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Abstract Cardiovascular disease is the number one cause of human morbidity and
mortality worldwide. Although cholesterol-lowering drugs, including statins and
recently approved PCSK9 inhibitors, together with antithrombotic drugs have been
historically successful in reducing the occurrence of coronary artery disease (CAD),
the high incidence of CAD remains imposing the largest disease burden on our
healthcare systems. We reviewed cardiovascular drugs recently approved or under
clinical development, with a particular focus on their pharmacology and limita-
tions. New agents targeting cholesterol/triglyceride lowering bear promise of further
cardiovascular risk reduction. Some new antidiabetic agents show cardiovascular
benefit in patients with diabetes. Improved antithrombotic agents with diminished
bleeding risk are in clinical development. The recent clinical success of the IL-1β
antibody in reducing atherothrombosis opens a new era of therapeutic discovery that
targets inflammation. Chinese traditional medicine and cardiac regeneration are also
discussed. Human genetics studies of CAD and further delineation of key determi-
nants/pathways underlying the residual risk of CAD under current standard therapy
will continue to fuel the pipeline of cardiovascular drug discovery.
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Currently available therapeutics for patients with atherosclerotic cardiovascular dis-
ease is largely restricted to alleviating hyperlipidemia or preventing thrombotic com-
plications. Discovery of cholesterol-lowering drugs and antithrombotic drugs has
been historically successful in reducing the occurrence of coronary artery disease
(CAD) and its complications. Despite these progress,cardiovascular disease remains
the major cause of human death worldwide. Ischemic heart disease is the number
one disease burden to the whole society (Murray et al. 2015). Understanding of new
mechanisms of the disease will provide further opportunities to prevent and treat
CAD. In this chapter,we mainly overview CAD drugs that are under clinical devel-
opment or approved recentlywith particular focus on those of new mechanisms of
action or being first of class. Their pharmacologyadvantages and limitations will
be discussed. Traditional medicine and regenerative medicine for CAD will also be
discussed.

8.1 Lipids Modulating Drugs

The discovery that statins reduce cholesterol levels and CADhas promoted searching
for new targets to lower cholesterol. This has yielded new drugs, such as PCSK9
inhibitors and cholesterol-absorption blockers, as well as drug candidates.

8.1.1 Proprotein convertase subtilisin/kexin type 9 inhibition

Low-density lipoprotein (LDL) particles receptor (LDLR) binds and initiates the
ingestion of LDL-particles, which contains lipid molecules (including cholesterol),
from the circulation, thus reducing plasma cholesterol concentrations. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) interacts with LDLR and mediates
its intracellular degradation. When PCSK9 is blocked, more LDLRs are recycled
to remove LDL-particles from the circulation. Thus, PCSK9 inhibition promotes
LDLR-mediated liver uptake of circulating LDL, lowering plasma cholesterol lev-
els. A link betweenPCSK9 and hypercholesterolemiawas initially published in 2003,
and PCSK9 monoclonal antibodies were approved as a new therapeutic strategy to
reduce LDL-C in 2015. The progress from PCSK9 discovery to targeted treatment
is unprecedented in terms of scale and speed.

Monoclonal Antibodies
Treatment of patients at high risk for cardiovascular events with antibodies blocking
PCSK9 allows further cholesterol lowering by ~60% on top of standard therapy,
including statin (Sabatine et al. 2015; Robinson et al. 2015). The first two PCSK9
inhibitors, alirocumab (Praluent, Sanofi/Regeneron) and evolocumab (Repatha,
Amgen), were approved as biweekly subcutaneous injections, by the U.S. Food
and Drug Administration (FDA) for lowering LDL cholesterol when statins and



8 Drug Discovery for Coronary Artery Disease 299

other drugs are not sufficiently effective or poorly tolerated. The GLAGOV (Global
Assessment of Plaque RegressionWith a PCSK9Antibody asMeasured by Intravas-
cular Ultrasound) trial (Nicholls et al. 2016) showed that adding evolocumab to
statin therapy produced significant atheroma regression and a continuous benefit
with LDL-C levels down to as low as 20 mg/dL. The FOURIER (Further Cardiovas-
cular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk)
trial showed that in patients with atherosclerotic cardiovascular disease who were
receiving statin therapy, subcutaneous injection of evolocumab (either 140 mg every
2 weeks or 420 mg monthly) reduced LDL cholesterol by 59%, from a median base-
line value of 92 mg per deciliter (2.4 mmol/L) to 30 mg per deciliter (0.78 mmol/L),
and decreased cardiovascular risk (the primary composite endpoint of cardiovascular
death, myocardial infarction, stroke, hospitalization for unstable angina, or coronary
revascularization) by 15% (Sabatine et al. 2017). There was no significant difference
between the study groupswith regard to adverse events (including new-onset diabetes
and neurocognitive events), with the exception of injection-site reactions, whichwere
more common with evolocumab. No difference in cognitive function was observed
between evolocumab and placebo over a median of 19 months (Giugliano et al.
2017). Recent ODYSSEY OUTCOMES trial shows that among patients who had a
previous acute coronary syndrome and who were receiving high-intensity statin ther-
apy, alirocumab treatment with a target level of LDL cholesterol level of 25–50 mg
per deciliter (0.6–1.3 mmol/L) reduces the risk of recurrent ischemic cardiovascular
events (Schwartz et al. 2018).
Future use of thesePCSK9antibodiesmay rely on compliancewith injection delivery,
safety of prolonged exposure to very low levels of LDL cholesterol and on possibili-
ties of developing anti-drug antibodies, which may curtail cholesterol-lowering effi-
cacy. Cost-effectiveness analysis indicates limitations on the general use of PCSK9
antibody drugs (about $14,000 per year) (Hlatky and Kazi 2017). Their use may
particularly be appropriate for those with genetic defects for whom statins are not
sufficiently effective, or intolerable (Nissen et al. 2016).
Antisense Oligonucleotide
Suppression of PCSK9 expression by antisense oligonucleotide has been explored
for functional inhibition of PCSK9. Inclisiran is a synthetic small interference RNA
(siRNA) molecule, inhibits intracellular PCSK9 synthesis by suppressing mRNA
translation in hepatocytes. In phase I and II clinical trials (Fitzgerald et al. 2017;
Ray et al. 2017), subcutaneous injection of inclisiran results in a dose-dependent,
long-term, sustained reduction in LDL-C, with a single or double doses of 300 mg
(at a 90 days interval) achieved ~50% reduction at day 180. Inclisiran provides
advantages over monoclonal antibodies with an infrequent dosing interval of twice
a year to reduce LDL-C by over 50%, similar to that achieved with biweekly or
monthly administered antibodies. Inclisiran has been well tolerated and safe, without
severe adverse events so far. Serious adverse events (myalgia, headache, fatigue,
nasopharyngitis, back pain, hypertension, diarrhea, and dizziness) occurred similarly
between inclisiran group and placebo group (11% vs. 8%) (Ray et al. 2017). Ongoing
studies will establish the long-term safety of inclisiran, which is also important to
RNA based therapy in general.
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Vaccination
A vaccine that targets PCSK9 has been developed to treat high LDL-particle concen-
trations. The vaccine uses a virus-like particle (VLP) as an immunogenic carrier of
an antigenic PCSK9 peptide. VLP’s are viruses that have had their DNA removed so
that they retain their external structure for antigen display and can induce an immune
response but are unable to cause infection. Mice and macaques vaccinated with bac-
teriophage VLPs displaying PCSK9-derived peptides developed high-titer IgG anti-
bodies that bound to circulating PCSK9. Vaccination was associated with signifi-
cant reductions in total cholesterol, free cholesterol, phospholipids, and triglycerides
(Crossey et al. 2015).
Small Molecules
Development of smallmolecular inhibitor for PCSK9 is challenging. Thismay reflect
general difficulty to use small molecules to directly block protein-protein interac-
tion. The plant alkaloid berberine inhibits the transcription of the PCSK9 gene in
immortalized human hepatocytes in vitro, and lowers serum PCSK9 in mice and
hamsters in vivo (Dong et al. 2015). Given the low bioavailability of berberine, its
action on intestinal microbiota has recently emerged as a newmechanism underlying
its hypolipidemic effect (See also in the section of Traditional Chinese Medicine).
Cholesterol-lowering drugs with differential mechanisms of action may have com-
plementary clinical applications. For example, PCSK9 inhibitors may be appropri-
ate for patients with statin intolerance, such as those with statin-associated muscle
symptoms.

8.1.2 Cholesterol absorption

Blocking the absorption of cholesterol from the small intestine decreases the amount
of cholesterol normally available to liver cells, leading them to absorb more from
circulation and thus lowering levels of circulating cholesterol. Ezetimibe targets the
critical mediator of cholesterol absorption, the Niemann-Pick C1-like 1 (NPC1L1)
protein on the gastrointestinal tract epithelial cells and in hepatocytes, thereby reduc-
ing the absorption of cholesterol from the intestine. The IMPROVE-IT (Improved
Reduction of Outcomes: Vytorin Efficacy International Trial) (Cannon et al. 2015)
reports that, in stable patients who had had an acute coronary syndrome within the
preceding 10 days, Ezetimibe, when added to statin therapy, resulted in incremental
lowering of LDL cholesterol levels (1.4 mM vs. 1.8 mM) and improved cardiovas-
cular outcomes—32.7% versus 34.7% on composite rate of cardiovascular death,
nonfatal MI, unstable angina requiring rehospitalization, coronary revascularization,
or nonfatal stroke, over an median follow-up of 6 years.
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8.1.3 Cholesteryl ester transfer protein inhibition

Cholesteryl ester transfer protein (CETP) mediates the transfer of HDL cholesteryl
esters for triglyceride (TG) in VLDL/LDL (Millar et al. 2017; Krauss et al. 2015).
CETP inhibition increases high-density lipoprotein (HDL) cholesterol (traditionally
regarded as good cholesterol) levels and decreases low-density lipoprotein (LDL)
cholesterol (traditionally regarded as bad cholesterol) levels. It once bears promise
to reduce the risk of atherosclerosis and other cardiovascular diseases by improving
blood lipid levels. However, four drugs of this class failed in clinical trials for high-
risk patients. Torcetrapib failed due to excess deaths in Phase III clinical trials, likely
owing to the off-target effects of the drug. Lacking clinical efficacy, Dalcetrapib,
Evacetrapib, andObicetrapib halted, respectively, in 2012, 2015, and 2017.REVEAL
(Randomized Evaluation of the Effects of Anacetrapib through Lipid Modification)
trial evaluated Anacetrapib, a novel CETP inhibitor, in patients with atherosclerotic
vascular disease who were receiving intensive statin therapy (Group et al. 2017).
The mean level of HDL cholesterol was higher by 1.12 mM in the anacetrapib
group than in the placebo group (a relative difference of 104%), and the mean level
of non-HDL cholesterol was lower by 0.44 mM, a relative difference of −18%.
The major coronary event occurred in 10.8% of patients in the anacetrapib group
versus 11.8% of patients in the placebo group (9% relative risk difference), after
4.1 years of follow-up (Group et al. 2017). Anacetrapib treatment was associated
with a slightly higher systolic blood pressure level (0.7 mm/Hg) and an elevated risk
for a diminished estimated glomerular filtration rate, with no significant between-
group differences in the risk of death, cancer, or other serious adverse events. It is
unclear whether the reduction in cardiovascular risk is the consequence of effects
on the HDL raising or on CETP inhibitor-mediated reductions in LDL cholesterol,
which has been validated with statins. Anacetrapib accumulates in adipose tissue
with prolonged administration, and only minimally decline 1 year after cessation
of treatment. Merck halted the development of anacetrapib, likely due to relatively
modest benefit and safety concerns. It remains unknown whether CETP inhibitors
may work better as monotherapy (intensive statin use in the patients of REVEAL
trial may actually attenuate the efficacy), and whether certain subgroups with certain
genotype may respond better to CETP inhibition in terms of HDL particles taking
up cholesterol from the vessel wall. It is necessary to gain insights into the relation
between HDL-particle content and beneficial function and to identify alternative
targets and drug candidates.

8.1.4 Targeting high-density lipoprotein cholesterol

High-density lipoprotein (HDL) mediates reverse transport of cholesterol from
atherosclerotic plaque and thus HDL cholesterol is traditionally believed to be “good
cholesterol”, as compared to LDL cholesterol, which increases cardiovascular risk.
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However, this notion has been challenged. Niacin lowers the LDL cholesterol level
and raises the HDL cholesterol level. Among participants with atherosclerotic vas-
cular disease, the addition of extended-release niacin–laropiprant(a drug itself has no
cholesterol-lowering effect, but reduces facial flushes induced by niacin) to statin-
basedLDL cholesterol-lowering therapy did not significantly reduce the risk ofmajor
vascular events but did increase the risk of serious adverse events (HPS2-THRIVE
trial).

Artificial HDL-like apolipoprotein A1 complexes (apoA1-Milano) once held
promise in mediating regression of atherosclerosis. The failure to show benefits with
MDCO-216 in the MILANO-PILOT trial further challenges the idea of raising HDL
for cardiovascular benefit. There are other forms of HDL that continue to undergo
clinical trials, as these trials progress we will see how the HDL story ultimately plays
out.

8.1.5 Triglyceride lowering drugs

There is compelling epidemiological and genetic evidence indicating that triglyc-
eride lowering may lower cardiovascular risk. Different approaches to lowering
triglyceride are being evaluated in cardiovascular outcome trials.

Peroxisome Proliferator-Activated Receptor Alpha Agonist
Peroxisomeproliferator-activated receptor alpha (PPARα) is themain target of fibrate
drugs, a class of amphipathic carboxylic acids (clofibrate, gemfibrozil, ciprofibrate,
bezafibrate, and fenofibrate). Theywere originally indicated for cholesterol disorders
and more recently for disorders of high triglycerides.
Pemafibrate (marketed as Parmodia) is a PPARα agonist. It is approved in July
2017 in Japan, indicated for the treatment of dyslipidaemia. Parmodia is available
in 0.1 mg tablets and the recommended dose is 0.1 mg twice daily. In clinical trials
(Camejo 2017), pemafibrate as a monotherapy remarkably promotes triglycerides
(TG) catabolism by enhancing fatty acid oxidation and inducing lipoprotein lipase
gene transcription in liver and muscle. It reduces plasma TG in VLDL and postpran-
dial chylomicrons and also the levels of cholesterol-rich remnants from these two
lipoproteins. Pemafibrate as an add-on to statin therapy for managing atherogenic
dyslipidaemia reduces TG with a dose–response relationship, remnant cholesterol,
Apo B48 and Apo C-III (Fruchart 2017; Arai et al. 2017). Activation of PPARα by
pemafibrate hasmultiple metabolic effects, rendering it difficult to attribute its poten-
tial cardiovascular benefit to individual change. For example, pemafibrate elevated
levels of FGF21 that can improve plasma lipids, plasma glucose, and insulin resis-
tance, pemafibrate upregulates hepatic ApoA-I synthesis and HDL production, and
enhances cholesterol transport to the liver throughApoA-I apolipoprotein (Hennuyer
et al. 2016).
PROMINENT (Pemafibrate to Reduce Cardiovascular OutcoMes by Reducing
Triglycerides IN patiENtsWith diabeTes) trial is a phase-3 trial to determine whether
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pemafibrate administered 0.2 mg tablet twice daily will delay the time to first occur-
rence of any component of the clinical composite endpoint of nonfatal MI, nonfa-
tal ischemic stroke, hospitalization for unstable angina requiring unplanned coro-
nary revascularization, or cardiovascular death, in patients with type 2 diabetes and
dyslipidemia. This trial is estimated to complete in 2022.
Eicosapentaenoic Acid
Eicosapentaenoic acid (EPA) is the main component of fish oil. EPA belongs to
the omega-3 series of polyunsaturated fatty acids (PUFA). It is an indispensable
essential nutrient that cannot be synthesized by the human body. Therefore, it is
called an essential fatty acid. Although linolenic acid can be converted into EPA
in the human body, this reaction is very slow in the human body and the amount
of conversion is very small, far from meeting the human body’s need for EPA, and
thereforemust be supplemented directly from food. Clinical trials have demonstrated
that omega-3 series fatty acids not only can lower cholesterol and triglyceride levels,
but inhibit platelet aggregation and inflammatory responses. Its mechanism of action
may be that omega-3 PUFA competes with the storage of arachidonic acid to replace
it and block the production of pro-inflammatory eicosanoids (Davinelli et al. 2018).
Extensive research shows marine-derived omega-3 fatty acids decrease triglycerides
with a potential reduction in cardiovascular disease in certain populations.
AMR101 (icosapent ethyl) is ethyl eicosapentaenoic acid, an ethyl ester of eicos-
apentaenoic acid (EPA, an omega-3 fatty acid). AMR101 is a highly purified ethyl
ester of EPA, and is approved by the FDA in 2012 for severe hypertriglyceridemia.
REDUCE-IT (Bhatt et al. 2019) (Reduction of Cardiovascular Events With EPA—
Intervention Trial) evaluated the cardiovascular effect of 2 g of icosapent ethyl twice
daily in patients with established cardiovascular disease or with diabetes and other
risk factors, who had been receiving statin therapy and who had a fasting triglyceride
level of 135–499 mg per deciliter (1.52–5.63 mmol/L) and a low-density lipoprotein
cholesterol level of 41–100 mg per deciliter (1.06–2.59 mmol/L). Compared with
placebo, 4 g/Day AMR101 reduced long-term cardiovascular events (Composite
endpoint of CV death, nonfatal MI, nonfatal stroke, coronary revascularization, and
hospitalization for unstable angina) (17.2% vs. 22.0%, hazard ratio, 0.75; 95% [CI],
0.68–0.83; P < 0.001) in high-risk patients with elevated triglyceride levels despite
the use of statins. A larger percentage of patients in the icosapent ethyl group than in
the placebo group were hospitalized for atrial fibrillation or flutter (3.1% vs. 2.1%,
P = 0.004).
The cardiovascular benefit of n–3 fatty acids appears to relate to disease condition
and/or dose. In general, populations at usual risk (VITAL trial, a primary prevention
trial among men 50 years of age or older and women 55 years of age or older),
marine n–3 fatty acids (at a dose of 1 g per day) did not result in a lower inci-
dence of major cardiovascular events (primary endpoint, a composite of myocardial
infarction, stroke, or death from cardiovascular causes) (hazard ratio, 0.92; 95% con-
fidence interval [CI], 0.80–1.06; P = 0.24), but reduced a key secondary endpoint,
total myocardial infarction, 0.72 (95% CI, 0.59–0.90) (Manson et al. 2019). Among
patientswith diabeteswithout atherosclerotic cardiovascular disease (ASCEND trial)
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(Group et al. 2018) 1 g n – 3 fatty acids daily did not reduce the risk of serious vascular
events compared with placebo (olive oil).
Epanova (omega-3 carboxylic acids) is a concentrate of omega-3 free fatty acids,
developed from fish oils. STRENGTH (STatin Residual Risk Reduction With
EpaNova in HiGh CV Risk PatienTs With Hypertriglyceridemia) trial is a long-
term cardiovascular outcome study to assess Epanova, taken once daily on top of
statin, in patients with hypertriglyceridemia and low HDL and high risk for CVD.
This phase 3 trial is started in 2014 and estimated to complete in late 2019.
Apolipoprotein C-III Inhibition
Apolipoprotein C-III (APOC3) is a component of TG-rich lipoproteins, known to
inhibit lipoprotein lipase-mediated hydrolysis of TG-rich lipoproteins and to nega-
tively affect receptor-mediated hepatic uptake of remnants of TG-rich lipoproteins,
thereby regulating plasma TG levels. Elevated APOC3 levels result in accumula-
tion of atherogenic very-low-density lipoproteins (VLDL) and chylomicron rem-
nants, as a consequence of impaired lipolysis and disturbed clearance of TG-rich
lipoproteins. Elevated APOC3 levels, especially when present on apolipoprotein E-
containing lipoproteins, are an independent risk factor for CVD. Rare mutations that
disrupt APOC3 function were associated with lower levels of plasma triglycerides
and APOC3 and with a reduced risk of CAD (Tg et al. 2014). People with homozy-
gous loss of function of APOC3 show marked blunting of the usual postprandial rise
in plasma triglycerides (Saleheen et al. 2017). Although fibrates, statins and omega-3
fatty acids modestly decrease triglyceride levels (and apoC-III concentrations), there
are many patients who still have severe hypertriglyceridemia and are at increased
risk for pancreatitis and potentially for CVD.
ISIS 304801 is an antisense oligonucleotide that specifically binds toAPOC3mRNA
and induces its degradation. It robustly decreases both, apoC-III production and
triglyceride concentrations. In a phase 2 trial in patients with severe or uncontrolled
hypertriglyceridaemia, weekly subcutaneous injections of 100, 200, or 300 mg of
ISIS 304801 for 13 weeks ISIS 304801 as monotherapy produced a dose-dependent,
prolonged reduction in TG levels (largest decrease with 300 mg: 70.9% vs. 20.1%
increase on placebo) and increase in HDL levels (300 mg: 45.7% vs. 0.7% with
placebo). A similar effect was observed when the drug was used as an add-on to
stable doses of fibrate therapy (Gaudet et al. 2015). It is being currently evaluated
in phase 3 trials (Schmitz and Gouni-Berthold 2018). An outcome trial is needed to
establish clinical proof-of-concept with therapeutics that inhibit APOC3.
Angiopoietin-Like 3 Inhibition
Angiopoietin-like 3 (ANGPTL3) is a protein that inhibits lipoprotein lipase (LPL)
and endothelial lipase (EL), thereby increasing plasma triglyceride, LDL cholesterol,
and HDL cholesterol. LPL is a rate-limiting enzyme for the hydrolysis of circulat-
ing triglycerides (TG) into free fatty acids that are absorbed by peripheral tissues
(Zhang 2016). ANGPTL3 is a novel target to reduce triglyceride-rich lipoproteins
(Olkkonen et al. 2018). Evinacumab is an antibody fromRegeneron,which blocks the
actions of ANGPTL3. An antisense oligonucleotide from Ionis Pharmaceuticals also
blocks ANGPTL3 activity. Animal studies, as well as early clinical studies, show that
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they can lower triglycerides to unprecedented levels. Further cardiovascular outcome
studies are needed before considering these drugs for clinical approval.

8.1.6 Other lipid modulators

ETC-1002 (bempedoic acid) is a small molecule with a unique mechanism of action
shown in nonclinical studies to modulate pathways of cholesterol, fatty acid, and car-
bohydrate metabolism (Nikolic et al. 2014; Bilen and Ballantyne 2016). ETC-1002
lowers LDL cholesterol and other lipids and shows that high-sensitivity C-reactive
protein is improved in patientswith type2diabetes andhypercholesterolemia (Gutier-
rez et al. 2014). In phase 2 studies, ETC-1002 reduced LDL-C as monotherapy,
combined with ezetimibe, and added to statin therapy, with LDL-C lowering most
pronounced when ETC-1002 was combined with ezetimibe in patients who cannot
tolerate statins (Thompson et al. 2016).

8.2 Targeting Inflammation

Historical success of statins, together with the recent approval of PCSK9 inhibitors,
has firmly established the therapeutic principle of lowering LDL-C for treating CAD.
However, residual cardiovascular risk following successful LDL-C lowering therapy
remains substantial. Inflammation is thought of as an essential pathology forCADand
its acutemanifestation,myocardial infarction (MI),which involves cytokines, such as
interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α, and C-reactive protein
(CRP, amarker of inflammation) production. In addition to innate immunity, adaptive
immunity is also associated with atherosclerosis through antigen-presenting cells, T
and B lymphocytes. Statin is known to have anti-inflammatory activity besides LDL-
C lowering effects, which may also contribute to its cardiovascular efficacy. Indeed,
aggressive lipid lowering by high-dose atorvastatin decreases high-sensitivity CRP
(hsCRP) serum levels and entails regression of atheromas. The clinical benefit is
extended to primary prevention in patients with LDL-C levels < 130 mg/dl but ele-
vated hsCRP, where rosuvastatin significantly reduces major cardiovascular event
rates, with reductions in both LDL-C and hsCRP. In acute coronary syndrome (ACS),
aggressive statin therapy also lowered the incidence of primary endpoints including
MI, with the most substantial benefit in patients with declines in both LDL-C and
CRP. Recent FOURIERTrial reveals that LDL-C and hsCRP are independently asso-
ciated with the cardiovascular outcome (Bohula et al. 2018). Nevertheless, teasing
out the anti-inflammatory effect of statin from its LDL cholesterol-lowering effect
in cardiovascular prevention appears practically impossible.

Previous trials exploring treatment that specifically targets inflammation failed
to show clinical benefits in CAD patients. The targets involved include p38 MAP
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kinase, CRP, secretory phospholipase A2 (sPLA2, an enzyme catalyzes the first step
of the arachidonic acid pathway of inflammation), lipoprotein-associated phospho-
lipase A2 (Lp-PLA2, a secreted acetylhydrolase that catalyzes the degradation of
platelet-activating factor), IL-1R, the IL-6 receptor, CC2 chemokine receptor, and
some immunomodulatory or immunosuppressive therapies, such as cyclosporine and
colchicine,CD20blocker.Recently, theCANTOS (CanakinumabAnti-inflammatory
Thrombosis Outcome Study) trial provides first clinical evidence that an IL-1β
antibody that leads to marked reductions in IL-6 and CRP reduces cardiovascular
risk.

• IL-1β inhibition

IL-1, a pro-inflammatory cytokine, promotes the development of atherosclerosis and
contributes to adverse remodeling and left ventricular dysfunction after acutemyocar-
dial infarction (AMI). In phase II studies, IL-1 blockade suppressed the inflamma-
tory response associated with ST-segment elevation AMI and prevented heart failure
(HF). Other phase II studies show improved exercise capacity with IL-1 blockade in
patients with HF. Several IL-1 blockers are available for clinical use, which differ in
mechanism of action, and potentially also efficacy and safety.

Canakinumab (trade name Ilaris) is a human monoclonal antibody that specif-
ically inhibits IL-1β function. IL-1β is synthesized as a precursor form protein
only after stimulation, in contrast to IL-1α. Canakinumab was approved for the
treatment of cryopyrin-associated periodic syndromes (CAPS) in 2009. CAPS is a
spectrum of auto-inflammatory syndromes including familial cold autoinflammatory
syndrome, Muckle–Wells syndrome, and neonatal-onset multisystem inflammatory
disease. In September 2016, FDA approved the use of canakinumab on 3 addi-
tional rare and serious auto-inflammatory diseases: TNF receptor-associated peri-
odic syndrome, hyper immunoglobulin D syndrome/mevalonate kinase deficiency
and Familial Mediterranean fever.

CANTOS trial shows that, in patientswith previousmyocardial infarction and per-
sistently elevated hsCRP (>= 2mg/L), subcutaneous administration of canakinumab
every 3 months at 150 mg led to a significantly lower rate of recurrent cardiovascular
events (nonfatal MI, nonfatal stroke, or cardiovascular death) than placebo with a
hazard ratio (HR) of 0.85 (95% CI, 0.74–0.98), independent of lipid-level lowering
(Ridker et al. 2017). Baseline clinical characteristics did not define patient groups
with greater or lesser cardiovascular benefits when treated with canakinumab. How-
ever, trial participants allocated to canakinumabwho achieved hsCRP concentrations
less than 2 mg/L had a 25% reduction in major adverse cardiovascular events (HR
= 0.75, 95% CI 0.66–0.85), whereas no significant benefit was observed among
those with on-treatment hsCRP concentrations of 2 mg/L or above (HR = 0.90,
0.79–1.02, p = 0.11). These data further suggest that lower is better for inflamma-
tion reduction with canakinumab (Ridker et al. 2018). This phase 3 trial provides
the first clinical proof-of-principle for anti-inflammatory therapy for atherosclerosis.
Interestingly, the CANTOS trial also showed a significant reduction in lung cancer
incidence and mortality in the canakinumab treated group compared to the placebo.
A higher incidence of fatal infection was observed in the canakinumab group than in
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the placebo, which is likely due to a blunting of the inflammatory signs of infection
leading to delayed presentation and diagnosis. IL-1 blockade was not associated with
opportunistic infections and there was no difference in all-cause mortality with the
canakinumab treatment. Cost-effectiveness and potential risk of immune suppres-
sion determine whether and who might benefit from the use of canakinumab for
cardiovascular prevention.

• Methotrexate and lessons learned

Methotrexate inhibits dihydrofolate reductase that is essential for DNA synthesis
and it also inhibits lymphocyte activation. It is on the World Health Organization’s
List of Essential Medicines being used as a chemotherapy agent and immune system
suppressant. Low-dosemethotrexate is an effective anti-inflammatory therapywidely
used to treat rheumatoid arthritis. TheCIRT (Cardiovascular InflammationReduction
Trial) evaluates effects of low-dose (15–20 mg per week) methotrexate on rates of
MI, stroke, and cardiovascular death among patients with previousMI or multivessel
coronary disease who additionally had either type 2 diabetes or metabolic syndrome,
conditions associated with an enhanced pro-inflammatory response. However, low-
dose methotrexate did not reduce levels of IL-1β, IL-6, or CRP and did not result in
fewer cardiovascular events than placebo in these patients with stable atherosclerosis
(Ridker et al. 2018), raising questions on the dose and population selected.

Clinical data on inflammatory biomarkers, biological data and recent Mendelian
randomization data suggest that inflammatory mediators of atherosclerosis may con-
verge on the central IL-1, tumor necrosis factor (TNF-a), IL-6 signaling pathway.
On this basis, emerging anti-inflammatory approaches to vascular protection can be
categorized into two broad groups, those that target the central IL-6 inflammatory
signaling pathway and those that do not. Both approaches have the potential to benefit
patients and reduce vascular events, but may not concord each other. The inflamma-
tory system is redundant, compensatory, and crucial for survival, evaluation of risks,
as well as benefits, must drive the development of agents in this class.

8.3 Antiplatelet Drugs

Thrombosis that occludes blood vessels is the direct cause of acute manifestations
of CAD. Antiplatelet drugs reduce thrombotic risk by inhibiting platelet activa-
tion and aggregation. Thromboxane and ADP activate their corresponding platelet
receptors TP and P2Y12, respectively, and result in platelet inside-out signaling and
integrin αIIbβ3 (glycoprotein IIb/IIIa) conformation change allowing its binding to
fibrinogen to aggregate platelets. Drugs targeting the above pathways have been suc-
cessfully used in the clinic. Aspirin suppresses thromboxane production and inhibits
platelet aggregation. It is a cornerstone therapy for secondary cardiovascular preven-
tion in ACS, a benefit further enhanced by additional P2Y12 antagonism through
clopidogrel, or, more recently developed prasugrel or ticagrelor. Platelet integrin
αIIbβ3 inhibitors are potent antithrombotic drugs that are used intravenously to treat
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ACS, but they also have the life-threatening adverse effect of causing bleeding. Dis-
covery of antiplatelet drugs that can effectively prevent thrombosis while sparing
bleeding side effects remains an unmet medical need.

• Proteinase-activated receptors

Thrombin activates platelets by cleaving/activating a G–protein-coupled family of
proteinase-activated receptors (PARs). The signaling mechanism involves the prote-
olytic unmasking of an N-terminal receptor sequence that acts as a tethered receptor-
activating ligand. The recognized targets of thrombin cleavage and activation for
signaling are PAR1 and PAR4, in which thrombin cleaves at a conserved target
arginine to reveal a tethered ligand. Unlike anticoagulants, PAR1 inhibitors block
downstream of PAR1 without directly impacting thrombin-induced fibrin polymer-
ization. Vorapaxar (Zontivity), a competitive PAR1 antagonist, is effective in treating
ACS, however, the severe bleeding associated with this drug has limited its use in
the clinic. Due to the efficacy of thrombin acting via PAR1, strategies to selectively
inhibit specific PAR1-mediated G protein signaling pathways or to target the sec-
ond thrombin platelet receptor, PAR4, are being devised (Wong et al. 2017). The
rationale behind these alternative approaches is to bias downstream thrombin activ-
ity via PARs to allow for inhibition of pro-thrombotic pathways but maintain other
pathways that may preserve hemostatic balance and improve bleeding profiles for
widespread clinical use.

• Platelet integrin outside-in signaling

Activated platelets facilitate coagulation (platelet procoagulant activity, PPA)mainly
by exposing the procoagulant phospholipid phosphatidylserine (PS) on the outer
membrane surfaces and releasing PS-expressedmicrovesicles (MVs). Recent studies
indicate that selective targeting of integrin outside-in signaling as a new antithrom-
botic strategy that has the advantage of potently inhibiting occlusive platelet throm-
bus expansion without causing excessive bleeding (Shen et al. 2013). β3 integrins
serve as a shear sensor activating the Gα13-dependent outside-in signaling pathway
to facilitate platelet procoagulant function. An inhibitor of outside-in signaling that
targets Gα13-integrin interaction was discovered to prevent occlusive thrombosis
in vivo by inhibiting both coagulation and platelet thrombus formation (Pang et al.
2018). It is known that partial inhibition of platelet thrombus formation by platelet
activation inhibitors or by integrin inhibitors are not effective in inhibiting fibrin clot
formation, whereas complete inhibition of integrin ligand-binding function is likely
to cause excessive bleeding. Thus, by targeting integrin outside-in signaling without
blocking platelet adhesion and primary aggregation, it is possible to diminish platelet-
dependent intravascular fibrin clot without causing excessive bleeding. Because the
intravascular fibrin clot around the platelet thrombus is associated with thrombus
expansion and stabilization, this novel effect of outside-in signaling inhibitors is
likely to contribute to the potency and anticlotting effect of these new drugs, and
is advantageous over the current antiplatelet drugs. Pharmacological targeting of
Gα13-integrin interaction is under preclinical development.



8 Drug Discovery for Coronary Artery Disease 309

• Reactive oxygen species

Reactive oxygen species is known to regulate thrombosis (Pietraforte et al. 2014;
Forstermann 2008; Delaney et al. 2016). In a randomized, placebo-controlled clin-
ical trial in patients with antiphospholipid syndrome, treatment with ubiquinol, the
reduced equivalent of coenzyme Q10, improved endothelial function, and reduced
thrombotic risk markers, likely through reduced platelet activation and endothelial
inflammation related to oxidative stress (Perez-Sanchez et al. 2017).

8.4 Anticoagulation Drugs

Activation of coagulation is essential to thrombosis. The coagulation pathway is
a protease activation cascade in the blood, leading to the formation of fibrin that
stabilizes blood clot (Fig. 8.1). It is classified into the extrinsic pathway and intrinsic
pathway, which are initiated by tissue factor and contact activation, respectively.
Both pathways share the common pathway of coagulation that generates factor Xa
and thrombin, which cleaves fibrinogen to form fibrin.

Heparin and vitamin K antagonists (VKAs) are the first used as anticoagulants in
the middle of the twentieth century. Heparin is a naturally occurring anticoagulant
produced in the body. It binds to and activates antithrombin III (AT), thus inactivating
thrombin and factor Xa. VKAs, such as warfarin, inhibit vitamin K epoxide reduc-
tase and thus the formation of vitamin K that is required for the production of certain

Fig. 8.1 Coagulation pathway and anticoagulant targets. Coagulation cascade is a series of sequen-
tial reactions in which zymogens are converted to active serine proteases ultimately resulting in the
formation of covalently cross-linked fibrin. Blood coagulation can be triggered via the extrinsic
pathway that is initiated by tissue factor following tissue trauma or via an intrinsic pathway that is
driven by FXII activation. Anticoagulants targeting FXII, FXI and FIX are in development
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clotting proteins, including the carboxylation of prothrombin to form active throm-
bin. VKAs and heparin have been the gold standard for the treatment and prevention
of thromboembolic disease for many years. Unfortunately, they are accompanied by
serious bleeding problems, it is necessary to monitor the therapeutic window, and
there are various interactions with food and other drugs. A serious side-effect of
heparin is heparin-induced thrombocytopenia, caused by an immunological reaction
against platelets, resulting in platelet degradation. VKAs are very effective in the
prevention and treatment of venous and arterial thrombosis. However, warfarin has
many side effects of which bleeding is the most pronounced. It is estimated that,
on a yearly basis, 0.5% of patients on VKAs suffer from major bleeding for which
medical treatment is necessary, with a death rate of 0.25% due to bleeding. In 1985
and 2001, low-molecular-weight heparin (LMWH) and fondaparinux (chemically
related to LMWH) were developed, respectively, which demonstrate better bioavail-
ability after subcutaneous injection than heparin and more predictable anticoagulant
responses. They do not need coagulation monitoring, thereby reducing healthcare
costs and increasing patient satisfaction.

Coincident with these advances was the development of bivalirudin, a parenteral
synthetic peptide inhibitor of thrombin that is derived from the naturally occurring
drug hirudin found in the saliva of the medicinal leech. Bivalirudin is a synthetic pep-
tide that directly inhibits thrombin and overcomes many of the limitations seen with
indirect thrombin inhibitors. It inhibits both circulating and clot-bound thrombin, and
also inhibits thrombin-mediated platelet activation. It does not bind to plasma pro-
teins or to red blood cells and has a half-life of approximately 25 min in patients with
normal renal function with a predictable antithrombotic response. It does not activate
platelets and has been used in patients with, or at risk of, heparin-induced thrombo-
cytopenia or heparin-induced thrombocytopenia and thrombosis syndrome. Follow-
ing two large randomized controlled trials, HORIZONS-AMI and ACUITY, which
showed a reduced rate of adverse clinical events (primarily driven by lower major
bleeding events) with bivalirudin compared with unfractionated heparin (UFH) with
glycoprotein IIb/IIIa inhibitors, bivalirudin rapidly gained favor in the United States,
surpassing the use of UFH as the anticoagulant of choice during percutaneous coro-
nary interventions (PCI) for NSTEMI and STEMI. Bivalirudin is widely used in
place of heparin during PCI (Erlinge et al. 2017).

Efforts in seeking oral anticoagulants that are more convenient to administer
than VKAs lead to the discovery of a new generation of drugs, which is known
as direct oral anticoagulants (DOACs). DOACs include dabigatran, which inhibits
thrombin, and rivaroxaban, apixaban, edoxaban, and betrixaban, which inhibit factor
Xa. These agents are at least as effective as VKAs but are associated with less
bleeding, particularly less intracranial bleeding, and are easier to administer because
they can be given in fixed doses without routine coagulation monitoring. Because
of these attributes, current guidelines give preference to the DOACs over VKAs for
stroke prevention in atrial fibrillation and for treatment of venous thromboembolism.
Prescriptions for DOACs now surpass those for VKAs in several countries and are
likely to increase as new indications are identified.
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Currently available coagulants inhibit the common pathway of the coagulation
cascade that is also required for hemostasis and, as such, bear an inherent risk for
bleeding complications. Despite a similar or even superior effectiveness compared to
VKAs, DOACs have different limitations: (1) bleeding is still an important problem;
(2) there is no routine, widely available diagnostic test that can safely monitor the
therapeutic window; (3) there is no reversal agent available for these anticoagulants,
which is particularly undesirable in trauma patients. Therefore, the search for new
anticoagulants continues. The goal of anticoagulant therapy is to attenuate throm-
bosis without compromising hemostasis. Drugs targeting the intrinsic pathway of
coagulation (factor XIIa, factor XIa, and factor IXa) bear such potential. This path-
way amplifies the clotting cascade but unlike the extrinsic (tissue factor and factor
VIIa) and common pathways (factor Xa and thrombin) appears not essential for
hemostasis.

• Coagulation factor XI

Growing evidence suggests that factor (F) XI plays an important role in thrombo-
sis with a relatively limited contribution to hemostasis. Congenital FXI deficiency
defined using an FXI activity assay is protective against venous thromboembolism
(VTE), ischemic stroke, and myocardial infarction (Preis et al. 2017). Subjects with
higher levels of FXI are more prone to ischemic stroke and VTE, Inhibitors targeting
FXI/FXIa (the active form of FXI) have emerged as a new generation of anticoagu-
lants to effectively curtail thromboembolic diseases without potential fatal bleeding.
Available inhibitors of FXI/FXIa include polypeptides, active site peptidomimetic
inhibitors, allosteric inhibitors, antibodies, aptamers, and antisense oligonucleotides
(ASOs), which reduce FXI biosynthesis by blocking its expression. In animal stud-
ies, FXI antibodies attenuate platelet and fibrin deposition and FXI ASO reduces
thrombosis in a concentration-dependent manner.

Proof-of-concept comes from a small phase 2 study of patients undergoing elec-
tive knee arthroplasty (Buller et al. 2015). Subcutaneous injection of an FXI ASO
(IONIS-416858, 300 mg) starting 35 days before surgery reduced mean FXI levels
to 28% of baseline values, at the time of surgery. Compared with 40-mg enoxaparin
(low-molecular-weight heparin) once daily starting after surgery and continued for
at least 10 days, IONIS-416858 reduced venous thromboembolism events (asymp-
tomatic or symptomatic deep-vein thrombosis, symptomatic pulmonary embolism,
and VTE-related mortality) 4% (3 of 71 patients) versus 30% (21 of 69 patients).
The rates of the composite of major and clinically relevant nonmajor bleeding were
3% in the IONIS-416858 group and 8% in the enoxaparin groups. Nevertheless,
this encouraging observation needs confirmation in larger trials to show the relative
advantage of lowering FXI levels in reducing VTE risk but without increasing bleed-
ing risk, compared with enoxaparin. The addition of low doses of rivaroxaban (FXa
inhibitor) to patients with recent ACS reduces the rates of death from cardiovascular
causes without increasing fatal bleeding, but increases intracranial hemorrhage. In
light of this, reducing FXI levels or inhibition of FXI in patients with a recent ACS
might also reduce death rates in a similar manner to treatment with rivaroxaban but
without an increase in intracranial hemorrhage. It is likely that inhibition of FXI
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prevents the propagation of coagulation by suppressing both intrinsic pathway and
its amplification of extrinsic activation. Thus, FXI-directed strategies may be further
explored for additional clinical indications. Initial findings have also demonstrated
the potential of FXI/FXIa inhibitors in sepsis, listeriosis, and arterial hypertension.

• Coagulation factor XII

FXII is a plasma protease that is activated by binding to negatively charged sur-
faces. The active form of FXII (FXIIa) initiates the intrinsic coagulation pathway.
Although there is a lack of human data supporting the relationship between factor
XII and thrombosis, FXII deficiency is not associated with bleeding (Key 2014). Pre-
clinical evidence consistently shows that pharmacological inhibition of FXII/FXIIa
may be a promising therapeutic anticoagulation treatment strategy with less bleeding
risk (Nickel et al. 2017). FXIIa also contributes to inflammation through the acti-
vation of the bradykinin-producing kallikrein–kinin system. FXII(a) inhibitors have
been developed, including recombinant proteins, synthetic peptides, small molecu-
lar inhibitors, antibodies, and ASO. Most of these inhibitors showed antithrombotic
effects with additional anti-inflammatory properties.

FXII monoclonal antibody 15H8 inhibited thrombosis formation in baboons
(Matafonov et al. 2014). 3F7 is a recombinant fully human FXIIa-neutralizing anti-
body, which blocked experimental thrombosis in mice and rabbits (Larsson et al.
2014) and inhibited thrombosis as efficiently as heparin in a rabbit model of car-
diopulmonary bypass, without the increased bleeding risk seen with heparin. 3F7
was also reported to abolish bradykinin generation in hereditary angioedema (HAE)
type III patient plasma and to blunt edema in a mouse model (Bjorkqvist et al. 2015).
Suppressing FXII expression with ASO reduced arterial and venous thrombosis in
mice (Revenko et al. 2011) and attenuated catheter-induced thrombosis in rabbits
(Yau et al. 2014) without increasing bleeding risk. Targeting FXII by ASO has a slow
onset of action and requiresmultiple parenteral ASO administration. Small-molecule
inhibitors of FXIIa are still under development.

The FXII-driven coagulation mediates not only thrombosis but also inflam-
matory life-threatening diseases. These include edema, experimental autoimmune
encephalomyelitis, hereditary angioedema and settings where the blood comes in
contact with nonphysiological surfaces such as catheters, extracorporeal membrane
oxygenation, dialysis membranes, and ventricular assist devices. Although pharma-
cological inhibition of FXII has been identified as a potent strategy to limit thrombosis
in animal models, without increased bleeding tendency, and to treat edema forma-
tion and hypotension in mice with possible implications for patients, these promises
await confirmation in clinical trials.

8.5 Antidiabetic Agents

Epidemiologic studies show a clear correlation between lower blood sugars and bet-
ter health outcomes in patients with diabetes mellitus. Every 1% increase in the
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hemoglobin A1c was associated with an 18% increase in the risk of cardiovascular
(CV) events, 12–14% increase risk of death and a 37% increased risk of eye dis-
ease or kidney disease. Most diabetic patients die of cardiovascular disease (CVD).
Hyperglycaemia itself contributes to the pathogenesis of atherosclerosis and heart
failure (HF) in these patients. Treating blood glucose to current guidelines is safe and
very important for reducing microvascular complications like nerve, kidney and eye
disease. However, most glucose-lowering drugs studied, as in trials of ADVANCE,
ACCORD, VADT, etc., failed to reduce cardiovascular adverse events despite the
proven ability to lower blood glucose, especially in patients with a long duration of
type 2 diabetes mellitus (T2D) and prevalent CVD. Such drugs include metformin,
sulfonylureas, PPAR agonists thiazolidinediones and dipeptidyl peptidase-4 (DPP-4)
inhibitors. No significant long-term efficacy of insulin on any clinical outcome in
T2D was observed. Actually, some diabetes drugs, in particular, rosiglitazone, even
increase adverse cardiovascular events. As such, regulatory guidance specifies the
need to establish cardiovascular safety of new diabetes therapies in patients with T2D
in order to rule out excess cardiovascular risk. There is evidence suggesting that ear-
lier treatment in prediabetic patients before disease onset may be effective although
its effects are delayed (UKPDS trial). Recent trials show that diabetes drugs targeting
SGLT2 or GLP1 may improve cardiovascular outcome in patients with established
T2D.

• Sodium-glucose linked transporter 2 inhibition

Sodium-glucose linked transporter (SGLT) is a family of glucose transporter, with
SGLT1 and SGLT2 being the two most well-knownmembers. SGLT1 is found in the
enterocytes of the small intestine and in the proximal straight tubule. SGLT2 ismainly
expressed in the proximal convoluted tubule of the nephron. They contribute to renal
glucose reabsorption. In a healthy nephron, the filtered glucose in the glomerulus is
all reabsorbed along the nephron (at least 90% in the proximal convoluted tubule,
via SGLT2). In hyperglycemic condition, glucose is excreted in urine because SGLT
is saturated with the filtered glucose. SGLT2 inhibitors increase urinary glucose
excretion, thus improving glycemic control independent of insulin.

Empagliflozin (trade name Jardiance) is an SGLT2 inhibitor, approved for the
treatment of T2D in adults in 2014. EMPA-REG OUTCOME trial (Zinman et al.
2015) reports that in a population of patientswith T2D and established cardiovascular
disease on a background of standard care, empagliflozin reduces the combined CV
endpoint of CV death, nonfatal MI, and nonfatal stroke compared to placebo (10.5%
vs. 12.1%, HR = 0.86). Empagliflozin also significantly and robustly reduced the
individual endpoints of CV death (3.7%, vs. 5.9%; 38% relative risk reduction), any
cause mortality (5.7% and 8.3%, respectively; 32% relative risk reduction), and hos-
pitalization for HF (2.7% and 4.1%, respectively; 35% relative risk reduction) in this
high-risk population. These cardiovascular beneficial effects of empagliflozin may
result from an interplay of various factors beyond glucose control such asweight loss,
blood pressure lowering and sodium depletion, renal hemodynamic effects, effects
on myocardial energetics, and/or neurohormonal effects, etc. Future studies are war-
ranted to clarify the underlying mechanisms, and importantly to assess whether such
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beneficial effects are evident across the SGLT2-inhibitor class of medications or
unique to empagliflozin. An increased rate of genital infection was observed among
patients receiving empagliflozin (Zinman et al. 2015). Empagliflozin was associated
with slower progression of kidney disease and lower rates of clinically relevant renal
events than was placebo when added to standard care (Wanner et al. 2016). The risk
of developing diabetic ketoacidosis (DKA) among T2D patients initiating an SGLT2
inhibitor is about double that seen among patients starting a DPP-4 inhibitor, but the
overall risk is still low (Fralick et al. 2017). Patients are advised to be monitored for
signs of DKA after starting on SGLT2 inhibitors.

Canagliflozin is another SGLT2 inhibitor that reduces glycemia as well as blood
pressure, body weight, and albuminuria in people with diabetes. Patients with T2D
and prior cardiovascular events had higher rates of cardiovascular outcomes com-
pared with the primary prevention patients. Canagliflozin reduced cardiovascular
and renal outcomes similarly among both primary and secondary prevention partic-
ipants (Mahaffey et al. 2018). In two CANVAS trials involving patients with T2D
and an elevated risk of cardiovascular disease, patients treated with canagliflozin had
a lower risk of cardiovascular events than those who received placebo but a greater
risk of amputation, primarily at the level of the toe or metatarsal (Neal et al. 2017).
Canagliflozin was also associated with a lower rate of progression of albuminuria,
however, amputation occurred more frequently. The benefit of canagliflozin may be
greater among those with a prior history of heart failure, and did not appear to be
modified by baseline renal function (Neuen et al. 2018; Radholm et al. 2018).

• Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1) is an incretin and has the ability to decrease blood
sugar levels in a glucose-dependent manner by enhancing the secretion of insulin.
GLP-1 is a 30 amino acid long peptide hormone derived from posttranslational
processing of the proglucagon peptide. It is produced and secreted by intestinal
enteroendocrine L-cells and certain neurons in the brainstem upon food consump-
tion. Endogenous GLP-1 is rapidly degraded primarily by DPP-4, but also neutral
endopeptidase 24.11 and renal clearance, resulting in a half-life of approximately
2 min. Consequently, only 10–15% of GLP-1 reaches circulation intact, leading to
fasting plasma levels of only 0–15pmol/L.Toovercome this,GLP-1 receptor agonists
and DPP-4 inhibitors have been developed to increase GLP-1 activity. As opposed
to common treatment agents such as insulin and sulphonylurea, GLP-1-based treat-
ment has been associated with weight loss and a lower risk of hypoglycemia, two
important considerations for patients with T2D.

Liraglutide (Victoza, Novo Nordisk) is a once-daily injectable derivative of the
human incretinGLP-1, for the treatment of T2Dor obesity. It binds to the same recep-
tors as does the endogenous metabolic hormone GLP-1 that stimulates insulin secre-
tion. Liraglutide reduces meal-related hyperglycemia by increasing insulin secretion
when required by increasing glucose levels, delaying gastric emptying, and sup-
pressing prandial glucagon secretion. In patients with T2D and high cardiovascular
risk(LEADER Trial), liraglutide, when added to standard care, reduces the rate of
the first occurrence of death from cardiovascular causes, nonfatal MI, or nonfatal
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stroke (13.0% vs. 14.9%, HR, 0.87; 95% CI, 0.78–0.97). The rate of death from
cardiovascular cause (4.7% vs. 6.0%, HR, 0.78, 95% CI, 0.66–0.93) and from any
cause (8.2% vs. 9.6%, HR, 0.85; 95% CI, 0.74–0.97) was lower in the liraglutide
group. The most common adverse events leading to the discontinuation of liraglutide
were gastrointestinal events (Alvarez-Villalobos et al. 2016).

Semaglutide (Ozempic, Novo Nordisk) is a GLP-1 analogue with an extended
half-life of approximately 1 week. In a trial (SUSTAIN-6) of 3297 patients with T2D
who were at high cardiovascular risk, semaglutide treatment significantly lowered
the combined risk for CV death, nonfatal MI or nonfatal stroke compared to placebo
(6.6% vs. 8.9%, HR, 0.74). The rates of nonfatal MI and nonfatal stroke, for the
semaglutide group as compared to placebo group, were 2.9% versus 3.9% (HR,
0.74; P = 0.12) and 1.6% versus 2.7% (HR, 0.61; P = 0.04), respectively. Rates of
death from cardiovascular causes were similar in the two groups. Rates of new or
worsening nephropathy were lower in the semaglutide group, but rates of retinopathy
complications were significantly higher (HR, 1.76; 95% CI, 1.11–2.78; P = 0.02).
Fewer serious adverse events occurred in the semaglutide group, although more
patients discontinued treatment because of adverse events, mainly gastrointestinal
(Marso et al. 2016).

The cardiovascular beneficial effects of empagliflozin and liraglutidemayattribute
to effects other than their glucose-lowering effect, since both drugs only modestly
reduced blood glucose (0.4% in HbA1c). Understanding the underlying mechanism
may provide new therapeutic targets for patients with atherosclerotic disease or at
risk.

8.6 Emerging Therapeutic Targets from GWAS

The exceptionally rapid development of the new class of cholesterol-lowering drugs
targeting PCSK9 exemplifies how the genetic discovery of human diseases may
expedite the development of new drugs. In this regard, genome-wide association
studies (GWAS) of CAD provide tremendous opportunities for elucidating novel dis-
ease mechanisms and potential therapeutic targets (Consortium et al. 2013; Roberts
2014; Yao et al. 2018). Candidate genes of potential mechanistic relevance, such
as CDKN2A/B, CXCL12, and LIPA, are under intensive research. Genetic loci of
CXCL12, and plasma levels of its chemokine product, also known as SDF1, are
associated with CAD. Recent studies of its secondarily discovered receptor, CXCR7,
indicate that activation of CXCR7 promotes endothelial repair and angiogenesis, thus
restrains injury-induced adverse vascular remodeling, and promotes hear functional
recovery after an attack of MI (Hao et al. 2017).
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8.7 Traditional Chinese Medicine

Coronary artery disease (CAD), also known as coronary heart diseases or ischemic
heart disease, refers to a series of diseases such as stable angina, unstable angina,
myocardial infarction and sudden cardiac death that are mainly attributable to coro-
nary artery stenosis due to atherosclerotic plaque. The development of atherosclerosis
leads to a decrease or even cessation (in the case of atherothrombosis) of the coronary
artery flow, resulting in cardiomyocyte damage and functional loss. Some traditional
Chinese medicine (TCM) has been used for CAD, to relieve symptoms. However,
there is a lack of clinical outcome trials for most if not all TCM that are already in
practice for CAD treatment. Because TCM is an impure natural product, potential
multiple active ingredients and their interactions make it challenging to precisely
delineate their molecular pharmacology or therapeutic target. Nevertheless, with a
modern pharmacological approach, researchers have identified some bioactive com-
ponents in TCM extractions. Further studies may lead to the discovery of new drugs
that demonstrate clear pharmacology, clinical efficacy as well as toxic profile. Listed
below are some bioactive ingredients derived from TCM extractions that have pub-
lished evidence on their potential mechanism of action. It’s worth to note that purified
ingredients from TCM do not necessarily have a similar profile of efficacy or safety
compared with the TCM from which they are isolated.

• Berberine

Berberine is a quaternary ammoniumsalt from the protoberberine groupof benzyliso-
quinoline alkaloids found in such plants as Berberis. This first recorded use of berber-
ine is described in the ancient Chinese medical book The Divine Farmer’s Herb-Root
Classic. Berberine is considered an antibiotic and has been used to treat gastroen-
teritis, bacillary dysentery, ocular conjunctivitis, suppurative otitis media. Whether
berberine may be used for treating diabetes, hyperlipidemia is under investigation.
Berberine might also possess antiaging (gero-suppressive) properties. The bioavail-
ability of berberine is low (Liu et al. 2016). Berberine is reported to inhibit the
intestinal absorption of cholesterol and promote the excretion of cholesterol from
the liver to the bile in hyperlipidemic hamsters (Li et al. 2015). Berberine may influ-
ence microbiota in the intestine, which contributes to the reduced plasma cholesterol
levels, a novel mechanism different from statin (Zhu et al. 2018; Feng et al. 2018).
Phase II clinical trial of berberine is ongoing.

• Danshensu

Radix Salviae miltiorrhizae, danshen root (danshen), is one of the widely used Chi-
nese herbal medicines in clinics, containing rich phenolic compounds. Danshensu
(DSS) is the main active compound responsible for the pharmacologic effects of dan-
shen. DSS has various various cardiovascular protective effects, which include coro-
nary artery dilation, platelet inhibition, microcirculation improvement, cardiomy-
ocyte protection from myocardial ischemia-reperfusion injury (Yu et al. 2017). DSS
appears to act on mTOR signaling (Fan et al. 2016) and involve in ROS scaveng-
ing and boosting endogenous antioxidants, including SOD, CAT, MDA, GSH-PX
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and HO-1, via activating nuclear factor erythroid-2-related factor 2 (Nrf2) signaling
pathway (Yu et al. 2015).

Dantonic® (T89-07-CAESA) is a botanical drug that consists of extracts of dan-
shen (Radix Salviae Miltiorrhizae) and sanqi (Radix Notoginseng) with borneol in
a capsule form. The drug is currently approved in 26 countries outside the USA for
the treatment and prevention of chronic stable angina pectoris and other cardiovas-
cular disease related conditions. A Phase III clinical trial (https://clinicaltrials.gov/
ct2/show/NCT01659580) is to confirm the efficacy and safety of the drug at 150
and 225 mg doses in the prevention and treatment of angina pectoris in patients
with Chronic Stable Angina. The trial was completed in late 2016, with no results
published.

• Tanshione IIA

Lipid-soluble extractions of Danshen consist of tanshinone I, IIA, B, cryptotanshi-
none, dihydrotanshinone I, methylenetanshinone, and isotanshinone IIA. Among the
tanshinone, tanshinone IIA is widely used in treatment of various cardiovascular dis-
eases. Tanshinone IIA decreases expression of TLR4, NF-Kb-p65, MyD88, IL-2,
IL-6, IL-8, PICP, and PIINP, as well as alleviates macrophage infiltration, cardiomy-
ocyte apoptosis, which might result from inhibition of TLR4/MyD88/NF-KB signal-
ing pathway (Wu et al. 2018). In addition, the cardioprotective effect of tanshinone
IIAmay also partiallymediated via blocking alternative complement pathway (Wang
et al. 2011) and by repressing miR-1 level in ischemic and hypoxic cardiomyocytes,
which subsequently restored its target Cx43 protein (Zhang et al. 2010).

• Ligustrazine

Ligustrazine (4-methyl-pyrazine[tetramethylpyrazine]), a crude herbal drug isolated
from the dried root or rhizome of Rhizoma Chuanxiong, has been long used in China
to treat CVDs including coronary heart disease, hypertension, arrhythmia, heart fail-
ure, dilated cardiomyopathy, dyslipidemia, and myocarditis (Lv et al. 2012; Kwan
et al. 1990). Ligustrazine suppresses the development of atherosclerosis and hepatic
lipid accumulation via the alleviation of oxidative stress and dyslipidemia (Jiang
et al. 2011). Ligustrazine has a protective function on the endothelium via inhibition
of immunological reactions, underscores its role in atherosclerotic prevention (Wu
et al. 2012).

• Ginkgolide B

Ginkgolide B (GB) is the major terpenoid component extracted from G. Biloba
leaves. GB exerts an antagonistic activity against the platelet-activating factor (PAF)
and thus inhibits PAF-induced inflammatory reactions (Yang et al. 2004; Mahmoud
et al. 2000). PAF antagonist GBhas a protective effect against IR-inducedmyocardial
dysfunction likely via protecting membrane phospholipids (Pei et al. 2015).

• Astragaloside

Astragalus membranaceus is a commonly used traditional Chinese herb that contains
flavonoids, saponins, and other active ingredients that have wide pharmacological

https://clinicaltrials.gov/ct2/show/NCT01659580
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actions, including antidiabetic, antihypertensive, anti-inflammatory, and cardiopro-
tective effects as well as the prevention of heart failure. Astragaloside is one of the
main components of Astragalus membranaceus, which could modulate the RAAS
and inhibit cardiomyocyte hypertrophy and apoptosis to protect the heart (Huang
et al. 2016; Li et al. 2017; Zhang et al. 2015). It is also noteworthy that Astra-
galoside alleviates heart failure via activating PPARα to switch glycolysis to fatty
acidβ-oxidation. In this regard, recent research shown that Astragaloside signifi-
cantly reduced anaerobic glycolysis and increased oxygen consumption ratio that
was illustrated in the switch glycolysis to fatty acid β-oxidation in failure heart
model. Furthermore, in vitro, Astragaloside increased the level of ATP production,
enhanced mitochondrial function to regulate metabolism that attributes to increased
oxygen consumption and slightly augmented mitochondrial Ca2+uptake (Dong et al.
2017).

• Ginsenoside Rg1

Ginsenoside Rg1, one of the major medicines to treat Qi-deficiency related dis-
eases in traditional Chinese medicine, is an active component derived from herbal
medicine Radix ginseng (Renshen). Rg1 is shown to decrease myocardial infarction
area (Wang et al. 2010), enhance the myocardial perfusion and preserve left ventri-
cle (LV) function, as well as ameliorate ventricular remodeling in acute or chronic
myocardial infarction animal model (Wei et al. 2007; Yin et al. 2011). These cardio-
protective effects of Rg1 may reflect the improvement in myocardocyte apoptosis,
myocardial blood flow, and restoration of ATP production in the myocardium after
I/R (Li 2018).

• Hydroxy safflower yellow A

Hydroxy safflower yellow A (HSYA) is the active ingredient and is extracted from
the flower of the safflower plant, Carthamus tinctorius L. HSYA inhibits platelet-
activating factor receptor and is used to treat several ischemic diseases, including
coronary heart disease and cerebral thrombosis. Additionally, HSYA may activate
PPAR-γ which is a key regulator of lipid metabolism, and insulin sensitivity and
endothelial inflammation. HSYA decreased the elevated ST segment and infarct size
by augmenting the level of Bcl-2 positive cells in acute myocardial infarction in rat
(Zhou et al. 2015).

• Ginsenoside Rb1

Ginseng as an important herbal drug has been worldwide used in oriental countries
for thousands of years and is also one of the most extensively used botanical products
in other areas in the world. Ginsenosides, the triterpene saponins, is one of the major
components of ginseng. To date, more than 30 kinds of ginsenosides have been iden-
tified. Ginsenoside Rb1 (G-Rb1) possesses a variety of biological activities in the
cardiovascular systems including anti-oxidation, anti-inflammation, and antiapop-
tosis, pro-angiogenesis, antiarrhythmic, suppression of ventricular remodeling after
acute MI, and inhibition of hypertrophy and ventricular hypertrophy (Kwok et al.
2015; Lu et al. 2009; Zheng et al. 2017). G-Rb1 binds RhoA and inhibits activation
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of the RhoA signaling pathway, and restores the production of ATP during cardiac
I/R (Cui 2017).

Use of TCM mainly relies on empirical experience. Confirming the efficacy of
TCMwith placebo-controlled and randomized clinical trial, and clarification of their
molecular pharmacology, will allow identification of new therapy/targets for treating
CAD. In this regard, TCM is an enriched resource for new drug discovery.

8.8 Cardiac Regeneration

Coronary artery disease is a leading cause of death worldwide. Heart ischemia,
mainly resulted from atherosclerosis, thrombosis, vasospasm or coronary microvas-
cular dysfunction, or oxygen supply/demand imbalance alone, is followed by loss of
the damaged cardiomyocytes, which are replaced with fibrotic scar tissue. Loss of
normal cardiomyocytes results in decreased cardiac contraction, further pathological
cardiac dilatation, and additional cardiomyocyte loss, culminating in heart failure.
Many therapies have focused on preventing heart failure. However, after patients
have developed end-stage heart failure, intervention is limited to heart transplan-
tation, cardiac assistance device, or even artificial heart. Regenerating an injured
heart holds promise for patients suffering from heart diseases. Reparative tools have
been engineered to restore damaged heart tissue and function using the body’s nat-
ural ability to regenerate. The mammalian heart appears to have the capacity to
regenerate only for a brief period (~7 days) after birth (Porrello et al. 2011). Adult
cardiomyocytes in mammals are terminally differentiated, with only limited regen-
eration capability (Bergmann et al. 2009, 2015). Substantial progress has been made
toward understanding the cellular and molecular mechanisms regulating heart regen-
eration, offering the potential to control cardiac remodeling and redirect the adult
heart to a regenerative state.

Scar+ cardiac progenitor cells mainly differentiate into cardiac endothelial cells
and fibroblasts but not cardiomyocytes during cardiac homeostasis and after injuries
and non-cardiomyocyte does not differentiate to cardiomyocyte under physiology or
post-MI injury (Tang et al. 2018). In adult mammals, new cardiomyocytes are more
likely to be derived from preexisting cardiomyocytes that undergo proliferation to
minimally regenerate rather than differentiation of cardiac stem cells or progenitor
cells (Senyo et al. 2013; Kimura et al. 2015; van Berlo et al. 2014).

Generation of new coronary vasculature during cardiac homeostasis and after
injury(such as ischemia) is fundamental in cardiac regeneration in CAD. Cardiac
fibroblasts expand substantially after injury, but they do not contribute to the for-
mation of new coronary blood vessels. Essentially all new coronary vessels in the
injured heart are derived from preexisting endothelial cells, but not from other cell
lineages. Targeting lineage transdifferentiation such as mesenchymal-to-endothelial
transition may not be a viable approach to for therapeutic induction of neovascular-
ization. Instead, preexisting endothelial cells appear more likely to be the therapeutic
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target for promoting neovascularization and driving heart regeneration after injury
(MI) (He et al. 2017).

In the past 2 decades, several strategies to repair the injured heart and improve
heart function have been pursued, including cellular and noncellular therapies. Cell
therapy is a central issue of regenerative medicine and is raising a growing interest
in the scientific community, but its full therapeutic potential in CAD has not been
reached yet. Different strategies for the production of cardiomyocytes from human
embryonic stem cells or human-induced pluripotent stem cells, by direct reprogram-
ming and induction of cardiomyocyte proliferation have been tried. Transplanta-
tion of induced pluripotent stem cell-derived cardiomyocytes for cardiac repair has
encountered problems related to safety and low engraftment rates. Cell-free-based
approaches for heart repair and regeneration involve cardioprotective secretory fac-
tors or direct reprogramming of resident cardiac fibroblasts to cardiomyocyte-like
cells. Endogenous cardiomyocyte proliferation can be evoked by modulating cell
cycle regulators, the Hippo signaling pathway, and the cardiac microenvironment.
Hippo-Yap signaling pathway controls heart regeneration and size in adult mice.
Agrin, a component of the extracellular matrix, has been identified to promote car-
diomyocyte regeneration by interrupting the interaction between dystrophin glyco-
protein complex and YAP (Bassat et al. 2017; Morikawa et al. 2017). In particular,
treatment with Agrin after MI promoted cardiac regeneration in adult mice, raising
a possibility of its clinical use of Agrin with a novel promising approach. Genome
editing can correct underlying mutations causing heart disease in animals and offers
a state-of-the-art therapeutic approach for cardiac repair. The therapeutic potential of
cardiac regeneration approaches can be improved by optimizing the delivery method
of therapeutic factors. Significant clinical efforts have been put forward following the
explosion of preclinical research showing the efficacy of stem/progenitor cell ther-
apy in failing heart. However, preclinical outcomes of cardiac regenerative therapy
approaches have not translated effectively to clinical trials. A reproducible cell-based
therapy or regenerative medicine remains to come.

8.9 Cardiovascular Drugs Under Clinical Development

A brief summary of cardiovascular drugs under clinical development is listed in
Table 8.1. Also included are their indication, mechanism of action, development
stage, and sponsor.

8.10 Conclusions and Perspectives

The high incidence of CAD imposes an enormous burden on healthcare systems.
Atherosclerosis is the main cause of CAD, however, the pathological mechanism is
complex. The key determinants/pathways underlying the residual risk of CAD under
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current standard therapy remain largely unknown. The atherogenic process as a con-
sequence of hypercholesterolemia, and inflammation has been considerably refined
by the appreciation of endothelial injury, the role of myeloid cells, T/B lymphocytes,
and dendritic cells in innate and acquired immunity, subendothelial apoB-lipoprotein
retention, and the identification of signals, such as chemotactic cytokines, regulating
the lesional recruitment and homeostasis of inflammatory cells. Further understand-
ing the mechanistic links among lipid metabolism disorder, inflammation, hyperten-
sion, and thrombosis continue to emerge as the pathogenic interface that fuels the
therapeutic options for CAD.

Just like the Scandinavian Simvastatin Survival Study in 1994 marked the begin-
ning of the statin era, the Canakinumab Anti-inflammatory Thrombosis Outcome
Study in 2017 opens a new era for atherosclerosis prevention focused on inflam-
mation inhibition. Canakinumab is currently the only agent specifically targeting
inflammation that is proven to reduce cardiovascular event rates at clinical levels.
Inhibition of IL-6 and modulation of upstream determinants of IL-1 activation, such
as NLRP3 inflammasome, might be an alternative therapeutic option that is under
investigation. Inhibition of other inflammatory pathways might also benefit from
vascular disease patients. Future studies are needed for an in-depth understanding
of cardiovascular inflammation, delineation of candidate target from the perspec-
tive of systems biology, appropriate selection of patients or timing of intervention
that allows maximal benefit. New agents with improved safety profiles and favored
cost-effectiveness are still in need.

Antihypertensive beta-blockers lowermortality fromMI and delay atheroprogres-
sion (IVUS trials) (Sipahi et al. 2007). Intensive blood pressure lowering (Group et al.
2015; Chobanian et al. 2003) reduces major adverse cardiovascular events in patient
population at high risk. In a population of intermediate-risk (HOPE-3 trial), choles-
terol lowering (Yusuf et al. 2016), or combination of cholesterol lowering and blood
pressure lowering (Yusuf et al. 2016), but not blood pressure lowering alone (Lonn
et al. 2016), reduced the risk of cardiovascular events. Interference with the renin–
angiotensin system improves endothelial function and reduces coronary event rates
disproportionately to lower blood pressure, supporting direct atheroprotective effects
(Investigators et al. 2008). Dyslipidemia and hypertension might contribute to the
occurrence of cardiovascular events at different stages of atherosclerosis. Elucidation
of the underlying mechanisms may allow new therapeutic intervention.

Human genome-wide association study, transcriptional, proteomic and metabolic
profiling of CAD, complemented with animal studies of established and unstable
atherosclerosis that faithfully recapitulate human biology, will further delineate
molecular mechanism of CAD and pave the way toward discovery of new thera-
peutic targets and drugs. New strategies are emerging, such as anti-inflammation,
triglyceride lowering, chemokine signaling modulation and vaccination against
oxidized/pro-inflammatory phospholipids (Que et al. 2018). These strategies will
have to overcome translational challenges before further reducing CAD, the main
disease burden to mankind.
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