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Abstract

Cardiovascular disease (CVD) remains a leading cause of mortality worldwide. In recent years, bioactive small molecules
(BSMs) have been demonstrated to play crucial roles in regulating different pathological process of cardiovascular diseases,
which provides potential clinical applications. Here, we summarized five main chrematistics of bioactive small molecules in the
field of cardiovascular to depict a whole regulation network of these small molecules and discuss the potential clinical therapies

of bioactive small molecules including drug development and biomarkers in cardiovascular diseases.

Introduction

Despite advances in clinical intervention and drug treatment, cardiovascular disease (CVD) remains a leading
cause of mortality worldwide except Africa [1]. According to the Global Burden of Disease Study 2016, the
CVD resulted in 17.6 million deaths in 2016, which increased by 14.5% between 2006 and 2016 [2]. As the
prevalence of chronic diseases increases steeply with age, it is crunch time for us to understand the biology
of CVD and make effort to find new strategies for clinical intervention.

However, the pathological process of cardiovascular disease is very complicated, including the control of
oxidative stress, inflammation, angiogenesis, cell proliferation, atherosclerosis, tissue repairing and cardiac
electrophysiology. In addition to the differential expression of genes, the regulation network of these patho-
logical changes also involves the multiple molecules such as miRNA, IncRNA, and exosomes. Different
molecules form a thorough interaction network to jointly regulate the development of CVD.

Importantly, mounting evidence suggested significant roles of bioactive small molecules (BSMs) in cardio-
vascular system. BSMs, which include gaseous signal molecules, small molecules proteins, active peptides,
active amino acids and derivatives, amines, lipids, metal ions, etc., play pivotal roles as signaling messen-
gers maintaining cardiovascular homeostasis and in the pathogenesis of many cardiovascular disorders [3, 4].
Therefore, elucidating the dynamic changes and mutual regulatory networks of BSMs and studying their
physiological functions of the heart will help reveal important molecular events and explore potential drug
targets in the development of cardiovascular disease. It is no exaggeration to say that BSMs provide new
insights for the prevention and treatment of cardiovascular diseases.

This review summarizes five main features of BSMs in cardiovascular research after a short introduction
about the current understanding of BSMs and then analyses current advances and challenges of BSMs in
drug discovery and other application in cardiovascular diseases.

1. Bioactive small molecules in cardiovascular diseases

As we all know, there are universal laws of genetics in nature. The classic genetics paradigm of DNA-RNA-
protein has led the research of biomedicine. At present, with the development of high-throughput technology,
this idea has evolved into the research of genomics, transcriptomics, and proteomics, and important progress



has been made in this regard. However, the progress of these three types of omics is still focused on the
changes inside the cell. In fact, external cell-cell interactions and communication networks play a crucial
role in the course of most heart diseases. For example, heart failure is the ultimate development of all heart
diseases [5]. Heart function has evolved from decompensated changes to decompensated changes, and the
heart structure has progressed from hypertrophic heart disease to dilated heart disease. This pathological
myocardial remodeling involves not only myocardial cells themselves, but also various cells such as immune
cells, myocardial fibroblasts, and vascular endothelial cells [6]. The expression levels of a variety of different
endogenous BSMs have been shown to change significantly in tissue damage and play an important regulatory
role in the microenvironment interaction network through neuro-endocrine-immune regulation [7].

At present, the definition of BSMs is not very clear. Generally, BSMs are defined as organic matter with a
molecular weight below pharmacology, and can regulate a variety of biological processes [8]. Traditionally,
these active small molecules were divided into two categories, endogenous and exogenous. Endogenous
BSMs include metabolic small molecules derived from lipids, proteins, nucleic acids, and sugars. They can
be produced by the human body to maintain and regulate the internal homeostasis. Exogenous BSMs refer
to some natural organic small molecules, which cannot be produced by the body itself, but can be extracted
from nature and can regulate the pathophysiology of the body, such as cycloastragenol. As a natural product
from the herb Astragalus mongholicus Bunge (Huangqi), it served as a cardiac protecting factor via inhibiting
inflammation and cardiomyocyte apoptosis in acute myocardial infarction rats [9]. Meanwhile, there is still
a controversy whether the organic synthetic small molecules belong to BSMs. In this review, we still classify
these artificial small molecules as BSMs, because they can also regulate in physiological procession and even
some would be measured in the human body afterwards.

Another concern is that there is no uniform standard for the classification of BSMs because of the various
types and diverse biofunctions. Most researchers tend to classify by chemical structure (Table 1 ), which is
widely used in the field of drug design and development [10]. Another classification strategy is to cluster small
molecules based on the biological processes involved, for example, to cluster small molecules based on different
biological processes involved in inflammatory response, oxidative stress, ion channels, cell metabolism, and
angiogenesis. From this, it will be useful to draw the instructive interaction network atlas among different
BSMs with the help of function enrichment and cluster analysis in the future.

2. Five main characteristics of BSMs regulating cardiovascular diseases

The difficulty in classification comes from our inadequate research on the characteristics of BSMs. In fact,
although the specific definition of BSMs remains uncertain, there are many important commonalities be-
tween different BSMs. Figure 1 summarizes the five major characteristics of BSMs in cardiovascular disease
research, including low molecular weight and simple structure, wide distribution, diverse biological effects,
rapid synthesis and metabolism, and low immunogenicity. These five characteristics provide a solid founda-
tion for understanding the biology of BSMs to participate in and maintain homeostasis. In the following part,
we will discuss how these characteristics of BSMs affect the occurrence and development of cardiovascular
disease.

2.1 Low molecular weight, simple structure and low immunogenicity of BSMs

The significance of studying BSMs is that they are good potential drugs. As we all know, most of the drugs
currently used in clinical practice are small-molecule drugs, such as antibiotics [11] and small-molecule kinase
inhibitors targeted cancer [12]. In pharmacology, small-molecule drugs have very different characteristics from
large-molecule drugs (Table 2 ). Low molecular weight, simple structure and low immunogenicity are the
most obvious differences between these two types of drugs. Low molecular weight and simple structure are the
prerequisites for drug screening and design. Achievement of recommended levels of low-density lipoprotein
cholesterol (LDL-C) is an effective strategy to reduce the lethal risk of atherosclerotic cardiovascular disease
(ASCVD) [13]. Although statins are the recommended first-line medication, a substantial number of high-
risk patients are intolerance to statins or can’t achieve the recommended level of LDL-C despite taking the
maximum-tolerated dose of statins. It’s urgent to develop next generation lipid-lowering drugs. And small-



molecule drugs have attracted much attention because of their simple structure to be easy screened and
designed. Ezetimibe and bempedoic acid (ETC-1002), which has just been approved by the FDA, are both
oral small-molecule drugs to lower LDL-C effectively and stably. As a small molecule, Ezetimibe targets
the Niemann-PickC1-like protein 1 receptor in the brush border of the small intestine to interfere exogenous
cholesterol absorption resulting lower LDL-C levels in patients [14]. While, bempedoic acid is a new small
molecule agent targeting ATP Citrate Lyase to reduce LDL-C levels and it was shown to inhibit LDL-C
synthesis in animal experiments [15]. Recently new evidence has shown that the addition of bempedoic acid
can reduce LDL-C level significantly among patients receiving maximally tolerated statins over 12 weeks in
the phase III clinical trials [16] and more trials on its safety and efficacy are still ongoing [17].

In addition, small-molecule drugs are often simply synthesized and promoted through organic chemistry so
that the cost is relatively low. Proprotein convertase subtilisin / kexin type 9 (PCSK9) is a new-reported
protease which can bind low-density lipoprotein receptors (LDLRs) and consequently cause them degradation
to regulate lipoprotein metabolism. According to this novel target, two biomacromolecules, alirocumab and
evolocumab, were approved in 2015. Although these two monoclonal antibodies have proven to be effective
[18], biomacromolecules are complicated to prepare and difficult to preserve, which lead to high cost and low
long-term compliance.

At the same time, the disadvantage of the high immunogenicity carried by these antibody-based therapies
cannot be ignored [19]. This kind of immunogenicity means more neoantigen presentation and even ex-
cessive autoimmune responses, which represents as the side effects like allergies and chronic inflammation.
Therefore, small molecule inhibitors targeting PCSK9 are being actively developed as alternative currently.
Inclisiran, a new small molecule siRNA drug, is considered a potential drug candidate and its phase III clini-
cal trial ORION-1 shows that taking inclisiran can continuously reduce LDL-C for more than 1 year [20]. In
addition, some alkaloid BSMs, such as berberine (BBR), were found to reduce PCSK9 mRNA and protein
expression levels by inhibiting its transcription [21]. Several clinical studies also tested the efficacy of BBR
in humans and suggested that administration of BBR may be a potential supplement to statin treatment
for hypercholesterolemia [22]. Besides, compared with the currently monoclonal antibodies, small-molecule
drugs have low hydrophilicity and are not easily degraded by gastrointestinal enzymes, which means a higher
bioavailability.

2.2 Diverse biological effects

In fact, another feature of macromolecular drugs is that they usually target cell membrane receptors, while
many BSMs can easily go through the cell membrane and target both intracellular and extracellular to
regulate a variety of signaling pathways. This is what we call the diverse biological effects of BSMs.

2.2.1 BSMs target the whole central law

Different BSMs can regulate different steps of the central law. Some BSMs can go through the cell membrane
and interact with DNA [23]. Others may bind RNA to regulate the downstream protein expression [24]. Still
others can regulate different pathological progressions by targeting proteins such as some kinases in different
signal pathway networks. Some BSMs can even bind both proteins and DNA to regulate human homeostasis.
For example, puerarin,a natural small molecular product from herb Puerariae Radix (PR),is widely used in
the treatment of cardiovascular diseases in China [25]. It was proved that to puerariae can down-regulate
the expression of TLR4 protein and up-regulate he expression of C/EBP-f protein to delay the occurrence of
ventricular remodeling in in myocardial ischemia (MI) mice model [26]. And another research showed that it
could also active the PPAR-y signaling and inhibit the NF-xB signaling to reduce the inflammation in vivo
and in vitro [27]. These were examples that puerariae involved in the regulation of signaling pathways by
interacting with different proteins. While a new functional analysis showed that puerariae could also insert
into the base of DNA and cause conformational changes in DNA to suppress cell proliferation [28], which
might be a potential drug for cancer [29].

2.2.2 Cross-talk between different BSMs in a pathological process



In addition to the diversity of effective targets, participation in various disease pathological processes is also
a manifestation of diverse biological effects of BSMs. In fact, there are two main forms that BSMs can exert
in different cardiovascular disease.

First, different BSMs can constitute a cross-talk signaling network in a pathological process. Heart failure
remains a considerable health burden as the common outcomes of various cardiovascular diseases. Restoring
blood supply to the ischemic area and promoting angiogenesis were considered as novel therapies to improve
cardiac function. As critical co-effectors of angiogenesis, gas cross-talk between nitric oxide (NO) and
hydrogen sulfide (HS) was a good example. NO and H3S not only had mutual interaction by changing
the expression and activity of enzymes [30], but also mutually regulated the same downstream signaling
pathways. Sirtl was found to be a common downstream signal target of NO and HyS. After activated by NO
and HsS, Sirt1 up-regulated p38 and ERK to participate in the angiogenesis by increasing the level of VEGF
and accumulating cGMP [31]. Besides, they also exerted in a cross-talk in the cardiac remodeling procession
of heart failure. After activated by the KT-ATP channels, HyS was found to ameliorate L-NAME-induced
cardiac remodeling and dysfunction by interacting with the NO-dependent pathway [32]. What’s more, the
cooperative action of these two gas molecules also impacted the angiogenesis and vasorelaxation. Inhibition
of NO synthase (eNOS) can reduce the angiogenic response and vasodilation effect of H2S, while inhibition
of HyS synthetase (CSE) can accelerate the degradation of cGMP, thereby reducing the vascular function
of NO. Theses evidences means that the interaction between BSMs, such as NO and H5S, contributes as a
cardioprotective factor.

2.2.3 A BSM regulates multiple cardiovascular diseases

Second, a small molecule may regulate multiple cardiovascular diseases. Adrenomedullin (ADM) was a small
active peptide with only 52 amino acid residues derived from its precursor prepro-ADM. It was produced
and released in vascular smooth muscle cells under the stimulation of many factors. Despite its small molec-
ular weight, it could regulate various biological processes, such as vasodilation, myocardial hypertrophy,
angiogenesis, fibrosis and inflammation, in different kinds of cardiovascular diseases. ADM can dilate the
peripheral circulation and blood vessels in specific regions such as the brain, lung and kidney to increasing
blood flow. Intravenous infusion of ADM was proved to be effective to reduce total peripheral resistance
and blood pressure in humans and mice [33]. In cell culture experiment, ADM can promote NO synthesis to
dilating endothelial cells and activate potassium channels by up-regulating cAMP to relax vascular smooth
muscle cells [34]. One study also showed that chronic infusion of ADM had a protective effect in renal failure
due to hypertension in a mice model [35]. All these evidences indicated that endogenous ADM may be
involved in the pathological progress of hypertension and may have a protective effect on the target organs
of hypertension. While, other studies suggested a vasculo-protective role of ADM against progression of
atherosclerosis by inhibiting apoptosis and regulating proliferation. After the stimulation of platelet-derived
growth factor (PDGF), ADM was shown to inhibit the proliferation of vascular smooth muscle cells [36]. Be-
sides, ADM could promote the apoptosis of endothelial cells through cAMP-independent mechanism in both
rat aortic endothelial cells and human umbilical vein endothelial cells [37]. And the aorta of apo-lipoprotein
E (apoE)-knockout mice with ADM gene overexpression had significantly less fatty streak formation than
those without ADM over-expression [38]. Moreover, some evidences even showed that plasma ADM levels
can reflect the degree of endothelial injury in patients with atherosclerosis [39], which was likely to be a
potential biomarker to detect atherosclerosis. What’s more, ADM was also found to be associated with my-
ocardial infarction and heart failure. Nakamura et al. showed that continuous infusion of ADM reduced the
levels of mRNAs encoding ACE, p22-phox and urinary isoprostane to ameliorate left ventricular remodeling
in an acute myocardial infarction rat model [40]. And chronic ADM administration was proved to attenuate
transition of hypertrophy and improve survival in rats with heart failure [41].

2.2.3 Other roles of BSMs in regulating the pathological process of CVD

Besides, BSMs can play different roles at different stages of the same disease. Still take different pathological
processes of heart failure as examples. Some BSMs derived from lipids such as Misoprostol were mainly in-
volved in the inflammatory response and preservation of microcirculation after myocardial injury [42]. Other



gas BSMs, such as NO and H,S, exerted in regulating cardiac remodeling after hypoxia [43]. After ventricular
dilatation and cardiac hypertrophy by cardiac remodeling, uncoordinated beating of cardiomyocytes poses
a high risk of fatal arrhythmias [44]. BSMs derived from metal ions, such as magnesium ions and potassium
ions, regulated the cardiac ion channels and participated in myocardial electrophysiology [45, 46].

Also, the diversity biological effects of BSMs is also reflected in the fact that some BSMs previously treated
for other diseases have also been proven to be useful for cardiovascular diseases. As a classic mitosis inhibitor,
colchicine can bind to tubulin dimers and prevent them conversion to stop cells in the middle stage of mitosis.
And it was found to exert an anti-inflammatory effect by interfering with lysosomal degranulation to reduce
the activity, adhesion, and chemotaxis of neutrophils and to inhibit the migration of granulocytes to the
inflammatory area. For this reason, colchicine was widely used in the treatment of gout as an inexpensive
and oral administration [47]. However, researches on this alkaloid have been continuously expanded in recent
years. It was indicated that colchicine may sustain the stability of plaque and inhibit various inflammatory
factors to improve the clinical outcomes in patients with acute coronary syndromes. In the Low-Dose
Colchicine (LoDoCo) trial, colchicine at a dose of 0.5 mg once daily was shown to reduce the risk of long-
term cardiovascular events in patients with clinically stable coronary [48]. To further evaluate the effects
of colchicine among patients with a recent myocardial infarction the Colchicine Cardiovascular Outcomes
Trial (COLCOT) was conducted and found that the low-dose colchicine significantly prevented patient from
recurrent ischemic cardiovascular events than placebo did [49].

2.3 Wide distribution of BSMs

In addition, extensive tissue distribution is also an important feature of endogenous BSMs. Some molecules
can be distributed in different tissues to regulate different effects. Many BSMs acting on the cardiovas-
cular system were produced and released in myocardial cells and endothelial cells, while other BSMs were
distributed in the nerve system. Neuropeptides, a class of BSMs derived from short peptides including neu-
ropeptide Y (NPY), substance P (SP), calcitonin gene-related peptide (CGRP), vasoactive intestinal peptide
(VIP) and others, were found to be distributed in sympathetic and parasympathetic nerves in the heart [50]
to play an important role in regulating cardiovascular neuroendocrine. In addition to BSMs in the heart
region, BSMs elsewhere have also been found to be involved in the development of cardiovascular disease.

Another example of small peptide was ghrelin, which was first found in the mice stomach and identified
as a novel gastrointestinal hormone [51]. As an endogenous ligand for GH-secretagogue receptor, ghrelin
activated the pathway of GH and its mediator, insulin-like growth factor-1 (IGF-1), both of which were
anabolic hormones necessary for skeletal and myocardial growth and for metabolic homeostasis. Since
GH/IGF-1 exerted effects on cardiac structure and function, ghrelin can affect the cardiovascular system
through the elevation of plasma GH levels [52, 53]. Although mainly distributed in stomach, ghrelin played
a critical role in a variety of pathological processes of heart diseases. endogenous ghrelin and its receptor
are associated with increased appetite. Cachexia, which was a catabolic state characterized by weight loss
and muscle wasting, is associated with hormonal changed and cytokine activation in severely sick patients.
Intravenous infusion of ghrelin was reported to increase food intake and body weight in healthy subjects
[54] and to stimulate appetite and food intake in patients with congestive heart failure [55]. Therefore, it
was conceivable that ghrelin administration could be a novel therapeutic approach for cachexia in humans
[56]. Moreover, ghrelin exerted potent anti-inflammatory function to prevent atherosclerosis. It suppressed
the production of proinflammatory cytokines, including IL-1(, IL-6, and TNF-o and inhibits the activation
of nuclear factor-xB (NF-xB), a transcriptional factor regulating the gene expression of pro-inflammatory
cytokines [57]. What’s more, ghrelin potently inhibited sympathetic nerve which is often over-activated in
cardiac diseases [58]. The effects of ghrelin on blood pressure, sympathetic nervous system activity, and
mental stress responses were investigated in lean and overweight or obese individuals and it was found
that stress-induced significant increase in these parameters were significantly reduced by 1h intravenous
infusion of ghrelin irrespective of obese phenotype [59]. In addition, administration of ghrelin significantly
suppressed heart rate increase and ghrelin significantly suppressed plasma norepinephrine level in both
humans and animals [58]. And it was demonstrated to dilate human artery through the endothelium-



independent mechanism [60]. Ghrelin inhibited apoptosis of cultured cardiomyocytes and endothelial cells
possibly through activation of extracellular signal-regulated kinase-1/2 and Akt serine kinases [61]. Moreover,
ghrelin was proved to exert a direct positive inotropic effect on cardiomyocytes and increased myocardial
contractility [62].

Besides small peptides, BSMs derived from small gas molecules were also distributed in many tissues and
organs and plays an important regulatory role in the multi-organ cross-talk. Cystathionine gamma-lyase
(CSE), a kind of HyS synthetase, was found to be distributed in the heart, aorta, and other tissues [63]
and helped HoS impacted direct effects on the cardiovascular system [64]. However, HaS was also widely
distributed in the central nervous system. Its synthetase cystathionine-B-synthase (CBS) was widely ex-
pressed in glial Bergman and astrocytes [65], while its other synthetases CSE and 3-MST were also marked
in neurons in the brain [66]. Compared with wild rats, endogenous HsS levels in spontaneously hypertensive
rats were significantly reduced, and the expression of CBS in the RVLM region of SHR rats was significantly
down-regulated [67]. Chronic administration of NaHS (HyS donor) or SAM (CBS agonist) significantly re-
duced the average arterial pressure in spontaneously hypertensive rats [68], which suggested that HsS in the
brain might be involved in the development of spontaneous hypertension. At the same time, after injecting
NaHS in the rostral ventrolateral medulla of rats, the HoS can inhibit the excitability of sympathetic nerves
by activating the ATP-sensitive KT channels [69]. All the evidences implicated that BSMs distributed in the
nervous system may regulate the mechanism of blood pressure and exert in the pathogenesis of hypertension,
which helped us build the molecular-cell-organ-integral strategies for modern cardiovascular disease research.

2.4 Rapid synthesis and metabolism

In fact, although BSMs played an important role in regulating various physiological and pathological progress
of cardiovascular system, the concentrations of BSMs in the body were very low. There were many reasons
for this problem. Some views suggested that indeed very small doses of BSMs could have immense bio-
logical effects in vitro tests. Urotensin II (UII) containing only 11 amino acids was identified as the most
potent endogenous vasoconstrictor and its receptor UT was widely distributed in the heart, kidney and the
central nervous system (CNS) [70, 71]. Only 10 nmol dose of UII injected in intracerebroventricular (ICV)
significantly improved the mean arterial pressure at 5 min than artificial cerebrospinal fluid injected in ICV
in the conscious rat model [72]. And it was proved that the synthesis and metabolism of UII played an
indispensable role in controlling the balance between vasoconstriction and blood pressure in human [73, 74].
Others believed that the low level of BSMs was due to insufficient detection methods since there were various
kinds of BSMs and different BSMs needed different examination. But the rapid synthesis and metabolism
of BSMs accounted most for this problem.

In the integrated regulating network, BSMs were detected to be produced instantly and exerted their func-
tion rapidly. And after the completed reaction, they were quickly metabolized to maintain the homeostasis.
Therefore, it was really difficult to detect the true physiological concentration of BSMs in vivo. Sometimes
we had to detect the modification of target proteins to re-evaluate the content of BSMs. It still remained un-
known the exact concentration of HyS since its sources and synthesis conditions were not be fully understood
[75]. Some studies tried to detect sulthydration, an oxidative posttranslational modification of target proteins
caused by HyS, through different methods, such as the modified biotin switch assay [76], the maleimide assay
[77], tag-switch technique [78], and mass spectroscopy. These methods provided an opportunity to capture
the moment of synthesis and metabolism of HyS. However, sulfhydration was not the only reaction of HyS
and these methods were still time-lapse and had omissions.

This dilemma also occurred in the research of neuropeptides. Although some current antihypertensive
drugs, such as ACEI and ART, targeted the renin-angiotensin system (RAS), this important blood pressure
regulation network still had some unknown regulating mechanisms. In human brain, there were a series
of neuropeptides derived from angiotensinogen. They widely involved in the physiological homeostasis of
blood pressure and the pathological process of hypertension. However, an effective analytical method for
detecting these small peptides of low concentrations in vivo was still lacking. To meet this challenge, a
microanalytical capillary electrophoresis mass spectrometry assay was developed to depict a whole profile



of different angiotensin in micro-sampled brain nuclei tissues [79]]. Despite the microanalytical assay, other
methods were also developed to detect the neuropeptides. Somatostatin (SS), a well-known inhibitor of
growth hormone, also involved in the regulation of cardiovascular system. Compared with intravenous
administration of SS, SS given in certain brain nuclei increased the mean arterial blood pressure in rat
models [80], which suggested that SS might exert its cardiovascular regulation through the central nervous
system. But the discovery of this field didn’t develop greatly due to the limited detecting methods. Recently,
a biosensor based on Capacitive Micromachined Ultrasonic Transducer (CMUT) provided an opportunity to
detecting low concentrations (pg ~ ng/ml) of SS in cerebrospinal fluid (CSF) [81], which could help us get
novel insight into the regulation of SS. How to create visualizations for BSMs would be a tempting future
direction and more high-sensitive probes would be developed to measure the real-time and dynamic changes
of BSMs levels in cellular and tissues to reflect the real regulation network in cardiovascular homeostasis.

3. New frontier of BSMs as new clinical application in CVD

From the perspective of cardiovascular research, the current basic researches on BSMs mainly focus on the
exact biological effects of different small molecules and how the BSMs regulate and modify the cell signal
transduction and gene expression. From the above, we summarized five main characteristics of BSMs to
depict a complex regulatory network of cardiovascular pathological processes formed by a variety of BSMs.

In recent years, new BSMs active in cardiovascular have been discovered continuously. Phoenixin (PNX),a
novel predicted peptide first identified in 2013,was mainly expressed on the hypothalamus and it was regarded
as a conservational regulating factor on reproductive homeostasis [82]. A recent study showed that PNX
was also expressed on the mammalian heart and served as a cardioprotective factor. Although it consisted
of 20 amino acids, PNX was shown to reduce the contractility and relaxation of heart in vitro test, and it
could inhibit apoptosis to narrow the infarct size and accelerate the recovery of contractility compared with
the ischemia/reperfusion (I/R) treat alone [83, 84], In addition, the experiments on the heart of obese rats
showed the same result. All these evidences suggested that PNX was a novel regulating small molecule to
exert in both the heart and metabolic disorders.

But merely depicting a static regulatory network of BSMs is not enough. How to make full use of the results
of these basic studies of BSMs to transform into new therapies to improve the prognosis of patients with
CVD occupies the main direction of future research. Next, we will discuss the progress and challenges of
BSMs in drug development and other clinical applications in the era of big-data and bioinformation.

3.1 Distance from BSMs to small-molecule drugs

The most important reason to study BSMs is that it provides an opportunity to be a potential medicine
and clinical intervention. Although the development of bio-macromolecule drugs represented by monoclonal
antibodies, such as PD-1 [85], is quite predominant at present, small-molecular drug holds about an 80%
share of the global drug market. And since the monoclonal antibodies are complicated to product and
difficult to store, the heterogeneity among the effectiveness of the drugs obtained by different methods limits
its wide use. Hence, the drugs derived from BSMs would a good alternative in cardiovascular fields.

3.1.1 Two traditional processes for discovering small-molecule candidates

The current research strategies for developing BSMs as drugs are quite limited. Figure 2 summarizes
two traditional processes for developing small-molecule drugs in recent decades. One of them starts from
the recognized BSMs, and then carries out experiments in different disease models and at different levels to
explore the complex and variable regulatory networks of small molecules in order to find potential drug targets
[86]. Usually, the BSMs in this research process are derived from natural products and have exact biological
effects, which would reduce the research cycle and cost. However, it may also bring some negative effects.
For example, the composition of natural products is complex, and it is difficult to directly determine which
component plays a decisive role. At the same time, BSMs derived from natural products are often highly
toxic and low bio-active with poor selectivity to targets. In addition, they might have poor stability and
poor organic solubility during the preparation process. To solve this problem, various approaches combined



with bioinformatics have been achieved with the development of computer-aided drug design (CADD) in
recent years [10, 87, 88]. SwissTargetPrediction, a web server for target prediction of BSMs, was a good
example [89]. It made full use of the natural concept that ‘similar bioactive molecules are more likely to
share similar targets’ [90] to build a virtual platform, where the BSMs submitted would be compared with
the BSMs existed in the sets to explore a potential target through molecular fingerprints and structural
similarity measures with known ligands. And this method is widely used to choose the most sensitive BSMs
among the homologous small molecules and it is more suitable for the optimization process in the later stages
of drug development.

The other way to discover new drugs is based on the existing targets like kinases. With the development
of high-throughput technology in recent years, this strategy has been combined with computers to virtually
screen potential BSMs for the drug-target interactions (DTIs). And then the chosen BSMs will be subjected
to subsequent pharmacological tests after being synthesized. This method is called structure-based drug
design (SBDD). It demonstrates strong advantages on saving the time-consuming and cost of traditional
biological experiments. However, the inevitable challenge it should confront is that the large amount of the
high-dimensional data and background noise is always prepared to interfere the subsequent data analysis.
In this field, different algorithms have been developed to solve this problem, such as molecular docking [91],
structure-based virtual screening (SBVS) [92], and molecular dynamics (MD) [93] . AutoDock, a suite of
integrated and interactive software was programmed to predict suitable small molecules binding with the
known structure of the receptor based on the method of molecular docking, which saves both the time-
consuming and high cost for traditional chemical library screening [94].

3.1.2 Next generation of how BSMs become drugs

According to the previous, the two traditional research strategies have more or less been combined with
computer methods. But their essence still starts from the known database, and mathematical models just
play a supporting role in these strategies. How to make full use of the computer science to boost the
small-molecule drug discovery is becoming a widespread concern. The establishment of artificial intelligence
(AI) models and deep learning theories has gradually blurred the boundaries between data analysis and
biological experiments [95], which will become the prototype of the next generation of small molecule research
strategies. This kind of idea is not new, but most of the efforts made for it have not paid off. However, a
new self-learning approach allows us to see the dawn of the next generation of drug design. Based on this
strategy, an advanced Al-based sophisticated deep learning platform was developed to learn the structure
and characteristics of BSMs by themselves, and then to predict the function of specific molecules [96]. A
directed-message passing deep neural network model was adopted in this platform and it could accurately
capture the bond messages about neighboring atoms and bonds accurately to determine the whole features
of molecular structure. Based on this model, the platform was trained on a library of 2,335 molecules to get
the capability to screen another 6,111 small molecules and rank these compounds according to the growth
inhibition against E. coli . Then, halicin (SU3327), a c-Jun N-terminal kinase inhibitor potential for diabetes
treatment [97], was selected to show a high antibacterial ability for A. baumannii and it was checked in the
cellular and rat models. In view of the complex situation regarding widespread emergence of drug-resistant
bacteria, this method to discovery new small molecule antibiotic was considered a subversion of traditional
drug screening. What’s more, this deep neural network model took only 3 days to screen 107 million BSMs
entirely and 8 compounds were scored with antibacterial activity, two of which were shown highly reliable
in biological test. This not only demonstrates the powerful screening capabilities of deep learning models,
but also implies that this is a both efficient and economical novel drug development method. Of course, this
model is not perfect, and it uses bacteriostatic ability as a scoring criterion in antibiotic research.

In fact, small molecule antibiotics design is just the beginning of the next era. Five grand challenges includ-
ing appropriate datasets, new hypotheses, multi-objective optimization, cycle times reduction and research
culture were still faced both the scientists and pharmaceutical companies [98]. Quantitative assessment of
bacteriostatic capacity facilitates the scoring system for this platform. In the next step, it is necessary to
further optimize the scoring mechanism to enhance the model’s learning and screening capabilities in the



application into screening the cardiovascular BSMs. How to learn from this deep learning models for the
next drug development of cardiovascular BSMs is worthy of our concern.

3.2 Other basic progress and clinical application of BSMs in CVD
3.2.1 Novel detecting technique boosts the understanding of BSMs in CVD

Apart from the drug development in the study of BSMs, another issue that cannot be ignored is how
to detect precisely the regulatory network of small molecules in the cardiovascular system. As described
above, the nature of rapid synthesis and metabolism was regarded as a hinder for the BSMs research. Then
appropriate detection methods can help us understand the regulatory network of small molecules and find the
downstream targets of these BSMs. Many different methods are being developed to detect small molecules
and their targets like proteins and RNAs [99-101]. Recently, a novel tag-free probe was designed to detect
small molecules, target proteins, and their interactions simultaneously [102]. Quercetin, a BSMs derived from
quercetin glycosides, was shown to prevent cardiac hypertrophy through the regulation network of proteasome
inhibition and activation of proteasome-glycogen synthesis kinase 3o,/ (GSK-3a/3) [103]. And its endogenous
metabolites, 3,4-dihydroxyphenylacetic Acid (DOPAC),also played an anti-oxidation and anti-inflammation
role in the amelioration of cardiovascular diseases and was found an increase of plasma in patients with
congestive heart failure [104]. However, the specific mechanism of its interaction with downstream proteins
is not completely understood. Now this situation will be reversed with the help of this new probe based on
click chemistry [105]. After introduction of terminal alkyne through the Fischer esterification, DOPAC was
changed into DPE with 2-propyn-1-ol and this change did not affect the conjugation of DOPAC or DPE
with the target protein. While, DPE could be easily tagged by a click reaction called the copper(I)-catalyzed
azide alkyne cycloaddition (CuAAC) [106] and this provided a fast detection method int subsequent pulldown
experiments using biotin-tags. Under this method, Keapl and aryl hydrocarbon receptor was identified as
the target proteins of DOPAC. What’s more, this tag-free probe could be combined with fluorescence tags
to quantify the interaction between BSMs and their targets, and even be used to reveal the location where
the BSMs exert their biological effects.

3.2.2 Novel diagnostic strategies of BSMs-based biomarkers in CVD

At the same time, with the development of detection technology, the clinical application of BSMs in car-
diovascular diseases has gradually been widened. Many BSMs in human fluids can also be detected as
biomarkers for various cardiovascular diseases.

Pathogenesis and diagnostic biomarkers for diseases can be discovered by metabolomic profiling of human
fluids. If the various types of coronary artery disease (CAD) can be accurately characterized by metabolomics,
effective treatment may be targeted without using unnecessary therapies and resources. Metabolic disorder is
a characteristic of CAD, but there is lack of clinical detection of patient metabolism. A study was conducted
to characterize metabolic imbalance by plasma BSMs in different types of CAD [107]. Differential metabolic
small molecules including bile acids, amino acids, short chain acylcarnitines, tricarboxylic acid (TCA) cycle
metabolites and phospholipids were shown to change in different CAD stages. By function enrichment
and cluster analysis, these metabolic BSMs were indicated to alter different metabolic pathways. At the
same time, 12 panels of specific metabolomics-based biomarkers were tested in the multicenter trial and
highlighted a high sensitivity and specificity of diagnosing CAD at different stages. This showed the great
potential clinical application of BSMs as biomarkers in cardiovascular disease.

Further, with the help of ultra-performance liquid chromatography and quadrupole time-of-flight mass spec-
trometry in the negative ion mode, a small molecule biomarker N-acetylneuraminic acid (NeubAc) was
identified to increase in patient plasma and shown a potential role in the pathological progression of CAD
[108]. And the regulation network of this small molecule was associated with myocardial injury. By activat-
ing the Rho/Rho-associated coiled-coil containing protein kinase signaling pathway, Neu5Ac triggered RhoA
and Cdc42-dependent myocardial injury. What’s more, it was found that myocardial ischemia injury could
be ameliorated after silencing neuraminidase-1, the regulatory enzyme of NeubAc, which served as a novel
potential drug target for CAD treatment.



Conclusion

In recent years, the understanding of BSMs in CVD has advanced significantly. Different types of BSMs
including lipid, peptide, nucleic acid and others have been demonstrated to widely regulate all aspects of
the development of cardiovascular disease. The five main features of BSMs summarized in this review depict
a vivid and complex picture of integral interaction networks of BSMs in regulating the signal transduction
pathways and gene expressions, which may have beneficial or harmful effects on the heart diseases. However,
the researches of BSMs in cardiovascular physiology and pathology is still at a very early stage. The exact
biological effects of many BSMs need to be expounded and many unknown small molecules remain to be
discovered.

At the same time, the advancement of artificial intelligence and other information technology paves the
way to discovering potential small-molecule drug candidates and expanding clinical applications of BSMs in
cardiovascular disease. Although the prevalent bio-macromolecule drug development obscures the discovery
of small-molecule drugs, novel paradigm of small-molecule drug design equipped with artificial intelligence
and deep learning is gradually generating. Meanwhile, biomarkers of BSMs have been developed into the
diagnosis of coronary heart disease, which provides new insights into the application of BSMs in cardiovas-
cular diseases. What’s more, many new approaches including the precise measurement of BSMs have been
made to facilitate the further exploration of specific mechanism of BSMs regulation in the future.
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Tables

Table 1. Chemical classification of bioactive small molecules (BSMs).

Chemical classification Examples associated with cardiovascular diseases

Gas molecules Nitric oxide (NO), Carbon monoxide (CO), Hydrogen sulfide
Lipid molecules Lysophosphatidic acid (LPA), Epoxyeicosatrienoic acids (EE”
Small molecular proteins and peptides Endothelin-1 (ET-1), Adrenomedullin (AM), Ghrelin, Adipor
Active amino acids and its derivatives and amine substance L-Arginine, Homocysteine (Hcy), Taurine

Metal ion Calcium ions, Magnesium ions, Iron ions, Copper ions
Alkaloids Colchicine ~ Berberine(BBR) -~ Rescinnamine

Vitamin Vitamin A, Vitamin D, Vitamin C

Nucleotide Oligonucleotides, sequence-based design of bioactive small mc

Table 2. Comparison of main characteristics of small molecule drugs and biological macromolecule drugs.

Property Small molecule drugs Biological macromolecule drugs

Relative molecular weight Most are <1000 Da Most are >1000 Da
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Property Small molecule drugs Biological macromolecule drugs
Composition Single component Multicomponent
Physical and chemical properties Distinct Complex

Synthetic method
Stability and sensitivity
Administration routes
Absorption routes
Half-life

Distribution
Immunogenicity

Chemical synthesis

Stable and Insensitive to heat
Usually oral

By capillaries

Variable from hours to 1 day
Organs and tissues
Non-antigenic

Cell generation and isolation
Sensitive to heat and shear
Parenteral

By lymphatic vessels

Variable from hours to weeks
Plasma and extracellular fluid
Antigenic

Figure Legends

Figure 1. Five main characteristics of bioactive small molecules (BSMs) in cardiovascular diseases.

Parts of the single elements used to construct the figure were taken from https://smart.servier.com/ and

minor modifications (e.g., color) were applied.
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Figure 2. Two traditional processes of small-molecule drugs development.
A. BSMs-based strategy for drug development, B. Target-based strategy for drug development

Parts of the single elements used to construct the figure were taken from https://smart.servier.com/ and
minor modifications (e.g., color) were applied.
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