completed (NCT03197779)

Antibodies
Abelacimab S.C. 2 Phase II Total knee arthroplasty 412 Published [61]

Phase II AF 5 1200 Not recruiting (NCT04755283)
Phase III Cancer-associated VTE 10 1655 Recruiting (NCT05171049)
Phase III GI/GU-associated VTE 10 1020 Recruiting (NCT05171075)

Osocimab I.V. 3 Phase II Total knee arthroplasty 813 Published [62]
Xisomab 3G3 I.V. 3 Phase II ESRD 4 27 Published [63]

Phase II Thrombosis in chemotherapy 50 Recruiting (NCT04465760)
MK-2060 I.V. 3 Phase II ESRD 4 489 Recruiting (NCT05027074)
REGN9933 I.V. 3 Phase I PK 8 & PD 9 in healthy 72 Recruiting (NCT05102136)

1 Antisense Oligonucleotides; 2 subcutaneous; 3 intravenous; 4 end stage renal disease; 5 atrial fibrillation;
6 transient ischemic attack; 7 magnetic resonance imaging; 8 pharmacokinetic; 9 pharmacodynamic; 10 venous
thrombo-embolism.
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5.2. Small Molecules
5.2.1. Small Molecules Targeting the Active Site on FXIa

A number of small molecules that inhibit FXIa activity by binding to the active site are
in existence. These agents act by attaching to either S1, S2, or both pockets of FXIa [64].

1. Asundexian (BAY 2433334).

This small molecule is in the most advance stages of development among FXIa in-
hibitors, with results from three phase 2 studies published recently. The first to be published
was a dose-finding trial that compared asundexian with placebo for the prevention of major
adverse cardiac events in patients with recent acute MI on dual-antiplatelet therapy [54].
Patients (n = 1601) were randomized within 5 days of an MI to oral asundexian 10, 20, or
50 mg or placebo, given once-daily for 6–12 months in addition to aspirin plus a P2Y12
inhibitor. Over a year of follow-up, asundexian produced dose-dependent inhibition of
FXIa activity without significant increase in bleeding (Bleeding Academic Research Consor-
tium (BARC) bleeding type 2, 3, or 5: 7.6%, 8.1%, and 10.5%, respectively, with asundexian
doses, vs. 9.0% with placebo) and had low rates of ischemic events (composite of cardio-
vascular death, MI, stroke, or stent thrombosis: 6.8%, 6.0%, and 5.5%, respectively, vs. 5.5%
with placebo).

The second phase II trial, called PACIFIC-Stroke, compared asundexian 10, 20, or
50 mg vs. placebo for the secondary prevention of recurrent stroke. The study included
1808 patients with acute (<48 h) non-cardioembolic ischemic stroke, treated with single
or dual antiplatelet therapy [55]. In this trial, asundexian did not reduce the primary
efficacy endpoint—a composite of recurrent symptomatic ischemic stroke and MRI-detected
covert brain infarcts at 26 weeks (19%, 22%, and 20% with asundexian 10, 20, and 50 mg,
respectively, vs. 19% with placebo). Rates of major or clinically relevant non-major bleeding
were 4%, 3%, and 4%, respectively, with asundexian vs. 2% with placebo.

The third phase II trial called the PACIFIC-AF trial, compared treatment with asundex-
ian with apixaban in patients with nonvalvular atrial fibrillation (n = 753). Patients were
randomly assigned to asundexian 20 or 50 mg once-daily or the standard 5 mg twice-daily
dose of apixaban [56]. Both doses of asundexian had lower rates of major or clinically
relevant non-major bleeding at 12 weeks vs. apixaban, with ratios of incidence proportions
of the primary composite endpoint being 0.50 and 0.16 for asundexian 20 and 50 mg versus
apixaban, respectively. Rates of thrombotic and cardiovascular events were reported to be
comparable with the two treatments, but the thrombotic endpoints were exploratory due
to sample size considerations.

The reporting of the asundexian phase II results has been followed by a recent an-
nouncement of a phase III development program. The OCEANIC program is expected
to enroll up to 30,000 patients in two large multinational studies, OCEANIC-AF and
OCEANIC-Stroke, involving atrial fibrillation and non-cardioembolic ischemic stroke or
high-risk transient ischemic attack, respectively [57].

2. Milvexian (JNJ-70033093/BMS-986177).

This orally active agent is also in the advance stage of clinical development among FXIa
inhibitors. In a phase II dose-finding trial in patients undergoing elective knee arthroplasty
(AXIOMATIC-TKR; n = 1242), postoperative FXIa inhibition with milvexian was effective
for the prevention of venous thromboembolism, with a dose-related response in both once-
daily and twice-daily administrations [58]. With twice-daily administration of milvexian
25, 50, 100, and 200 mg, the dose-response relationship was statistically significant and the
incidence of VTE significantly lower than the prespecified benchmark of 30% (21%, 11%,
9%, and 8%, respectively). In the same trial, rate of VTE with subcutaneous enoxaparin
was 21%. Milvexian also showed promising results on the safety side, with low rates of any
bleeding, major bleeding, or clinically relevant non-major bleeding relative to enoxaparin.

The findings from the second phase II trial (AXIOMATIC-SSP; n = 2366) for the preven-
tion of new ischemic stroke in patients following acute ischemic stroke or transient ischemic
attack were recently presented at the 2022 European Society of Cardiology Congress in
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Barcelona [59]. All patients received aspirin plus clopidogrel for 21 days, followed by
aspirin alone thereafter. While the rate of the primary efficacy endpoint—a composite of
ischemic overt stroke or covert stroke detected by brain MRI at 90 days—was numerically
lower at the 50 mg and 100 mg twice-daily doses, there was no apparent dose-response.
For clinical ischemic strokes (i.e., excluding covert brain infarction), milvexian doses from
25 to 100 mg twice-daily showed an ~30% relative risk reduction versus placebo. The rate
of major bleeding was moderately increased with milvexian 50 mg twice-daily and above,
but with no apparent dose-relation.

Based on the overall findings from the phase II studies, milvexian is moving towards
further studies in phase III trials. Interestingly, investigation of antidotes to milvexian has
also moved on to clinical stages (NCT04543383) after animal testing [44].

3. Other Small-Molecules in Early Development

A number of other oral and parenteral inhibitors of FXIa are in earlier phases of
development. These include ONO-7684, an orally active agent that was well-tolerated
in a phase I study with healthy volunteers. This study reported low overall incidence of
adverse events with no evidence to suggest bleeding risk [60].

The parenteral small molecules under development include EP-7041. A placebo-
controlled study to evaluate its safety, PK, and PD was conducted in healthy volunteers [65].
The drug was well-tolerated except for some cases of mild headache (23%) and infusion
site bruising (7%). EP-7041 exhibited rapid onset–offset and dose-related increases of aPTT
without affecting PT. Despite these positive results, there was no further development with
this agent until 2021, when an IND application for its use as an investigational treatment
for COVID-19 patients in ICU was accepted by the FDA (NCT05040776).

BMS-962212 is another parenterally administered, FXIa-inhibiting small molecule
investigated in healthy participants. In testing of multiple doses, the drug was well-
tolerated, with no bleeding events and mild adverse events in 17.6% participants [66]. Dose-
dependent changes in aPTT and FXI were observed with maximal effects by approximately
2 h, and no changes in PT or INR.

5.2.2. Small Molecules Targeting Heparin Allosteric Site on FXIa

This group of FXIa-directed agents exert their inhibitory effects by attaching to the
heparin-binding site on the catalytic domain of FXIa. Given the structural similarities
between the active sites of various serine proteases, it is believed that allosteric inhibition
would have the advantage of being more specific. Some of the sulfated glycosaminoglycan
(SPGG) mimetic compounds under development in this group not only exhibit a highly
selective inhibition of FXIa than any other target in the coagulation cascade, but also display
a reversal of their anticoagulant effects with FXI and serum albumin [67]. Protamine
could also reverse the anticoagulant effects of SPGG, providing potential ways for the
development of antidotes.

5.3. Monoclonal Antibodies

A number of monoclonal antibodies that block either FXI activation or FXIa protease
activity are currently under development for the treatment of thrombotic disorders. The
antithrombotic effects and bleeding risk of these antibodies are at various stages of testing.

1. Abelacimab (MAA868).

A monoclonal antibody that binds the procoagulant enzymatic site of both FXI (zymo-
gen) and the active form FXIa [68]. By binding to the catalytic domain, abelacimab locks
both the FXI and activated FXIa in an inactive, zymogen-like conformation, thereby taking
them out of the coagulation system. In a phase I testing, the pharmacodynamic effects
of a single subcutaneous administration lasted up to 4 weeks or longer, suggesting the
possibility of a once-monthly dosing [68].

Abelacimab has been compared with enoxaparin for the prevention of VTE in patients
undergoing elective knee arthroplasty (n = 412) in a phase 2 study with promising results.
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Patients were randomized to single intravenous administration of abelacimab 30, 75, or
150 mg, or to subcutaneous enoxaparin 40 mg [61]. Rates of VTE were 13%, 5%, and 4%
with abelacimab doses, respectively, vs. 22% with enoxaparin, assessed by venography or
objective confirmation of symptomatic events 8–12 days after the operation. Bleeding risk
was low, with occurrence in 2% of cases with the lower two doses of abelacimab and none
of the patients in the highest dose abelacimab or the enoxaparin groups.

A larger phase II study to compare the bleeding risk of abelacimab vs. rivaroxaban in
patients with AF at moderate-to-high risk of stroke (AZALEA-TIMI 71) is currently listed as
‘Active, not recruiting’ and plans to enroll 1200 patients (NCT04755283). Interestingly, the
more advanced studies with this agent are in the prevention of cancer-associated VTE, with
two active phase III trials comparing the efficacy of abelacimab vs. dalteparin (MAGNOLIA;
NCT05171075) and vs. apixaban (ASTER; NCT05171049).

2. Osocimab (BAY 1213790).

This is a fully human IgG1 antibody. Its crystal structure analysis has shown a novel
allosteric mechanism of action, with the antibody binding to a region adjacent to the FXIa
active site, leading to structural rearrangements and blocking of activity.

Osocimab has been compared with enoxaparin and apixaban for thromboprophylaxis
in patients undergoing elective knee arthroplasty in the phase II FOXTROT trial (n = 813).
A single intravenous administration of osocimab (given postoperatively at 0.3, 0.6, 1.2, or
1.8 mg/kg, or preoperatively at 0.3 or 1.8 mg/kg) was tested vs. once-daily enoxaparin
(40 mg subcutaneous) and twice-daily apixaban (2.5 mg oral) [62] to prevent the incidence
of VTE (assessed between 10 and 13 days postoperatively with bilateral venography or
confirmed symptomatic deep vein thrombosis or pulmonary embolism). Postoperatively
osocimab administration was noninferior at all, but the lowest dose vs. enoxaparin (VTE
rates of 18%, 8%, 13%, and 14% vs. 20%, respectively). Preoperative osocimab dosing at
1.8 mg/kg was in fact superior to enoxaparin in preventing VTE (9% vs. 20% VTE, respec-
tively), but also had the highest rate of major or clinically relevant nonmajor bleeding (4.7%)
among all osocimab doses, although it was still lower than enoxaparin (5.9%). Comparisons
with apixaban (12% VTE and 2% bleeding) were exploratory, and no statistical hypothesis
was defined. Given the combination of efficacy and safety, the 0.6- and 1.2 mg/kg doses of
osocimab appear to be most promising for future development. A phase II study in end
stage renal disease patients undergoing dialysis (n = 686) was recently completed with
these two doses, but findings are not yet available (NCT04523220).

3. Xisomab 3G3 (AB023).

This is a human IgG2b monoclonal antibody that binds to the apple 2 domain of
FXI and FXIa and inhibits the activation of FXI by FXIIa. Despite suppressing the FXIIa-
mediated activation of FXI, it leaves intact the ability of thrombin to reciprocally activate
FXI, as well as the enzymatic active site of the formed FXIa itself. In a small (n = 24) study
with ESRD patients on chronic hemodialysis, there were fewer occlusive events requiring
hemodialysis circuit exchange and lower levels of thrombin-antithrombin complexes and
C-reactive protein after xisomab administration compared with data collected prior to
dosing [63]. Another phase II trial to assess the efficacy of xisomab in preventing catheter-
associated thrombosis in cancer patients receiving chemotherapy is currently underway
(NCT04465760).

4. Other Antibodies in Clinical Testing.

Other agents from different manufacturers are also in early stages of clinical devel-
opment. These include MK-2060, which has a placebo-controlled phase II study actively
recruiting to evaluate the efficacy and safety in 489 patients with ESRD on hemodialysis
(NCT05027074), and REGN9933, with a phase I, placebo-controlled PK and PD study
recruiting healthy participants (NCT05102136).
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5.4. Aptamers

Aptamers are single-stranded oligonucleotides that act as potent antagonists by bind-
ing to their target protein. A number of specific aptamers have been developed that serve
as strong anticoagulants by disrupting complex interactions on their target proteins [69].

To date, aptamers targeting FXI directly or indirectly are in very early stages, with none
reaching clinical development. In laboratory testing, an agent designated Factor ELeven
Inhibitory APtamer (FELIAP) was shown to competitively inhibit FXIa-catalyzed FIX
activation and complex formation with antithrombin, without affecting FXI activation itself.
Plasma clotting and thrombin generation assays were also inhibited by this aptamer [70].
Similarly, two aptamers, designated 11.16 and 12.7, that bind to sites on the FXIa catalytic
domain were shown to non-competitively inhibit FXIa activation of FIX in laboratory
testing [71]. In human plasma, aPTT clotting time was also significantly prolonged by
aptamer 12.7.

One of the advantages of this class of agents is that it allows the possibility of devel-
oping specific antidotes that bind to its target aptamer and disrupt its aptamer–protein
interaction [72]. Furthermore, a universal antidote can also be developed that blocks the
action of any aptamer [73]. Despite some promising early data, the potential of aptamers
seems outmatched by that of the more direct inhibitors, including monoclonal antibodies
and small-molecule inhibitors. Research with these agents has thus lagged behind and even
declined, but their further development as an additional therapeutic tool remains relevant.

6. Fields for Therapeutic Investigation

6.1. Active Areas of Investigations

Inhibitors of FXI/FXIa are being investigated as alternatives to standard anticoagula-
tion therapy with heparins, VKAs, and DOACs. As such, the active areas of investigations
include the usual indications for anticoagulants.

6.1.1. Atrial Fibrillation

It is the most common clinically significant arrhythmia [74], with an age-related risk
of occurrence, and cardiac thrombus formation and systemic embolization are its most
significant clinical complications, raising the risk of stroke by 4–5 fold [75,76]. The DOACs
have shown better results than warfarin in preventing stroke in non-valvular AF patients,
with lower or equivalent rates of bleeding complications [77]. However, the need for safer
agents still persists and is even more pressing in AF patients requiring hemodialysis. There
is uncertainty as to whether the benefits of VKA actually outweigh their harm in AF patients
requiring hemodialysis, and trials investigating the role of DOACs in this population are
mostly in the early stages. Even in the absence of AF, hemodialysis on its own is a major
problem, with cardiovascular events accounting for nearly half of the mortality in these
patients. The availability of a newer antithrombotic agent with a better safety profile than
existing strategies could significantly improve clinical outcomes in AF patients with or
without the need for hemodialysis and in those who require dialysis, with or without AF.
An FXI-inhibiting strategy could be an improved therapeutic option in these patients and
warrants investigation in clinical trials.

6.1.2. Venous Thromboembolism

Anticoagulant therapy is the mainstay for the prevention and treatment of VTE dis-
eases. The development of DOACs has improved the management of VTE compared to
where it was with LHMH/VKA [78]. As a result, rates of idiopathic VTE appear to be on
the decline, but the incidence of non-idiopathic DVT and PE seem to be steady or increas-
ing [79], highlighting the need for newer treatment options. Even when used at reduced
doses, there is a risk of bleeding with DOAC therapy in these patients [80]. Strategies
with longer-acting FXI inhibitors such as ASO and monoclonal antibodies could prove to
be better treatment alternatives given their greater effect in reducing thrombosis versus
impeding hemostasis.
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6.2. Potential Areas for Therapeutic Investigations

Inhibitors of FXI/FXIa are currently in the early stages of clinical development, and
over time the spectrum of their clinical application will evolve into specific, focused indica-
tions. The areas for the investigation of their therapeutic applications potentially include
any pathology where thromboembolism plays an important role. Given the wide-ranging
times of their onset and duration of action, FXIa inhibitors have the potential to develop
into therapeutic strategies for the treatment and prevention of both acute and chronic,
venous, and arterial thromboembolic disorders.

6.2.1. Antiphospholipid Syndrome

Antiphospholipid antibody syndrome (APS) often manifests with symptoms of ar-
terial and venous thrombosis, with DVT being the most common venous presentation.
Current management of APS-related VTE is the same as any VTE and involves anticoag-
ulation with heparin, followed by warfarin. Among the DOACS, rivaroxaban has been
compared against warfarin to treat patients with thrombotic APS (RAPS study) but did not
reach the non-inferiority threshold for the study’s primary outcome (endogenous thrombin
potential—ETP) [81]. A larger trial of rivaroxaban versus warfarin was terminated early
due to “unbalance in the composite endpoint between arms” without further information
(TRAPS study; NCT02157272). Another trial for secondary prevention of thrombosis with
apixaban in APS patients (ASTRO-APS; NCT02295475) is currently ‘Active, not recruit-
ing’ [82]. Prevention of the thrombotic complications in APS may be a potential therapeutic
area to explore using the new anti-FXI agents.

6.2.2. Sickle Cell Disease (SCD)

Sickle cell disease is an autosomal recessive disorder of hemoglobin β-chain, often
manifesting as chronic anemia or acute vaso-occlusive crises. Stroke is a major complication
of SCD, with a prevalence rate of at least 11% in SCD patients by the age of 20 years [83].
Although the pathophysiology of stroke in SCD is not fully understood, the association
is well established [84,85]. A number of variables are thought to play a role, including
inflammation and TF derived from endothelial cells and monocytes, that increase the
propensity for thrombosis in these patients [86–89]. Periodic red cell transfusion is the only
intervention proven to prevent stroke in SCD patients in randomized trials [90]. Although
it may be premature to test the benefits of FXI-inhibiting strategies in SCD patients in
large-scale clinical trials, pre-clinical studies to explore treatment effect on the elevated
thrombotic tendency of this population may be warranted.

6.2.3. Implantable Devices/Blood Contact with Artificial Surfaces

Implantable devices that come into contact with blood, such as stents and mechanical
heart valves, left ventricular assist devices, and indwelling central venous lines and ports
used in chemotherapy, are frequently associated with thrombosis. Contact of blood with
artificial surfaces in extracorporeal membrane oxygenation (ECMO) also causes frequent
thrombotic complications. Interestingly, thromboembolism is the second major compli-
cation reported with ECMO, surpassed only by bleeding [91]. Systemic anticoagulation
is recommended in ECMO, though this may be undesirable in patients at high risk of
bleeding [92]. This in turn can lead to the failure of these devices and life-threatening
consequences. The success rate of DOACs in preventing thrombotic events in patients
with implanted devices has so far been disappointing. Not only are the DOACs non-
viable treatment options in patients with devices, but are also in fact contraindicated in
patients with mechanical heart valves, where warfarin is still the anticoagulant of choice.
Some DOAC trials in patients with devices were terminated due to higher thrombotic and
bleeding events in treated patients [93], while others were stopped due to safety reasons
(NCT02872649).

Mechanical devices initiate coagulation through the contact pathway by activating
FXII, leading to the local generation of TF [94]. Depletion of FXI in in vitro experiments
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have been shown to abolish this thrombin generation [95]. Dabigatran has been less
successful in this application than warfarin in both basic and clinical testing, and given
their mechanism of action, FXa inhibitors are unlikely to fare any better. None of the
DOACs are approved for preventing thrombotic complications in patients with mechanical
valves. FXI-directed strategies theoretically may be the most suitable for device-related
treatment scenarios as they may present comparable efficacy to warfarin with a better safety
profile. Prevention/treatment of thrombosis related to implantable devices appears to be
one area perfectly suited for FXI-inhibiting agents and needs clinical investigation.

6.2.4. Myocardial Infarction

The mainstay of CAD treatment is dual antiplatelet therapy with aspirin and one of
the P2Y12–receptor inhibitors (clopidogrel, ticagrelor, or prasugrel). Among the DOACs,
rivaroxaban is the only one to successfully undergo phase III evaluation in ACS patients in
combination with dual antiplatelet therapy. It reduced the risk of death from cardiovascular
causes, myocardial infarction, and stroke, but increased the risk of major bleeding and
intracranial hemorrhage [96]. FXI-directed strategies could prove to be safer than rivaroxa-
ban in ACS patients. Not only could they block contact activation on stents, but could also
prevent FXI-mediated thrombus stabilization and growth.

7. Conclusions

Recent advances in the understanding of the contact pathway, especially of its sig-
nificant role in thrombus stabilization and growth vs. in the initiation of clot formation,
have opened up new targets for therapeutic intervention. FXI is one such promising target.
Existing DOACs have improved treatment options compared to the classic heparins and
VKA, but the bleeding risks associated with their use are substantial enough to expand
the focus onto the development of their antidotes. Early indications are that FXI-directed
strategies could offer similar protection against thrombotic events as DOACs, but with
the added benefit of lower bleeding risk. Furthermore, the spectrum of modalities for
FXI inhibition presents a range of options in both types of administration and duration of
effect. With the possibility of once- or twice-monthly injections, some FXI-directed agents
could also improve treatment compliance compared to current therapies. Altogether, FXIa
inhibitors could be a therapeutic option in a broad spectrum of clinical scenarios that should
be investigated in human trials.

8. Future Directions

The broad spectrum of strategies available to modulate FXI/FXIa, including ASOs,
small molecules, antibodies, and aptamers, present opportunities to explore therapeutic
indications applicable in a wide variety of clinical scenarios. Several of the FXI-directed
agents discussed in this review are currently undergoing clinical evaluations in phase II
and phase III trials.

In addition to investigating the effectiveness of FXI-directed strategies versus antico-
agulants (i.e., heparins, warfarin, and DOACs), their safety and efficacy should also be
assessed in combination with anti-platelet agents because a large swath of the population
is on chronic aspirin therapy with or without a P2Y12-receptor inhibitor.
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Abstract: Left ventricular thrombus is a known complication following acute myocardial infarction
that can lead to systemic thromboembolism. To obviate the risk of thromboembolism, the patient
needs anticoagulation in addition to dual antiplatelet therapy. However, combining antiplatelets with
anticoagulants substantially increases the bleeding risk. Traditionally, vitamin K antagonists (VKAs)
have been the sheet anchor for anticoagulation in this scenario. The use of direct oral anticoagulants
has significantly attenuated the bleeding risk associated with anticoagulation for atrial fibrillation and
venous thromboembolism. Furthermore, in patients with atrial fibrillation undergoing percutaneous
coronary intervention, the use of direct oral anticoagulants (DOACs) in conjunction with antiplatelets
has been found to be noninferior in reducing ischemic events while significantly attenuating the
bleeding compared with VKA. After initial case reports, multiple observational and nonrandomized
studies have now safely and effectively utilized direct oral anticoagulants for anticoagulation in
left ventricular thrombus. Here, we report a series of two cases presenting with left ventricular
thrombus following acute myocardial infarction. In this case series, we try to address the issues
concerning the choice and duration of anticoagulation in the case of postinfarct left ventricular
thrombus. Pending the results of large randomized control trials, the judicious use of direct oral
anticoagulant is warranted when taking into consideration the ischemic and bleeding profile in an
individualized approach.

Keywords: left ventricular thrombus; anticoagulation; anterior wall myocardial infarction; dual
therapy; direct oral anticoagulants

1. Introduction

A left ventricular (LV) thrombus is a known complication following acute myocardial
infarction (AMI) that can lead to systemic thromboembolism. With the increasing use
of timely thrombolysis and primary percutaneous interventions (PCIs), along with the
unabated use of secondary prevention medications, the complications following AMI are
decreasing and survival is improving [1]. After myocardial infarction (MI), LV thrombus
still remains as high as 15% in the PCI era [2,3]. An LV thrombus usually occurs within
1 month post ST elevation MI, mostly occurs in the setting of acute anterior wall MI, and
is associated with poor outcomes. The consideration of optimal anticoagulation, along
with the decision of revascularization, makes decision-making a challenge. Echocardio-
graphy is the standard screening tool for detecting a thrombus, but sometimes contrast
echocardiography might be required for confirming the diagnosis. The American College
of Cardiology (ACC)/American Heart Association (AHA) guidelines for the management
of AMI recommend oral anticoagulants (OAC) in addition to dual antiplatelet (DAPT)
agents for the treatment and prevention of LV thrombi in acute MI [4]. However, the use of
triple therapy comes at the cost of increased bleeding complications [5]. Bleeding following
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anticoagulation is also associated with an increase in mortality. Hence, balancing the is-
chemic benefits against bleeding events is a common clinical dilemma. The introduction of
direct oral anticoagulants (DOACs) has revolutionized the scenario of the anticoagulation
of vascular thromboembolism, including atrial fibrillation (AF). Studies conducted to assess
the efficacy of dual therapy (single antiplatelet with OAC) in patients with acute coronary
syndrome (ACS) and atrial fibrillation (AF) undergoing PCI have shown encouraging
results with respect to attenuated bleeding and preserved efficacy. Additionally, DOACs
have been found to be comparable with vitamin K antagonists (VKAs) [6–9]. Although
these studies did not involve patients with an LV thrombus per se, a large body of af-
firmative data in the form of case reports, case series, observational studies and small
randomized studies has emerged regarding the safety and efficacy of DOACs in treating
LV thrombus. In this case series, we try to address this fairly common yet underestimated
and underrepresented situation.

2. Case Summary

2.1. Case 1

A 46-year-old man with conventional cardiovascular risk factors presented with
complaints of severe sudden onset chest pain of a 4-day duration. On examination, he had
a dyskinetic apex with an LV third heart sound. His electrocardiogram was suggestive of
anterior wall ST elevation MI, and his echocardiography showed a 1.8 cm × 1.5 cm clot at
the apex (Figure 1a) and attendant severe LV dysfunction. The patient underwent coronary
angiography, which revealed the 95% stenosis of the proximal left anterior descending
artery with poor contractility of LV. In view of his severe LV dysfunction, late presentation,
and pain-free status, he was subjected to myocardial perfusion imaging. Anticoagulation
with VKA was initiated and was targeted to an INR 2.0–3.0. DOACs were not used,
because the patient refused owing to financial constraints. Stress imaging (Technetium-99
single-photon emission computerized tomography) did not reveal any evidence of viability,
and dual therapy was continued for 1 month. The LV thrombus resolved by the end of
1 month, but we still continued dual therapy (clopidogrel and oral warfarin), along with
optimal medical treatment. He is planned for repeat echocardiography after 3 months and
is under follow-up.

Figure 1. Echocardiographic demonstration of thrombus in two cases managed by different anticoagu-
lation regimens. (1a)—two-dimensional echocardiography in apical view showing homogenous echo
dense mass (1.8 × 1.5 cm) at apex of left ventricle, suggestive of thrombus. (1b)—two-dimensional
echocardiography in apical view showing large echo dense mass (5.4 × 7.1 cm) at apex of a dilated
and akinetic left ventricle, suggestive of thrombus.

2.2. Case 2

A 66-year-old man presented to the emergency department on seventh-day post
anterior wall ST elevation myocardial infarction. He was a known hypertensive and had an
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episode of ischemic stroke 3 years back. His echocardiography revealed a 5.4 cm × 7.1 cm
LV thrombus at the apex with a cavity (Figure 1b). Because of the very late presentation,
he was offered an option of ischemia-guided or symptom-guided revascularization. The
patient opted for medical management and dual therapy with rivaroxaban, and clopidogrel
was initiated at discharge. Interestingly, this thrombus revealed early partial resolution
with dual therapy at the end of 1 month, and dual therapy was continued till 3 months.
The repeat echocardiographic evaluation at 3 months failed to demonstrate any evidence
of residual thrombus. He is presently on dual antiplatelet therapy and is doing well
on follow-up.

3. LV Thrombus—An Overview

LV thrombus usually forms in the akinetic or dyskinetic segments of the ventricle post
myocardial infarction (MI). The stasis of blood is maximal in these areas. Additionally,
MI causes damage to the endocardium, and post MI, there is hypercoagulability; hence,
according to the Virchow’s triad, these areas are prone to developing an LV thrombus.
The incidence of LV thrombus post MI has been estimated to be between 15% and 25%
in anterior wall MI by using cardiac MRI (magnetic resonant imaging) [3]. The incidence
of LV thrombi is decreasing thanks to the increasing use of primary PCI, neurohormonal
antagonists, adverse LV remodeling preventing agents and potent antithrombotic regimens.
A cardiac MRI (CMRI) is the most specific and sensitive modality, making it the gold
standard for detection of LV thrombus. However, in view of its limited availability, an
echocardiogram remains the diagnostic tool of choice.

A recent study by Maniwa et al. has shown the incidence of systemic embolization
to be 16.3% overall and 2.9% in patients maintaining an adequate therapeutic range of
anticoagulation [10]. In another study, acute ischemic stroke occurred in 11.8% of patients
with an LV thrombus who received anticoagulation as compared with 44.1% in those who
were not on anticoagulants [11]. The protrusion of thrombi into the cavity, non resolving
thrombi, and recurrent thrombi were predictors of stroke.

Once an LV thrombus is detected, patients should be immediately started on anti-
coagulation. In this scenario, anticoagulation provides benefits with respect to systemic
thromboembolism, whereas antiplatelets provide benefits regarding ischemic events. Ac-
cording to the 2013 ACC/AHA ST elevation MI (STEMI) guidelines, it is reasonable to
add OACs to DAPTs for patients with a STEMI and an asymptomatic LV thrombus, for
3 months, targeting a lower international normalized ratio (INR) goal of 2.0 to 2.5 [4].
On the other hand, the 2014 AHA/American Stroke Association (ASA) stroke prevention
guidelines recommend anticoagulation for a similar duration, but with an INR target of
2.5 [12]. The 2017 European Society of Cardiology (ESC)’s STEMI guidelines recommend
OACs for at least 6 months if there is an LV thrombus [13]. After 6 months, OACs are
to be guided by repeated echocardiography and balancing bleeding risk and the need
for concomitant antiplatelet therapy. However, these guidelines are not based on any
randomized prospective studies in this scenario (AMI with an LV thrombus).

The guidelines recommend VKAs in the setting of LV thrombus because of more
clinical experience. However, the need for frequent monitoring using the international
normalized ratio (INR), food–drug interactions, and an inability to achieve the target
therapeutic rate (TTR) are the major limitations of VKAs. Several observational studies and
case reports have been conducted in this regard.

4. Clinical Experience of Combination of OACs with Antiplatelets

It is well known that combining OACs with DAPTs substantially increases bleeding
risk [5,14]. Triple therapy, however, may be initially considered in patients with high
ischemic risk (recurrent MI, a suboptimal stent placement, or a history of stent thrombo-
sis) [12]. While there are no studies that have compared dual therapy with triple therapy
in the setting of MI and an LV thrombus, indirect evidence for the safety and efficacy of
DOACs plus dual antiplatelets comes from trials of AF patients undergoing PCI (Figure 2
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and Table 1) [15]. The WOEST and the ISAR-triple were the initial trials that included
patients of AMI with AF requiring PCI that compared triple therapy against dual therapy
with VKA [16,17]. In the WOEST trial, there was a significant reduction in serious bleed-
ing (44% vs. 19.1%), and in the ISAR-triple trial, the shortening of clopidogrel therapy’s
duration from 6 months to 6 weeks was found to be noninferior for both ischemic and
bleeding events. Interestingly, the WOEST trial included patients not only with AF but
also with other indications for anticoagulation. The four pivotal randomized trials of
DOACs in patients of AMI with AF who underwent PCI have also shown the benefits of
dual therapy (SAPT with DOACs) in reducing bleeding events primarily compared with
VKA-based dual or triple therapy [6–9]. There were no differences in the ischemic events
with DOAC-based therapy, though most of these studies were not powered enough for the
detection of ischemic end points.

Figure 2. Timeline of pivotal trials comparing conventional triple therapy with dual therapy (either
VKA or NOAC based). In the PIONEER AF PCI study, two doses of rivaroxaban were tried—2.5 mg
and 5 mg. Similarly, in REDUAL PCI, both 110 mg and 150 mg doses were studied. AUGUSTUS PCI
was a 2 × 2 factorial evaluating apixaban versus warfarin and aspirin versus no aspirin. (DAPT—dual
antiplatelet therapy; P2Y12—clopidogrel; VKA—vitamin K antagonist).

Meta-analyses of DOAC-based dual therapy have clearly shown that, compared with
triple therapy (OACs with DAPT), their utilization leads to a marked decline in bleeding
episodes without any increase in ischemic events. A meta-analysis of pivotal RCTs, by
Lopes et al., revealed that the odds ratios (ORs) for TIMI major bleeding were 0.58 (95% CI,
0.31–1.08) for VKAs plus a P2Y12 regime, 0.49 (95% CI, 0.30–0.82) for DOACs plus a P2Y12
inhibitor regime, and 0.70 (95% CI, 0.38–1.23) for DOACs plus a DAPT regime, respectively,
using VKAs plus a DAPT regime for comparison. Concurrently, the ORs for MACE were
0.96 (95% CI, 0.60–1.46) for VKAs plus a P2Y12 inhibitor, 1.02 (95% CI, 0.71–1.47) for
DOACs plus a P2Y12 inhibitor, and 0.94 (95% CI, 0.60–1.45) for DOACs plus a DAPT,
respectively [18]. The positive data from these studies set the stage for exploring novel oral
anticoagulants (NOACs) in an LV thrombus in conjunction with antiplatelets.

112



J. Cardiovasc. Dev. Dis. 2023, 10, 41

Table 1. Trials of oral anticoagulation therapy comparing dual therapy with triple therapy in pa-
tients with atrial fibrillation with acute coronary syndrome. Notes: DAPT—dual antiplatelet; ISTH-
International Society of Thrombosis and Hemostasis; VKA—vitamin K antagonist; C—clopidogrel;
A—aspirin; TIMI—thrombolysis in myocardial infarction.

Trial Year Drugs Compared Number Follow-Up Primary End Points

WOEST 2013 VKA + C,
VKA + DAPT 563 12 months Total number of TIMI bleeding events

ISAR-TRIPLE 2015 VKA + A,
VKA + DAPT 614 9 months

Composite of death, MI, definite stent
thrombosis, stroke, and TIMI

major bleeding

PIONEER- AF PCI 2016 Rivaroxaban (2.5/5) + C,
VKA + DAPT 1415 12 months

A composite of major bleeding or
minor bleeding event according to

the TIMI or bleeding requiring
medical attention.

REDUAL PCI 2017 Dabigatran (110/150) + C,
VKA + DAPT 2725 24 months

A composite of major or clinically
relevant nonmajor bleeding event

according to ISTH

AUGUSTUS PCI 2019
VKA + C,

Apixaban + C,
VKA + DAPT

4614 6 months
A composite of major or clinically
relevant nonmajor bleeding event

according to ISTH

ENTRUST AF PCI 2019 Edoxaban + C,
VKA + DAPT 1506 12 months Major or clinically relevant nonmajor

bleeding event according to ISTH

5. DOACs in LV Thrombus—The Clinical Experience

5.1. Case Reports

The initial data emerged with multiple case reports that demonstrated a resolution of
an LV thrombus with use of DOACs [19–25]. Most of these patients had an LV thrombus in
the setting of acute MI. One of these cases was of hypertrophic cardiomyopathy, while two
had nonischemic heart failure. The majority of patients had a resolution of the thrombus
by the end of 1 month with DOAC use, while one case demonstrated thrombus resolution
by as early as 7 days [24]. None of these reported any bleeding or systemic embolism
with DOACs.

5.2. Observational Studies and Case Series

Iqbal et al. performed a retrospective observational cohort study comparing DOAC
therapy with VKAs in patients with an LV thrombus [26]. In this study, 74% patients
received warfarin, and 26% patients received DOACs. There was no significant difference
in the rate of stroke or that of other thromboembolic events between the groups (2% vs. 0%,
respectively, p = 0.55). There were six episodes of clinically significant bleeding in the
study, all of which were seen with warfarin-based triple therapy (10% vs. 0%, p = 0.13).
The indication of fewer bleeding events with DOAC-based triple therapy as compared
with VKA-based triple therapy was clearly apparent. Subsequently, multiple retrospective
and prospective observational studies and case series have evaluated DOACs for antico-
agulation in the context of an LV thrombus, as summarized in Table 2 [27–35]. Thrombus
resolution on follow-up was the major end point in most of the studies, and DOACs were
similar or superior to VKAs in all of them (Figure 3). Both the rate of resolution and the
time of resolution were equal or better with DOACs. Bleeding events were similar or
lower with DOACs in all the studies described in the Table when compared with VKAs.
In one study, bleeding events necessitating transfusion were noted with DOACs, but all
these patients had concomitant antiplatelets [29]. Additionally, systemic embolism and
stroke rates were evaluated by many, and DOACs were again as efficacious as VKAs in
the majority. Although inherently limited by their nonrandomized nature, the variability
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of the types, the doses of DOACs utilized, and the nonuniform end points evaluated, the
plethora of studies do herald the era of DOAC anticoagulation for LV thrombi.

Table 2. Data from observational studies comparing anticoagulation with DOACs vs. VKAs in
patients with LV thrombus. Notes: DOAC—direct oral anticoagulant; OAC—oral anticoagulant;
VKA—vitamin K antagonist; LV—left ventricle; HR—hazard ratio.

Study
Number

of Patients
Anticoagulant Profile End Points Follow-Up Outcome

Robinson et al.
(2018) [27] 84

No OAC: 16 patients
Warfarin: 40 patients
NOACs: 35 patients

Other OACs: 7 patients

Survival free of
stroke and systemic

embolism
1 year No difference 88% vs. 77.9%, p = 0.719.

Jaidka et al.
(2018) [28] 49 Warfarin: 37 patients

NOACS: 12 patients

Thrombus resolution,
embolic events,
bleeding events

6 months

No difference in bleeding or embolic
events. Thrombus resolution also not
different between VKAs and NOACs

(69.2% vs. 88.9%; p = 0.245).

Fleddermann et al.
(2019) [29] 52

Only NOAC—apixaban = 26
Rivaroxaban = 24

Dabigatran = 2

Rate of LV thrombus
resolution; bleeding 264 days

83% had resolution of LV thrombus on
follow-up echocardiogram.

1 cardioembolic event and 4 bleeding
events requiring transfusion.

Daher et al.
(2020) [30] 59 Warfarin: 42 patients

NOACS: 17 patients
Rate of LV thrombus

resolution 3 months
Thrombus resolution was similar in

patients on NOACs (70.6%) and those
on VKAs (71.4%; p = 0.9).

Jones et al.
(2020) [31] 101 Warfarin: 60 patients

NOACS: 41 patients

Primary—rate of LV
thrombus resolution;
secondary—rate of

bleeding

2.2 years

Thrombus resolution earlier and
greater with NOACs (82% vs. 64.4%,

p = 0.0018).
Bleeding rates lower with NOACs

(0% vs. 6.7%, p = 0.030).
No difference in rates of systemic
thromboembolism (5% vs. 2.4%,

p = 0.388).

Guddeti et al.
(2020) [32] 99 Warfarin: 80 patients

NOACS: 19 patients

Occurrence of
ischemic stroke,
bleeding, and

thrombus resolution

1 year

No difference between stroke within
1 year or bleeding between two

groups (numerically higher event in
warfarin group); thrombus resolution

was similar between groups
(80% vs. 81%, p = 0.9).

Alcalai et al.
(2020) [33] 25 Warfarin: 12 patients

Apixaban: 13 patients

Primary end point:
thrombus resolution
Secondary end point:
systemic embolism,
major bleeding, and

death from any cause

3 months

Complete thrombus resolution in all
patients with warfarin and 12 out of

13 patients in apixaban group.
2 major bleeding events in warfarin
group and none in apixaban group.

Robinson et al.
(2020) [34] 514

Warfarin: 300 patients
NOACs (apixaban in

majority): 185 patients
No OAC: 93 patients
64 switched regimens

Stroke and systemic
embolism (SSE)

~1 year
(351 days)

NOAC use associated with higher SSE
risk compared with VKA use

(HR—2.64–2.71); prior stroke or
embolism also associated with higher

SSE risk.

Albabtain et al.
(2021) [35] 63

Warfarin: 35 patients
NOAC (rivaroxaban):

28 patients

Time to thrombus
resolution, bleeding,
stroke, and mortality

9.5 months

Median time to thrombus resolution
faster with NOACs (9 months

vs. 3 months, p = 0.019); no difference
in embolism, bleeding, or mortality.
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Figure 3. Rates of thrombus resolution observed in various studies/meta-analyses of studies utilizing
DOACs for anticoagulation for LV thrombi (upper panel) and the proportion of various DOACs used
in these studies (lower panel). Factor Xa inhibitor—apixaban has been the most extensively utilized
DOAC, and edoxaban was the least favored. The first three columns represent meta-analyses, while
the other seven represent individual studies.
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5.3. Randomized Controlled Trial Experience

As noted above, there is paucity of RCTs for NOAC use in LV thrombi. The recently
published NO-LVT study is possibly the only RCT comparing rivaroxaban (20 mg OD) with
warfarin [36]. The main outcome was thrombus resolution at 1, 3, and 6 months, assessed
by echocardiography, while bleeding and systemic embolism were secondary end points.
In the warfarin arm, enoxaparin bridging was employed until the INR reached 2–3. Of the
79 patients randomized, complete thrombus resolution was seen in 72%, 77%, and 87% at
months 1, 3, and 6, respectively, with rivaroxaban. The corresponding figures with VKAs
were 48%, 67%, and 80%. At 1 month, the odds of thrombus resolution were higher with
rivaroxaban compared with VKAs (187 OR—2.8; p = 0.03). No embolic events (stroke or
systemic embolism) were seen with rivaroxaban, while bleeding was numerically lower
with rivaroxaban. The major limitation was the use of TTE for assessing LV thrombi, but
that is the general practice worldwide. The trial comes as a shot in the arm for DOAC use
in LV thrombi.

5.4. Meta-Analysis and Systematic Reviews

Many meta-analyses, meta-summaries, and systematic reviews based on these obser-
vational studies and case reports have also shown the equivalent efficacy and better safety
of DOACs in treating patients with an LV thrombus (Table 3) [37–45].

One of the largest meta-analyses was conducted by Chen et al., which included
2467 patients on anticoagulation for an LV thrombus. The common theme again was the
better efficacy of DOACs for thrombus resolution, with no difference in systemic embolism
or stroke. The risk of bleeding was also found to be similar between VKAs and DOACs in
most of these meta-analyses.

Three recent meta-analyses of anticoagulation in LV thrombi have also shown sim-
ilar results. In a systemic meta-analysis conducted by Shu Fang et al., which included
2262 patients from 12 observational studies, there was no difference in safety or efficacy.
The rates of systemic embolism and stroke were 18.8% for DOACs and 22.6% for VKAs,
OR = 1.01, and 8.8% vs. 11.4%, OR = 0.76, respectively. Thrombus resolution also showed
similar trends in two groups (80.6% for DOACs vs. 80.2% for VKAs). However, it was
noted that there were fewer bleeding and systemic embolism episodes, although these
were not statistically significant. Thus, DOACs might be a safer option [46].

Similar results were reported in a meta-analysis conducted by Tetsuji Ketano et al.
comprising 2612 patients. There was no difference in thrombus resolution (0.75 for VKAs
vs. 0.75 for DOACs), stroke (0.06 for VKAs vs. 0.02 for DOACs), or any embolism (0.08 for
VKAs vs. 0.03 for DOACs. The odds ratio for major bleeding was 0.06 for VKAs vs. 0.03 for
DOACs [47].

Another meta-analysis, conducted by H. da Silva Ferraira, showed almost-equivalent
efficacy and safety for both types of OACs (stroke/systemic embolism for DOACs: 109/618
vs. 386/1814 for VKAs (OR 0.86; 95% CI, 0.55–1.33; p = 0.50); any bleeding event: 8.7% of
DOAC patients and 8.3% of VKA patients (OR 0.96, 95% CI 0.62–1.48, p = 0.88)) [48].

Thus, it can be concluded from these meta-analyses that DOACs are noninferior to
VKAs in terms of thrombus resolution, with no difference in the risk of stroke or embolism.
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Table 3. Meta-analyses, meta-summaries, and systematic reviews comparing DOAC therapy
and VKA therapy in setting of LV thrombus following MI. Notes: IQR—interquartile range;
DOAC—direct oral anticoagulant; OAC—oral anticoagulant; VKA—vitamin K antagonist; LV—left
ventricle; OR—odds ratio.

Author
(Year)

Sample
Size

Study Drug End Points Results Safety

Leow et al.
(2018) [37] 36

Rivaroxaban (47.2%)
Apixaban (25.0%)

Dabigatran (27.8%)

Thrombus resolution
and time to resolution.

Thrombus resolution was
observed in 87.9%, and

median duration of
treatment to resolution was
30.0 days (IQR = 22.5–47.0).

1 nonfatal bleeding
event (3.0%); no
embolic events.

Kajy et al.
(2020) [38] 41

Rivaroxaban (51.2%)
Apixaban (26.8%)
Dabigatran (22%)

Thrombus resolution
and time to resolution.

Thrombus resolution—81%
(R), 100% (A), and 88.9%

(D). Median time of
resolution—40 days (R), 36
days (A), and 24 days (D).

One nonfatal bleeding
event and one stroke
event were reported
while on a DOAC.

Al-abcha et al.
(2020) [39] 857 VKAs = 480;

DOACs = 220

Primary outcome was
thrombus resolution,

and the secondary
outcomes were major
bleeding and stroke

or systemic
embolism (SSE).

Similar rate of thrombus
resolution (odds ratio (OR)

0.97; p = 0.90).

Major bleeding (OR
0.62; p = 0.27) and

systemic embolism (OR
1.86; p = 0.05) were not

different between
groups.

Chen et al.
(2021) [40] 2467

Among DOAC users,
apixaban (50.0%),

rivaroxaban (40.8%),
dabigatran (8.8%), and

edoxaban (0.4%); among
VKA warfarin (98.5%) was
predominantly prescribed

Stroke or systemic
embolism;

thrombus resolution.

For prevention of stroke or
systemic embolism (VKA
vs. DOAC—RR: 0.96, 95%
confidence interval (CI):
0.80–1.16, p = 0.68); for

thrombus resolution (VKA
vs. NOAC—RR: 0.88, 95%
CI: 0.72–1.09, p = 0.26); for

risk of stroke (VKA vs.
DOAC—RR: 0.68, 95% CI:

0.47–1.00, p = 0.048).

For risk of any
bleeding; no difference

between VKAs and
DOACs (RR: 0.94, 95%
CI: 0.67–1.31, p = 0.70);
for clinically relevant
bleedings—lower risk
with DOAC users (RR:
0.35, 95% CI: 0.13–0.92,

p = 0.03) compared
with VKA users.

Burmister et al.
(2021) [41] 2153 570 on DOACs vs. 1583 on

VKAs)

LV thrombus
resolution,

thromboembolic events,
and thromboembolic

stroke.

Thrombus resolution was
significantly higher in

DOACs compared with
VKAs (RR: 1.18 (95% CI:

1.04–1.35); p = 0.01,
I2 = 25%); no significant

difference existed between
DOACs and VKAs
regarding overall

thromboembolic events
(RR: 1.10 (95% CI:

0.75–1.62); p = 0.61) or
embolic strokes (RR: 0.63

(95% CI: 0.39–1.02);
p = 0.06).

No difference in
all-cause death

(RR-0.84, p = 0.53) or
bleeding (RR-1.00,

p = 0.9).

Trongtorsak
(2021) [42] 1771 DOACs—426 and

VKAs—1345

Stroke, systemic
embolism.

Thrombus resolution,
bleeding.

No significant differences in
rates of systemic embolism
or LV thrombus resolution.

Bleeding similar
between two groups.

Shah et al.
(2021) [43] 867

Systemic embolism and
LV thrombus

resolution.

Systemic embolic events
(SEE)—2.7%;

thrombus—86.6%.

Bleeding (composite of
major and minor) and
major bleeding—5.6%
and 1.1%, respectively.

Abdelaziz et al.
(2021) [44] 700 VKAs = 480; DOACs = 220.

Stroke or systemic
embolism (SSE).

Secondary outcomes
were thrombus

resolution, bleeding,
and death.

For stroke or systemic
embolism (SSE), lower rates
with VKAs compared with

DOACs (5.2% vs. 9%;
OR = 0.54, p = 0.05).

Rates of thrombus
resolution (OR = 1.00,
p = 0.99) and bleeding
(OR = 1.62, p = 0.27)

and death (OR = 1.09,
p = 0.79) were similar.
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Table 3. Cont.

Author
(Year)

Sample
Size

Study Drug End Points Results Safety

Tetsuji Ketano et al.
(2021) [47] 2612 VKAs = 2004; DOACs = 608

Thrombus resolution,
stroke, any

thromboembolism, and
major bleeding.

No difference in thrombus
resolution (0.75 for VKAs

vs. 0.75 for DOACs), stroke
(0.06 for VKAs vs. 0.02 for
DOACs), or any embolism
(0.08 for VKAs vs. 0.03 for

DOACs).

OR for major bleeding
-0.06 & 0.03 for VKAs
DOAC respectively.

Saleh et al.
(2021) [45] 2395

Primary—thrombus
resolution;

secondary—occurrence
of major bleeding

and stroke or systemic
embolization

(SSE).

The rates of thrombus
resolution for VKAs and

DOACs were equal (71.9%
vs. 71.4%; p = 0.36).

Systemic embolism was
also similar between arms

(21.3% and 15.6%,
respectively; p = 0.57).

Major bleeding rates
were similar between

DOACs and VKAs.
(8.2% vs. 7.1%, p = 0.57,

OR = 0.87).

Shu Fang et al.
(2022) [46] 2262 VKAs = 1575; NOACs = 570

Thrombus resolution,
stroke/SSE, bleeding,

and mortality.

The rate for SSE (OR 1.01,
p = 0.95) and that for
thrombus resolution

(OR = 1.15) were similar.

Similar bleeding
risk(OR = 0.78).

H. da Silva Ferraira
(2022) [48] 2432 DOACs = 618;

NOACs = 1814
Stroke/SSE and
bleeding events.

DOACs vs. VKAs
(OR = 0.86).

8.7% for DOACs
vs. 8.3% for VKAs.

5.5. Use of Anticoagulation for Prevention of LV Thrombus Formation

Previously, conventional triple therapy comprising DAPT plus VKAs was used to
prevent LV thrombus formation in patients with a high-risk ST elevation MI such as large
anterior wall ST elevation MI—LV ejection fraction < 30%, dyskinetic LV, or formation of
LV aneurysm [46]. However, this practice was not supported by high-quality evidence.
Moreover, triple therapy increased the risk of major bleeding, so interest in this area has
been waning.

Zhang et al. studied the prophylactic use of rivaroxaban for LV thrombus after anterior
ST elevation MI [49]. The study comprised 279 patients who underwent PCI and were
randomized in a one-to-one manner to either rivaroxaban (2.5 mg twice daily for 30 days)
plus DAPT or DAPT alone. The primary end point was the formation of an LV thrombus
within 30 days. The net clinical adverse event included all-cause mortality, LV thrombus
formation, systemic embolism, rehospitalization for cardiovascular events, and bleeding.
There was a significant reduction in LV thrombus formation by rivaroxaban (0.7% vs. 8.6%).
The net adverse events were also lower in the rivaroxaban group, while there were no
differences in bleeding events at 30 or 180 days.

Thus, the use of the shortest possible course of triple therapy comprising DOACs with
the further continuation of DAPT as required may be used for at-risk patients and is an
area of research in such patients. However, further research is needed in this regard for
strong validation [49].

5.6. A Note of Dissent

While the majority of case reports, case series, and nonrandomized studies favor
the use of DOACs in settings involving an LV thrombus, some have produced disparate
results. Robinson et al. demonstrated higher stroke and systemic embolism rates (hazard
ratio: 2.6–2.7) with DOAC use for an LV thrombus [34]. The large sample size, multicenter
design, and longer follow-up are strengths of the study. Similarly, Abdelaziz, in a recent
meta-analysis, found that lower rates of stroke and systemic embolism were noted with
VKAs vs. DOACs [43]. These results advocate caution and argue against the blanket use of
DOACs for LV thrombi without additional consideration of ischemic and bleeding risks.

The genesis of LV thrombi is multifactorial, including stasis and endothelial dysfunc-
tion, whereas the left atrial (LA) thrombus is primarily stasis induced. It also noteworthy
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that DOACs in AF are used principally to prevent the genesis of an LA thrombus, but the
thrombus is already in situ in the current scenario. In this case, the type of DOAC could
be of importance: factor Xa inhibitors versus direct thrombin inhibitors. One hypothesis
postulated is that dabigatran binds thrombin in a one-to-one molecular ratio, while one
factor Xa leads to the generation of 1000 thrombin molecules, making factor Xa inhibition
more attractive. Few cases of LV thrombi on dabigatran therapy have emerged in the
literature [50,51]. The use of dabigatran for anticoagulation in mechanical heart valves
was also unsuccessful in a RE-ALIGN study. However, factor Xa inhibitors have been
preferentially utilized in LV thrombus studies (Figure 3).

Interestingly, Robinson et al. found no effect from oral/parenteral anticoagulation use
on LV thrombus resolution during follow-up. This contrasts with previous studies and
conventional wisdom. Contemporary studies have shown that prolonged anticoagulation
attenuates rates of major adverse cardiovascular events and embolic events in patients with
an LV thrombus [52].

An analogy can be drawn from the use of DOACs in situations including AF undergo-
ing PCI. DOAC-based combination therapy has now shown to be noninferior in comparison
to warfarin-based therapy in reducing ischemic events while showing simultaneous superi-
ority in reducing serious bleeding in AF patients undergoing PCI [15]. However, none of
the individual trials were powered enough to assess the ischemic events. In fact, some sig-
nals of numerically increased stent thrombosis have emerged in a meta-analysis, advising
caution [53].

The use of an echocardiographic resolution of LV thrombi as an end point is marred by
the low sensitivity of echocardiography, the varied time interval between echocardiographic
acquisitions, and the differential frequency of imaging used in these studies, calling for
clinical event-driven end points in future studies.

More recently, the failure of two large DOAC trials in rheumatic heart disease and
prosthetic heart valves, respectively, further bolsters the role of VKAs as a first-line therapy
for non-AF-based indications of OACs. Rivaroxaban failed to improve outcomes compared
with VKAs in the large randomized INVICTUS study in the setting of rheumatic mitral
valve disease [54]. Similarly, a trial of apixaban in the setting of prosthetic heart valves
(the ON-X valve in the PROACT-Xa trial) was stopped prematurely owing to futility [55].
Though the results are not generalizable to the current context, they at least give an
indication for slowing down the pace of the universal acceptance of DAOCs for LV thrombi.

6. Future Directions

Large and adequately powered RCTs comparing DOACs and VKAs with at least
6–12-month follow-ups are the need of the hour. With the prompt revascularization and
institution of secondary prevention therapies attenuating the rates of LV thrombus forma-
tion following MI, this seems to be an uphill task. The EARLYmyo-LVT (NCT03926780;
n = 280) is an ongoing study comparing rivaroxaban (15 mg OD) with warfarin (target
INR: 2–2.5) as a part of triple therapy post MI. The rate of thrombus resolution at 3 months
and bleeding events are the primary end points. Another ongoing study (NCT03232398) is
comparing apixaban (5 mg BD) in LV thrombi versus warfarin (target INR: 2–3) for post
MI. The primary end point again is the echocardiographic resolution of a thrombus after
3 months of therapy, and it plans to recruit 50 patients.

7. Choice for Anticoagulation—Practical Considerations and Guidelines

7.1. Utilizing Risk Scores for Decision-Making

The choice of DOACs versus VKAs for the anticoagulation regime is a matter of debate.
In the absence of large RCTs, few practical considerations deserve merit. Three potential
factors need to be considered: bleeding risk with VKAs (assessed by a HAS-BLED score),
the ability to maintain therapeutic INR with VKAs (assessed by a SAMeTT2R2 score), and
financial considerations. If the patient has a high bleeding risk and/or there is difficulty in
achieving therapeutic INR, DOACs should be preferred. Otherwise, VKAs should be the
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choice for anticoagulation. Additionally, when there are financial constraints, VKAs should
be used thanks to their low cost. When combining OACs and DAPT, the duration of triple
therapy should be kept to no longer than 1 month, according to the data extrapolated from
trials of AF patients undergoing PCI [6–9,15].

A recently published review article on triple therapy in the setting of PCI suggested
that therapy can be individualized on the basis of patients with thrombotic and bleeding
risks, by taking into account the time frame post PCI. The authors suggested four time
frames, 0–1 month, >1–6 months, >6–12 months, and >12 months. In the first month post
PCI, all the patients can be given DOACs plus P2Y12 inhibitors, and aspirin can be added
in those patients with high thrombotic but low bleeding risks. After 1 month and until
6 months, all patients are to be kept on DOACs plus P2Y12 inhibitors. In the next 6 months,
patients with low bleeding risk to be kept on DOACs plus P2Y12 inhibitors, irrespective of
thrombotic risk, and only on DOACs if the bleeding risk is high. Beyond 12 months, all the
patients should be on DOACs only [56].

7.2. Suggested Algorithm

In medically managed patients, a dual therapy is preferred in order to curtail the
bleeding risk while patients undergoing PCI will need an initial triple therapy regimen
(DAPT+OAC). For one of our patients, we prescribed dual therapy with VKAs, while
for another patient, we gave dual therapy with DOACs. Interestingly, both patients
responded well to dual therapy, and there was a resolution of the LV thrombus at 1 month.
More importantly, there were no thromboembolic events; neither were there any bleeding
episodes. Certain clinical features that predict a high risk of stroke, such as a prior systemic
embolism, the protrusion of a thrombus into the cavity, a recurrent thrombus, and the
nonresolution of a thrombus from the initial therapy, may call for the preferential use
of warfarin-based anticoagulation [10,34]. Patients with a high risk of stent thrombosis
(recurrent ACS, multiple stents, complex bifurcation PCI, heavily calcified lesions, total
stent length >60 mm, or bioabsorbable stents) may benefit from the extended duration of
initial triple therapy [57].

A suggested algorithm regarding the choice and duration of anticoagulation use in LV
thrombi that is based on the current literature is presented in Figure 4.

Nonetheless, the lack of a predictable anticoagulant response, narrow therapeutic
range, and need for frequent monitoring has spurred the more widespread use of DOACs
and use of DOAC-based combination therapy in AMI patients who require concomitant
oral anticoagulation. Because rivaroxaban and apixaban are now off patent, the financial
constraints may no longer be a valid argument in many geographical regions, leading to
increased prescriptions. However, as previously detailed, there is no need to jump the
queue in utilizing DOACs until their noninferiority is established in large RCTs, and they
should still be alternatives to VKAs on case-by-case bases.

7.3. Guideline Track

The 2014 ASA guidelines do recommend the use of DOACs in patients who are in-
tolerant to warfarin [12]. In patients with apical akinesis/dyskinesis, OAC use has been
given a Class IIb recommendation by the 2013 ACC/AHA guidelines for the management
of a STEMI, as well as by the 2014 ACC/ASA guidelines for the prevention of stroke [4,12].
The 2018 Canadian Cardiovascular Society/Canadian Association of Interventional Car-
diology Guidelines recommend only VKAs for patients with an established LV thrombus
undergoing PCI for acute or stable indication [57]. They suggest the discontinuation of
OACs beyond 3 months if there is no echocardiographic evidence of a thrombus, similar to
ACC/AHA guidelines. They do acknowledge a lack of adequate evidence in this scenario.
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Figure 4. An approach to anticoagulation in LV thrombus complicating acute MI utilizing risk
stratification scores. Dual therapy refers to a combination of single antiplatelet agent and oral antico-
agulation. Triple therapy refers to a combination of dual antiplatelet therapy and oral anticoagulation.
Presence of high-risk features warrants upgradation to VKAs from NOACs or triple therapy from
dual. The variables used in HAS-BLED score include hypertension, abnormal renal or liver enzymes,
stroke, bleeding events, labile INR, elderly age (>65 yrs), and drugs or ethanol. The SAMeT2TR2
score variables are sex (female), age (< 60 yrs), medical history, treatment strategy (rhythm control),
tobacco use, and race (nonwhite race). Notes: #—prasugrel and ticagrelor should be avoided in dual
or triple therapy; *—generally continued for 1 month, followed by dual therapy to avoid bleeding,
and in the case of embolic events, it can be continued beyond 1 month; ˆ- ACC/AHA and CCS/CAIS
guidelines advocate a 3-month regimen, while ESC guidelines prescribe a 6-month duration.

The recent scientific statement of the AHA on the management of LV thrombi sug-
gests using anticoagulation for 3 months, and thereafter, imaging should be performed to
determine thrombus resolution. For patients with a history of a more distant MI, a longer
duration of OACs up to 6 months may be considered. If there is a resolution of the LV
thrombus, anticoagulation can be stopped. However, in case imaging is needed before
3 months for some other reasons and there is thrombus resolution, anticoagulation can be
stopped earlier. It also suggests that if there is a clinical suggestion of a LV thrombus and
the echo does not visualize a thrombus or if the echo is not confirmative, a cardiac MRI
(CMR) should be conducted. It also suggests DOACs as reasonable alternatives to warfarin
on the basis of supportive evidence. If the thrombus persists beyond 3 months, particularly
a protruding thrombus, a trial of alternative anticoagulation should be considered: the use
of DOACs with repetitive subtherapeutic INR if the patient was on warfarin or the use of
warfarin if the patient was previously on DOACs [58].
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Because of the relatively weak evidence, these latest guidelines suggest that the use of
OACs in patients with revascularized anterior MI (usually primary PCI) may be considered.
However, such a consideration should take into account the perceived risk of thrombus
formation and bleeding risk and should involve shared decision-making. The treatment
duration should be 1–3 months, depending on the bleeding risk [58].

Additional maneuvers that can be utilized to attenuate bleeding risk while combining
antiplatelets with antithrombotic are summarized in Table 4.

Table 4. Methods to mitigate bleeding risk with a combination of antiplatelet and anticoagulant therapy.

Methods

Use of lower doses of aspirin
Proton pump inhibitor use

Avoid potent P2Y12 inhibitor—ticagrelor and prasugrel
Shorten the duration of DAPT

De-escalation of DAPT
Radial access in case of PCI

Sparing use of glycoprotein IIb/IIIa

8. Conclusions

According to the current evidence, it can be stated that if an LV thrombus is detected
in a setting of AMI, (VKA-based) oral anticoagulation targeted to an INR of 2.0–3.0 has
been the standard of care. DOACs have emerged as acceptable alternatives to VKAs in
this scenario, owing to challenges in their use—such as their high bleeding risk, food
interactions, need for repeated INR monitoring, and failure to achieve therapeutic range
in many patients. A plethora of successful studies in the form of case reports, case series,
observation studies, small RCT and meta-analyses have now demonstrated the utility of
DOACs in better thrombus resolution and less bleeding. There have been some signals
of an increased risk of stroke and systemic embolism in some studies with DOACs, but
unfortunately, there have been no large randomized studies to date. Hence, if a patient is
unable to achieve therapeutic INR (high SAME-TT2R2) or if they have a high bleeding risk
(high HAS-BLED) with VKAs, full-dose DOACs should be prescribed instead of VKAs. This
approach has the potential to attenuate bleeding risks while preserving efficacy [59]. The
duration of anticoagulation is not defined but should be continued for at least 3 months,
guided by a similar imaging modality to what was used earlier (or CMR if needed),
to evaluate the resolution of an LV thrombus. If there is no LV thrombus on repeated
echocardiographic evaluations, OACs can be stopped and DAPT should be started, which
can be continued for 1 year. A repeat imaging after the cessation of OACs is prudent to
detect the recurrence of a thrombus or a small nidus of a thrombus previously missed.
In patients who continue to have some spontaneous echo contrast or a well-organized
thrombus in the area of a wall motion abnormality, the optimal duration of OACs is not
well defined. The further continuation of OACs can be made on a case-by-case basis. Large
and well-designed trials comparing VKAs and DOACs in this setting are warranted.
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19. Kaya, A.; Hayıroğlu, M.I.; Keskin, M.; Tekkeşin, A.I.; Alper, A.T. Resolution of left ventricular thrombus with apixaban in a
patient with hypertrophic cardiomyopathy. Turk. Kardiyol. Dern. Ars. 2016, 44, 335–337.

20. Mano, Y.; Koide, K.; Sukegawa, H.; Kodaira, M.; Ohki, T. Successful resolution of a left ventricular thrombus with apixaban
treatment following acute myocardial infarction. Heart Vessels 2016, 31, 118–123. [CrossRef]

21. Seecheran, R.; Seecheran, V.; Persad, S.; Seecheran, N.A. Rivaroxaban as an antithrombotic agent in a patient with ST-segment
elevation myocardial infarction and left ventricular thrombus: A case report. J. Investig. Med. High Impact Case Rep. 2017, 5,
2324709617697991. [CrossRef] [PubMed]

22. Makrides, C.A. Resolution of left ventricular postinfarction thrombi in patients undergoing percutaneous coronary intervention
using rivaroxaban in addition to dual antiplatelet therapy. BMJ Case Rep. 2016, 2016, bcr2016217843. [CrossRef] [PubMed]

23. Nagamoto, Y.; Shiomi, T.; Matsuura, T.; Okahara, A.; Takegami, K.; Mine, D.; Shirahama, T.; Koga, Y.; Yoshida, K.; Sadamatsu, K.; et al.
Resolution of a left ventricular thrombus by the thrombolytic action of dabigatran. Heart Vessels 2014, 29, 560–562. [CrossRef]

24. Nakasuka, K.; Ito, S.; Noda, T.; Hasuo, T.; Sekimoto, S.; Ohmori, H.; Inomata, M.; Yoshida, T.; Tamai, N.; Saeki, T.; et al. Resolution
of Left Ventricular Thrombus Secondary to Tachycardia-Induced Heart Failure with Rivaroxaban. Case Rep. Med. 2014, 2014,
814524. [CrossRef]

123



J. Cardiovasc. Dev. Dis. 2023, 10, 41

25. Pérez, M.P.; Bravo, D.S.; Trigo, J.A.G.; Castroviejo, E.V.R.d.C.; Llergo, J.T.; Cabezas, C.L.; Guerrero, J.C.F. Resolution of left
ventricular thrombus by rivaroxaban. Future Cardiol. 2014, 10, 333–336. [CrossRef] [PubMed]

26. Iqbal, H.; Straw, S.; Craven, T.P.; Stirling, K.; Wheatcroft, S.B.; Witte, K.K. Direct oral anticoagulants compared to vitamin K
antagonist for the management of left ventricular thrombus. ESC Heart Fail. 2020, 7, 2032–2041. [CrossRef] [PubMed]

27. Robinson, A.; Ruth, B.; Dent, J. Direct oral anticoagulants compared to warfarin for left ventricular thrombi: A single center
experience. J. Am. Coll. Cardiol. 2018, 71, A981. [CrossRef]

28. Jaidka, A.; Zhu, T.; Lavi, S.; Johri, A. Treatment of left ventricular thrombus using warfarin versus direct oral anticoagulants
following anterior myocardial infarction. Can. J. Cardiol. 2018, 34, S143. [CrossRef]

29. Fleddermann, A.M.; Hayes, C.H.; Magalski, A.; Main, M.L. Efficacy of Direct Acting Oral Anticoagulants in Treatment of Left
Ventricular Thrombus. Am. J. Cardiol. 2019, 124, 367–372. [CrossRef] [PubMed]

30. Daher, J.; Da Costa, A.; Hilaire, C.; Ferreira, T.; Pierrard, R.; Guichard, J.B.; Romeyer, C.; Isaaz, K. Management of Left Ventricular
Thrombi with Direct Oral Anticoagulants: Retrospective Comparative Study with Vitamin K Antagonists. Clin. Drug Investig.
2020, 40, 343–353. [CrossRef]

31. Jones, D.A.; Wright, P.; Alizadeh, M.A.; Fhadil, S.; Rathod, K.S.; Guttmann, O.; Knight, C.; Timmis, A.; Baumbach, A.; Wragg, A.; et al.
The Use of Novel Oral Anti-Coagulant's (NOAC) compared to Vitamin K Antagonists (Warfarin) in patients with Left Ventricular
thrombus after Acute Myocardial Infarction (AMI). Eur. Heart J. Cardiovasc Pharmacother. 2020, 7, 398–404. [CrossRef] [PubMed]

32. Guddeti, R.R.; Anwar, M.; Walters, R.W.; Apala, D.; Pajjuru, V.; Kousa, O.; Gujjula, N.R.; Alla, V.M. Treatment of Left Ventricular
Thrombus with Direct Oral Anticoagulants: A Retrospective Observational Study. Am. J. Med. 2020, 133, 1488–1491. [CrossRef]

33. Alcalai, R.; Rashad, R.; Butnaru, A.; Moravsky, G.; Leibowitz, D. Apixaban versus Warfarin in Patients with Left Ventricular
Thrombus, a prospective randomized trial. Eur. Heart J. 2020, 41, 660–667. [CrossRef]

34. Robinson, A.A.; Trankle, C.R.; Eubanks, G.; Schumann, C.; Thompson, P.; Wallace, R.L.; Gottiparthi, S.; Ruth, B.; Kramer, C.M.;
Salerno, M.; et al. Off-label Use of Direct Oral Anticoagulants Compared with Warfarin for Left Ventricular Thrombi. JAMA
Cardiol. 2020, 5, 685–692. [CrossRef] [PubMed]

35. Albabtain, M.A.; Alhebaishi, Y.; Al-Yafi, O.; Kheirallah, H.; Othman, A.; Alghosoon, H.; Arafat, A.A.; Alfagih, A. Rivaroxaban
versus warfarin for the management of left ventricle thrombus. Egypt. Heart J. 2021, 73, 41. [CrossRef]

36. Abdelnabi, M.; Saleh, Y.; Fareed, A.; Nossikof, A.; Wang, L.; Morsi, M.; Eshak, N.; Abdelkarim, O.; Badran, H.; Almaghraby, A. Comparative
Study of Oral Anticoagulation in Left Ventricular Thrombi (No-LVT Trial). J. Am. Coll. Cardiol. 2021, 77, 1590–1592. [CrossRef]

37. Leow, A.S.-T.; Sia, C.-H.; Tan, B.Y.-Q.; Loh, J.P.-Y. A meta-summary of case reports of non-vitamin K antagonist oral anticoagulant
use in patients with left ventricular thrombus. J. Thromb. Thrombolysis 2018, 46, 68–73. [CrossRef]

38. Kajy, M.; Shokr, M.; Ramappa, P. Use of Direct Oral Anticoagulants in the Treatment of Left Ventricular Thrombus: Systematic
Review of Current Literature. Am. J. Ther. 2020, 27, e584–e590. [CrossRef] [PubMed]

39. Al-Abcha, A.; Herzallah, K.; Saleh, Y.; Mujer, M.; Abdelkarim, O.; Abdelnabi, M.; Almaghraby, A.; Abela, G.S. The Role of Direct
Oral Anticoagulants Versus Vitamin K Antagonists in the Treatment of Left Ventricular Thrombi: A Meta-Analysis and Systematic
Review. Am. J. Cardiovasc. Drugs 2020, 21, 435–441. [CrossRef]

40. Chen, R.; Zhou, J.; Liu, C.; Zhou, P.; Li, J.; Wang, Y.; Zhao, X.; Chen, Y.; Song, L.; Zhao, H.; et al. Direct Oral Anticoagulants versus
Vitamin K Antagonists for Patients with Left Ventricular Thrombus: A Systematic Review and Meta-Analysis. Pol. Arch. Intern.
Med. 2021, 131, 429–438. [CrossRef]

41. Burmeister, C.; Beran, A.; Mhanna, M.; Ghazaleh, S.; Tomcho, J.C.; Maqsood, A.; Sajdeya, O.; Assaly, R. Efficacy and Safety of
Direct Oral Anticoagulants Versus Vitamin K Antagonists in the Treatment of Left Ventricular Thrombus. Am. J. Ther. 2021, 28,
e411–e419. [CrossRef]

42. Trongtorsak, A.; Thangjui, S.; Kewcharoen, J.; Polpichai, N.; Yodsuwan, R.; Kittipibul, V.; Friedman, H.J.; Estrada, A.Q. Direct oral
anticoagulants vs. vitamin K antagonists for left ventricular thrombus: A systematic review and meta-analysis. Acta Cardiol. 2021,
76, 933–942. [CrossRef]

43. Shah, S.; Shah, K.; Turagam, M.K.; Sharma, A.; Natale, A.; Lakkireddy, D.; Garg, J. Direct oral anticoagulants to treat left
ventricular thrombus—A systematic review and meta-analysis: ELECTRAM investigators. J. Cardiovasc. Electrophysiol. 2021, 32,
1764–1771. [CrossRef]

44. Abdelaziz, H.K.; Megaly, M.; Debski, M.; Abdelrahman, A.; Abdelaziz, S.; Kamal, D.; Patel, B.; More, R.; Choudhury, T. Meta-
Analysis Comparing Direct Oral Anticoagulants to Vitamin K Antagonists for The Management of Left Ventricular Thrombus.
Expert Rev. Cardiovasc. Ther. 2021, 19, 427–432. [CrossRef]

45. Saleh, Y.; Al-Abcha, A.; Abdelkarim, O.; Abdelnabi, M.; Almaghraby, A. Meta-Analysis Investigating the Role of Direct Oral Anticoagulants
Versus Vitamin K Antagonists in the Treatment of Left Ventricular Thrombi. Am. J. Cardiol. 2021, 150, 126–128. [CrossRef]

46. Gong, Y.-J.; Fang, S.; Zhu, B.-Z.; Yang, F.; Wang, Z.; Xiang, Q. Direct oral anticoagulants compared with vitamin K antagonists for
left ventricular thrombus: A systematic review and meta-analysis. Curr. Pharm. Des. 2022, 28, 1902–1910. [CrossRef] [PubMed]

47. Kitano, T.; Nabeshima, Y.; Kataoka, M.; Takeuchi, M. Therapeutic efficacy of direct oral anticoagulants and vitamin K antagonists
for left ventricular thrombus: Systematic review and meta-analysis. PLoS ONE 2021, 16, e0255280. [CrossRef]

48. Ferreira, H.d.S.; Lopes, J.L.; Augusto, J.; Simões, J.; Roque, D.; Faria, D.; Ferreira, J.; Fialho, I.; Beringuilho, M.; Morais, H.; et al.
Effect of direct oral anticoagulants versus vitamin K antagonists or warfarin in patients with left ventricular thrombus outcomes:
A systematic review and meta-analysis. Rev. Port. Cardiol. 2022, 42, 63–70. [CrossRef]

124



J. Cardiovasc. Dev. Dis. 2023, 10, 41

49. Zhang, Z.; Si, D.; Zhang, Q.; Jin, L.; Zheng, H.; Qu, M.; Yu, M.; Jiang, Z.; Li, D.; Li, S.; et al. Prophylactic Rivaroxaban Therapy for Left
Ventricular Thrombus After Anterior ST-Segment Elevation Myocardial Infarction. JACC Cardiovasc. Interv. 2022, 15, 861–872. [CrossRef]

50. Adar, A.; Onalan, O.; Çakan, F. Newly developed left ventricular apical thrombus under dabigatran treatment. Blood Coagul.
Fibrinolysis 2018, 29, 126–128. [CrossRef]

51. Fredgart, M.; Gill, S. Left ventricular mural thrombus despite treatment with dabigatran and clopidogrel. BMJ Case Rep. 2018,
2018, bcr2017223899. [CrossRef]

52. Lattuca, B.; Bouziri, N.; Kerneis, M.; Portal, J.-J.; Zhou, J.; Hauguel-Moreau, M.; Mameri, A.; Zeitouni, M.; Guedeney, P.;
Hammoudi, N.; et al. Antithrombotic Therapy for Patients with Left Ventricular Mural Thrombus. J. Am. Coll. Cardiol. 2020, 75,
1676–1685. [CrossRef]

53. Potpara, T.S.; Mujovic, N.; Proietti, M.; Dagres, N.; Hindricks, G.; Collet, J.P.; Valgimigli, M.; Heidbuchel, H.; Lip, G.Y. Revisiting
the effects of omitting aspirin in combined antithrombotic therapies for atrial fibrillation and acute coronary syndromes or
percutaneous coronary interventions: Meta-analysis of pooled data from the PIONEERAF-PCI, RE-DUAL PCI, and AUGUSTUS
trials. Europace 2020, 22, 33–46.

54. Connolly, S.J.; Karthikeyan, G.; Ntsekhe, M.; Haileamlak, A.; El Sayed, A.; El Ghamrawy, A.; Damasceno, A.; Avezum, A.; Dans, A.M.;
Gitura, B.; et al. Rivaroxaban in Rheumatic Heart Disease-Associated Atrial Fibrillation. N. Engl. J. Med. 2022, 387, 978–988. [CrossRef]

55. Brooks, M. PROACT Xa Trial of Apixaban with On-X Heart Valve Stopped. Medscape. 2022. Available online: https://www.
medscape.com/viewarticle/981644 (accessed on 30 December 2022).

56. Hussain, A.; Minhas, A.; Sarwar, U.; Tahir, H. Triple Antithrombotic Therapy (Triple Therapy) After Percutaneous Coronary
Intervention in Chronic Anticoagulation: A Literature Review. Cureus 2022, 14, e21810. [CrossRef]

57. Mehta, S.R.; Bainey, K.R.; Cantor, W.J.; Lordkipanidzé, M.; Marquis-Gravel, G.; Robinson, S.D.; Sibbald, M.; So, D.Y.; Wong, G.C.;
Abunassar, J.G.; et al. 2018 Canadian Cardiovascular Society/Canadian Association of Interventional Cardiology Focused Update
of the Guidelines for the Use of Antiplatelet Therapy. Can. J. Cardiol. 2018, 34, 214–233. [CrossRef]

58. Levine, G.N.; McEvoy, J.W.; Fang, J.C.; Ibeh, C.; McCarthy, C.P.; Misra, A.; Shah, Z.I.; Shenoy, C.; Spinler, S.A.; Vallurupalli, S.; et al.
Management of Patients at Risk for and With Left Ventricular Thrombus: A Scientific Statement From the American Heart
Association. Circulation 2022, 146, e205–e223. [CrossRef] [PubMed]

59. McCarthy, C.P.; Vaduganathan, M.; McCarthy, K.J.; Januzzi, J.L.; Bhatt, D.L.; McEvoy, J.W. Left Ventricular Thrombus After Acute
Myocardial Infarction Screening, Prevention, and Treatment. JAMA Cardiol. 2018, 3, 642–649. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

125





Citation: Cheng, Y.-Y.; Tan, S.;

Hong, C.-T.; Yang, C.-C.; Chan, L.

Left Atrial Appendage Thrombosis

and Oral Anticoagulants: A

Meta-Analysis of Risk and Treatment

Response. J. Cardiovasc. Dev. Dis.

2022, 9, 351. https://doi.org/

10.3390/jcdd9100351

Academic Editor: Giovanni Cimmino

Received: 22 August 2022

Accepted: 5 October 2022

Published: 13 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Cardiovascular 

Development and Disease

Systematic Review

Left Atrial Appendage Thrombosis and Oral Anticoagulants: A
Meta-Analysis of Risk and Treatment Response

Yun-Yung Cheng 1,†, Shennie Tan 1,†, Chien-Tai Hong 1,2, Cheng-Chang Yang 1,3,* and Lung Chan 1,2,*

1 Department of Neurology, Shuang-Ho Hospital, Taipei Medical University, New Taipei 235, Taiwan
2 Department of Neurology, School of Medicine, College of Medicine, Taipei Medical University,

Taipei 235, Taiwan
3 Brain and Consciousness Research Center, Shuang Ho Hospital, Taipei Medical University,

New Taipei 235, Taiwan
* Correspondence: 19589@s.tmu.edu.tw (C.-C.Y.); cjustinmd@tmu.edu.tw (L.C.)
† These authors contributed equally to this work.

Abstract: Background: Left atrial appendage thrombus (LAAT) is the main cause of cardioembolism
in patients with nonvalvular atrial fibrillation (AF). Emerging evidence indicates that direct oral
anticoagulants (DOACs) may be a preferred, safer choice for patients with LAAT. However, current
guidelines indicate vitamin K antagonist (VKA) as the preferred treatment for LAAT. We conducted
a meta-analysis to compare the efficacy of VKA and DOAC for the treatment of LAAT. Methods:

The search was conducted in the PubMed, Embase, Google Scholar, and Cochrane Library databases
from inception to July 2022, with the language restricted to English. A first analysis was conducted
to evaluate the risk of LAAT under VKA or DOAC treatment. A second analysis was conducted to
compare the resolution of LAAT under VKA and DOAC treatment. Results: In 13 studies comparing
LAAT incidence rates under VKA and DOAC treatment, significant superiority of DOAC was detected
(pooled RR = 0.65, 95% CI = 0.47–0.90, p = 0.009) with moderate heterogeneity being identified in
the pooled studies. In 13 studies comparing LAAT resolution under VKA and DOAC use, treatment
with DOAC exhibited a significantly increased probability of LAAT resolution compared with VKA
(pooled odds ratio = 1.52, 95% CI = 1.02–2.26, p = 0.040). Conclusions: This meta-analysis suggests
a superiority of DOAC over VKA with respect to LAAT incidence in people with AF and the
likelihood of LAAT resolution. Due to their established safety profile, DOAC is a preferable choice
for anticoagulation, although further randomized controlled studies are warranted to provide further
evidence of their suitability as a new recommended treatment.

Keywords: left atrial appendage thrombus; atrial fibrillation; stroke; oral anticoagulant

1. Introduction

Stroke is the leading cause of death and disability worldwide [1]. Ischemic stroke,
which accounts for more than 70% of the overall incidence of stroke in developed countries,
has various causes, such as large artery atherosclerosis in cerebral circulation, occlusion
of cerebral small vessels, and cardiac embolism [2]. Of these causes, cardiac embolism
contributes most to the increasing incidence of ischemic stroke [3]. Atrial fibrillation (AF)
also independently contributes to the increased occurrence of ischemic stroke and is the
most common sustained arrhythmia in older adults. In nonvalvular AF, the left atrial
appendage (LAA) is the location most susceptible to thrombus formation, accounting for
more than 90% of cases [4].

Even though LAA is the prime location of thrombus formation in AF patients, accu-
mulative evidence shows that LAA thrombus may also occur in patients with sinus rhythm
or even subclinical AF [5]. Through the advances and widespread use of medical devices,
more cryptogenic strokes have been found to be related to subclinical AF [6].
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Identifying the cause of stroke is vital in achieving optimal therapeutic strategies for
the treatment and prevention of recurrent stroke [7]. Initiation of anticoagulation therapy
with vitamin K antagonist (VKA) is the most common and conventional strategy employed
for LAA thrombus (LAAT) [8]. However, these practices are slowly changing after the
launch of the nonvitamin K direct oral anticoagulant (DOAC) in 2002. The introduction of
the IIa inhibitor, dabigatran, and Xa inhibitors rivaroxaban, apixaban, and edoxaban in the
millennium year has proved that these anticoagulants were at least as effective as VKA in
AF for stroke prevention [9].

The safety profiles of DOAC have been highly recognized in many meta-analytic
studies and healthcare databases [10,11]. Given that VKA requires regular coagulation
monitoring and the potential effects from its interactions with drugs and food [12], DOAC’s
high efficacy and reliable safety profile are preferred over VKA in current clinical settings.
Therefore, DOAC is now generally accepted as the treatment of choice over VKA in patients
with nonvalvular AF [11,13].

This trend of switching from VKA to DOAC is not limited to the prevention of strokes
from nonvalvular AF; it also extends to other forms of thromboembolism, such as deep
venous thrombosis. Moreover, many emerging studies assessed the comparability of DOAC
against VKA for LAAT prevention and resolution. However, the optimal treatment for
LAAT is yet to be established.

To the best of our knowledge, not many large-scale randomized controlled trials have
attempted to verify the differences between the roles of VKA and DOAC in the risk of
LAAT formation and rate of thrombus resolution. Furthermore, the lack of large-scale
cohort studies has impeded guidelines from being developed that would provide high-level
recommendations for LAAT medication management.

The present study is a systematic review of the outcomes of VKA and DOAC use and
was performed through an examination of real-world evidence. Further, a meta-analysis
of available data was also performed to compare the effectiveness of VKA and DOAC for
primary prevention and resolution of LAAT. In this meta-analysis, we included studies
providing specific data on the incidence of LAAT and the LAAT resolution rate under VKA
or DOAC use.

2. Methods

2.1. Research Question and Objectives

In this meta-analysis, we aimed to synthesize evidence to systematically review real-
world evidence for a comparison of VKAs and DOAC with respect to their influence on the
(i) risk of LAAT and (ii) resolution of LAAT.

2.2. Selection of Articles

Relevant studies, including case series and clinical trials published before July 2022
were identified from the PubMed, Embase, Google Scholar, and Cochrane databases.
Only publications in English were included. We used the following sets of terms in our
search: (warfarin (Title/Abstract)) OR (novel oral anticoagulant (Title/Abstract)) OR (oral
anticoagulant (Title/Abstract)) OR (anticoagulant (Title/Abstract)) OR (direct oral antico-
agulant (Title/Abstract)) OR (vitamin K anticoagulant (Title/Abstract)) OR (non-vitamin
K oral anticoagulant (Title/Abstract)) OR (dabigatran (Title/Abstract)) OR (rivaroxaban
(Title/Abstract)) OR (apixaban (Title/Abstract)) OR (edoxaban (Title/Abstract)) AND (left
atrial appendage thrombus (Title/Abstract)) OR (left atrial thrombus (Title/Abstract)).

The syntax used in the database searches is detailed in the Supplementary Information
(Table S1). Duplicate articles from different databases were excluded. The selection process
is illustrated in Figure 1. All search records from all databases were downloaded and
merged into Endnote.
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Figure 1. Flow diagram of study selection and search results.

2.3. Study Design

We included studies (1) with LAA thrombus diagnosed using transesophageal echocar-
diography (TEE); (2) with clear records of VKA or DOAC anticoagulant use and in which
patients were appropriately anticoagulated; (3) that were cohort studies published as
original articles, or case series; and (4) that were publications in English.

2.4. Data Extraction

The selected studies were independently retrieved by two reviewers (Y-Y.C. and C-C.Y.)
and were further reviewed by another author (S.T.). The selected studies were reviewed
to identify the type of study, year of publication, total patient population, mean patient
age, percentage of patients taking VKA, percentage of patients taking DOAC, percentage
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of male participants, and mean duration of anticoagulant use. Any disagreements were
resolved by a fourth reviewer (C-T.H.).

3. Outcomes

The efficacy of the primary prevention method was evaluated based on the risk of LAAT.
A second comparison was made of the potency of VKA and DOAC in resolving LAAT.

3.1. Synthesis of Results and Measures of Inconsistency

A random-effects model was implemented to assess LAAT incidence and resolution
under VKA and DOAC use. Q and I2 were used to assess the level of heterogeneity
between the included studies [14]. Q is a measure of the weighted sum of the squared
deviations of the effect size of each study from the overall mean effect size and thereby
serves as a test of heterogeneity significance (p ≤ 0.05) [15]. I2 is a measure of relative
heterogeneity, estimating the percentage of the variability of effect estimates that occurs due
to heterogeneity rather than due to chance. I2 ranges from 0% to 100%, with a value of 0%
indicating no observed heterogeneity and a value greater than 50% representing moderate
heterogeneity [16]. Furthermore, tau-squared (T2) measures the variance of the true effect as
an estimate of absolute heterogeneity in effect sizes. When the observed variance increases
or when the variance within studies decreases, T2 increases accordingly [15].

3.2. Publication Bias

We used funnel plots [17], Egger’s test [18], and the Begg and Mazumdar rank correla-
tion test [19] to assess publication bias.

3.3. Statistical Analysis

All statistical analyses were performed using Stata 17. The meta-analysis is registered
with PROSPERO (CRD42022319759) and was performed in accordance with the Preferred
Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines [20].
Standard deviation was calculated using the provided confidence interval (CI) limits,
standard errors, or interquartile ranges. The overall risk/odds ratios were pooled using a
random-effects model. Publication bias was assessed using the funnel plot of each study’s
effect size against precision (1/SE). Publication bias was investigated using Egger’s test at
p < 0.10.

4. Results

4.1. Study Selection

After removing duplicate studies, we identified 811 articles for screening. After the
exclusion of ineligible studies, 48 studies were included in the full-article assessment, and
additional 23 studies were excluded because they were case reports, animal studies, or did
not contain original data. Finally, 25 studies were included for qualitative synthesis. We
further segregated the 25 studies into two categories: (1) cross-sectional risk analysis of
developing LAAT under VKA or DOAC use and (2) analysis of LAAT resolution under
VKA or DOAC use.

4.2. Study Characteristics

The characteristics of the included studies on the incidence of LAAT under VKA or
DOAC use are listed in Table 1, and the characteristics of those on the LAAT resolution rate
under VKA or DOAC use are listed in Table 2. 13 studies were cross-sectional analyses
of the incidence of LAAT under VKA and DOAC use (involving 8609 individuals), and
13 were longitudinal analyses of the LAAT resolution rate under VKA and DOAC use
(involving 922 individuals).
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Table 1. Baseline characteristics of included studies for systematic review and meta-analysis of the
incidence of left arterial appendage thrombus (LAAT) in patients with atrial fibrillation under vitamin
K antagonist (VKA) or direct oral anticoagulant (DOAC) treatment.

Author (Year)/
Country, Study Type

Age (Years Old, Mean ± SD),
Male (n/%)

CHA2DS2-VASC Score
(Mean ± SD)

Anticoagulant
(Duration)

Alqarawi (2019)/
Canada, prospective [21] 64 ± 11, (478/72%) 1.9 ± 1.4

VKA (INR ≥ 2) and DOAC:
258 Dab, 184 Riv, and 54 Api

(>4 weeks)

Bursi (2021)/
Italy, prospective [22] 71 ± 10, (177/64%) 3.1 ± 1.4 VKA (8.1% INR < 2) and

DOAC (>3 weeks)

Durmaz (2020)/Turkey,
prospective [23]

69.9 ± 12.4 (LAAT) and
65.1 ± 12.1 (nLAAT),

(45.6%)
3.44

VKA (INR not specified) and
DOAC (>3 weeks) (61 VKA,

32 Dab, 62 Riv, 29 Api)

Frenkel (2016)/
US, retrospective [24] 65, (287/74%) 2

VKA (INR median 3.0 (IQR:
2.5 to 3.2)) and DOAC: 93 Dab,
62 Riv, and 28 Api (>4 weeks)

Kawabata (2017)/
Japan, retrospective [25] 62 ± 11, (445/79.6%) 1.9 ± 1.5

VKA (INR available in 90% of
participants but not specified)
and DOAC: 145 Dab, 121 Riv,
40 Api, and 5 Edo (>4 weeks)

Merino (2019)/
Europe, prospective [26]

67.3 ± 9.4 (LAAT) and
64.2 ± 10.8 (nLAAT),

(733)

3.0 ± 1.4 (LAAT)
2.7 ± 1.5 (nLAAT)

VKA (INR 1.51 ± 0.61 at
baseline) and DOAC

(>30 days)

Uziębło-Życzkowska
(2020)/Poland,

retrospective [27]
63.35, (61%) 2.48 ± 1.53

VKA (INR 1.69 ± 0.86 at
baseline) and DOAC (>3

weeks) (VKA 227, 240 Dab,
279 Riv, 4 Api)

Wyrembak (2017)/
US, retrospective [28] 65, (618/66%) 3.1 ± 2 VKA (INR 2.32 ± 0.59) and

DOAC (>4 weeks)

Kapłon-Cie’slicka (2022)/
Poland, prospective [29] 67, (1731/63%) 3

VKA (INR not specified) and
DOAC (>3 weeks) 814 Dab,

1060 Riv, 388 Api

Karwowski (2022)/
Poland, retrospective [30] 73.4 ± 10.3 (80, 50%) 3.83 ± 1.64

VKA (6 warfarin,
22 acenocoumarol; INR not

reported) and DOAC (25 Dab,
83 Riv, 16 Api, and 8 Edo)

(>4 weeks)

Feickert (2020)/
Germany, retrospective [31] 71.3 ± 9.0 (68, 48.2%) 4.03 ± 1.53

VKA (INR ≥2, n = 74; INR <2,
n = 20) and DOAC (>3 weeks)
(32 VKA, 14 Dab, 7 Api, 13 Riv,

1 Edo)

Shiraki (2022)/
Japan, retrospective [32] 65.2 ± 10.1 (193, 26.2%) nil

VKA (INR not specified) and
DOAC (>3 weeks) (120 Dab,

213 Riv, 199 Api, and 108 Edo)

Turek (2022)/
Poland, prospective [33] 65.4 (182, 61.5%) nil

VKA (INR ≥ 2) and DOAC
(>3 weeks) (145 Dab, 80 Riv,

10 Api)

nLAAT, patients without LAAT; Dab, dabigatran; Riv, rivaroxaban; Api, apixaban; Edo, edoxaban;
INR, ≥ international normalized ratio.
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Table 2. Baseline characteristics of included studies for systematic review and meta-analysis of LAAT
resolution in patients under VKA or DOAC treatment.

Author (Year),
Country/Continent,

Study Type

Age, Overall
(Mean ± SD)

Male, n (%)
CHA2DS2-VASc
(Median/Mean)

Anticoagulant
(Type, Duration)

Hao (2015), China,
Retrospective [34] 57.7 ± 7.4 36 (87.8) VKA: 1.41 ± 1.01

Dab: 1.16 ± 1.01

VKA (INR not reported)
and Dab

(4.2 months, median)

Hussain (2019), US,
retrospective [35] 63.2 31 (69) 3.4 ± 1.7

DOAC (60 days, median)
VKA (INR not reported;

116 days, median)

Kawabata (2017), Japan,
retrospective [25] 64 9 (60) 3.7 ± 1.8

VKA (INR not specified)
and 1 Dab
(>3 weeks)

Ke (2019),
China, prospective [36]

VKA: 64.2 ± 10.5
Riv: 63.7 ± 8.6 66 (82.5) 1.46 VKA (INR not reported)

and Riv (12 weeks)

Lip (2015), Europe,
prospective (X-TRA) and

retrospective
(CLOT-AF) [37]

X-TRA: 69.6 ± 11
CLOT-AF: 67.7 ± 9.6

X-TRA: 30 (50)
CLOT-AF: 103 (66)

X-TRA: 4.0
CLOT-AF: 3.0

VKA (INR not reported)
and DOAC: 12 Dab, 1 Riv,

and 7 Api
(X-TRA: 6 weeks;

CLOT-AF: 3–12 weeks)

Mitamura (2015), Japan,
retrospective [38] 67.3 ± 12.7 7 (87.5) 1.88 VKA (INR not reported)

and Dab (21–308 days)

Nelles (2021), Germany,
retrospective [39] 76.1 ± 8.3 45 (57.7) 4.3 ± 1.1

VKA (INR 2.2 ± 0.2) and
DOAC: 15 Dab, 12 Api,

11 Riv and 1 Api
(116 ± 79 days)

Niku (2019), Japan,
retrospective [40] 71.9 ± 11.9 52 (44) 3.4

VKA (59% had INR values
≥ 2.0) and DOAC: 2 Dab,

12 Riv, and 16 Api
(96 ± 72 days)

Wu (2018),
US, retrospective [41] 67 33 (75) 3

VKA (INR median 2.7
(IQR 2.2, 3.2) at baseline)
and DOAC: 12 Dab, 1 Riv,

and 7Api (≥4 weeks)

Yang (2019),
China, retrospective [42] 63.5 ± 10.9 52 (72.2) 2

VKA (INR not reported)
and DOAC: 26 Dab and

29 Riv (101.5 days)

Mazur (2021)
Russia, retrospective [43] 59.7± 9.8 41 (60.3) 2.22 ± 1.40

VKA (INR between 2 and
3) and DOAC (>3 weeks):

14 Dab, 14 Riv, 3 Api

Faggiano (2022)
Italy, retrospective [44] 71 175 (66) 4

VKA (INR not reported)
and DOAC: 18 Riv, Api 24,

Dab 24, Edo 5

Karwowski (2022) Poland,
retrospective [30] 76.7 ± 8.2 5 (50) 4.58 ± 1.00

VKA (2 warfarin,
5 acenocoumarol; INR not

reported) and DOAC
5 Api

Dab, dabigatran; Riv, rivaroxaban; Api, apixaban; Edo, edoxaban; INR, ≥ international normalized ratio.

4.3. LAAT Incidence under VKA and DOAC

A total of 13 cross-sectional analyses involving 8609 individuals were included in the
first meta-analysis of the associations between VKA and DOAC use with LAAT. These
studies were published between 2016 and 2022. Among the studies, four were conducted
in Poland [27,29,30,33], two were conducted in Japan [25,32], two were conducted in
the United States [24,28], and one was conducted each in the EU [26], Germany [31],
Canada [21], Turkey [23], and Italy [22]. The selected studies were mostly conducted in
Western countries, and only two were conducted in an Asian population (Japan). Six
studies were prospective [21–23,26,29,33], and seven were retrospective [24,25,27,28,30–32].
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Only the ENSURE-AF trial was a randomized, multicenter, global investigation [26].
The others were mainly single-center studies. Generally, patients were considered suffi-
ciently anticoagulated after at least 3 or 4 weeks of administration of VKA or DOAC. TEE
was performed for all study participants to detect the presence of LAAT. The allocation
methods for VKA and DOAC were based on the clinician’s decision.

The studies included different parameters for predicting the risk of LAAT. A higher
CHA2DS2-VASc score [22,23,25,33], reduced left ventricular ejection fraction [22,23,27,33],
reduced left atrial flow velocity [23,25,30,32], reduced B-type natriuretic peptide, and larger
left atrium [25] were associated with the risk of LAAT. The demographic predictors of the
risk of LAAT included aging, a lower body weight, lower creatinine clearance, heart failure,
and diuretic treatment were also listed. [26].

4.4. LAAT Resolution Rate under VKA and DOAC Use

A total of 13 studies involving 922 patients were included in the second meta-analysis.
These studies included three in Japan [25,38,40], five in European countries [30,37,39,43,44],
three in China [34,36,42], and two in the United States [35,41]. One of the studies, the X-TRA
study, was a multinational large-scale, prospective, single-arm, open-label, multicenter
study. The X-TRA study evaluated a 6-week rivaroxaban treatment for left atrial and
LAA thrombus resolution. Another study, the CLOT-AF study, retrospectively examined
standard anticoagulation care provided to patients with left atrial and LAA thrombus
for 3 to 12 weeks. These studies were published between 2015 and 2022. When the
included study period was extended to 7 months, nine patients were identified as having
LAAT [42]. When the included duration and dosage of anticoagulation were increased
and considering the transition to DOAC, 12 patients (5%) were identified as experiencing
LAAT resolution [41]. Of the 13 included studies, Kawabata, Karwowski, Durmaz, Feickert,
and Shiraki studies contained data on the use of dabigatran, rivaroxaban, apixaban, and
edoxaban, respectively. Edoxaban was used less frequently than the other three DOACs.

4.5. LAAT Incidence under VKA and DOAC Use

In the meta-analysis, 2963 patients were in the VKA arm, and 5646 were in the DOAC
arm. The overall risk of LAAT under either VKA or DOAC treatment was 5.56% (479/8609).
The risk ratio was derived from individual studies. The respective relative risks (RRs) with
95% CIs are listed on the right side of the forest plot (Figure 2A). The meta-analysis
of 13 studies on LAAT incidence revealed significant superiority for DOACs (pooled
RR = 0.65, 95% CI = 0.47–0.90, p = 0.009). Nearly moderate and significant heterogeneity
(Q12 = 22.97, p = 0.028; I2 = 47.8%; T2 = 0.13) was identified. The funnel plot (Figure 2B)
revealed symmetric distribution. Egger’s test (intercept = 0.684, t = 0.97, 2-tailed p = 0.352)
and Begg’s test (z = 0.18, p = 0.855) did not reveal any publication bias. The meta-regression
analysis showed that none of the between-study variables significantly predicted the LAAT
incidence under VKA and DOAC use (mean age of participants: β = 0.071, p = 0.333; male
ratio: β = 0.354, p = 0.808).

4.6. LAAT Resolution Rate under VKA and DOAC Use

The VKA and DOAC arms included 484 and 438 patients, respectively. The summa-
rized mean percentages of LAAT resolution for VKA and DOAC were 55.4% (268/484)
and 67.6% (296/438), respectively. The odds ratio was derived from the individual studies
(Figure 3A). This meta-analysis revealed that DOAC significantly increased the probability
of LAAT resolution compared with VKA (pooled odds ratio = 1.52, 95% CI = 1.02–2.26,
p = 0.040). In addition, no significant heterogeneity (Q12 = 17.62, p = 0.128; I2 = 31.9%;
T2 = 0.16) was identified. The funnel plot (Figure 3B), although slightly asymmetric, did
not indicate a high risk of publication bias. Egger’s test (intercept = 0.383, t = 0.44, 2-tailed
p = 0.671) and Begg’s test (z = 0.55, p = 0.583) did not reveal any publication bias. The
meta-regression analysis showed that none of the between-study variables significantly
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predicted the LAAT resolution rate for VKA and DOAC (mean age of participants: β =
−0.042, p = 0.343; male ratio: β = 0.248, p = 0.860).

 
(A) 

 
(B) 

Figure 2. (A) The forest plot of random-effect meta-analysis of the incidence of left arterial appendage
thrombus formation under the use of vitamin K antagonist (VKA) and direct oral anticoagulants
(DOACs). (B) The funnel plot of the studies included in the meta-analysis of the incidence of left
arterial appendage thrombus formation under the use of vitamin K antagonist (VKA) and direct oral
anticoagulants (DOACs).

134



J. Cardiovasc. Dev. Dis. 2022, 9, 351

(A) 

 
(B) 

Figure 3. (A) The forest plot of random-effect meta-analysis of the likelihood of resolution of left
arterial appendage thrombus under the use of VKA and DOACs. (B) The funnel plot of the studies
included in the meta-analysis of the likelihood of resolution of left arterial appendage thrombus
under the use of VKA and DOACs.
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5. Discussion

Various guidelines recommend DOAC as a preferable anticoagulant option to VKA for
stroke prevention in AF. However, evidence on optimal anticoagulant selection in patients
with LAAT is lacking. Although DOACs are safer than VKAs, their efficacy remains
unverified. After analyzing pooled data from studies conducted in the past decade, we
discovered that DOACs showed superiority over VKAs in increasing the likelihood of
LAAT resolution and reducing the chances of LAAT development in high-risk patients. By
monitoring patients taking anticoagulants, the incidence of thrombus formation in patients
taking DOACs was lower than in those taking VKAs. In addition, patients with LAAT
showed a higher thrombus resolution rate with DOACs use in comparison to VKAs. The
superiority of the safety of DOAC compared with VKA is well established; these findings
provide evidence for developing future treatment recommendations.

AF is associated with a high incidence of LAAT [45]. Previous reports have demon-
strated that the CHADS2 score is an independent predictor of LAAT, and the prevalence of
LAAT increases with the CHADS2 score [46,47]. However, this parameter does not have a
significant skew; therefore, its exclusion from this meta-analysis did not affect the risk of
LAAT and resolution obtained from each included study.

Clinically, when the efficacy of anticoagulants in LAAT resolution is comparable,
safety concerns, including the risk of bleeding and drug–drug interactions, become the
priority of medicine choice. DOACs have not yet been approved for patients with me-
chanical mitral valves, thrombus in locations other than the LAA, and antiphospholipid
syndrome. However, a growing body of evidence has demonstrated that DOACs lead to
fewer bleeding complications than VKAs. Therefore, DOACs are more likely to be selected
for the prevention of thromboembolism events in people with LAAT.

Many large-scale clinical phase III trials have demonstrated that the efficacy of DOACs
in preventing stroke is superior to VKAs and that DOACs have lower rates of bleeding.
However, conclusive data on the recommended type and duration of anticoagulant use
in LAAT is limited. Two recent meta-analyses have demonstrated that DOACs are as
efficacious as and safer than VKAs in the treatment of LAAT in patients with nonvalvular
AF. In addition, two ongoing prospective randomized trial registry studies are seeking to
compare DOAC and VKA in patients with LAAT. One of these is a randomized control trial
in China (NCT03792152), in which the effectiveness of rivaroxaban and VKA are compared.
The other randomized control trial (RE-LATED AF (NCT02256683)) is a comparison of
dabigatran and VKA in patients with nonvalvular AF of LAAT.

The strength of this study is its analyses of both the risk of LAAT development in
high-risk patients and the likelihood of LAAT resolution with the use of VKAs and DOACs.
The development of LAAT is an indicator of subsequent systemic thromboembolism events,
which require anticoagulation therapy. However, the presence of LAAT requires emergent
anticoagulation therapy until the thrombus resolves. The comparable efficacy of DOAC
and VKA indicates an opportunity to provide patients with safer prescriptions. This study
has several limitations. First, no subgroup analyses were performed for the different classes
of DOAC in the 18 studies due to the small number of studies for each DOAC. Further
studies are warranted to investigate the effectiveness of different DOACs in patients with
different comorbidities. Second, several studies reported adverse effects, bleeding risk,
and thromboembolism events, which prevented these events from being included in the
meta-analysis. Third, the relative weight of the included studies varied in analyses, which
is why the random-effects model was employed. Fourth, although the anti-IIa/Xa activity
effectiveness and possible drug–drug interactions are crucial in the issues investigated in
the current study, it is not feasible to conduct relevant analyses considering the very limited
information provided in the included studies. Another related concern is the ratio/period
of the effective therapeutic range, such as the international normalized ratio (INR) values
in patients taking VKA. The distinctive ways of reporting INRs in the included studies also
hinder further analyses from examining the underlying origins of heterogeneity.
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6. Conclusions

This meta-analysis of observation data revealed significant differences in LAAT devel-
opment in high-risk patients and the likelihood of LAAT resolution in patients treated with
DOAC or VKA. With respect to safety profiles, DOACs are preferable to VKAs in patients
with LAAT and without absolute DOAC contraindication. As the role of DOACs expands,
further studies should be conducted to provide clinicians with a practical reference for
optimization of the selection of appropriate DOACs and the duration of treatment.
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30. Karwowski, J.; Rekosz, J.; Mączyńska-Mazuruk, R.; Wiktorska, A.; Wrzosek, K.; Loska, W.; Szmarowska, K.; Solecki, M.; Sumińska-
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Abstract: Patients with peripheral artery disease (PAD) are at an increased risk of major adverse
cardiovascular events, and those with disease in the lower extremities are at risk of major adverse
limb events primarily driven by atherothrombosis. Traditionally, PAD refers to diseases of the
arteries outside of the coronary circulation, including carotid, visceral and lower extremity peripheral
artery disease, and the heterogeneity of PAD patients is represented by different atherothrombotic
pathophysiology, clinical features and related antithrombotic strategies. The risk in this diverse
population includes systemic risk of cardiovascular events as well as risk related to the diseased
territory (e.g., artery to artery embolic stroke for patients with carotid disease, lower extremity artery
to artery embolism and atherothrombosis in patients with lower extremity disease). Moreover, until
the last decade, clinical data on antithrombotic management of PAD patients have been drawn from
subanalyses of randomized clinical trials addressing patients affected by coronary artery disease.
The high prevalence and related poor prognosis in PAD patients highlight the pivotal role of tailored
antithrombotic therapy in patients affected by cerebrovascular, aortic and lower extremity peripheral
artery disease. Thus, the proper assessment of thrombotic and hemorrhagic risk in patients with PAD
represents a key clinical challenge that must be met to permit the optimal antithrombotic prescription
for the various clinical settings in daily practice. The aim of this updated review is to analyze different
features of atherothrombotic disease as well as current evidence of antithrombotic management in
asymptomatic and secondary prevention in PAD patients according to each arterial bed.

Keywords: peripheral artery disease (PAD); antithrombotic therapy; dual pathway inhibition (DPI);
major adverse cardiovascular events (MACE); major adverse limb events (MALE)

1. Introduction

Peripheral artery disease (PAD) encompasses a variety of non-coronary artery diseases,
and its prevalence varies based on screening approaches and clinical features. Recent data
reveal a global prevalence of 80 million strokes, the majority (87%) of which are ischemic [1].
Estimated global recent prevalence of abdominal aortic aneurysm (AAA) recognizes a
cohort of 35 million patients with AAA, whereas more than 230 million people are affected
by lower extremity peripheral artery disease (LEPAD) with increasing prevalence over time
due to lack of awareness and consequently underdiagnosis and undertreatment [2,3]. More-
over, epidemiologic data indicate a prevalence of stroke of 3% with 800,000 new/recurrent
strokes annually in the United States, with a higher risk in women (20–21%) compared
to men (14–17%) for patients aged 55 years or older, and a prevalence of AAA of 0.92%
in people aged 30–79 years with a 4:1 ratio for men vs. women [1,3]. The prevalence
of LEPAD in men ranges from 6.5% in patients aged 60–69 years to 29.4% in those aged
>80 years; in the same age groups, the prevalence of LEPAD in women increases from 5.3%
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to 24.7% [4,5]. In addition, probably based on genetic and risk factor exposure, LEPAD
is more prevalent in black patients than in white patients, whereas prevalence is lowest
in Asian and Hispanic patients [4,5]. According to the American College of Cardiology
(ACC)/American Heart Association (AHA) and European Society of Cardiology (ESC)
guidelines, the PAD definition includes, for each arterial district, a ≥50% stenosis of the
extracranial internal carotid artery assessed with the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) method, AAA with aortic diameter ≥ 3 cm, and for
LEPAD, ankle-brachial index ≤ 0.90, history of claudication, acute limb ischemia (ALI),
chronic limb-threatening ischemia (CLTI), amputation for vascular causes or previous
lower extremity revascularization (LER) [4–6]. Compared with myocardial infarction (MI),
PAD shows a more variable clinical presentation, from vague to fatal signs that often lead
to delayed diagnosis and treatment [2]. Carotid artery disease manifests a spectrum of
different clinical features ranging from asymptomatic cases to hemispheric symptoms such
as weakness, numbness, aphasia or face, arm and leg contralateral paresthesia resulting
from transient ischemic attack (TIA) or ischemic stroke (IS) [5]. AAA often represents an
incidental finding during other imaging tests (e.g., abdominal ultrasound or CT/MRA scan)
with usually no specific clinical features, even in patients with more than 5 cm diameter [7].
Life-threatening complications of AAA include aortic rupture with or without previous
chronic dissection [7]. LEPAD represents the majority of PAD observed with mild to severe
clinical presentations. Claudication represents a mild manifestation of LEPAD, including
muscle fatigue, discomfort, cramping or pain triggered by exercise with recovery upon
rest [4,5]. ALI represents one of the life-threatening conditions of LEPAD characterized
by acute (within 2 weeks) severe limb hypoperfusion with pain, pallor, pulselessness,
paresthesia and often paralysis with impaired prognosis in terms of all-cause death and
amputation for vascular causes [4,5]. In contrast, CLTI is characterized by chronic (more
than 2 week duration) ischemic rest pain, leg nonhealing wound/ulcers or gangrene caused
by arterial occlusive disease with poor prognosis [4,5]. Overall, several studies showed
an increased risk of major adverse cardiovascular events (MACE), including MI, IS and
cardiovascular (CV) death among PAD patients, along with a heightened risk of major
adverse limb events (MALE), which is usually defined as severe limb ischemia leading to an
intervention or major vascular amputation [4,5]. PAD treatment includes medical therapy,
supervised exercise and revascularization (e.g., endovascular, surgical or hybrid) based
on anatomical features, patient characteristics and local expertise [4,5,8]. Antithrombotic
therapy represents a milestone in PAD management, given that atherosclerosis represents
the common pathophysiologic feature in arterial beds [4–6,8]. The purpose of this review
is to highlight current evidence and future directions on antithrombotic therapy in PAD
patients with an overview of the principal trials in this field.

2. Role of Atherothrombosis in the Progression and Complications of Non-Coronary
Artery Disease

Atherothrombosis represents the common pathophysiologic process in coronary and
non-coronary artery disease in patients affected by atherosclerotic damage. PAD involves
the same CV risk factors as coronary artery disease (CAD), including arterial hypertension,
diabetes mellitus, dyslipidemia, smoking, history of CV disease, chronic kidney disease,
life habits, history of radiation therapy, psycho-social and genetic factors [4,5]. These
shared factors explain the common finding of polyvascular artery disease, defined by the
concomitant presence of relevant atherosclerotic disease in at least two vascular beds [4,5].
However, at variance with CAD and IS, smoking is the risk factor most strongly associated
with LEPAD [9]. Finally, differences in atherothrombosis pathophysiology have to be
considered among carotid artery disease, abdominal aortic disease and LEPAD.

2.1. Carotid Artery Disease

Extracranial carotid atherosclerosis can be readily detected with non-invasive assess-
ment such as high-resolution B-mode carotid ultrasonography (Duplex US), CT and MRI
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scan also able to detect subclinical atherosclerosis [4,5]. Carotid atherosclerosis leads to 25%
of IS associated with disability and impaired prognosis [10]. Stenosis degree is one of the
most important risk factors of ipsilateral IS, along with hemodynamic factors. Although
hypoperfusion plays a role in the pathogenesis of IS, the majority of stroke events are
attributed to embolization from unstable atherosclerotic plaque or carotid artery acute
occlusion with thrombus distally detected [10]. As in coronary arteries, vulnerable plaque
characteristics include a lipid-rich necrotic core with a thin/ruptured fibrous cap, ulcer-
ation and intraplaque hemorrhage (IPH) associated with the presence of inflammatory
cells [10]. Carotid stenosis progression is also recently considered a marker of vulnerability,
contributing to distal embolization and subsequent TIA [10]. IPH represents one of the
plaque progression factors with increased rupture risk and future risk events [10]. Fur-
ther pathophysiologic findings on vulnerable plaque highlight the role of inflammation
in atherosclerosis with intraplaque angiogenesis and hypoxia in cerebral adverse events.
Hybrid imaging, such as PET/CT or PET/MRI, can detect plaque rupture features [10].
Some morphologic characteristics, such as ulceration and IPH, are also associated with
the occurrence of ischemic events, independently of the degree of stenosis. Recent data
from the American Society of Neuroradiology showed that the annualized event rates of
ipsilateral stroke in those with IPH are higher than in patients without IPH irrespective of
stenosis degree: 9.0% versus 0.7% (<50% stenosis), 18.1% versus 2.1% (50–69% stenosis)
and 29.3% versus 1.5% (70–99% stenosis), confirming IPH as an independent predictor of
ipsilateral stroke (Hazard Ratio—HR 3.3; 95% confidence interval—CI, 1.4–7.8) [10]. Plaque
calcification represents a stabilizing factor in carotid artery disease with less inflammation,
neovascularization and IPH and lower likelihood of rupture [10]. Furthermore, several
atherosclerosis-related factors such as aging, inflammation and ischemia increase circu-
lating levels and deposition of amyloid-beta (Aβ) in intracranial arteries contributing to
different types of dementia with impaired cognitive performance. Moreover, among Aβ

peptides, Aβ1-40 was independently associated with impaired vasodilating properties,
higher IMT, low ABI, as well as coronary and aorta arterial damage, with a worse prognosis
in elderly patients [11]. These findings highlight the interplay between dementia and CVD,
particularly driven by diffuse atherosclerosis, although current Aβ pathophysiology and
therapeutic options are still uncertain areas.

2.2. Abdominal Aortic Disease

Atherosclerosis is frequently associated with abdominal aortic disease, especially in
polyvascular disease [7,12]. While the pathophysiologic role of atherosclerosis in medium
and small arteries is well-known, the relationship with abdominal aortic disease is incom-
pletely understood. Acute abdominal aortic thrombosis is a fatal and rare condition, and
abdominal aortic disease is mostly represented by AAA, which arises as a pathological
response to aortic atherosclerosis [12]. In animal models, inflammatory pathways, along
with aortic matrix degradation and hemodynamic forces, lead to AAA development [12].
During intraluminal stenosis development, the atherosclerotic process includes compen-
satory chronic inflammatory changes in the media with extracellular matrix remodeling
promoting artery diameter growth leading to the development of an aortic aneurysm [12].
Moreover, aortic media chronic inflammation driven by myo-fibroblast favors aortic false
lumen development with chronic aortic dissection origin [7]. To date, the interplay of
chronic dissection and aneurysm is not completely understood. Chronic aortic dissec-
tion leads to more rapid aortic aneurysm growth than non-dissected aorta [7]. Arterial
pressure and relative wall tension drive false lumen propagation in the aortic axis with
a high rupture risk, which overcomes the remodeling capability of aneurysmatic artery
wall [7]. In addition, partial chronic abdominal aortic thrombosis is a common finding in
patients with chronic aortic dissection and/or aneurysm [6]. Often, aortic thrombus shows
a multi-layered morphology with dense fibrin and inflammatory cells such as leukocytes
and platelet-derived proteins with proteolytic proprieties and increased risk of peripheral
embolism [6]. Around 40% of chronic aortic dissection patients require urgent revascular-
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ization for aortic rupture and/or branch vessel hypoperfusion [7]. New understandings
are evolving from combining 3- and 4-dimensional CT morphology data, MRI flow data,
computer simulation of fluid dynamics and the fields of biomechanics and mechanobiology,
which may help to better comprehend the physiopathologic key elements leading to false
lumen degeneration and aneurysm development and facilitate the development of novel
treatments and appropriate timing for them in patients affected by chronic aortic dissection
and aneurysm [13,14].

2.3. Lower Extremity Peripheral Artery Disease

Atherosclerosis is a common LEPAD feature that can explain symptoms and signs
related to different clinical presentations, from claudication to ALI/CLTI [15]. Lower ex-
tremity peripheral arteries represent a very diverse arterial bed with several differences
and related clinical scenarios between itself. One difference is driven by anatomical factors
(e.g., arterial diameter) considering large vessels (e.g., iliac–femoral axis, popliteal artery)
and smaller vessels below the knee (BTK) [16]. Consequently, flow characteristics and
atherosclerotic complications will be different. Overall, compared to cerebrovascular dis-
ease and CAD, the role of atherothrombosis in the progression and complications of LEPAD
is less clear and studied. Atherosclerosis causes claudication, which represents the clinical
manifestation of significant atherosclerotic stenosis during exercise and relief within 10 min
rest. Particularly, symptoms stem from the muscles perfused by the stenosed artery [5,7].
Similar to chronic CAD, claudication represents the chronic manifestation of LEPAD, with
management depending mostly on CV risk factor and physical exercise management [5,7].
Considering atherothrombotic complications of LEPAD, approximately 10% of patients
with claudication develop CLTI within 5 years, contributing to poor prognosis, including
1-year rates of mortality of 25% and 1-year rates of amputation of 30% [15]. The main
difference from CAD atherothrombosis is the occurrence of thrombotic events even in the
absence of significant atherosclerotic disease. Histopathological analysis on LEPAD pre-
senting with CLTI shows that thrombotic occlusion in the BTK district is the main cause of
disease even in patients without significant atherosclerosis, while significant atherosclerotic
lesions were more often detected in the femoral-popliteal artery [16]. On the contrary, ALI
and related thrombus often occur in patients with both significant and non-significant
atherosclerosis, while small vessel obliteration is driven by media calcification, intimal
fibrosis and superimposed cholesterol emboli [16]. Similar to acute MI, ALI is characterized
by a sudden decrease in limb perfusion that often results in tissue loss and requires early
intervention. However, in contrast to atherothrombotic acute coronary events, ALI in
patients with PAD is driven not only by atherothrombosis but also by emboli from the
heart and proximal vessels and graft occlusion in patients with previous lower extremity
revascularization (LER) [17]. Several pieces of evidence support the thromboembolic origin
of CLTI/ALI-affected popliteal and BTK artery rather than stenotic atherosclerotic disease.
The embolic source is often an aorto-iliac-femoral atherosclerotic plaque with subsequent
lumen obliteration of a distal smaller artery [16]. The main differences between ALI and
CTLI are represented by the duration of symptoms (less vs. more than two weeks), clinical
presentation (acute vs. chronic), presence of collateral arteries in CTLI and timing of revas-
cularization (urgent in order to address the high risk of amputation vs. non-urgent in order
to minimize tissue loss) [18].

3. Approaches to Antithrombotic Therapy in Peripheral Artery Disease

Guideline-directed medical therapy (GDMT) includes antithrombotic therapy as one
of the cornerstones of multidimensional management, which includes structured exercise
and lifestyle modification in order to reduce MACE and MALE [4–6]. The well-recognized
role of atherosclerosis and its related complications in PAD patients explains the need for
antithrombotic therapy in each arterial bed, even in asymptomatic patients [4,5]. Antithrom-
botic management in PAD represents a challenge due to different evidence for each arterial
bed, symptoms assessment and personal expertise. While the importance of antithrombotic
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therapy in CAD has been well-recognized over the past decades and includes dedicated
randomized clinical trials (RCTs), evidence supporting antithrombotic therapy in PAD has
been based, until recently, on subgroup analyses of coronary artery disease trials, often with
slim and conflicting data. In the last years, a new antithrombotic strategy emerged in PAD
research that combines an anticoagulant with standard antiplatelet therapy. The recognized
role of embolic source of many cases of LEPAD promoted a new target therapy called
dual pathway inhibition (DPI) to inhibit thrombus formation via dual pathways: platelet
activation and thrombin generation [19]. In addition, thrombo-hemorrhagic risk has to be
assessed in order to choose the right antithrombotic regimen. Due to concomitant diseases,
PAD patients have a high bleeding risk compared to the CAD population, but there is less
evidence on which to develop a bleeding score risk assessment. To date, Thrombolysis in
Myocardial Infarction (TIMI) and the International Society on Thrombosis and Hemostasis
(ISTH) bleeding are the most common safety outcomes assessed in PAD trials [20]. Phar-
macodynamic targets of antithrombotic drugs in peripheral artery disease by thrombotic
pathway are summarized in Figure 1.

Figure 1. Pharmacodynamic targets of antithrombotic drugs in peripheral artery disease by throm-
botic pathway. TF = tissue factor, TxA2 = Thromboxane A2, TP = thromboxane prostanoid,
PAR-1 = protease-activated receptor-1, ADP = adenosine diphosphate.

3.1. Carotid Artery Disease
3.1.1. Asymptomatic Patients

GDMT includes antithrombotic therapy in carotid artery disease in the presence of
a ≥50% stenosis since no RCT has assessed antithrombotic therapy in non-significant
carotid stenosis [5,19]. In asymptomatic patients with significant carotid stenosis, GDMT
recommends single antiplatelet therapy (SAPT) either with aspirin (75–100 mg) or clopi-
dogrel (75 mg) (Class IIa) for primary prevention of MACE if bleeding risk is low [5,21].
The use of aspirin in overall PAD patients was assessed in AntiThrombotic Trialists (ATT)
meta-analysis, including six primary prevention RCTs assessing different doses of aspirin
as well as other antiplatelet agents such as picotamide. In primary prevention RCTs, aspirin
reduced serious vascular events (including MI, stroke and vascular death) by 12% (HR 0.88;
95% CI 0.82–0.94 without benefit on CAD death, HR 0.95; 95% CI 0.78–1.15 or stroke death,
HR 1.21; 95% CI 0.84–1.74), associated with an increase of hemorrhagic stroke HR, 1.32; 95%
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CI 1.00–1.75 and major extracranial bleeding (HR 1.54; 95% CI 1.30–1.82) [22]. These results
confirm the uncertain net benefit of aspirin in PAD primary prevention in the absence of
concomitant diseases. Recently, an analysis on stroke risk in Cardiovascular Outcomes for
People Using Anticoagulation Strategies (COMPASS) trial, comparing rivaroxaban 2.5 mg
twice daily plus aspirin vs. rivaroxaban 5 mg twice daily vs. aspirin in stable CAD or
PAD patients, proved the efficacy of rivaroxaban 2.5 mg plus aspirin with a 53% relative
reduction in the risk of ischemic/unknown stroke in high-risk patients without a history of
stroke (HR, 0.57; 95% CI 0.39–0.84), with no significant increase in the risk of hemorrhagic
stroke for rivaroxaban plus aspirin vs. aspirin alone (HR, 1.76; 95% CI 0.59–5.24) [23].
Therefore, a low dose of rivaroxaban plus aspirin could represent a new antithrombotic reg-
imen for polyvascular disease patients with CAD and/or LEPAD without prior history of
stroke, especially among those without high bleeding risk features. However, appropriately
designed trials are needed to share light in this field.

3.1.2. Secondary Prevention

Antithrombotic therapy is recommended in patients with symptomatic carotid artery
disease to prevent recurrent cerebrovascular events [8,19]. GDMT recommends lifelong
SAPT with aspirin or clopidogrel in patients with prior IS or TIA due to large artery dis-
ease [5,8]. SAPT showed a better safety profile in major bleeding outcomes compared to
oral anticoagulation. Data from the ATT meta-analysis among 16 secondary prevention
RCTs, including 10 with previous stroke/TIA, highlighted the benefit of aspirin on major
coronary events (HR 0.80; 95% CI 0.73–0.88) as well as IS (HR 0.78; 95% CI 0.61–0.99) and
serious vascular events (HR 0.81; 95% CI 0.75–0.87), with an increase of major extracranial
bleeding (HR 2.69; 95% CI 1.25–5.76) but not for rates of hemorrhagic stroke (HR 1.67;
95% CI 0.97–2.90) [22]. Different RCTs compared oral anticoagulation vs. SAPT in PAD
patients (Table 1). In the European/Australasian Stroke Prevention in Reversible Ischemia
Trial (ESPRIT), oral anticoagulation (either phenprocoumon, warfarin or acenocoumarol)
was compared with aspirin in patients with recent (within 6 months) TIA or minor stroke.
Overall, there was no significant difference between the two groups for recurrent CV
events (HR 1.02; 95% CI 0.77–1.35). However, an excess of major bleeding among pa-
tients randomized to oral anticoagulation was observed (HR 2.56; 95% CI 1.48–4.43) [24].
The Warfarin Antiplatelet Vascular Evaluation (WAVE) compared a combination therapy
with an antiplatelet agent (either aspirin, ticlopidine or clopidogrel) plus oral anticoagulant
agent (either warfarin or acenocoumarol) vs. antiplatelet therapy alone in PAD patients.
No differences were detected in the primary efficacy outcome of MACE (RR 0.92; 95%
CI 0.73–1.16), although the risk of life-threatening bleeding was three-fold higher in the
combination therapy arm (RR 3.41; 95% CI 1.84–6.35) [25]. Hence, unless indicated for
other clinical circumstances, anticoagulation therapy is not recommended for secondary
prevention after TIA/stroke [5,8]. Other antiplatelet drugs, such as P2Y12 receptor in-
hibitors, have been assessed in secondary IS prevention. In the Clopidogrel and Aspirin
for Reduction of Emboli in Symptomatic Carotid Stenosis (CARESS) trial, dual antiplatelet
therapy (DAPT) with aspirin and clopidogrel was compared to aspirin among patients
with recently symptomatic ≥ 50% carotid stenosis assessing microembolic signals (MES)
by transcranial Doppler (TCD). DAPT was associated with a relative reduction of 40% in
the risk of asymptomatic embolization and stroke (relative risk reduction—RRR 39.8%; 95%
CI 13.8–58.0) on day 7 with no significant difference in bleeding adverse events among
DAPT (3.9%) vs. aspirin alone (1.8%) group [26]. Similarly, in the clopidogrel plus aspirin
versus aspirin alone for reducing embolization in patients with acute symptomatic cerebral
or carotid artery stenosis (CLAIR) trial, DAPT with aspirin and clopidogrel compared with
aspirin alone was associated with similar risk reduction (about 42%) of MES in patients
with acute IS or TIA (RRR 42.4%; 95% CI 4.6–65.2) with only two minor bleeding events
in the DAPT group [27]. The Clopidogrel in High-Risk Patients with Acute Nondisabling
Cerebrovascular Events (CHANCE) trial assessed a 3-month strategy of DAPT with as-
pirin plus clopidogrel vs. aspirin alone among patients with acute high-risk TIA or minor
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ischemic stroke. During 90 days of follow-up, DAPT reduced the occurrence of stroke
(ischemic or hemorrhagic) by 32% compared to aspirin alone (HR 0.68; 95% CI 0.57–0.81)
with a non-significant increased rate of any bleeding events in DAPT (2.3%) vs. aspirin
group (1.6%) (HR 1.41; 95% CI 0.95–2.10) [28]. Like the CHANCE trial, the Platelet-Oriented
Inhibition in New TIA and Minor Ischemic Stroke (POINT) trial assessed DAPT with as-
pirin and clopidogrel vs. aspirin alone in patients affected by minor IS or high-risk TIA for
90 days. DAPT reduced the composite primary efficacy outcome of major ischemic events
defined as IS, MI and death due to ischemic vascular events (HR 0.75, 95% CI 0.59–0.95),
which was counterbalanced by an increased risk of major bleeding in DAPT arm of HR
(2.32, 95% CI 1.10–4.87) [29]. A pooled analysis of the CHANCE and POINT trials showed
a reduced risk of new stroke with DAPT (HR 0.69; 95% CI 0.60–80), with a non-significantly
higher risk of major bleeding (HR 1.67, 95% CI 0.93–2.99) [30]. A risk benefit-analysis
of the two trials showed that the recurrent ischemic events with DAPT are mainly pre-
vented within the first 2 weeks after randomization, whereas the risk of major bleeding was
small and constant throughout the follow-up. In view of these findings, the AHA/ASA
guidelines recommend DAPT with clopidogrel and aspirin up to 3 months after a minor
stroke [8]. In analogy with the issues related to clopidogrel use in the field of CAD (delayed
onset of action, large interindividual variability and irreversibility of inhibitory action),
data from the CHANCE trial showed that the benefit of a clopidogrel-based DAPT was
essentially confined to extensive clopidogrel metabolizer phenotype, whereas there was
no benefit with DAPT in poor or intermediate clopidogrel metabolizers [31]. Cilostazol
is another drug assessed in the secondary prevention of IS. Cilostazol is a selective in-
hibitor of phosphodiesterase type 3, which increases the cyclic adenosine monophosphate
(cAMP) levels that lead to inhibition of platelet aggregation. “Dual Antiplatelet therapy
using Cilostazol for Secondary Prevention in Patients with high-risk ischemic stroke in
Japan”, a multicenter RCT, assessed the safety and efficacy of cilostazol to prevent stroke
recurrence in a DAPT strategy with either aspirin or clopidogrel vs. SAPT with aspirin
or clopidogrel. DAPT with cilostazol reduced IS recurrence (3%) vs. SAPT (7%) (HR 0.49;
95% CI 0.31–0.76) with no differences in severe or life-threatening bleeding among study
groups (HR 0.66; 95% CI 0.27–1.60) [32]. However, the RCT enrolled 47% of the planned
sample size (n = 4000) and included only Japanese people. Moreover, there were a very
limited number of patients (n = 93) with primary efficacy outcomes that could probably
reduce the statistical accuracy [32]. AHA/ASA guidelines recommend cilostazol with a
class of recommendation 2b in IS secondary prevention with aspirin or clopidogrel due to
limited evidence and known side effects such as headache, palpitations and tachycardia.
In addition, Cilostazol is contraindicated in patients affected by heart failure (HF) treated
by phosphodiesterase 3 inhibitors [8]. The efficacy and safety of a different antiplatelet
strategy after IS/TIA were also assessed with newer P2Y12 receptor inhibitors. The benefit
of ticagrelor compared to aspirin in patients with acute cerebral ischemia (non-severe IS or
high-risk TIA) was assessed among 13,199 patients enrolled in the Acute Stroke or Transient
Ischemic Attack Treated with Aspirin or Ticagrelor and Patient Outcomes (SOCRATES)
trial. Compared with aspirin, ticagrelor monotherapy (90 mg twice daily) was not superior
to aspirin with respect to the primary outcome of stroke, MI or death at 90 days (HR 0.89;
95% CI 0.87–1.01). No differences were detected in major bleeding (according to PLATO
classification) comparing the two study groups (HR 0.83; 95% CI 0.52–1.34) [33]. However,
in a sub-analysis of the SOCRATES trial in which the primary outcome data were stratified
by randomization arm and prior use of aspirin within 7 days before randomization, the
benefit of ticagrelor was present among patients with prior aspirin use (HR 0.76; 95%
CI 0.61–0.95) [34]. Recently, DAPT, including the more potent P2Y12 receptor inhibitor
(ticagrelor 90 mg twice daily) on top of background therapy, was investigated in The Acute
Stroke or Transient Ischemic Attack Treated with Ticagrelor and ASA (acetylsalicylic acid)
for Prevention of Stroke and Death (THALES) trial, which enrolled patients with no more
than moderate and non-cardioembolic IS. DAPT with ticagrelor reduced the risk of IS or
death within 30 days (HR 0.83; 95% CI 0.71–0.96) with no differences in disability. However,
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severe bleeding occurred more frequently in patients randomized to the experimental arm
according to the Global Use of Strategies to Open Occluded Coronary Arteries (GUSTO)
classification (HR 3.99, 95% CI 1.74–9.14) [35]. Considering the thromboembolic compo-
nent of IS, recent data from a post-hoc analysis on DPI comes from RCT. In particular,
the analysis of stroke outcomes in the COMPASS trial among patients with prior stroke
showed a benefit of low-dose rivaroxaban plus aspirin compared with aspirin alone in
MACE prevention (HR 0.57; 95% CI 0.34–0.96) without differences in ISTH major bleeding
(HR 1.06; 95% CI 0.72–1.56) [23]. Nevertheless, these results cannot be extrapolated to the
early phase after IS. In the early phase of a cerebrovascular event, DAPT represents the an-
tithrombotic strategy in order to minimize the risk of asymptomatic cerebral embolization
and stroke [19]. Antithrombotic therapy in secondary prevention of carotid artery disease
was also assessed after CAS/CEA revascularization. Data derived from two small RCTs
showed benefit from the DAPT regimen vs. SAPT after CAS in reducing cerebrovascular
events. “The Benefits of Combined Anti-platelet Treatment in Carotid Artery Stenting”
RCT compared DAPT with aspirin plus clopidogrel vs. aspirin plus 24 h of heparin in a
cohort of patients undergoing CAS. At 30 days of follow-up, neurological complications,
including all amaurosis fugax, TIA and all stroke, occurred in 0% of the DAPT group
and in 25% of heparin group (p = 0.02) without any difference in major bleeding or groin
complication (9% in DAPT group vs. 17% in heparin group, p = NS) [36]. Similar findings
were noted in “Dual Antiplatelet Regime Versus Acetyl-acetic Acid for Carotid Artery
Stenting” RCT in patients after CAS assessing a DAPT regimen (325 mg of aspirin plus
250 mg of ticlopidine) vs. 325 mg of aspirin plus 24 h of heparin as control group. After
30 days, DAPT significantly reduced minor IS/TIA (2% vs. 16%, p < 0.05) without any
major bleeding in either group, and no difference in groin complications was observed
(2% in DAPT vs. 4% in control group, p = NS) [37]. The optimal SAPT strategy after CEA
was tested in low-dose and high-dose acetylsalicylic acid for patients undergoing carotid
endarterectomy: a randomized controlled trial (ACE RCT) where different doses of aspirin
(i.e., 81–325 mg vs. 650–1300 mg) were compared at 3 months after CEA. The occurrence of
IS was lower in low-dose aspirin (3.2% vs. 6.9%), while hemorrhagic stroke was numerically
more frequent in the high-dose aspirin group (RR 1.68, 95% CI 0.77–3.68) [38]. Moreover,
after CEA, SAPT management is recommended over a DAPT regimen in view of a lack
of benefit in fatal stroke prevention and heightened risk of major bleeding with DAPT, as
shown in a systematic metanalysis involving three RCTs and seven observational studies
with DAPT vs. SAPT risk difference (RD) in major bleeding 0.00; 95% CI 0.00–0.01 and
neck hematoma (RD 0.04, 95% CI 0.01–0.06) [39]. The need to reduce thrombotic adverse
events without increasing bleeding risk drives the development of newer antithrombotic
drugs with a different target in atherosclerotic cardiovascular disease (ASCVD), including
carotid artery disease for non-cardioembolic IS. Considering the key role of factor XI (FXI)
in pathological thrombosis as it amplifies thrombin generation, new data provide the first
clinical benefits of factor XI inhibitors [40]. Moreover, patients with FXI deficiency are
known to have a lower risk of IS, while those with high FXI levels have an increased risk of
recurrent IS [40]. The Factor XIa inhibition with asundexian after acute non-cardioembolic
ischemic stroke (PACIFIC-Stroke) is a phase 2b RCT, the first study to report on the efficacy
and safety of factor Xia inhibition in secondary prevention of non-cardioembolic IS. Patients
with minor-moderate IS were randomized in a 1:1:1:1 study to receive either asundexian
10 mg, 20 mg, or 50 mg or placebo, in addition to SAPT, according to a local investigator.
After 26 weeks from randomization, no differences were observed in primary efficacy
outcome (i.e., symptomatic recurrent IS and incident covert brain infarct detected by MRI)
among each asundexian arm vs. placebo: HR 0.99; 95% CI 0.79–1.24 for 10 mg, HR 1.15; 95%
CI 0.93–1.43 for 20 mg and HR 1.06; 95% CI 0.85–1.32 for 50 mg. Considering the primary
safety composite outcome of ISTH major and clinically relevant non-major bleeding, no
significant differences were found among each asundexian arm and even considering all
doses vs. placebo (HR 1.57, 95% CI 0.91–2.71) [41]. Despite the PACIFIC-stroke trial not
finding a significant difference in the primary efficacy endpoint, in a post-hoc analysis,
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asundexian 50 mg reduced recurrent IS and TIA in patients with known atherosclerosis.
This reinforced the rationale for assessing this hypothesis in a larger phase 3 RCT. Another
XIa inhibitor, milvexian, was more recently tested in the Antithrombotic treatment with fac-
tor XIa inhibition to Optimize Management of Acute Thromboembolic events for Secondary
Stroke Prevention (AXIOMATIC-SSP) phase 2 RCT in patients with acute IS or high-risk
TIA compared to matched placebo on top of DAPT with aspirin and clopidogrel until day
21 from randomization followed by aspirin alone. The primary efficacy endpoint included
incident IS during the treatment period or new covert brain infarction detected by the
comparison of 90-day and baseline MRIs. Although the full results are not yet available at
the time of this writing, preliminary data from the ESC 2022 Congress showed no difference
between milvexian and placebo in the primary efficacy endpoint at 90 days. As it relates
to the safety endpoint (Bleeding Academic Research Consortium—BARC classification),
milvexian did not increase adverse events: milvexian 25 mg daily vs. 25 mg BID vs. 50 mg
BID vs. 100 mg BID vs. 200 mg BID vs. placebo, was: 10.8% vs. 8.6% vs. 12.3% vs.
13.1% vs. 10.2% vs. 7.9% (p > 0.05) [42]. To date, GDMT and the recent ESC consensus
document recommend at least DAPT for 1-month with aspirin and clopidogrel after CAS
and SAPT after CEA (class I) [4,5,19]. An operative proposal algorithm for antithrombotic
management of carotid artery disease according to asymptomatic or secondary prevention
patients is depicted in Figure 2.

Table 1. Key antithrombotic trials in a primary population with peripheral artery disease.

Primary Endpoint
Study

Enrolled
Patients

Population Treatment Follow-Up Efficacy Safety
Carotid Artery Disease

ESPRIT
Trial [24] 1068

Recent TIA or
minor stroke

(within 6 months)

Oral anticoagulation
(phenprocoumon,

warfarin or
acenocoumarol)

vs.
Aspirin

4.6 years

No difference in the
composite outcome of

all-cause death,
non-fatal stroke,

non-fatal MI
(HR 1.02; 95%
CI 0.77–1.35)

Increased major
bleeding

(HR 2.56; 95%
CI 1.48–4.43)

CARESS
Trial [26] 107

Symptomatic
≥50% carotid

stenosis

DAPT
(Aspirin + Clopidogrel)

vs.
Aspirin

7 days

Reduction in the risk
of asymptomatic

embolization
(RR 39.8%; 95%

CI 13.8–58.0)

Bleeding adverse
events 3.9% vs.
1.8%, p = NS

CLAIR
Trial [27] 100 Acute IS or TIA

DAPT
(Aspirin + Clopidogrel)

vs.
Aspirin

7 days

Reduction of
microembolic signals

(RR 42.4%; 95%
CI 4.6–65.2)

No difference in
any bleeding
complications

CHANCE
Trial [28] 5170 Minor IS or

high-risk TIA

DAPT
(Aspirin + Clopidogrel)

vs.
Aspirin + Placebo

90 days

Reduction of stroke
rate in the DAPT

group
(HR 0.68; 95%
CI 0.57–0.81)

No difference in
bleeding

complications
(HR, 1.41; 95%
CI 0.95–2.10)

POINT
Trial [29] 4881 Minor IS or

high-risk TIA

DAPT
(Aspirin + Clopidogrel)

vs.
Aspirin

90 days

Reduction of major
ischemic events

(IS, MI and death due
to ischemic vascular

events)
(HR 0.75; 95%
CI 0.59–0.95)

Increased
hemorrhagic

complications
(HR 2.32; 95%
CI 1.10–4.87)

Dual Antiplatelet
therapy using
Cilostazol for

Secondary
Prevention in
Patients with

high-risk
ischemic stroke in

Japan [32]

1884
High-risk non-
cardioembolic

IS

Aspirin/Clopidogrel +
Cilostazol

vs.
Aspirin or Clopidogrel

1.4 years

Reduction of IS in the
DAPT group
(HR 0.49; 95%
CI 0.31–0.76)

No difference in
severe or

life-threatening
bleeding

(HR 0.66; 95%
CI 0.27–1.60)
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Table 1. Cont.

Primary Endpoint
Study

Enrolled
Patients

Population Treatment Follow-Up Efficacy Safety

SOCRATES
Trial [33] 13,199 Non-severe IS or

high-risk TIA

Ticagrelor
vs.

Aspirin
90 days

No difference in the
composite outcome of

stroke, MI or death
(HR 0.89; 95%
CI 0.87–1.01)

No difference in
major bleeding
complications
(HR 0.83; 95%
CI 0.52–1.34)

THALES
Trial [35] 11,016

Mild-to-
moderate acute
noncardioem-

bolic IS or
TIA

DAPT
(Aspirin + Ticagrelor)

vs.
Aspirin

30 days

Reduction of
composite of stroke or

death in the DAPT
group

(HR 0.83; 95%
CI 0.71–0.96)

Increased severe
bleeding

(HR 3.99; 95%
CI 1.74–9.14)

The Benefits of
Combined

Antiplatelet
Treatment in

Carotid
Artery Stenting

[36]

47

Patients
undergoing

carotid artery
stenting

DAPT
(Aspirin + Clopidogrel)

vs.
Aspirin + 24-h heparin

30 days

Neurological events
(amaurosis fugax, TIA

and all stroke)
0% vs. 25%

No difference in
major bleeding

9% vs. 17%,
p = NS

Dual Antiplatelet
Regime Versus

Acetyl-acetic Acid
for Carotid Artery

Stenting [37]

100

Patients
undergoing

carotid artery
stenting

DAPT
(Aspirin 325 mg +

Ticlopidine)
vs.

Aspirin 325 mg + 24-h
heparin

30 days

Reduction of minor
IS/TIA in the DAPT
group, 2% vs. 16%,

p < 0.05

No difference in
major bleeding

ACE RCT [38] 2849

Patients
undergoing

carotid
endarterectomy

Aspirin 81–325 mg
vs.

Aspirin 650–1300 mg
90 days

Lower rate of IS, MI
and death in low-dose

group
6.2% vs. 8.4%, p = 0.03

Increased
hemorrhagic
stroke in high

dose group
(RR, 1.68; 95%
CI 0.77–3.68)

PACIFIC Stroke
Trial [41] 1808

Acute non-
cardioembolic

IS

Asundexian 10 mg
vs.

Asundexian 20 mg
vs.

Asundexian 50 mg
vs.

Placebo

26 weeks

No differences in IS
and incident covert

brain infarct detected
by MRI

(HR 0.99; 95% CI,
0.79–1.24) 10 mg

(HR 1.15; 95%
CI 0.93–1.43) 20 mg

(HR 1.06; 95%
CI 0.85–1.32) 50 mg

No difference in
major or clinically

relevant
non-major
bleeding

(HR 1.57; 95%
CI 0.91–2.71)

AXIOMATIC-
SPP
[42]

2366 Acute
non-lacunar IS

Milvexian 25 mg
vs.

Milvexian 50 mg
vs.

Milvexian 100 mg
vs.

Milvexian 200 mg
vs.

Placebo

90 days

No differences in IS
and incident covert

brain infarct detected
by MRI

25 mg, 16.2% and
18.5%

50 mg, 14.1%
100 mg, 14.7%
200 mg, 16.4%
Placebo, 16.6%

No differences in
rates of

BARC 3 or 5
25 mg, 0.6%
50 mg, 1.5%

100 mg, 1.6%
200 mg, 1.5%
Placebo, 0.6%

Abdominal Aortic Disease

TicAAA
Trial [43] 144

Patients with
AAA and with a
maximum aortic

diameter
35–49 mm

Ticagrelor
vs.

Placebo
12 months

No differences were
found in AAA

volume increase
assessed by MRI
(HR 1.013; 95%
CI 0.993–1.034)

Increased
bleeding events
rate in ticagrelor

group
(33% vs. 11%,

p = 0.002)
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Table 1. Cont.

Primary Endpoint
Study

Enrolled
Patients

Population Treatment Follow-Up Efficacy Safety
Lower-extremity PAD

POPADAD
Trial [44] 1276

Patients with
diabetes

with ABI < 0.99

Aspirin
vs.

Placebo
6.7 years

No difference in the
composite of death

due to CAD
or stroke, non-fatal

MI or stroke, or
amputation

(HR 0.98; 95%
CI 0.76–1.26)

No difference in
gastrointestinal

bleeding
(HR 0.90; 95%
CI 0.53–1.52)

AAA
Trial [45] 3350

General
population with

ABI ≤ 0.95

Aspirin
vs.

Placebo
8.2 years

No difference in the
composite of fatal or
non-fatal coronary

event, stroke, or
revascularization

(HR 1.03; 95%
CI 0.84–1.27)

Increased major
bleeding

(HR 1.71;95%
CI 0.99–2.97)

WAVE
Trial [25] 2161 PAD

Antiplatelet therapy
(aspirin, ticlopidine or

clopidogrel)
+

Oral anticoagulation
(warfarin or

acenocoumarol)
vs.

Antiplatelet therapy alone

35 months

No difference in the
composite outcome of
all-cause death, stroke

and MI
(RR 0.92; 95%
CI 0.73–1.16)

Increased
life-threatening or

moderate
bleeding

(RR 3.21; 95%
CI 2.02–5.08)

EUCLID
Trial [46] 13,885 Symptomatic

LEPAD

Ticagrelor
vs.

Clopidogrel
30 months

Ticagrelor not
superior to

clopidogrel for MACE
reduction

(HR 1.02; 95%
CI 0.92–1.13)

No increase in
bleeding

(HR 1.1; 95%
CI 0.84–1.43)

Dutch BOA [47] 2690

Patients with
LEPAD after
infrainguinal

arterial
grafting

Oral anticoagulant
(phenprocoumon or

acenocoumarol; coumarin
derivatives)

vs.
aspirin

equivalent

21 months

No difference in graft
occlusion

(HR 0.95; 95% CI,
0.82–1.11)

No difference in the
composite of

vascular mortality, MI,
stroke, or amputation

(HR 0.89; 95%
CI 0.75–1.06)

Increase in severe
bleeding

(HR 1.96; 95%
CI 1.42–2.71)

CASPAR
Trial [48] 851

Patients with
LEPAD

undergoing
below-knee

bypass grafting

Aspirin + Clopidogrel
vs.

Aspirin + Placebo
24 months

No reduction in the
composite of graft

occlusion,
revascularization,

major amputation, or
death

(HR 0.98; 95%
CI 0.78–1.23)

No difference in
severe bleeding
(2.1% vs. 1.2%)

Cilostazol
reduces restenosis

after
endovascular

therapy in
patients with

femoropopliteal
lesions [49]

127

Patients with
LEPAD after
endovascular

LER

Aspirin + Cilostazol
vs.

Aspirin + Ticlopidine
36 months

Higher patency lesion
rates at 12, 24, 36

months in Cilostazol
group (87%, 82%,

73%) vs. Ticlopidine
group (65%, 60%,

51%), p = 0.013

No difference in
bleeding
p = 0.72
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Table 1. Cont.

Primary Endpoint
Study

Enrolled
Patients

Population Treatment Follow-Up Efficacy Safety

MIRROR
Study [50] 80

Patients with
LEPAD

undergoing
endovascular

LER

Clopidogrel + Aspirin
vs.

Aspirin + Placebo
6 months

Decreased risk of
target lesion

revascularization
(5% vs. 8%, p = 0.04)
at 6 months but no
difference at 1 year

(25% vs. 32%,
p = 0.35)

No increase in
bleeding

(2.5% vs. 5%,
p = 0.56)

ePAD
Trial [51] 203

Patients with
LEPAD after
endovascular

LER

Edoxaban + Aspirin
vs.

Aspirin + Clopidogrel
3 months

No difference in
restenosis or

reocclusion of
femoropopliteal

targets
(HR 0.89; 95%
CI 0.59–1.34)

No difference in
bleeding

(RR 0.56; 95%
CI 0.19–1.62)

VOYAGER-PAD
Trial [52] 6564

Patients with
LEPAD after

LER

Aspirin + Rivaroxaban
vs.

Aspirin + Placebo
3 years

Composite of
reduction of MACE

and MALE
(HR 0.85; 95%
CI 0.76–0.96)

No difference in
TIMI major

bleeding
(HR 1.43; 95%
CI 0.97–2.10)

increase
in ISTH major

bleeding
(HR 1.42; 95%
CI 1.10–1.84)

HR = hazard ratio; CI = confidence interval; NS = not significant; RR = risk ratio; TIA = transient ischemic attack;
DAPT = dual antiplatelet therapy; IS = ischemic stroke; MI = myocardial infarction; AAA = abdominal aortic
aneurysm; MRI = magnetic resonance imaging; ABI = ankle brachial index; PAD = peripheral artery disease;
CAD = coronary artery disease; MACE = major adverse cardiovascular events; MALE = male adverse limb events;
TIMI = thrombolysis in myocardial infarction; ISTH = International Society on Thrombosis and Hemostasis.

Figure 2. Proposed algorithm for antithrombotic management in patients with PAD asymptomatic or in sec-
ondary prevention. A = low-dose aspirin, C = clopidogrel 75 mg/day, N = no medical therapy, R = rivaroxaban
2.5 mg/twice daily, ENDO = endovascular revascularization, SURG = surgical revascularization.
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3.2. Abdominal Aortic Disease
3.2.1. Asymptomatic Patients

GDMT does not recommend SAPT in asymptomatic abdominal aortic atherosclerosis
overall [6,19]. Despite the common finding of abdominal aortic atherosclerosis in middle-
aged patients, SAPT therapy should be avoided unless complex and high-risk plaque
such as atheroma dimension >3 mm or >2 mm with mobile/ulcerated features, which
confer an increased risk of MACE is observed [19]. Considering the relationship between
intra-luminal thrombus and AAA, a hypothesis of antithrombotic treatment efficacy on
the growth rate of AAA was assessed in The Efficacy of Ticagrelor on Abdominal Aortic
Aneurysm (AAA) Expansion (TicAAA), where ticagrelor was compared with placebo
for reducing AAA over 12 months. No differences were found in AAA volume increase
with ticagrelor vs. placebo as assessed by MRI (HR 1.013; 95% CI 0.993–1.034) and in
diameter change assessed by US for ticagrelor (2.3 mm) vs. placebo (2.2 mm), p = 0.778 [43].
Moreover, patients in the ticagrelor group showed an increased rate of bleeding events
(33% vs. 11%, p = 0.002) (Table 1) [43]. A recent review and metanalysis of seven studies
on antiplatelet therapy (including aspirin) in AAA confirms the absence of benefit on
aneurysm growth by antiplatelet therapy with an overall standardized mean difference
(SMD) of −0.36 mm/year, 95% CI −0.75–0.02 [53]. In addition, compared to placebo,
aspirin use in AAA was not associated with reduced all-cause mortality (HR 0.91; 95%
CI 0.75–1.11) or abdominal aortic rupture events (HR 0.98; 95% CI 0.37–2.59) [53]. Given the
higher bleeding risk, DAPT or oral anticoagulation are not indicated for primary prevention
of abdominal aortic aneurysm [19].

3.2.2. Secondary Prevention

After a peripheral embolic event from abdominal aortic plaque, GDMT recommends
SAPT (aspirin or clopidogrel), whereas little evidence is available for DAPT in this clinical
scenario [6,19]. Due to the higher risk of MACE in patients affected by AAA, unless
contraindicated, SAPT is a reasonable option [19]. As mentioned before, intraluminal
thrombus is a common finding in patients with AAA. Parenteral administration of factor
Xa/II inhibitors in experimental aortic aneurysms and atherosclerosis were assessed in
an animal model. Reduction in the severity of aortic aneurism and atherosclerosis was
detected in mice treated with enoxaparin or fondaparinux [54]. Even in the setting of AAA
complications (e.g., aortic dissection), SAPT should not be withdrawn in order to prevent
thrombosis origin and propagation [19]. Data on antithrombotic therapy after AAA repair
are still limited and mostly of an observational nature. In patients undergoing intervention
(either EVAR or surgical) for AAA, pooled data from observational studies showed no effect
on all-cause mortality with antithrombotics compared to placebo/no treatment (HR 1.00;
95% CI 0.81–1.22) [53]. However, studies comparing aspirin vs. placebo/no treatment
show a reduction in all-cause mortality in the aspirin arm (HR 0.78; 95% CI 0.68–0.89)
with apparent early endoleak risk (<30 days) increase in patients on antithrombotics
treatment (HR 1.63; 95% CI 1.17–2.27) [53]. In a small prospective cohort of AAA patients
undergoing EVAR, a DAPT strategy showed low complication rates (i.e., 30 day-mortality
and endoleak) [55]. During perioperative management of isolated AAA by endovascular
treatment, a short-term DAPT (1–3 months) may be indicated [56]. Moreover, DAPT
strategy after EVAR showed a good efficacy and safety profile in an observational cohort
of patients who underwent recent percutaneous coronary intervention (PCI) compared
to SAPT considering BARC major bleeding (0% vs. 1.1%, p = NS), endoleak (0% vs.
3.4%, p = NS) and MI (2.4% vs. 0%, p = NS) [57]. Very limited experience with more
potent DAPT (e.g., with ticagrelor or prasugrel) exhibited an increased bleeding risk after
AAA repair, irrespective of intervention type [56]. Moreover, recent data on the Safety
of Chronic Anticoagulation Therapy After Endovascular Abdominal Aneurysm Repair
registry underlined the use of anticoagulation drugs (i.e., vitamin K antagonists/heparin)
is independently associated with an increased risk of endoleak (HR 1.6; 95% CI 1.23–2.07)
and reintervention (HR 1.8; 95% CI: 1.31–2.48) compared to patients with SAPT [58].

153



J. Cardiovasc. Dev. Dis. 2023, 10, 164

An operative proposal algorithm for the antithrombotic management of abdominal aortic
disease according to asymptomatic or secondary prevention patients is represented in Figure 2.

3.3. Lower Extremity Peripheral Artery Disease
3.3.1. Asymptomatic Patients

Antithrombotic management recommendations in patients with isolated asymp-
tomatic LEPAD are conflicting. ESC guidelines and a recent ESC position paper do not
recommend SAPT in asymptomatic LEPAD, whereas ACA/AHC guidelines acknowledge
SAPT as a reasonable option in asymptomatic patients with abnormal ABI (≤0.90) to re-
duce MI, IS and vascular death risk [4,5,19]. Two RCTs assessed antiplatelet therapy as
primary prevention in LEPAD patients. In the prevention of progression of arterial disease
and diabetes (POPADAD) trial, aspirin did not show benefit vs. placebo for MACE or
major amputation (HR 0.98; 95% CI 0.76–1.26 in primary prevention in diabetes patients
with ABI ≤ 0.99). No differences in gastrointestinal bleeding were detected (HR 0.90;
95% CI 0.53–1.52) [44]. The Aspirin for Prevention of Cardiovascular Events in a General
Population Screened for a Low Ankle Brachial Index (AAA) trial assessed the role of aspirin
in a general population with impaired ABI ≤ 0.95. Considering fatal or non-fatal coronary
events or stroke or revascularization, no statistically significant differences were found
between aspirin vs. placebo (HR 1.03; 95% CI 0.84–1.27) but there was increased major
bleeding in the aspirin arm (HR, 1.71; 95% CI 0.99–2.97) [45]. SAPT seems a reasonable
option in primary prevention in patients with impaired ABI with low bleeding risk [4,5,19].

3.3.2. Secondary Prevention

GDMT supports antithrombotic therapy for the secondary prevention of LEPAD with
SAPT (aspirin or clopidogrel) with a class I recommendation [4,5,59]. ACC/AHA guidelines
endorse DAPT (aspirin plus clopidogrel) and vorapaxar added on top of DAPT in class
IIb recommendation in symptomatic PAD [4]. Moreover, a recent ESC consensus paper
endorses aspirin plus rivaroxaban 2.5 mg with or without clopidogrel after LER in patients
without high bleeding risk [19]. Several new lines of evidence are available considering
different clinical scenarios (e.g., medical therapy management alone vs. LER) balancing
thrombo-hemorrhagic risk (Table 1) [19]. Historically, data on LEPAD antithrombotic therapy
were extracted by subgroup analysis of non-dedicated RCTs on CAD patients [15,60]. More than
25 years ago, subgroup analysis on clopidogrel versus aspirin in patients at risk of ischemic
events (CAPRIE), including 6452 symptomatic PAD patients, highlighted MACE prevention
in clopidogrel-allocated subjects over aspirin (HR 0.78; 95% CI 0.65–0.93). Moreover, in
the overall cohort of the study, clopidogrel showed a favorable gastrointestinal bleeding
profile compared to aspirin (1.99% vs. 2.66%, p < 0.05) with no differences in intracranial
hemorrhage (0.35% vs. 0.49%, p = NS) [61]. In the LEPAD patients subgroup analysis of
The Clopidogrel for High Atherothrombotic Risk and Ischemic Stabilization, Management
and Avoidance (CHARISMA) trial on the efficacy and safety of clopidogrel plus aspirin as
compared with aspirin alone in patients at high risk for a cardiovascular event, no benefit
was observed for DAPT over SAPT considering MACE (HR 0.85; 95% CI 0.66–1.08) [19].
However, subsequent analyses from the CHARISMA trial showed a favorable effect of
DAPT vs. SAPT with aspirin in high-risk patients with prior MI (HR 0.78; 95% CI 0.61–0.98),
prior IS (HR 0.78; 95% CI 0.62–0.97) and also with a history of LEPAD (HR 0.83; 95% CI 0.72–
0.95). The overall rates of moderate-severe/fatal bleeding did not differ between the groups,
whereas minor bleeding increased with DAPT vs. SAPT (HR 1.99; 95% CI 1.69–2.34) [62].
As in carotid artery disease, the feasibility of oral anticoagulation on top of SAPT vs. SAPT
alone was assessed in the WAVE study, where LEPAD patients made up around 80% of
the overall cohort. No differences were found in the primary efficacy outcome of MACE
(RR 0.92; 95% CI 0.73–1.16), but there was a significant increase in life-threatening bleeding
with combination therapy (RR 3.41; 95% CI 1.84–6.35) [25]. Unless prescribed for another
indication, oral anticoagulation on top of SAPT in symptomatic LEPAD patients is not
recommended due to increased bleeding risk [4,5,19]. A DAPT regimen of aspirin and
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ticagrelor for secondary prevention among PAD patients was evaluated in the subanalysis
of the Prevention of Cardiovascular Events in Patients With Prior Heart Attack Using
Ticagrelor Compared to Placebo on a Background of Aspirin—Thrombolysis In Myocardial
Infarction 54 (PEGASUS-TIMI 54) trial. This RCT assessed the efficacy of ticagrelor 90 mg
twice daily, ticagrelor 60 mg twice daily or placebo on top of aspirin in secondary prevention
1 to 3 years after MI. In the LEPAD subgroup ticagrelor 60 mg reduced CV mortality
compared to placebo (HR 0.47; 95% CI 0.25–0.86). Considering pooled doses, ticagrelor
reduced ALI (HR 0.56; 95% CI 0.23–1.37) and peripheral revascularization for limb ischemia
(HR 0.63; 95% CI 0.43–0.93). However, the pooled ticagrelor dose group had a numerical
increase of TIMI major bleeding (HR 1.32; 95% CI 0.41–4.29) [63]. DAPT with ticagrelor was
also assessed in The Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus Patients
Intervention Study (THEMIS) RCT, which enrolled diabetic patients without prior MI or
IS to ticagrelor 90 mg twice daily plus aspirin or placebo plus aspirin. Ticagrelor reduced
MACE (HR 0.90; 95% CI 0.81–0.99) and MALE (HR 0.45; 95% CI 0.23–0.86) counterbalanced
by increased TIMI major bleeding (HR 2.32; 95% CI 1.82–2.94) [64]. In the THEMIS-PAD
substudy, DAPT significantly reduced limb events (defined as peripheral revascularization,
ALI, major amputation) by 1.3% vs. 1.6% with SAPT (p = 0.022) counterbalanced by
increased TIMI major bleeding of 2.0% vs. 1.1%, p < 0.0001. The overall benefit was greater
among PAD patients compared to those without [64]. Ticagrelor was also compared to
clopidogrel in the Examining Use of Ticagrelor in Peripheral Artery Disease (EUCLID) trial
that investigated the efficacy of ticagrelor, compared to clopidogrel, for reduction of MACE
in patients with symptomatic LEPAD. No difference was found for MACE (HR 1.02; 95%
CI 0.92–1.13) or major bleeding (HR 1.10, 95% CI 0.84–1.43) between groups, highlighting
ticagrelor as not superior to clopidogrel in symptomatic LEPAD patients [46]. Unless
for another indication, DAPT therapy is not indicated vs. SAPT in symptomatic LEPAD
patients managed with medical therapy alone. Another therapeutic target assessed in
the last years is represented by thrombin inhibition on top of low-dose aspirin therapy in
DPI. Vorapaxar, a competitive and selective antagonist of thrombin receptor PAR-1, was
assessed in Thrombin Receptor Antagonist in Secondary Prevention of Atherothrombotic
Ischemic Events–Thrombolysis in Myocardial Infarction 50 (TRA 2◦P–TIMI 50) trial, where
vorapaxar 2.5 mg daily was compared against placebo on top of standard therapy (e.g.,
aspirin or clopidogrel) in the secondary prevention of patients with a history of MI, IS
or PAD [65]. Overall, vorapaxar reduced the risk of CV death, MI, stroke or recurrent
ischemia leading to revascularization (HR 0.88; 95% CI 0.82–0.95) with an increased rate of
moderate–severe bleeding than placebo (HR 1.66; 95% CI 1.43–1.93), including intracranial
hemorrhage [65]. Subsequent analysis of the PAD population showed greater benefits of
vorapaxar in limb events with a 42% reduction in hospitalization for ALI (HR 0.58; 95%
CI 0.39–0.86) and a significant reduction in peripheral artery revascularization (HR 0.84;
95% CI 0.73–0.97) although evidence of increased GUSTO moderate–severe bleeding in the
vorapaxar arm (HR 1.62; 95% CI 1.21–2.18) [66]. Further data among patients with PAD
confirmed the clinical benefits of vorapaxar on MACE in patients with concomitant CAD
(HR 0.85; 95% CI 0.73–0.99) and MALE in those with prior LER (HR 0.67; 95% CI 0.49–0.91)
accompanied by an increase of ISTH major bleeding by 39% (HR 1.39; 95% CI 1.12–1.71) [67].
Vorapaxar is currently approved by the United States Food and Drug Administration as
secondary prevention in patients with CAD or PAD. However, the marketing authorization
was withdrawn in the European Union by the European Medicine Agency. In keeping with
the targeting of thrombin, dual pathway inhibition with low-dose rivaroxaban was tested
in the Cardiovascular Outcomes for People Using Anticoagulation Strategies (COMPASS)
RCT in combination with aspirin in patients with stable atherosclerotic vascular disease.
Rivaroxaban 2.5 mg plus aspirin vs. aspirin reduced MACE (HR 0.76; 95% CI 0.66–0.86),
while there was a higher rate of major bleeding in the rivaroxaban plus aspirin arm
(HR 1.70; 95% CI 1.40–2.05), there was no significant difference in intracranial or fatal
bleeding between groups [68]. However, the benefits outweighed the risks, especially in
patients with diabetes, renal dysfunction, HF or polyvascular disease [68]. In the LEPAD
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COMPASS substudy, rivaroxaban 2.5 mg plus aspirin prevented MACE prevention than
aspirin alone (HR 0.74; 95% CI 0.58–0.92) and also prevented MALE (HR 0.55; 95% CI 0.35–
0.85). ISTH major bleeding was increased in the combination therapy vs. aspirin alone
(HR 1.69; 95% CI 1.18–2.40) with a numerical increase of fatal/critical organ bleeding
(HR 1.56; 95% CI 0.78–3.39) [69]. Antithrombotic therapy in secondary prevention in
LEPAD patients was assessed in RCTs after endovascular or surgical revascularization.
The first trials on surgical revascularization assessed the efficacy of oral anticoagulation and
aspirin or DAPT. Efficacy of oral anticoagulants compared with aspirin after infrainguinal
bypass surgery (Dutch BOA) compared oral anticoagulation (i.e., phenprocoumon or
acenocoumarol) vs. aspirin in patients who underwent infrainguinal grafting. No difference
was detected between groups for the composite outcome of vascular death, MI, stroke or
amputation (HR 0.89; 95% CI 0.75–1.06) or graft occlusion (HR 0.95; 95% CI 0.82–1.11) with
an increased risk of major bleeding in patients treated with oral anticoagulation (HR 1.96;
95% CI 1.42–2.71) [47]. There was a similar finding from placebo-controlled clopidogrel and
acetylsalicylic acid in bypass surgery for peripheral arterial disease (CASPAR) trial where
aspirin plus clopidogrel vs. aspirin and placebo after BTK bypass graft did not show better
outcomes considering index-graft occlusion or revascularization, above-ankle amputation
of the affected limb, or death (HR 0.98; 95% CI 0.78–1.23), with increased total bleeding rate
in the DAPT arm (16.7% vs. 7.1%, p < 0.001) without differences in severe bleeding (2.1%
vs. 1.2%, p = NS) according to the GUSTO classification [48]. Cilostazol was investigated in
LEPAD patients who underwent LER due to femoropopliteal lesions. In the “Cilostazol
reduces restenosis after endovascular therapy in patients with femoropopliteal lesions”
RCT, cilostazol was compared to ticlopidine in addition to aspirin in a DAPT strategy.
Patency rates were higher in the cilostazol (73%) vs. ticlopidine arm (51%) at 36 months of
follow-up (p = 0.013) with no differences in bleeding adverse events [49]. However, this was
a small RCT with 127 patients enrolled and so not powered for clinical endpoints. Moreover,
cilostazol is not currently used as an antithrombotic agent [19]. Cilostazol was assessed
in LEPAD patients with moderate to severe claudication in a three-arm RCT compared
to pentoxifylline and placebo. After 24 weeks, the improvement in the maximal walking
distance by treadmill test was significantly greater in the cilostazol arm (107 ± 158 m) vs.
pentoxifylline (64 ± 127 m with p < 0.001) and placebo (65 ± 135 m with p < 0.001) with
more side effects as headache, diarrhea and palpitation in cilostazol group (p < 0.001) [70].
In subsequent metanalyses, cilostazol confirmed the improvement of maximal and pain-
free walking distance of 15% in LEPAD patients affected by claudication and the main
effect of cilostazol is represented by vasodilatation due to the increased level of cAMP [71].
However, the use of cilostazol is limited in patients with HF when associated with other
phosphodiesterase 3 inhibitors and has known side effects such as headache, palpitations
and tachycardia [4]. ACC/AHA GDMT suggests cilostazol with a class I recommendation
as an effective therapy to improve symptoms and walking distance in LEPAD patients
with claudication [4]. In the management of peripheral arterial interventions with mono
or dual antiplatelet therapy (the MIRROR study), DAPT with aspirin plus clopidogrel vs.
aspirin was assessed in patients who underwent endovascular LER. DAPT showed a lower
rate of target lesion revascularization at 6 months (5% versus 8%, p = 0.04) but this benefit
disappeared by 1 year (25% versus 32%, p = 0.35). Moreover, the bleeding complication
rate at 6 months after LER was comparable among groups (2.5% vs. 5.0%, p = NS) [50].
The Edoxaban Plus Aspirin vs. Dual Antiplatelet Therapy in Endovascular Treatment of
Patients With Peripheral Artery Disease (ePAD Trial) assessed edoxaban plus aspirin vs.
standard DAPT with low-dose aspirin and clopidogrel. The trial was not powered for
efficacy, and the risk of restenosis/reocclusion of femoropopliteal target lesion was not
different between the two groups (HR 0.89; 95% CI 0.59–1.34). No significant excess in TIMI
bleeding was observed with edoxaban, although the confidence interval was wide (HR 0.56;
95% CI 0.19–1.62) [51]. The efficacy of DPI after LER was assessed in the more recent
Efficacy and Safety of Rivaroxaban in Reducing the Risk of Major Thrombotic Vascular
Events in Subjects With Symptomatic Peripheral Artery Disease Undergoing Peripheral
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Revascularization Procedures of the Lower Extremities (VOYAGER-PAD) trial where PAD
patients with LER were randomized to rivaroxaban 2.5 mg twice daily plus aspirin vs.
placebo plus aspirin. Rivaroxaban plus aspirin showed a benefit in the primary efficacy
outcome, including ALI, major amputation for vascular causes, MI, IS or death from CV
causes (HR 0.85; 95% CI 0.76–0.96) [52]. No differences in TIMI major bleeding occurred
between groups (HR 1.43; 95% CI 0.97–2.10), whereas ISTH major bleeding was higher in the
rivaroxaban arm (HR 1.42; 95% CI 1.10–1.84) [52]. Subsequent analysis from the VOYAGER-
PAD trial highlighted the benefits of rivaroxaban in reducing the first and subsequent events
of the primary endpoint (HR 0.86; 95% CI 0.75–0.98) and vascular events (HR 0.86; 95%
CI 0.79–0.95) [72]. In the VOYAGER-PAD, DPI benefit was observed in the primary efficacy
outcome regardless of clopidogrel use (HR 0.85; 95% CI 0.71–1.01) or without clopidogrel
(HR 0.86; 95% CI 0.73–1.01). Clopidogrel did not influence the main safety outcome of ISTH
major bleeding with (HR 1.36; 95% CI 0.96–1.92) and without clopidogrel (HR 1.50; 95%
CI 1.02–2.20) [73]. It was also noted in VOYAGER PAD that treatment with rivaroxaban
reduced the risk for ALI (HR 0.67; 95% CI 0.55–0.82), particularly within the first month
from randomization attesting an early benefit [74]. It is important to highlight that despite
this tradeoff between efficacy and safety outcomes in VOYAGER PAD, when data are
interpreted on an absolute rather than relative risk scale, the number of efficacy events
prevented by rivaroxaban was exceedingly larger than the number of safety outcomes
associated with a DPI strategy (181 events of efficacy outcomes prevented by rivaroxaban
plus aspirin vs. 29 more safety events with the same strategy). Of interest, the median
time from revascularization to randomization in the VOYAGER PAD trial was 5 days,
suggesting that rivaroxaban should be started early after LER. It is noteworthy that LER
in VOYAGER PAD was endovascular in approximately 65% of cases and surgical in the
remaining 35%, therefore supporting the use of rivaroxaban irrespective of the type of
treatment. Finally, femoro-popliteal revascularization in VOYAGER PAD represented about
90% of revascularization procedures, and therefore, this vascular district is probably key
for the combination therapy of rivaroxaban and low-dose aspirin. A recent meta-analysis,
including LEPAD patients from the COMPASS and VOYAGER trials, showed a favorable
effect of rivaroxaban on the efficacy outcome of CV death, MI, IS, ALI or major amputation
(HR 0.79; 95% CI 0.65–0.95) with an increased risk of ISTH major bleeding (HR 1.51; 95%
CI 1.22–1.87). However, significant fatal or critical organ bleeding was similar between
rivaroxaban and placebo (0.5% vs. 0.4% by year, p = NS) [75]. While the efficacy and safety
of rivaroxaban were consistent regardless of DAPT use in VOYAGER PAD, few data are
available on a direct comparison between DPI with aspirin and rivaroxaban vs. DAPT with
aspirin and clopidogrel. A post-hoc analysis from VOYAGER PAD assessed the impact of
aspirin plus rivaroxaban for a “CASPAR-like outcome”, including ALI, unplanned limb
revascularization, amputation or CV death at 1 year in patients who underwent surgical
LER according to CASPAR trial [48]. Considering 2185 patients of surgical LER group
of VOYAGER PAD, rivaroxaban reduced the composite CASPAR-like endpoint at 1 year
(HR 0.76; 95% CI 0.62–0.95) and increased ISTH major bleeding compared to placebo
(HR 1.37; 95% CI 0.83–2.25) [76]. Although the aim of this analysis was not to compare
the two trials, rivaroxaban showed benefit for a CASPAR-like outcome suggesting a role
for thrombin inhibition in limb adverse events prevention even in surgical patients where
the results in the CASPAR trial were neutral with DAPT [48]. An operative algorithm for
antithrombotic management in LEPAD according to asymptomatic or secondary prevention
patients is illustrated in Figure 2.

3.4. Antithrombotic Therapy in Peripheral Artery Disease Patients with Polyvascular Disease and
Cardiovascular Comorbidities

Antithrombotic therapy in PAD patients affected by polyvascular disease and CV
comorbidities may represent a challenge in daily practice. Considering patients with pre-
vious MI, the benefit of a DAPT strategy, including aspirin and ticagrelor, provided an
absolute risk reduction of 4.1% for MACE and a 35% of MALE reduction counterbalanced
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by an increase of TIMI major bleeding (HR 1.32; 95% CI 0.41–4.29) in the PAD subgroup
of PEGASUS-TIMI 54 RCT [63]. A secondary prevention strategy, including aspirin and
low-dose rivaroxaban (DPI), confirmed a 26% MACE and 45% MALE reduction in an
LEPAD COMPASS substudy with an increase of ISTH major bleeding vs. aspirin alone
(HR 1.69; 95% CI 1.18–2.40). In this LEPAD COMPASS subanalysis, more than 50% of
patients had a known history of CAD [69]. A different scenario is represented by PAD
patients with recent PCI/acute coronary syndrome. Subanalyses of Dual Antiplatelet
Therapy (DAPT) and Prolonging Dual Antiplatelet Treatment After Grading Stent-Induced
Intimal Hyperplasia Study—PRODIGY RCTs demonstrated the efficacy of DAPT, even
in PAD patients. In the DAPT trial, extended DAPT (with aspirin and either clopidogrel
or prasugrel) reduced MI/stent thrombosis (HR 0,63; 95% CI 0.32–1.22) with a numerical
increase of bleeding according to GUSTO classification (HR 1.82; 95% CI 0.87–3.83) among
PAD patients [77]. The PRODIGY trial showed a significant MACE reduction comparing
prolonged (24 months) vs. shorter DAPT (6 months) with aspirin and clopidogrel (HR 0.54;
95% CI 0.31–0.95) in PAD patients, particularly for those presenting with acute coronary
syndrome (ACS) without significant differences in BARC ≥ 2 bleeding (HR 0.77; 95%
CI 0.27–2.21) [60]. Therefore, in PAD patients with concomitant CAD, and particularly
for those with recent ACS/PCI, GDMT supports 6–12 months of DAPT strategy with
aspirin and either ticagrelor or prasugrel in patients without high bleeding risk, while a
shorter DAPT (up to 6 months) with aspirin and clopidogrel in those with high bleeding
risk [4,5]. Newer evidence is now available on the efficacy and safety of different duration
of P2Y12 inhibitors in daily practice. Until last years, after DAPT discontinuation, the SAPT
strategy included aspirin but new data suggest P2Y12 monotherapy as an effective an-
tithrombotic strategy after short DAPT (up to 6 months) in ACS patients with high bleeding
risk features [78]. DAPT with aspirin and clopidogrel up to 3 months is recommended by
AHA/ASA guidelines after acute minor stroke due to carotid stenosis [8]. Atrial fibrillation
(AF) is another common comorbidity among PAD patients due to several known common
risk factor such as chronic kidney disease (CKD), type 2 diabetes mellitus, hypertension
and advanced age [19]. In the subanalysis on PAD patients of Rivaroxaban versus Warfarin
in Nonvalvular Atrial Fibrillation (ROCKET AF) RCT, rivaroxaban (15/20 mg daily) was
compared to warfarin. Among patients with PAD, there were similar efficacy outcome
rates considering stroke/systemic embolism for rivaroxaban vs. warfarin (HR 1.19; 95%
CI 0.63–2.22) with significant interaction for major or clinically non-major relevant bleeding
in PAD patients (HR 1.40; 95% CI 1.06–1.86) compared to those without PAD (HR 1.03;
95% CI 0.95–1.11), p-interaction 0.037 [79]. However, the difference in major bleeding rates
between rivaroxaban and vitamin K antagonists (VKAs) was not confirmed in subsequent
studies involving PAD patients (HR 1.13; 95% CI 0.84–1.52) [80]. The efficacy in AF preven-
tion by direct oral anticoagulants compared to warfarin in PAD patients was confirmed by
subanalysis of The Apixaban for Reduction in Stroke and Other Thromboembolic Events in
Atrial Fibrillation (ARISTOTLE) trial. The risk of stroke/systemic embolism was similar for
apixaban vs. warfarin in patients with PAD (HR 0.63; 95% CI 0.32–1.25) with no differences
in major or clinically non-major relevant bleeding (HR 1.05; 95% CI 0.69–1.58) [81]. More
recently, the safety and effectiveness of edoxaban vs. standard practice of dosing with
warfarin in patients with atrial fibrillation (ENGAGE AF-TIMI 48) trial, evaluated edoxaban
vs. warfarin on systemic embolism and major bleeding in AF patients with concomitant
PAD. Even in PAD patients, edoxaban was not inferior compared to warfarin considering
systemic embolism (HR 1.16; 95% CI 0.42–3.20) and for ISTH major bleeding (HR 0.96; 95%
CI 0.54–1.70) [82]. Hence, in PAD patients with concomitant AF, GDMT recommends oral
anticoagulation [4,5,19]. In case of endovascular LER with stenting or CAS, adding SAPT
to oral anticoagulation for 1 month may represent an option in AF patients without high
bleeding risk [19]. Patients with end-stage CKD/dialysis are often affected by ASCVD,
including PAD and therefore are considered a very high CV risk subgroup patients for
MACE, MALE and bleeding adverse events [83]. Moreover, the presence of end-stage
CKD/dialysis dependence in patients is not an isolated disease and often coexists with
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PAD and major tissue loss (i.e., Rutherford category 6) [83]. These patients are usually
excluded from RCTs on antithrombotic therapy, even in a PAD setting. However, new data
on the safety and efficacy of DOACs in CKD are available from an RCT (Valkyrie study),
which compared rivaroxaban vs. VKA in dialysis patients with AF. There, 132 patients were
randomized among three groups, VKA, rivaroxaban (10 mg daily) or rivaroxaban plus
vitamin K2 for 18 months. Compared to VKA, rivaroxaban reduced the primary efficacy
endpoint of fatal and non-fatal CV events (HR 0.41; 95% CI 0.25–0.68) in the rivaroxaban
group and HR 0.34 (95% CI 0.19–0.61) in the rivaroxaban and vitamin K2 group. Symp-
tomatic limb ischemia occurred more frequently in VKA (45%) than in rivaroxaban groups
(22%), p = 0.02. There were fewer life-threatening and major bleeding adverse events in
the rivaroxaban arm (HR 0.39; 95% CI 0.17–0.90) and in the rivaroxaban plus vitamin K2
arm (HR 0.48; 95% CI 0.22–1.08) compared to the VKA arm [84]. Further data from larger
RCTs are needed to determine the optimal anticoagulation strategy in dialysis patients with
AF. Moreover, two recent phase 2 RCTs on factor XI inhibitors (IONIS-FXIRx and Xisomab
3G3) were conducted in dialysis patients with promising results on FXI inhibition with
no evidence of impaired major bleeding rates compared to placebo [85]. Other ongoing
RCTs will assess the efficacy and safety of factor XI inhibitors in a larger cohort of dialysis
patients [85]. Hence, established safety and efficacy data of newer antithrombotic therapy
in PAD patients, such as DPI, are not available in patients with end-stage CKD/dialysis
and related complications. Despite the fact that having end-stage CKD/dialysis per se
is not an exclusion criterion for aspirin and P2Y12, such as clopidogrel and ticagrelor,
there are few available data, particularly on safety profiles in PAD patients. Balancing
thrombo/hemorrhagic risk, an SAPT strategy with aspirin or clopidogrel is recommended
according to Kidney Disease Improving Global Outcomes guidelines in patients with
end-stage renal disease/dialysis with concomitant ASCVD [86].

4. Conclusions

PAD patients are at increased risk of MACE and MALE events that can be reduced by
antithrombotic therapy. We have provided an overview of current evidence in different
clinical settings in PAD and propose an algorithm for antithrombotic therapy manage-
ment in daily practice. In patients undergoing revascularization, evidence supports more
aggressive antithrombotic therapy, specifically, dual pathway inhibition after LER, irre-
spective of the type of intervention. The optimal management of patients undergoing
revascularization for carotid and abdominal aortic disease is less clear. The development of
newer antithrombotic strategies (i.e., factor XIa inhibition) may play an important role in
the future.
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Abstract: Vulnerable atherosclerotic plaque rupture is the principal mechanism that accounts for
myocardial infarction and stroke. High matrix metalloproteinase-9 (MMP-9) expression and activity
have been proven to lead to plaque instability. Metformin, a first-line treatment for type 2 diabetes,
is beneficial to plaque vulnerability. However, the mechanism underlying its anti-atherogenic
effect remains unclear. Molecular docking and surface plasmon resonance experiments showed
that metformin directly interacts with MMP-9, and incubated MMP-9 overexpressing HEK293A
cells with metformin (1 μmol·L−1) significantly attenuates MMP-9’s activity using zymography
and MMP activity assays. Moreover, metformin treatment drives MMP-9 degradation. Next, we
constructed a carotid artery atherosclerotic plaque model and administered consecutive 14-day
metformin (200 mg·kg−1·d−1) treatment by intragastric gavage. Immunofluorescence staining of
the right carotid common artery and serum MMP activity assay results showed that metformin
treatment decreased local plaque MMP-9 protein level and circulating MMP-9 activity, respectively.
Histochemical staining revealed that after metformin treatment, the collagen content in plaque was
significantly preserved, and the plaque vulnerability index decreased. These findings suggested
that metformin improved atherosclerotic plaque stability by directly binding to MMP-9 and driving
its degradation.

Keywords: surface plasmon resonance; metformin; matrix metalloproteinase-9; plaque
instability; atherosclerosis

1. Introduction

Nearly 17.5 million people die each year from atherosclerosis-related diseases (31% of
the global mortality). Of these, approximately 7.4 million died from coronary heart disease
and 6.7 million from stroke [1]. Vulnerable atherosclerotic plaque rupture is the principal
mechanism that accounts for myocardial infarction and stroke [2]. Therefore, there is a
clinical need for plaque stabilization drugs.

Metformin, a biguanide, is the top choice of oral agent for the treatment of type
2 diabetes owing to its glucose-lowering effectiveness, safety, favorable effect on body
weight, and low cost [3]. Moreover, metformin has been associated with decreased all-cause
mortality and a reduced incidence of cardiovascular disease among patients with diabetes.
A clinical trial investigated the effect of long-term metformin use and lifestyle at a diabetes
prevention program and found that metformin was protective against atherosclerotic
vascular disease early in diabetes development and potentially extended the range of this
action to include high-risk male prediabetic subjects [4]. A recent meta-analysis showed
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the association between metformin and decreased cardiovascular mortality (95% CI, OR
0.44 [0.34−0.57]) or incidence of cardiovascular diseases (95% CI, OR 0.73 [0.59−0.90])
among patients with diabetes [5]. However, the molecular mechanism by which metformin
improves atherosclerosis plaque stability remains unclear.

Vulnerable plaques are characterized by fragile, thin fibrous caps, massive lipid cores,
intraplaque hemorrhage, immune activation, and increased levels of pro-inflammatory
mediators (cytokines, chemokines, and matrix metalloproteinases) [6]. IL-6 stimulates
the expression of adhesive molecules and results in an increase in the production and
reactivity of acute phase indicators, such as C-reactive protein and TNF-α [7,8]. IL-18 and
TNF-α are crucial for atherosclerotic plaque development and stability [9,10]. All of the
cytokines mentioned above play a significant role in the formation and destabilization
of atherosclerotic plaques. Mature plaques mainly comprise endothelial cells, vascular
smooth muscle cells, macrophages, and fibrous caps containing extracellular matrix (ECM)
components [11]. Among these components, the ECM is especially important for plaque
stability [12]. Proteases have been implicated in the development and progression of
atherosclerosis due to their ability to cause focal destruction of the ECM of blood vessels.
Matrix metalloproteinase (MMP)-9, also known as gelatinase B, is a widely studied member
of the MMP family. Histopathological studies have shown that MMP-9 is mainly dis-
tributed in the shoulder area, necrotic core, and fibrous cap area of atherosclerotic plaques,
and the level and activity of MMP-9 in unstable plaques are higher than those in stable
plaques [13–15]. Moreover, many studies have shown that high MMP-9 expression can be
used as a predictor of atherosclerotic plaque instability, whereas its overexpression may
lead to plaque instability [16–18]. Therefore, MMP-9 is a potential target for improving
atherosclerotic plaque stability. However, whether metformin can target MMP-9 and inhibit
its activity to stabilize plaque remains unclear.

Here, we report a novel mechanism by which metformin directly binds to MMP-9 and
inhibits its activity to improve atherosclerotic plaque stability.

2. Materials and Methods

2.1. Mice

The investigations conformed to the US National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Animal
experiments were approved by the Committee of Peking University on Ethics of Animal
Experiments (LA 2018-112) and conducted in accordance with the Guidelines for Animal
Experiments, Peking University Health Science Center. Male ApoE knockout mice (ApoE-
/-, C57BL/6J background) were purchased from Cyagen Biosciences Inc. (Suzhou, China)
and used for the experiments. From 8 weeks of age, ApoE-/- mice were fed a high-fat, high-
cholesterol diet containing 40 kcal% fat and 1.25% cholesterol (D12108C; Research Diets,
New Brunswick, NJ, USA) for 14 weeks. All mice were housed in a specific pathogen-free
environment under a 12 h/12 h light-dark cycle.

2.2. Carotid Collar Placement and Drug Treatment

Male ApoE knockout mice (8 weeks of age, C57BL/6J background) were fed a high-
fat diet containing 40 kcal% fat and 1.25% cholesterol (D12108C; Research Diets, New
Brunswick, NJ, USA) for 2 weeks. Carotid collar placement was performed 2 weeks later,
and the operation process is briefly described as follows [19]: the mice were weighed,
anesthetized by an intraperitoneal injection of 2% pentobarbital sodium (50 mg·kg−1), and
their limbs were fixed on a thermostatic operating table. Erythromycin eye ointment was
applied to the eyes of the mice to prevent dry eyes. Hair removal ointment was applied to
remove neck and chest fur and fully expose the neck and chest surgical field. The epidermis
was cut off at the median line of the neck using scissors, the right common carotid artery
(RCCA) was bluntly separated with forceps, and the accompanying nerves and vessels were
not damaged. A silicone collar with an inner diameter of about 0.3 mm (≈30% stenosis)
was placed on the lateral side of the RCCA. The collar was fixed with a 6-0 silk thread

166



J. Cardiovasc. Dev. Dis. 2023, 10, 54

and sutured for disinfection. Meloxicam (1.5 mg·kg−1) was injected intraperitoneally for
analgesia after surgery and resuscitated on heat mats. High-fat feeding was continued for
more than 3 months until plaque formation. Subsequently, metformin (Sigma-Aldrich, St.
Louis, MO, USA; 200 mg·kg−1 body weight) or saline was administered by intragastric
gavage for 14 consecutive days.

2.3. Histopathology and Immunofluorescence

The RCCAs from mice were harvested and embedded in an OCT compound (Lot# 4583;
Tissue-Tek, USA). The OCT-embedded vascular tissue was sequentially sliced into slices
approximately 6–8 μm thick using a microtome (Leica, Wetzlar, Germany), and placed
on polylysine-coated glass slides. For all subsequent pathological staining (including
immunofluorescence, oil red O, and Sirius red), 2–4 frozen sections of each vascular tissue
with an interval of more than 50 μm were stained, and the average of the statistical values
from the same sample was used as the final result [20].

To analyze plaque stability, serial sections (8 μm thick) were stained with picrosirius
red to detect collagen deposition and oil red O to detect lipid deposition; both stains were
analyzed by quantifying the positive area per total plaque area. Slices were incubated
with primary antibodies against the macrophage marker CD-68 (1:50 dilution; Abcam,
ab53444, Cambridge, UK) and smooth muscle cell marker α-SMA (1:50 dilution; Abcam,
ab124964, Cambridge, UK), followed by incubation with fluorescence-conjugated secondary
antibodies. The sections were mounted with 4’, 6-diamidino-2-phenylindole (DAPI; Abcam,
ab104139, Cambridge, UK) for nuclei visualization.

To further characterize the carotid arteries, slices were incubated with the following pri-
mary antibodies: anti-MMP-9 (1:50 dilution; Invitrogen, MA5-15886, Carlsbad, CA, USA),
anti-active MMP-9 (1:50 dilution; NOVUS, NBP2-13173, Carlsbad, CA, USA), anti-MMP-2
(1:50 dilution; Abcam, ab92536, Cambridge, UK), anti-MMP-12 (1:50 dilution; Proteintech,
22989-1-AP, Rosemont, IL, USA), anti-IL-1β (1:50 dilution; Bioss, bs0812R, Peking, China),
anti-IL-6 (1:50 dilution; Proteintech, 66146-1-Ig, Rosemont, IL, USA), and anti-TNF-α (1:50
dilution; Abcam, ab1793, Cambridge, UK), followed by incubation with fluorescence-
conjugated secondary antibodies. The sections were mounted with 4’, 6-diamidino-2-
phenylindole (DAPI; Abcam, ab104139, Cambridge, UK) for nuclei visualization.

2.4. Western Blotting

Liver tissues and cell lines were lysed in a RIPA lysis buffer containing 1 mmol·L−1

phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology, Beijing, China) at
4 ◦C for 30 min. The lysates were then centrifuged at 15,000× g for 10 min at 4 ◦C and their
protein concentrations were determined using the BCA Protein Assay (Beyotime Institute
of Biotechnology, Beijing, China). Samples were mixed with 5× SDS loading buffer, boiled
for 5 min, and 50 μg of total protein was subjected to SDS-PAGE in 10% gels and transferred
to nitrocellulose membranes. After blocking, the membranes were incubated overnight
at 4 ◦C with the following primary antibodies: anti-MMP-9 (1:1000 dilution; Invitrogen,
MA5-15886, Carlsbad, CA, USA), anti-p-AMPK (1:1000 dilution; CST, #2535, Danvers, MA,
USA), anti-AMPK (1:1000 dilution; CST, #2532, Danvers, MA, USA), and anti-GAPDH
(1:5000; CST, #2118, Danvers, MA, USA). The membranes were washed with Tris-buffered
saline/0.1% Tween 20 (TBST) and incubated with secondary antibodies for 1 h at 25 ◦C.
Signals were detected using Pierce™ ECL Western Blotting Substrate (Thermo Fisher
Scientific, Waltham, MA, USA). Protein levels were quantified by calculating the grayscale
value of each band using ImageJ (version 1.43, National Institutes of Health, Bethesda, MD,
USA) software.

2.5. Matrix Metalloproteinases (MMPs) Activity Assay

Matrix metalloproteinases (MMPs) activity in mouse serum and cell culture super-
natant was measured using Invitrogen DQTM luciferase-conjugated gelatin substrate
(D12054; Invitrogen, Carlsbad, CA, USA), a fluorescent substrate that can detect protease
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activity with high sensitivity. The substrate consists of highly quenched fluorescein-labelled
gelatin. After proteolytic digestion, the exhibited bright green fluorescence can be used to
measure enzyme activity. Increased fluorescence intensity was monitored using a fluores-
cent microplate reader or fluorimeter. After receiving the cell supernatant, the cells were
incubated with DQ gelatin, and a zinc-ion-containing buffer was added. After standing at
room temperature and away from light for 24 h, the fluorescence intensity of each well was
measured using a fluorescence microplate reader (TECAN, Männedorf, Switzerland).

2.6. Molecular Docking and Dynamics Simulation

The ligand metformin was processed using the Schrödinger 10.2 software (Schrödinger,
LLC, NY, USA) LigPrep module. An OPLS3 force field was adopted for energy minimiza-
tion. The crystal structure of MMP-9 was obtained from the RCSB Protein Data Bank. The
crystallographic structure of 4WZV was prepared using the Protein Preparation Wizard
module. A glide was applied to predict the potential binding mode of metformin with the
MMP-9 protein. Following the docking results, an independent 50 ns molecular dynamics
simulation was performed using Desmond. Na+ and Cl− ions were each added at the
physiological concentration of 0.15 mol·L−1 to ensure the overall neutrality of the systems.
Simulations were conducted using an OPLS3 force field and a TIP3P explicit solvent model.
The final size of the solvated system was approximately 20,000 atoms. A 5 ps recording
interval was selected, and the NPT ensemble was employed with a fixed temperature of
300 K and pressure of 1.01 bar. The analysis tool of the simulation interactions diagram
was used to monitor ligand–protein interactions.

2.7. Cell Culture, Plasmids, and Transfection

HEK 293A cells were obtained from the Cell Resource Center, Peking Union Medi-
cal College (which is the headquarter of National Science & Technology Infrastructure–
National BioMedical Cell-Line Resource, NSTI-BMCR). Cells were maintained at 37 ◦C, with
5% CO2 in DMEM supplemented with 10% FBS and 104 U·mL−1 Pen/Strep. MMP-9 was
overexpressed using an MMP-9-pcDNA3.1(+)-3Xflag plasmid synthesized by Ruibiotech
(Beijing, China). Control plasmid did not contain sequences homologous to those of hu-
mans, mice, or rats. HEK 293A cells were seeded into 6-well plates (1.0 × 106 cells/well) for
24 h and transfected with MMP-9 or control plasmid using lipofectamine 3000 (Invitrogen,
Waltham, MA, USA) for 24 h, according to the manufacturer’s instructions. Furthermore,
the transfected cells were incubated with metformin (Sigma-Aldrich, St. Louis, MO, USA;
1 μmol·L−1) for an additional 24 h. For the degradation experiment, the transfected
HEK293A cells were pretreated with metformin for half an hour and incubated with cyclo-
heximide (CHX; MedChemExpress, HY-12320; 10 μmol·L−1) to block protein synthesis for
the indicated periods (0, 1, 2, 3 h). Lysates are harvested from the cells and analyzed by
Western blotting.

2.8. Quantitative Real-Time PCR

Total RNA was extracted from the cell line using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s protocol. Relative quantitation by real-
time PCR was performed using SYBR Green to detect PCR products in real-time using
the QuantStudioTM3 system (Applied Biosystems). A melting curve analysis was per-
formed at the end of each PCR reaction. MMP-9 gene expression was expressed as
a ratio to that of GAPDH, a housekeeping gene. Oligonucleotide primer sequences
were as follows: Mmp-9, forward 5’-GGACCCGAAGCGGACATTG-3’ and reverse 5’-
CGTCGTCGAAATGGGCATCT-3’; Gapdh, forward 5’-TGGATTTGGACGCATTGGTC-3’
and reverse 5’-TTTGCACTGGTACGTGTTGAT-3’.

2.9. Surface Plasmon Resonance (SPR) Spectroscopy

Experiments were performed at 25 ◦C using a Biacore T200, and the data were analyzed
using Biacore T200 evaluation software 2.0 (GE Healthcare, Stockholm, Sweden). Human
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MMP-9 recombinant protein (911-MP; R&D Systems Incorporated, Minneapolis, MN, USA)
was covalently coupled to a CM5 chip (GE Healthcare). All measurements were performed
at 25 ◦C, using a TCNB buffer: 50 mmol·L−1 Tris, 10 mmol·L−1 CaCl2, 150 mmol·L−1

NaCl, 0.05% Brij-35 (w/v), and pH 7.5, and metformin was injected in a two-fold dilution
concentration series (range, 0.0156–15.6 μmol·L−1). Steady-state values were calculated
from the sensorgrams and plotted against concentrations. Data were fitted into a single-site
binding model to calculate the KD value.

2.10. Zymography

Gelatinase activity was detected in HEK293A supernatants and recombinant human
MMP-9 protein (911-MP; R&D Systems Incorporated, Minneapolis, MN, USA) after met-
formin incubation for 24 h. Zymography was performed according to the manufacturer’s
instructions (Applygen, P1700, Beijing, China). Following electrophoresis, the gels were
washed twice with 2.5% Triton X-100 to remove sodium dodecyl sulfate and further washed
with 50 mmol·L−1 Tris–HCl pH 8.0. Gels were incubated for the following 20 h in an ac-
tivation buffer (50 mmol·L−1 Tris–HCl supplemented with 5 mmol·L−1 CaCl2). The gels
were stained with Coomassie brilliant blue R-250 and de-stained with 20% methanol and
10% acetic acid in distilled water until clear bands were visualized.

2.11. Statistics

Data are expressed as mean ± SD. All samples were independent, including those
measured over time in the experiments. For parametric data, Student’s t-test or an analysis
of variance (ANOVA) was used to analyze intergroup differences for normally distributed
data. For parametric data with unequal variances, ANOVA with Tukey’s post hoc test
was used. For non-parametric data, the Mann–Whitney U test with the exact method was
used to analyze intergroup differences. A Kruskal–Wallis ANOVA combined with post
hoc Tukey’s multiple comparison tests was performed when more than two groups were
evaluated. Data were analyzed using GraphPad Prism software (version 8.0; GraphPad
Software Inc., San Diego, CA, USA), and p < 0.05 was considered statistically significant.

3. Results

3.1. Matrix Metalloproteinase-9 (MMP-9) Is Predicted to Bind Directly to Metformin

We hypothesized that metformin inhibits MMP-9 activity through its direct interaction
with MMP-9. Molecular modeling was performed to rationalize the activities of metformin
against MMP-9. Metformin was situated in the active cavity, engaging in several interac-
tions with MMP-9 (Figure 1a). Two hydrogen bonds were between the urea moiety and
Pro-246 and Glu-227. Additionally, the protonated imine group formed an ionic bond
with Glu-227. Notably, metal coordination was observed between metformin and the zinc
ions, which might have strengthened the binding affinity. As shown in the protein–ligand
contact histogram, the results were consistent with those of the docking study. The two
hydrogen bonds formed by Pro-246 and Glu-227 were maintained at 76% and 30% of the
simulation time, respectively (Figure 1b,c). A powerful coordination bond was formed
between the nitrogen atom of metformin and the zinc metal ions. In addition, the amino
group formed a hydrogen bond network through a water bridge with Ala-189. Further
molecular dynamic (MD) simulation analysis revealed that the complex was stable during
a 50 ns simulation (Figure 1d). Overall, these findings provided a better understanding
of the metformin mechanisms and may facilitate a future search for optimized MMP-9
inhibitors.

3.2. Metformin Directly Interacts with MMP-9 and Attenuates Its Activity

To verify whether metformin directly binds to MMP-9, we conducted surface plasmon
resonance (SPR) experiments. The findings of the SPR-based assay suggested that the
binding of metformin to MMP-9 occurred with a KD of 0.6950 μmol·L−1 (Figure 2a,b). To
examine the ability of metformin to inhibit MMP-9 activity, we constructed an overexpres-
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sion plasmid for human MMP-9 and transfected it, or a control plasmid into HEK293A cells
using lipofectamine (Figure S1). Next, we incubated the transfected cells with metformin
(1 μmol·L−1) for 24 h, and the MMP-9 activity in the cultured supernatant was detected
using zymography and an MMP activity assay. Both results indicated that metformin
incubation significantly attenuated the activity of MMP-9 (Figure 2c–e).

Figure 1. Matrix metalloproteinase-9 (MMP-9) is predicted to bind directly to metformin. (a) Predicted
binding mode of metformin with MMP-9 (PDB id: 4wzv). (b,c) Protein–ligand contact histogram of
metformin and the corresponding two-dimensional diagram predicted through MD simulations. A
percentage value suggests that for X% of the simulation time, the specific interaction is maintained.
(d) RMSD of the interaction between MMP-9 and the ligand metformin in MD simulations. MD,
molecular dynamics; RMSD, root mean square deviation; MMP-9, matrix metalloproteinase-9.
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Figure 2. Metformin directly interacts with MMP-9 and attenuates its activity. (a,b) SPR analysis of
the binding between metformin and MMP-9. Recombinant human MMP-9 protein was immobilized
on an activated CM5 sensor chip, and metformin was then flowed across the chip. (c,d) Representative
gelatin zymogram and the quantified values of the 92 kDa MMP-9 activity in the cultured supernatant.
Data are shown as mean ± SD (two-way ANOVA followed by Tukey’s test, n = 5). (e) MMP
activity in supernatant from cultured HEK293A cells was measured using a Gelatinase Assay Kit
(two-way ANOVA followed by Tukey’s test, n = 5). (f) Representative gelatin zymogram of the
recombinant human MMP-9 activity after incubation with different concentrations of metformin.
(g) The exogenous MMP-9 protein level in HEK293A cells after incubation with metformin for
24 h (both of the 2 bands were quantified, two-way ANOVA followed by Tukey’s test, n = 5).
(h) MMP-9 mRNA expression level in HEK293A cells after incubation with metformin for 24 h (n = 6).
(i,j) Exogenous MMP-9 degradation in metformin-treated HEK293A cells when protein synthesis
was inhibited by 10 μM cycloheximide (two-way ANOVA followed by Tukey’s test, n = 5).

To verify whether the inhibition of MMP-9 activity by metformin is a direct binding
effect, we conducted a test tube experiment. The results showed that the activity of MMP-9
was not affected by metformin binding directly to MMP-9 (Figure 2f). However, Western
blotting results suggested that metformin treatment could decrease the protein level of
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MMP-9 (Figure 2g). Western blot analysis of MMP-9 in the total cell lysate consistently
revealed two bands of apparent molecular masses of 85 and 92 kDa. It was previously
shown that the 85 kDa band represents an underglycosylated precursor form of MMP-9
found intracellularly, whereas the 92 kDa band represents a fully glycosylated mature form
that is secreted into the extracellular space [21]. Further, we detected the transcription level
of MMP-9 by polymerase chain reaction and found that metformin did not change the
mRNA level of MMP-9 (Figure 2h).

Accordingly, we became interested in establishing whether metformin downregulated
the MMP-9 protein level by driving its degradation. To this end, we used eukaryotic
inhibitor cycloheximide to inhibit protein synthesis in HEK293A cells to study the degrada-
tion of MMP-9 with or without metformin. We found that the exogenous MMP-9 protein
was continuously degraded from 1 to 3 h, and metformin treatment effectively decreased
MMP-9 protein expression by accelerating its degradation (Figure 2i,j).

3.3. Metformin Inhibits Local Plaque and Circulation MMP-9 Activity in ApoE-/- Mice

To further confirm whether metformin inhibits MMP-9 activity in vivo, we constructed
a carotid artery plaque model in ApoE-/- mice (Figures S2 and S3) [19]. After a consecutive
14-day metformin treatment (200 mg·kg−1) by intragastric gavage (Figures 3a and S4), we
found that active MMP-9 and MMP-9 expression decreased in the plaque by immunofluo-
rescence staining. However, metformin did not affect MMP-2/12 expression, which was
reported to be related to plaque instability (Figure 3b,c). Moreover, the serum MMP-9
activity was detected using an MMP activity assay (Figure 3d). The results showed that
metformin treatment inhibited local plaque and circulating MMP-9 activity.

 

Figure 3. Metformin inhibits local plaque and circulating MMP-9 activity in ApoE-/- mice. (a) Flowchart
illustrating the experimental procedure for actuating metformin treatment in a collar-induced carotid
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atherosclerotic plaque model. (b) Representative images of immunofluorescence staining for active-
matrix metalloproteinase (MMP)-9, MMP-2, and MMP-12 in plaque after metformin treatment. Scale
bars represent 20 μm. (c) Quantification of immunofluorescence staining for MMP family in plaque
after metformin treatment. Unpaired Student’s t-test, n = 6 per group. (d) A Gelatinase Assay Kit
was used to detect relative MMP activity in serum. Unpaired Student’s t-test, n = 6 per group.

3.4. Metformin Improves Atherosclerotic Plaque Stability in ApoE-/- Mice

To determine the protective effects of metformin on atherosclerosis, we assessed the
vulnerability index (VI) of the RCCA plaque using histology. The composition of plaques,
including macrophages, collagen, lipids, and smooth muscle cells (SMCs) was demon-
strated by CD-68, Sirius red staining, oil red O staining, and α-SMA immunostaining,
respectively (Figure 4a,b). Sirius red staining results showed that the collagen content was
preserved by the metformin treatment. Oil red O staining, α-SMA, and CD-68 immunoflu-
orescence results suggested that there were no significant differences in lipid, SMCs, and
macrophage content after metformin treatment. As each feature alone is insufficient for
identifying high-risk plaques, the ratio between stable and unstable plaque components
is often used to calculate the VI (macrophage content + lipid core content)/(SMC con-
tent + collagen content) in experimental studies [22]. The results showed that with the
metformin treatment, plaque VI was significantly decreased, indicating that metformin had
a beneficial effect on plaque stability (Figure 4c).

Figure 4. Metformin improves atherosclerotic plaque stability in ApoE-/- mice. (a) Representative
images of Sirius red staining for plaque collagen, immunostaining for the macrophage marker CD-68,
smooth muscle cell marker α-SMA, and oil red O staining for intimal lipid in plaque within the right
common carotid artery. Scale bars for Sirius red staining and oil red O staining represent 200 μm
and 20 μm for immunostaining. (b) Quantification of the positive area as a percentage of the whole
plaque area. Unpaired Student’s t-test, n = 6 per group. (c) The vulnerability index is calculated by
dividing the area of macrophage+lipid by that of smooth muscle cells+collagen. Unpaired Student’s
t-test, n = 6 per group. Data are presented as the mean ± SD. HFD, high-fat diet; Chol, cholesterol.

173



J. Cardiovasc. Dev. Dis. 2023, 10, 54

4. Discussion

In this study, we demonstrated that metformin directly binds to MMP-9 and accelerates
its degradation. Furthermore, we proved that metformin improved atherosclerotic plaque
stability by inhibiting local plaque and circulating MMP-9 in ApoE-/- mice (Figure 5).

Figure 5. Schematic showing metformin directly binding to MMP-9 to improve plaque stability. MMP
matrix metalloproteinase-9, ECM extracellular matrix.

Collagens are most abundant in the extracellular matrix, joined by elastin that confers
elastic recoil to the artery [23]. Loss of collagen, which normally provides the main tensile
strength of the artery wall, is an important cause of atherosclerotic plaque rupture, which
underlies most cases of ACS [24]. MMPs have specific proteolytic activity against the
ECM, which can result in the thinning of the fibrous cap and plaque instability [11,25].
MMP-9, also known as gelatinase B, is a widely investigated member of the MMP family.
Studies have shown a strong relationship between MMP-9 and plaque instability [26,27],
which indicates that MMP-9 may be a therapeutic target for preventing plaque instability.
Currently, inflammatory pathways are the main therapeutic targets for plaque instability,
such as the monoclonal antibody inhibiting interleukin-1β (called canakinumab) [28] and
PCSK-9 inhibitors [29]. Both canakinumab and PCSK-9 inhibitors have anti-inflammatory
effects. Moreover, PCSK-9 inhibitors also have an inhibitory effect on MMP-2, but cannot
inhibit MMP-9 [30]. So, the mechanism by which canakinumab and PCSK-9 inhibitors
stabilize plaques may be different from metformin. In addition, there are few plaque-
stabilizing drugs targeting MMP-9. Metformin interferes with the pathophysiology of
multiple cancers and diabetes by reducing MMP-9 expression [31–33]. However, there are
still many studies showing that metformin can increase MMP-9 expression [34], including
some clinical trials [35,36]. Whether metformin stabilizes plaque by modulating MMP-9
activity and expression remains unknown. Our results indicated that metformin directly
binds to MMP-9, and significantly downregulated MMP-9 expression/activity levels in
local plaque and circulation, which may explain the role of metformin in improving plaque
stability.

It is generally accepted that metformin inhibits pro-inflammatory cytokine release,
such as IL-1β, IL-6, and TNF-α, to have anti-inflammatory effects [37–41]. Destabilization
of the atherosclerotic plaque is associated with increased inflammatory cytokine produc-
tion [42,43]. To investigate whether metformin protects plaque stability by inhibiting
inflammation, we measured plaque IL-1β, IL-6, and TNF-α levels. The immunofluores-
cence staining results suggested that metformin treatment did not affect the levels of IL-1β,
IL-6, and TNF-α in plaque (Figure S5). H. Wu et al. found that macrophage infiltration
was significantly reduced after 16 weeks of metformin treatment [44]. However, our im-
munofluorescence staining results suggested that as short as two weeks of metformin
treatment had no significant anti-inflammatory effect. This may have been due to the short
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treatment time in our animal model. Additionally, metformin has been reported to promote
macrophage cholesterol efflux, thus decreasing the lipid content of atherosclerotic plaques
and increasing plaque stability [44]. In this study, after consecutive 14-day metformin
treatment (200 mg·kg−1) by intragastric gavage, we found that only the collagen content
of the plaque was preserved, whereas intimal lipids, macrophages, and SMCs showed no
significant difference, indicating that metformin improved plaque stability by reducing
ECM degradation.

Metformin has protective effects by activating AMPK in intact cells and in vivo [45].
AMPK confers benefits in chronic inflammatory diseases, such as atherosclerosis, indepen-
dent of its ability to normalize blood glucose levels. There was evidence that metformin
inhibited TNF-α-induced MMP-9 upregulation in neutrophils, which might have been
mediated via an AMPK-dependent pathway [46]. Metformin administration suppressed
MMP-9/MMP-2 and mTOR expression and increased Akt and AMPK expression, indicat-
ing that metformin reduced the expression of MMPs via the AMPK signaling pathway [47].
In this study, we first found that metformin binds to MMP-9. The MMP-9 binding regions of
metformin are situated in the active cavity and engage in several interactions with MMP-9.
Moreover, the combination of metformin and MMP-9 significantly accelerated MMP-9
protein degradation, which may also account for the effect of metformin downregulating
MMP-9 expression level and improving plaque stability.

Protein homeostasis is responsible for basic cellular functions, such as the regulation of
the level of key enzymes and the removal of abnormal proteins [48]. Our results suggested
that the combination of metformin and MMP-9 significantly accelerated MMP-9 protein
degradation. Chang Y et al. reported that cells treated with MG-132, a proteasome inhibitor,
exhibited a significant MMP-9 protein accumulation compared to its accumulation in the
untreated controls, indicating that the degradation of the MMP-9 protein is in a proteasome-
dependent manner. Moreover, SMURF1, an E3 ubiquitin ligase, binds MMP-9 to promote
its degradation [49]. In this study, we first found that metformin binds to MMP-9. The
MMP-9-binding regions of metformin are situated in the active cavity and engage in several
interactions with MMP-9. Further, MMP-9 was shown to have two N-glycosylation sites,
which seems to be important for MMP-9 protein structure stabilization and secretion, on
asparagine residues at position 38 in the propeptide domain and in the catalytic domain
at position 120 [50–52]. In subsequent research, we have two directions to further explore
the potential mechanism of metformin regulation of MMP-9: (1) metformin affects the
binding of MMP-9 to SMURF1, thus promoting MMP-9 ubiquitination and accelerating
its degradation; (2) metformin affects the role of N-glycosylation in MMP-9 and decreases
MMP-9 protein structure stabilization.

In conclusion, we have demonstrated that metformin directly binds to MMP-9 and
accelerates its degradation, thus preserving the collagen content of plaque and improving
atherosclerotic plaque stability. Further, these findings could significantly impact the
development of the search for new drugs and pleiotropic mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcdd10020054/s1, Figure S1: MMP-9 was successfully overexpressed
in HEK293A cells. Figure S2: Serum triglyceride and total cholesterol levels increased in animal
models. Figure S3: The carotid plaque model was successfully constructed. Figure S4: Metformin
successfully activated AMPK. Figure S5: Metformin treatment had no significant anti-inflammatory
effect in our model.
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