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Abstract: Background: Cardiovascular diseases (CVDs) are the leading cause of morbidity
and mortality worldwide that seriously affect patient’s life quality and are responsible for
huge economic and social burdens. It is widely accepted that a plant-based diet may reduce
the risk of CVDs by attenuating several risk factors and/or modulating disease’s onset and
progression. Plants are rich in secondary metabolites, being terpenes the most abundant and
structurally diverse group. These compounds have shown broad therapeutic potential as an-
timicrobial, antiviral, anti-inflammatory and antitumor agents. Despite their popularity, scien-
tific evidence on terpenes cardiovascular effects remains sparse, limiting their potential use as
cardioprotective and/or cardiotherapeutic agents.

Objective: Bearing in mind the lack of comprehensive and systematic studies, the present re-
view aims to gather the knowledge and some of the most scientific evidence accumulated
over the past years on the effect of terpenes in the cardiovascular field with focus on CVDs
namely ischemic heart disease, heart failure, arrhythmias and hypertension.

Method: Several popular search engines including PubMed, Science Direct, Scopus and Goo-
gle Scholar were consulted. The bibliographic research focused primarily on English written
papers published over the last 15 years.

Results: A systematic and comprehensive update on the cardiovascular effects of terpenes is
provided. Moreover, whenever known, the possible mechanisms of action underlying the car-
diovascular effects are pointed out as well as an attempt to identify the most relevant struc-
ture-activity relationships of the different classes of terpenes.

Conclusion: Overall, this review enables a better understanding of the cardiovascular effects
of terpenes thus paving the way towards future research in medicinal chemistry and rational
drug design.

Keywords: Terpenes, cardioprotective, heart disease, hypotensive, vasorelaxant, structure-activity relationship.

1. INTRODUCTION

It is widely accepted by the scientific community
that herbal medicine has contributed to the develop-
ment of several commercial drugs with immeasurable
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benefits to humankind. For example, the discovery of
avermactin and artemisinin revolutionized the treat-
ment of parasitic diseases, being the global impact of
these discoveries recognized worldwide through 2015°s
Medicine Nobel Laureates. Importantly, natural prod-
ucts and their derivatives represent one third of Food
and Drug Administration (FDA) approved new mo-
lecular entities (NMEs) being 25% of these from plant
origin [1]. The first approved plant NME was mor-
phine, extensively used as a potent analgesic. Despite
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the huge therapeutic potential, plant-based drug dis-
covery is a challenging task, shifting pharmaceutical
industry investment towards synthetic compounds that
are easier to produce and resupply. Nevertheless, with
this new synthetic trend, the number of new drugs
reaching the market has tendentiously declined, thus
renewing the interest in plant-derived drugs [2]. In fact,
structural differences between natural and synthetic
compounds, namely significant lower number of chiral
centers, lower size, and higher flexibility of synthetic
compounds, are often responsible for their weaker and
less specific activity [3].

The large pool of potentially interesting natural
sources, including unexplored plants, constitutes an
inestimable reservoir of putative lead compounds for
the development of effective and cheaper drugs. Terpe-
nes are the largest group of natural compounds and
have been widely applied in several products such as
flavors, fragrances, perfumery and cosmetics [4].
Moreover, many of these compounds have biological
properties justifying their use for preventive/thera-
peutic purposes. Several terpenes such as D-limonene,
1,8-cineole, boswellic acid, betulinic acid, B-sitosterol
and ursolic acid have undergone clinical trials, thus
evidencing the relevance of these compounds [4]. Also,
many terpenes are included in the Generally Recog-
nized As Safe (GRAS) list fully approved by the FDA
and Environmental Protection Agency (EPA) in the
USA for addition to food and beverages, which empha-
sizes human tolerance to these compounds.

It is well established that cardiovascular diseases
(CVDs) constitute a heavy economic burden for
healthcare systems of developed countries. It is esti-
mated that by 2020 heart disease and stroke will be-
come the leading cause of death and disability world-
wide, being the number of deaths around 24 million by
2030 [5]. Given the socio-economic impact of CVDs,
the need for cardiovascular preventives and/or thera-
pies constitutes a global health imperative, despite di-
agnostic improvements and novel therapeutic strategies
available in the last years. Herbal medicines have been
used since ancient times to treat cardiovascular disor-
ders, including congestive heart failure (CHF), systolic
hypertension, angina pectoris, atherosclerosis, cerebral
and venous insufficiencies and arrhythmia [6]. Moreo-
ver, many of these herbal medicines have contributed
to the development of drug preparations used in our
days in the clinic. For example, the drugs digitoxin de-
rived from Digitalis purpurea and D. lanata and di-
goxin derived from the later, are extensively used in the
treatment of CHF [6]. There is also growing evidence
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of the role of herbal medicine in the attenuation of ma-
jor risk factors of CVDs such as high levels of low-
density lipoprotein, cholesterol, hypertension, and dia-
betes [7], thus reinforcing the clinical potential of these
compounds for the prevention and/or treatment of these
maladies. Despite the long history in the use of herbal
medicines and the scientific evidence of their promis-
ing cardiovascular effects, many remedies remain in-
sufficiently standardized, compromising their clinical
validation and consequent therapeutic recommenda-
tion. Moreover, clinical trials with plant extracts or
plant-derived compounds have focused primarily on
cancer and neurodegenerative diseases, with very few
studies on the cardioprotective potential of these com-
pounds.

Taking into account the importance of plant prod-
ucts as lead compounds and the huge burden of cardio-
vascular disorders, the purpose of this review is to pro-
vide updated and systematized information on the po-
tential of plant metabolites, namely terpenes in CVDs.
This review highlights the cardiovascular effects of
terpenes and points out possible mechanisms of action
underlying such effects. A structure-activity relation-
ship is proposed in order to explore in more depth the
therapeutic potential of these compounds and path the
way towards future research opportunities in medicinal
chemistry and rational drug design. To achieve this
aim, a literature rummage was carried out using several
search engines including PubMed, Science Direct, Sco-
pus and Google Scholar, over the last 15 years.

1.1. Terpenes
1.1.1. Classification

Terpenes, also called terpenoids or isoprenoids, are
natural products formed by rearrangements of five-
carbon isoprene molecules. These compounds are gen-
erally colorless, soluble in organic solvents and opti-
cally active [8]. They represent the largest group of
secondary metabolites primarily produced by plants,
being involved in several biological processes includ-
ing plant growth, development, reproduction and de-
fense [9].

Over 36,000 terpenes have been identified [10], be-
ing classified according to the number of skeletal iso-
prene units as hemiterpenes (CsHg), monoterpenes
(CioHys), sesquiterpenes (C;sHaa), diterpenes (CyoHsy),
sesterterpenes (CysHap), triterpenes (CsoHuag), tetraterpe-
nes (CsHgs) and polyterpenes ([CsHg]n ). Besides the
number of isoprene units, additional subclasses can be
identified according to the number of rings in the struc-
ture of the compound and classified as acyclic (open
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structure), monocyclic (one ring), bicyclic (two rings),
tricyclic (three rings), tetracyclic (four rings) and so on
[8]. Moreover, different functional groups may be pre-
sent such as alcohols, aldehydes, ketones, ethers, esters
and lactones [11], forming a very diverse and complex
group of secondary metabolites. In fact, this high struc-
tural diversity correlates with the functional variability
of these compounds [12] and broad biological activi-
ties, thus boosting their interest as potential lead mole-
cules for preventive and/or therapeutic purposes.

Terpenes are very popular as flavor and fragrant
agents, being included in many food and beverages as
well as perfumes and cosmetics [4]. Some terpenes
have also been used as industrial raw materials to
manufacture coatings, adhesives, emulsifiers and
chemicals [12]. Since terpenes are the main compounds
present in many essential oils, they are also highly val-
orized in aromatherapy. Strikingly, many of these
compounds have a wide range of biological activities
being used for medical purposes, namely against can-
cer, malaria, inflammation and infectious diseases [13].
Examples of common terpenes, representative of dif-
ferent chemical groups, are shown in Table 1, together
with their chemical structure and main natural source.

1.1.2. Biosynthesis

Although terpenes are very popular compounds,
their biosynthetic pathways have only recently been
depicted in detail. In summary, the biosynthesis of all
terpenes involves two five-carbon isomers: isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP). These precursors can be synthetized via two
distinct pathways: the mevalonate or mevalonic acid
(MVA) pathway that occurs in the cytosol, or the non-
mevalonate (mevalonate independent), methylerythritol
phosphate (MEP) or deoxyxylulose phosphate (DOXP)
pathway, characteristic of chloroplasts (Fig. 1).

Overall, the biosynthetic pathways of terpenes can
be divided into four main stages. The first stage in-
volves the formation of IPP and its allylic isomer
DMAPP. In the MVA pathway, IPP results from the
condensation of 3 molecules of acetyl coenzyme A,
thus forming mevalonic acid that is then pyrophos-
phorylated, decarboxylated and dehydrated; in the
MEP pathway, the formation of IPP involves 2 C-
metil-D-erythritol-4-phosphate and 1-deoxy-D-xylu-
lose-5-phosphate, the latter resulting from the conden-
sation of glyceraldehyde 3-phosphate and pyruvate
[14]. In the second stage, the precursors IPP and
DMAPP condense and lead to the formation of linear
prenyl diphosphates: geranyl diphosphate (GPP), farne-

Current Medicinal Chemistry, 2016, Vol. 23, No. 35 3

syl diphosphate (FPP) and geranyl geranyl diphosphate
(GGPP). These molecules, in the third stage, undergo
several cyclizations and rearrangements, forming the
parent carbon skeleton of each class of terpenes. In this
way, GPP is the precursor of monoterpenes, FPP forms
sesquiterpenes and finally GGPP originates diterpenes.
Moreover, both FPP and GGPP can dimerize to form
triterpenes and tetraterpenes, respectively. Finally, the
fourth stage consists of several transformations includ-
ing oxidations, reductions, isomerizations and conjuga-
tions, responsible for the conversion of the parent
skeletons into a diversity of terpene metabolites [12,
13, 15]. It is generally accepted that sesquiterpenes and
triterpenes are synthetized though the cytosolic me-
valonic acid pathway and monoterpenes, diterpenes
and tetraterpenes are formed via the chloroplastic MEP
pathway. Nevertheless, crosstalk between these two
pathways has also been described [16].

Since plants produce terpenes in relatively low
amounts, the procedure to extract them directly from
plants can be expensive. On the other hand, chemical
synthesis is a challenging task due to their complex and
diverse structure. For this reason, the identification of
key enzymes and specific synthetic pathways is a cru-
cial step aiming the production of terpenes in biological
“factories” such as plants and yeasts.

1.2. Pathophysiology of Cardiovascular Diseases

Cardiovascular diseases a general term used to de-
scribe disorders that affect the heart and blood vessels,
constitute a major health burden for health care systems
of developed countries, being responsible for over 17
million annual deaths and the leading cause of mortal-
ity in Europe. It is well known that women are more
affected then men (51% vs. 42%) and mortality rate
tends to increase with age [17].

Atherosclerosis is the major cause of CVDs and re-
fers to a condition where a plaque builds up in the ar-
teries, disturbing blood flow. The atherosclerotic
plaque is made up of fat, cholesterol, calcium, and
other substances found in the blood. According to the
arteries where plaque accumulates, it originates distinct
types of disease, namely coronary heart disease (CHD),
ischemic heart disease (IHD), peripheral arterial dis-
ease (PAD), and cerebrovascular disease. In summary,
CHD is characterized by the deposit of plaque in the
lumen of coronary arteries, thus compromising the
supply of oxygen-rich blood to the cardiac muscle.
This blood flow restriction (ischemia) either chronic or
acute, causes the muscle to weaken and leads to ar-
rhythmias, that can ultimately lead to heart failure
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Table 1. Common terpenes found in nature.
Compounds Example Chemical Structure Main Source Interesting
features
OH
Acveli Linalool ‘ Lavender letlf(l)?lt sceEt, .
cyene (Lavandula spp.) 1 touch o
| spiciness
5}
=
Q
£ .
2 Mint Cooling charac-
% Monocyclic Menthol (Mentha spp.) teristic minty
= : Pp- smell
PR
N . Pine resin Classic pine tree
Bicyclic Pinene @\ (Pinus spp.) soent
. . = AN Apple coating Green apple
Acyclic (£,E)-o-Famesene (Malus domestica) odor
Monocyclic a-Humulene g Hops Gives beers their
A\ (Humulus lupulus) | “hoppy” aroma
5
=
Q
5
5 Clove Contributes to
g Bicyclic (-)-B-Caryophyllene (Syzygium aro- the spiciness of
0 maticum) black pepper
. . . Pine resin Woody-type
Tricyclic (+)-Longifolene (Pinus spp.) aroma
Paclitaxel ;
Diterpenes ] Pacific yew.bafk Anti-cancer drug
(Taxol®) (Taxus brevifolia)
Fern Present in sev-
Sesterterpenes Cheilanthatriol (Cheilanthes fari- eral aquatic
nosa) organisms
Avocado Plant sterol
Triterpenes B-Sitosterol (Persea ameri- similar to cho-
cana) lesterol
o Algae Red-orange
" NN N
Tetraterpenes B-Carotene h h (Dunaliella salina) pigment
Rubber tree latex .
Polyterpenes cis-Polyisoprene (Hevea brasilien- Used in rubber

Sis)

products
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Fig. (1). Schematic representation of terpene biosynthesis (Adapted from [16]).

(HF), a clinical condition when the heart cannot pump
efficiently enough blood to meet the body’s needs.
Similarly, PAD usually occurs due to a build-up of
plaque in the arteries that restrict blood supply to leg
muscles. Cerebrovascular disease, commonly called
stroke, occurs when the blood supply to part of the
brain is partially or totally blocked, causing brain dam-
age and possible death. In addition, other diseases not
directly related to atherosclerosis are also included in
CVDs, such as raised blood pressure (hypertension),
rheumatic heart disease, congenital heart disease and
HF. Hypertension is the most common disease in in-
dustrialized nations and is associated with persistent
high blood pressure in the arteries.

Neurohumoral and biomechanical processes that
normally occur in hypertension encompasses cardiac
hypertrophy, which predisposes the individual to HF
through apoptotic mechanisms [18]. Rheumatic heart
disease is a disorder where damage to the heart muscle
and heart valves is associated with rheumatic fever,
caused by bacteria, whereas congenital heart disease

results from malformations of heart structure since
birth [19]. Both genetic predisposition and infectious
diseases have been also associated with heart failure.
Early indicators of heart attack include the inflamma-
tory marker CD40 and the cardiac myofilament protein
troponin. The inflammatory indicator C - reactive pro-
tein (CRP) is considered a marker of disease progres-
sion. Moreover, an impaired endothelial function fol-
lowed by inflammation of the vessel walls is responsi-
ble for the formation of atherosclerotic lesions that can
underlie myocardial infarction and stroke [20]. If these
situations are not treated promptly, the affected part of
the muscle dies and is replaced by scar fibrotic tissue.
Over time, the scar tissue decreases the heart ability to
pump blood efficiently and may lead to ischemic car-
diomyopathy. In addition, the heart muscle that lacks
blood supply is not able to properly and efficiently
conduct electrical impulses, leading to ventricular
tachycardia, fibrillation and consequently sudden
death. In cardiomyopathy and in HF, a disordered cal-
cium signaling to the myofilaments occurs.
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The major risk factors of CVDs include aging, high
blood pressure, cholesterol, obesity, elevated blood
glucose (diabetes), tobacco use, physical inactivity,
unhealthy diet and excessive alcohol [18, 21]. Due to
the rising age of population, the incidence of CVDs
tends to further increase, thus intensifying the need for
the development of innovative and efficient treatments.
Moreover, diagnostic improvements are also crucial,
since detecting diseases at early stages allows the focus
of therapy to be shifted towards prevention. Conven-
tional drugs such as angiotensin converting enzyme
(ACE) inhibitors, calcium channel blockers, as well as
angiotensin II receptor antagonists, have shown cardio-
protective effects in both preclinical and clinical stud-
ies [22]. Notwithstanding the importance of these
pharmacological agents, there is a growing awareness
of the importance of diet and herbal medicines for the
prevention and/or treatment of cardiovascular diseases
[7], including long-term prevention of heart attack in
high risk patients [22]. In fact, the Mediterranean diet
is broadly recognized for its positive impact in health
and life quality and is mostly associated with the con-
sumption of plants and bioactive compounds from
herbs. This type of diet has gained popularity and
emerged as a great promise to improve health and pre-
vent chronic diseases, including CVDs [23]. Medicinal
plants have long been used in patients with several car-
diovascular disorders such as congestive heart failure,
systolic hypertension, angina pectoris, atherosclerosis,
cerebral insufficiency, venous insufficiency, and ar-
rhythmia [6]. Moreover, they have been also used as
preventive strategies by attenuating some major risk
factors of CVDs such as high levels of low-density
lipoprotein, cholesterol, hypertension, and diabetes [7].

1.3. Cardiovascular Effects of Terpenes
1.3.1. Naturally Occurring Terpenes

Despite the increasing number of research studies, a
comprehensive review on the cardioprotective effects
of terpenes, one of the largest groups of secondary me-
tabolites present in plants, is lacking. The term ‘cardio-
protective’ is, herein, applied in a broad sense and in-
cludes compounds that prevent or ameliorate cardio-
vascular pathologies and associated comorbidities. In-
deed, it has been shown that terpenes can have an im-
pact on some of the major risk factors of cardiovascular
diseases, such as high cholesterol and diabetes. There-
fore, it is conceivable to speculate that terpenes present
a beneficial effect acting directly upon the cardiac
muscle, or indirectly through the vascular system.

Alves-Silva et al.

In an attempt to gather information on the cardio-
vascular effects of terpenes, Table 2 summarizes the
main studies, pointing out possible mechanisms of ac-
tions. The compounds are listed according to the pre-
dominant chemical group and, in each group, com-
pounds are organized in alphabetical order. Complex
molecules namely terpene glycosides were also consid-
ered since key modifications such as glycosylation are
often relevant for reducing therapeutic doses, increas-
ing solubility, and expanding biological activity spec-
trum [24].

Amongst the panoply of terpenes assessed for their
cardiovascular effects, diterpenes and triterpenes are by
far the most studied. Overall, the main cardiovascular
effects include direct effects on the vascular system
(e.g. vasorelaxation and hypotension) and on the heart,
affecting for example heart rate (HR), opening/closing
of ionic channels, and infarcted area.

Briefly, vasorelaxation studies are carried out using
animal-based approaches namely isolated artery or aor-
tic rings. Contractions in these models are generally
induced with potassium chloride (KCI), phenylephrine
(PHE) or calcium chloride (CaCl,) and the ability of
the tested compound to revert this effect is evaluated
(relaxation). Reported relaxation effects occur through
mechanisms that involve inhibition of Ca®" influx in
vascular smooth muscle or via quenching of reactive
oxygen species (ROS) and stimulation of nitric oxide
(NO) synthesis (Table 2). To assess hypotensive effects
non-anesthetized normotensive rats are generally pre-
ferred. These effects seem to result from bradycardia
and peripheral vasodilatation (Table 2).

Terpenes can also have a direct impact upon the
heart homeoatasis and fuction. Indeed, it has been re-
ported that terpenes affect heart rate, electrophysiology,
infarcted area, and inhibit myocardial enzymes such as
the creatine kinase (CK), the MB isoenzyme of creatine
kinase (CK-MB), lactate dehydrogenase (LDH) and
cardiac troponin T (cTnT). In addition, approaches
based on ischemic/reperfusion injury using both in vi-
tro and in vivo models are frequent. The attenuation of
post-ischemic injury may occur via an AKT-dependent
activation of hypoxia-inducible factor 1-alpha (HIF-
la); survival pathways such as phosphoinositide 3-
kinase/Protein kinase B (PI3K/AKT), extracellular sig-
nal-regulated kinase (ERK1/2), and AMP-activated
protein kinase (AMPK); downregulation of nuclear
factor kappa B (NF-«B) signaling pathway and inhibi-
tion of apoptosis. Moreover, the cardioprotective po-
tential can be associated with other biological activities
of terpenes namely their antioxidant, anti-apoptotic and
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Terpene Study Model Cardiovascular Effect/Mechanism of Action References
HEMITERPENES AND MONOTERPENES
+)- -10- )
(+)-Campholenol-10 H,0,-induced damage
0-p-D-Glu and (+)- in H9¢2 rat cardio- 1 Cell viability [28]
Campholenol-10-O-B- myocytes
D-Api-(1-6)-p-D-Glu | "™Yo%Y
Induced relaxation in PHE- and KCl-pre-contracted rings; Inhibited the [29]
Isolated rat aortic response to PHE and KCl; | CaCl,-induced contractions
Ings | Contraction in PHE-contracted rings and in PHE- and Pb(II)-induced [30]
contraction
Isolated rat mesenteric | PHE-induced contractions with or without endothelium; | CaCl,-
artery rings induced contractions; Induced relaxation in S(-)-Bay K8644-pre-
yrng contracted rings [31]
Isolated rat left atria Demonstrated a negative inotropic and chronotropic effect
Isolated canine and
human ventricular Supressed cardiac Ca®" channels [32]
cardiomyocytes
Carvacrol Isolated rat cerebralh Induced vasorelaxation [33]
and cerebellar arteries
Anesthc?tlzed, nor- | HR, MAP, SBP and DBP; Inhibited L-NAME-induced hypertension [34]
motensive rats
Non-anesthetlzed, Induced hypotension associated with bradycardia [31]
normotensive rats
Inhibited PDGF-BB-stimulated migration; | NOX-1 expression, MAPK
Rat aortic smooth phosphorylation and ERK1/2 response; |H,0, generation; | NOX activ- [35]
muscle cells ity; Inhibited sprout outgrowth and balloon injury-evoked vascular
neointimal formation
HFD-induced | TC, TG, FFA, PL in plasma, heart, liver and kidney; 1 HDL-c; |
C57BL/6] diabetic LDL-c, VLDL-c; | Fat accumulation in adipocytes; | TNF-a and IL-6 [36]
mice expression
C PHIE;pge—c?tr.ltracted Induced relaxation in aortic rings unexposed (66% control) and exposed (37]
arvone i;‘;ri: aortic seg- to As(III) (61% control) and Hs(II) (60% control)
| Atherosclerotic lesion (58% of HCC control); | Aortic cholesterol
Catalpol HCC diet-fed New content; Inhibits intima hyperplasia and macrophage infiltration; | TC, [38]
po Zealand rabbits TG and LDL levels and 1 HDL levels in serum; | MDA, oxLDL and
LOX-1 plasma levels; 1 SOD and GPx activity
Isolated rat left ventri- | | Isometric contractions, time to peak and relaxation time; 1 Relative
cle papillary muscles potentiation; | Tetanic force [39]
Isolated aortic rings Induced endothelium-dependent relaxation
Pentobarbital-
1,8-Cineole/Eucalyptol anesthe.tlzed and nor-
motensive rats | MAP and HR
Conscious and nor- [40]

motensive rats

Rat isolated thoracic
aorta preparations

| KCl-induced contractions
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Terpene Study Model Cardiovascular Effect/Mechanism of Action References
| PHE-induced contraction in endothelium-intact (ICsy = 1.42 mM) and
Citral Pre-contracted iso- endothelium-denuded (ICso = 1.33 mM) aortic rings; | KCl-induced [41]
fra lated aortic rings contractions in endothelium-denuded aortic rings; | Ca**-induced con-
tractions in endothelium-denuded aortic rings
Non—anesthetlzed Induced transitory hypotension associated with tachycardia [42,43]
normotensive rats
Endothelium-intact rat
(+)-Citronellol mesenteric artery Induced vasorelaxation in PHE- and KCl-pre-contracted rings
rings
[43]
Endothelium-denuded | Induced vasorelaxation in PHE- and KCl-pre-contracted rings; Inhibited
rat mesenteric artery CaCl,-induced contractions; Reduced PHE- and Caf-induced contrac-
rings tions in Ca”’-free medium
L e | TC, TG and LDL; 1 HDL; | Atherosclerotic lesion area; T TGF-18
Geniposide HCD-fed ApoE"mice and IL-10 serum levels; 1 FoxP3 protein and mRNA expression [44]
Atherosclerosis rabbit | | Atherosclerotic plaque area; | Intima/media thickness ratio and num-
model ber of foam cells
Geniposidic acid Hured [45]
Primary cultured en- . .
dotelial cells 1 Cell proliferation
| Serum cholesterol and TG; | Fatty acid synthesis at 50 and 75 mmol
NIH nu/nu female G/Kg chow; | Nonsaponifiable-lipid synthesis; 1 HMGCR mRNA ex- [46]
mice pression; | HMGCR protein levels and specific activity; | ACACA
mRNA levels; T VLDL-receptor mRNA levels
| Plasma, liver, heart and aorta lipids (TC, TG, FFA, PL) levels; |
Hyperlipidaemic ham- | Atherogenic index; 1 HDL-C and | LDL-C and VLDL-C levels; | CRP [47]
sters activity; | HMG-CoA reductase activity; 1 LPL and LCAT activities;
Alleviates cardiac hypertrophy
Geraniol Isolated guinea pig Induced a negative inotropic effect; | Ca®" influx; Impaired BAY
left atria K8644-induced increase in atrial force
Isolated mice ven-
tricular cardiomyo- 1 APD and | Maximal dp/dt
cytes [48]
Isolated guinea pig ) .
heart | LVP and PVE; 1 PRi
Ouabain-induced ar- . . .
thythmias | Tonotropic effect; Delays arrhythmia onset
Non—anesthetlzed Induced transitory hypotension associated with tachycardia [42]
normotensive rats
N(?nnotens1ve con- Induced hypotension and tachycardia
scious rats
) Goldblatt hypertensive . .
(+)-Linalool cOnSCious rats | MAP without affecting HR [49]
Induced relaxation in PHE-pre-contracted endothelium-intact and endo-
Isolated mesenteri thelium-denuded rings; Induced relaxation in KCl-pre-contracted endo-
asr(t)e erin :se erie thelium-denuded rings; | Contractions induced by CaCl, in endothe-
fy ring lium-denuded rings; Inhibited transient contractions induced by PHE
g n
and Caf in endothelium-intact rings in Ca” -free medium
(-)-Linalool | SBP, DBP and HR
Human (inhalation) [50]
1 SBP, DBP and HR
(+)-Linalool PHE-pre-contracted Lo Lo o
isolated aortic seg- Induced relaxation in aortic rings unexposed (71% control) and exposed [37]

ments

to As(III) (64% control) and Hs(II) (63% control)
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Terpene Study Model Cardiovascular Effect/Mechanism of Action References
Rat proximal tail ar-
tery, thoracic aorta | PHE- and KCl-induced contraction [51]
and mesenteric artery

Menthol Kolated rat aortic | KCl-induced contractions (E ey = 93.72%, 96.52% and 98.48%, re-

. ’ spectively) and PHE-induced contractions (E ., = 86.39% and 97.59%
mesenteric and coro- . . . ] 2+ . S 24 [52]
nary artery rin in aortic and mesenteric rings); | Ca™ -induced contraction in Ca” -free
Ty artery Tnes medium with high K™ and Ca”" influx
H/R-induced H9c2 1 Cell viability; | CK and LDH levels; | % Apoptotic cells; | ROS

Picroside II cardiomyocyte apop- levels; | Caspase-3 mRNA levels and activity; | mPTP opening; | [53]
tosis MMP depolarization; | cytC release

(-&T)—a—Plnene and (-)-p- Non-anest}}etlzed Induced transitory hypotension associated with tachycardia [42]

Pinene normotensive rats
Anesth;tlzed nor- | MAP and HR [54]
motensive rats
Non-anesthetized Induced hypotension and bradycardia
normotensive rats

Piperitone oxide Isolated rat atria Negative inotropic and chronotropic effect on left and right atria, re- [55]
preparations spectively

| PHE-induced contractions in a endothelium-dependent manner
Isolated aortic rings

Inhibited PHE and KClI contractile effects; | CaCly-induced contractions [56]
ISO-induced myocar- | | CK-MB and LDH activity; | MDA levels in heart; Attenuated myo-

Safranal L. . S [57]
dial infarction cardial injury

4 2+ [58]

Taxilluside C/D KCl-induced Ca | Frax/Fo of KCI (1.7/1.8 vs. 4.6 fold increase)
intracellular increase
DOCA-salt hyperten- | MAP [59]
sive rats

Terpinen-4-ol Isolated rat aortic Induced relaxation in high K™ and PHE-pre-contracted endothelium-
rines intact rings; | Ba®'-, PHE- and phorbol 12,13-dibutyrate-induced con- [60]

& tractions in Ca’'-free medium; | BAYK-8644-induced contractions
Conscious, normoten- Induced hypotension followed by tachycardia
sive rats
PHE-contraqted mesen- | 1hduced a endothelium-dependent relaxation [61]
. teric artery rings

a-Terpineol
Rabbit aortic endothe- 1 NO levels
lial cell line
Rat mesenteric Vasel= | 1nduced relaxation of KCl-induced contractions [62]
lar bed preparations

. Alloxan-induced dia- .

Thujone betes 1 TC; 1 TG [25]
Isolated rat aortic Induced relaxation in PHE- and KCl-pre-contracted rings; Inhibited the [29]
rings response to PHE and KCl; | CaCl,-induced contractions
Isolated canine and
human ventricular Supressed cardiac Ca” and K* channels [63]

Thymol cardiomyocytes
Guinea pig and canine | Negative inotropic effect; Induced SR Ca’" release and inhibited Ca" [64]
heart preparations pump activity
HFD-induced T2DM | HbAlc, BG, insulin, TG, TC, FFA, LDL-c, leptin; 1 HDL-c, adi- [65]
in C57BL/6J mice ponectin
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(Table 2) contd...
Terpene Study Model Cardiovascular Effect/Mechanism of Action References
Isolated canine and
human ventricular Supressed cardiac Ca*" channels [32]
cardiomyocytes
SESQUITERPENES
1 ES, EF; | LVEDP, LVESD and LVEDD; Attenuated MI-induced
myocyte hypertrophy; | Perivascular and interstitial fibrosis in the non- [66]
Myocardial infarction | infarcted area
model | TNF-a plasma levels; | MI-induced ventricular arrhythmia; 1 resis-
tance to ventricular fibrillation; T Cx43 mRNA and protein expression; [67]
| Ml-induced Cx43 disarray
Artemisinin . i
Angll 1nduc§d .cardlac | Leucine incorporation, cardiomyocyte area and ANP and BNP protein
hypertrophy in iso- expression
lated cardiomyocytes
| ANP and BNP mRNA and protein expression; | LVEDD (6.8 vs. 7.9 [68]
TAC-induced cardiac | mm), LVESD (3.6 vs. 4.6 mm), IVSd (1.90 vs. 2.25 mm), LVPWd (1.92
hypertrophy vs. 2.26 mm) and FS (50.1 vs. 40.8%); | NF-xB activity and IL-6, TNF-
a and MCP-1 levels
Artesunate WD-fed New Zealand | | TC, TG and LDL plasma levels; Prevented neointimal hyperplasia in [69]
rabbits aorta root; T KLF-2 and | VCAM-1 protein levels
Non-anesthetized . . . . .
normotensive rats Transitory hypotension associated with bradycardia [42]
Isolated rat aortic and | High K'- and PHE-induced contractions on endothelium-intact and
S endothelium-denuded aortic rings and endothelium-intact mesenteric [70]
mesenteric rings rings
(-)-a-Bisabolol
Isolated rat aortic | KCI- and PHE-induced contractions; | CaCly-induced contractions in
rings KCl-stimulated rings under Ca*'-free medium
Fluo-4 AM-loaded [71]
isolated rat mesenteric | | Tension and Ca”* cytosolic levels in response to K
rings
STZ-induced T2DM | BG; 1 Insulin, GSH, SOD, CAT; GR, GPx, GST, Vit. E, Vit. C, Ce-
B-Caryophyllene . [26]
model ruplasmin
. STZ-induced T2DM | BG, TC, HbAlc, TG; LDL-c; 1 Plasma insulin, glycogen, HDL-c,
Costunolide model protein, AST, ALT, LDH, ALP, ACP [72]
2;21 administration in | Infarct size at 1 mg after I/R
Farnesol - [73]
Isolated cardiomyo- | Cell death induced by simulated I/R
cytes
Acute myocardial | Infarct area; | Cardiac markers levels; 1 MDA, SOD, GPx and GSH
Huperzine A . my activities; | Caspase-3 activity; | NF-kB, TNF-a and IL-1f levels; | [74]
infarction
Bax and caspase- 3 levels and 1 Bcl-2 levels
Kanshone E Isolated neonatal rat 1\ 11 4oath induced by HyO, [75]
cardiomyocytes
Narchinol A/B Isolated neonatal rat -\ 11 4eath induced by HyO, [75]
cardiomyocytes
Nardosinanone F/I and | Isolated neonatal rat .
Nardosinonediol cardiomyocytes | Cell death induced by H,0, [75]
Angll-induced H9c2 | Cell area; | ANP, BNP and B-MHC mRNA expression both dose- and
Nardosinone cardiomyocyte hyper- | time-dependant manner; | PI3K, Akt, mTOR. p70S6K and MEK/ERK [76]
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Nerolidol-3-O-a-L-
rham(1-4)-a-L-rham(1- | Alloxan-induced | BG [77]

2)-[a-L-rham(1-6)]-B-
D-glc

T1DM model

In vitro platelet

aggregation | Thrombin- and collagen-induced platelet aggregation both in vitro and
(+)-Nootkatone Ex vivo platelet ex vivo [78]
aggregation 1 Bleeding times
In vivo bleeding time
Isolated ventricular | PS in a time-dependent (38.6% after 5 min) and dose-dependent man-
iso-S-Petasin vocyies ner (51% at 100 uM); | + dL/dt and - dL/dt; | CICR in a dose- [79]
yocy dependent manner (31.0% at 100 M)
| Both high K*- and low K*-induced contraction; | Ca**-induced con-
Zerumbone Isolated rat aortic traction; | (S)-(-)-Bay K 8644-induced tone stimulation; | PHE-induced [80]
¢ rings contractions in endothelium-intact and endothelium-denuded rings;
Antagonised the PHE-induced extracellular Ca®" influx
DITERPENES
ngzflz—Ableta—9,12,14- Anesthetized rats | Blood pressure to values similar to that of regitine and propranolol [81]
| KCl-induced contractions in both endothelium-intact and endothe-
lium-denuded rings; | PHE- and serotonin-induced contractions in both
endothelium-intact and endothelium-denuded rings; | CaCl,-induced
ent-3-Acetoxy-labda- Isolated aortic rings contractions in endothelium-denuded rings in Ca**-free medium con-
8(17),13-dien-15-oic taining either PHE or KCI; Vasorelaxant effect on PHE- and KCl-pre- [82]
acid ’ contracted rings; 1 Nitrite production and cGMP levels in endothelium-
intact rings; T NO levels in endothelial cells
Non-anesthetlzed | MAP
normotensive rats
Aconine Isolated bullfrog heart | 1 Heart amplitude (21% increase) [83]
Acthiopinone Anesthetized rats | Blood pressure to values similar to that of regitine and propranolol [84]
| TC, TG, LDL and 1 HDL levels in serum; | CRP levels in serum; |
Porphyromonas gin- IL-1pB and IL-6 activity; | Thickening of intima layer and % of foam [85]
givalis-induced athe- cells; T a-Smooth muscle actin protein expression; | CD36 expression
lerosis in rabbit:
FOSCICOSIS I TABBIS | TC, LDL, TAG and 1 HDL levels in serum; | MDA and 1 GSH lev-
els; 1SOD, CAT and GPx activity; | MCP1 and nitrotyrosine levels in [86]
Andrographolide aorta homogenate; | Atherosclerotic injury
Alloxan-induced . .
T1DM model | BG; 1 Insulin [87]
Langendorff-perfused
isolated rat heart | Coronary perfusion pressure [88]
model
gnt-éi{ﬁ i{Angellgyloxlyg— ff{t E_.l nduc;a (i fionttrac— | PHE-induced contractions in a concentration- and time-dependent [89]
a-it-kaur-1o-en-15- )ty In 1sotated ra manner (36.8%, inhibition at 10 M after 30 min)
oic acid aortic rings
Beiwutinine Isolated bullfrog heart | 1 Heart amplitude (71.5% increase) [90]
Bilobalide [n vitro administration 1 Heart amplitude (71.5% increase) [83]

in isolated rat heart
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Terpene Study Model Cardiovascular Effect/Mechanism of Action References
L | HIF-1a expression (1.1 vs. 1.7 fold increase); | Cell death and
Hypoxia-induced o : . A
Cryptotanshinone HOc2 cardiomyocyte caspase-3 activity; | Mitochondrial membrane hyperpolarization; Inhib- [91]
yp iniu ited cytC translocation; 1 Bcl-2 and Bcel-x1 expression; | Bak and Bax
Jury expressions
N-Decthylaconine and Isolated bullfrog heart | 1 Heart amplitude (28.0% increase and 21% increase, r tively) [83,90]
N-Decthylneoline g p e (28.0% increase o increase, respectively ,
. . ) . | Adipose tissue, BG and insulin, TG, MCP-1, TNF-a protein and
Dehydroabietic acid KK-Ay mice mRNA levels; 1 Adiponectin protein and mRNA levels 921
Anesthgtlzed hor- Induced hypotension associated with bradycardia
motensive rats
Isolated rat atria Negative chronotropic effect (ICso = 69.3 pg/mL) [93]
. Isolated rat aortic | PHE-induced contractions in endothelium-intact and endothelium-
trans-Dehydrocrotonin rings denuded rings
STZ-induced T2DM
model and EtOH-
induced hypertriglyc- | BGand TG [94]
eridemia
| LDH release after I/R; | Apoptotic cells; T pAKT, pAMPK, pPDK1
Isolated rat heart and antiapototic proteins levels; | Caspase-3 activity; T HIF-1a levels
and activity; | kB binding activity
Dehydroisohispanolone | Caspase-3 levels and activity; | Apoptosis in heart; T pAKT, pAMPK, (93]
In vivo myocardial pPDKI1 and antiapoptotic proteins levels; | Ventricular dilatation; Pre-
infarction model served EF and FS; 1 Contraction of the left ventricular anterior wall; |
Infarct area; Prevent myocardial remodelling
Isolated rat cardio- AKT and pAMPK levels after A/R; | Cell death after A/
Dehydroisohispanolone myocytes Tp and p evels after ; | Cell death after A/R
and 8,9-Dehydrohis- [95,96]
panolone 15,16-lactol HOe2 cells | LDH release; | Caspase-3 levels and activity; T pAKT and pAMPK
levels; 1 Bcl-2 protein family expression
6,7-Dehydroroylean- Anestheti o .
one nesthetized rats | Blood pressure to values similar to that of regitine and propranolol [84]
Langendorff-perfused
isolated rat heart | Coronary perfusion pressure [88]
model
lﬁ—l?eoxyandrogra- | PHE-induced contractions in endothelium-intact (ECso =32.9 uM)
pholide Isolated rat aortic and endothelium-denuded (ECsq = 44.6 uM) aortic rings; | KCl-induced
rings contractions in endothelium-intact (ECso= 12.3 pM) and endothelium- [97]
& denuded (ECso = 18.5 uM); | Ca®'-, Caf- and NA-induced contractions
in Ca’"-free medium
Langendorff-perfused
isolated rat heart | Coronary perfusion pressure [88]
14-Deoxy-11,12- model
gil(i)el}ilgjroandrogra— Anesthetised rat | MAP (37.6% decrease) and HR (18.1% decrease)
. Induced negative chronotropic effect; Attenuated ISO-induced positive (98]
Isolated rat atria ;
chronotropic effect
N-Dethylaconine Isolated bullfrog heart | 1 Heart amplitude (28% increase) [83]
Ferruginol Anesthetized rats | Blood pressure to values similar to that of regitine and propranolol 8 ;’974’
In vitro administration Ameliorated hemodynamic parameter [100, 101]
Ginkgolide A in isolated rat heart chiorated hemody cp cters ’
In vivo administration | Alleviated I/R-induced changes in hemodynamic parameters [101]
Ginkgolide B [n vitro administration Decreased I/R-induced changes in hemodynamic parameters [100, 101]
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| TG, TC, LDL, MDA content, eNOS activity and NOX2/NOX4 pro-
STZ-induced diabetic | tein expression; T HDL, body weight, NO production, SOD activity and [102]
rats GPX-1 expression; 1 Ach-induced relaxation; | PHE-induced contrac-
tion; T H,S in plasma and production; | CBS and CBE expression
. . In vitro administration . . .
Ginkgolide C in isolated rat heart Decreased I/R-induced changes in hemodynamic parameters [103]
Grandiflorenic acid E?%_f;ntt;aze? IZO_ " Induced relaxation in endothelium-intact (79.27%, IC5o = 1.71* 107 M) 104
orenic ac rinegs oracic aorta | . j endothelium-denuded (84.84%, ICso = 2.84*10°° M) rings [104]
Guan-Fu base A/G/Q/g | Whole-cell patch volt- g 4 0 dium currents (ICs = 3.48 - 82.65 uM) [105]
age-clamp technique
1 Heart amplitude (38.5% increase) [90]
15a-Hydroxyneoline Isolated bullfrog heart
1 Heart amplitude (38.5% increase) [83]
1 Heart amplitude (118% increase); Modulate dP/dt,,,, in a time-
dependent manner (1025 mmHg/s at 40 min); | LVEDP in a time- [90]
Hypaconine Isolated bullfrog heart | dependent manner (-20.1 mmHg)
1 Heart amplitude (118% increase) [83]
Hetisine Whole-cell patch volt- Blocked sodium currents (ICso = 75.72 uM) [105]
age-clamp technique
Jhanidiol PHE-contracted iso- Induced relaxation (28.15%) in endothelium-intact rings
Jhanidiol acetate lgted rat thoracic aorta Induced relaxation in endothelium-intact (51.61%, ICs5o = 1.09* 10* M) [104]
nngs and endothelium-denuded (62.14%, ICso = 7.29%10°° M) rings
PHE-induced contrac-
tility in isolated rat | PHE-induced contractions in a concentration- and time-dependent [89]
aortic rings manner (34.1% inhibition at 10 M after 30 min)
ent-Kaur-16-en-19-al
PHE-contracted iso-
lated rat thoracic aorta | Induced relaxation (26.36%) in endothelium-intact rings [104]
rings
| KCl-induced contractions in endothelium intact (E . = 0.95 g at 100
3 E 1l . uM) and endothelium denuded (E.x = 1.12 g at 100 uM) rings; |
ng lrgiili]el Kaur-16 iisr(l)lz:ted rat aortic CaCl,-induced contractions in endothelium denuded rings in Ca®"-free [106]
& medium (E.x = 0.77 g at 100 pM); | PHE- (E.x = 53.68%) and KCl-
pre-contracted aortic rings (70.55%)
Endothelium-intact rat | | PHE- and KCl-induced contraction; Induced relaxation in PHE-pre- [107]
aortic rings contracted aortic rings
| KCl-induced contractions in endothelium intact (E . = 0.44 g at 100
ent-Kaur-16-en-19-oic | Isolated rat aortic uM) aqd endothelium d.enud.ed (Epax = .0'47 g at 100 K M) r.1ngs;2£
acid (Kaurenoic acid) rings CaCl,-induced contractions in endothelium denuded rings in Ca™ -free [106]
& medium (E.x = 0.38 g at 100 pM); | PHE- (E . = 73.09%) and KCl-
(82.57%)-pre-contracted aortic rings
Endothelium-denuded | | PHE-, KCl- and CaCl,-induced contraction; Induced relaxation in [107]
rat aortic rings PHE-pre-contracted aortic rings
PHE-induced contrac-
ent-Kaur-16p-ol tility in isolated rat | PHE-induced contractions in a concentration- and time-dependent [89]
aortic rings manner (39.3% inhibition at 10 M after 30 min)
Labd-3(17)-en-15-0ic | Anesthetized Induced hypotension and tachycardia [108]

acid

normotensive rats
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Terpene Study Model Cardiovascular Effect/Mechanism of Action References
Non—anesthetlzed Induced hypotension and tachycardia; | Blood pressure and 1 HR [108]
normotensive rats
Spoptaneously hyper- | MAP and 1 HR [109]
tensive rats
Isolated rat aortic | KCl-induced contractions in endothelium-intact (ICso =313.6 pg/mL) [108]
rings and endothelium-denuded (ICsy = 440.8 pg/mL) rings
Non-anesthetlzed Induced hypotension associated with tachycardia [110]

8(17),12E,14- normotensive rats

Labdatrien-18-oic acid | [go]ated mesenteric Induced relaxation on PHE-induced contractions and on KCl-pre- [110]
artery rings contracted rings; | CaCly-induced contractions on Ca*'-free medium

(+)-2-Oxomanoyl ox- PHE-contracted iso-

ide y lated rat thoracic aorta | Induced relaxation (26.88%) in endothelium-intact rings [104]
rings

Marrubenol I.solated rat aortic | KCl-induced contraction in endothelium-intact rings (ICso = 536.5 [109]
rings pg/mL)

In vitro, ex vivo and in
vivo anticoagulant and | Prolonged activated partial thromboplastin time; |Fibrin and D-dimer [111]
antiplatelet aggrega- formation; Supressed calcium mobilization and TXB, synthesis
tion
. Obese model | TG, TC, LDL-c, AI; 1 HDL-c [112]

Marrubiin
Rat thoracic aortic
rings without endothe- | Vasorelaxant on high potassium- and PHE-induced contractions [113]
lium
Isolated rat aortic |KCl-induced contractions [114]
rings

1 Heart amplitude (82.0% increase); Modulated dP/dt,,, in a time-
) dependent manner (1258 mmHg/s at 40 min); | LVEDP in a time- [90]

Mesaconine Isolated bullfrog heart | gependent manner (-22.8 mmHg)

1 Heart amplitude (82% increase) [83]
Rat thoracic aortic
Phlomeoic acid rings without endothe- | Vasorelaxant on high potassium- and PHE-induced contractions [113]
lium
| PHE-induced contraction in endothelium-intact (E.x = 0.44 vs. 1.68
g) and endothelium-denuded (E . = 0.96 vs. 2.34 g) rings; | CaCl,-
Isolated rat aortic induced contraction in Ca**-free medium with PHE (E . = 0.20 vs. 1.15
) rin g) and KC1 (E 0 = 0.24 vs. 1.35 g); Relaxed PHE-pre-contracted endo- [115]
ei?t—learg—S(l.4),15- &8 thelium-intact (92.64%) and endothelium-denuded (98.82%) rings; Re-
dien-19-oic acid laxed KCl-pre-contracted endothelium-intact (97.44%) and endothe-
lium-denuded (95.95%) rings
s | PHE-induced contraction (72.20% at 20 pg/mL) in a dose-dependent
Isolated carotid rings manner; | KCl-induced contraction in a time-dependent manner [116]
4,14- and 4,12- . o "
diOHsaprorthoquinone Anesthetized rats | Blood pressure to values similar to that of regitine and propranolol [84]

Scoparic acid D

STZ-induced T2DM
model

| BG; 1 Insulin

[117]

Serofendic acid

Rat model of /R

| Infarct area; Prevented AW, loss during ischemic period; Delayed
Aw,loss in reperfusion period

[118]

H,0,-induced neona-
tal rat cardiac ven-
tricular myocytes

injury

| TUNEL-positive cells; 1 Cell viability; Prevented Aw,, loss in a con-
centration-dependent manner; | Intracellular ROS production; Attenu-
ated mitochondrial Ca®" overload

[119]
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H;0,-induced rat Protected against Aw,, loss in a concentration-dependent manner [120]

myocyte injury

Sodium tanshinone I1IA
silate

OGD/R-induced car-
diomyocyte injury

1 Cell viability and MMP levels; | Caspase-3 and -8 activity; |
Caspase-3 cleavage; 1 Bcl-2 family expression; | Bax family expres-
sion; | NF-kB expression and translocation; | NF-kB DNA-binding; |
IKKp phosphorylation and Ikf phosphorylation and ubiquitination; |
TNF-o activation

[121]

HG-induced VSMC

TAMPK phosphorylation; | HG-induced proliferation by cell cycle
arrest at Go/G,; | HG-induced cyclin D1; 1 p53 and p21 expression; |

proliferation Cell migration, MMP-2 expression and activity and NF-kB translocation [122]
Type 2 diabetes rat .
model 1 AMPK phosphorylation
| SBP, DBP and MAP at 30 - 120 min at 200 mg/kg after nasogastric
. administration; | SBP (130.2 vs. 165.8 mmHg), DBP (65.1 vs. 108.0
Anesthetized dogs mmHg) and MAP (86.6 vs. 127.3 mmHg) at 50 mg/kg after intrave- [123]
nously administration
Spontaneously hyper-
. | MAP (167 vs. 186.2 mmHg)
Stevioside tensive rats [124]
Isolated aortic rines | Vasopressin-induced contraction in Ca**-containing medium in the
& absence (54.9%) or presence (60.3%) of methylene blue
Cvtosolic Ca2* in | Vasopressin-induced Ca®" intake (112.4 vs. 346.8 nmol/L); | PHE-
y induced Ca®" intake (220.6 vs. 464.8 nmol/L) in Ca2+—containing me- [123]
ATr5 cells .
dium
Hypoxic ischemia-
induced H9¢2 cardio- | 1 Cell viability at 24h and 48h; 1JAK2 and STAT3 phosphorylation [125]
myocytes injury
I/R-induced myocar- o . -
dial injury in STZ- LIS, LVESV, LVEDV, % Apoptotic cells, caspase-3 activity, pNF-kB, [126]
induced T2DM cytokines and leucocyte infiltration; 1 +LV and -LV dP/dt, LVEF, pAkt
Cardiomyopathy in t+LV and -LV dP/dt, LVEF; | LVESV, LVEDV, % apoptotic cells,
STZ-induced T2DM Caspase-3 levels, inflammatory cytokines; Protected cardiomyocytes [127]
model from diabetes-induced damage
MI in rats l Arrhy.thmlas and mortality; | Ix; Current and Kir2.1 protein; | SRF [128]
expression
. IS:)—ln;uced ne(inatal | Cell surface area; | ANP, BNP and B-MHC mRNA and protein levels; 129
Tanshinone 1A rat cardiomyocytes | Intracellular Ca®' intake; | Cn and NFATc3 protein expression [129]
hypertrophy
Angll-induced neona- | | Caspase-3 activation; | % Apoptotic cells; | Cleaved caspase-3 and
tal rat cardiomyocyte cytosolic cytC levels; | Intracellular ROS generation; 1 Akt phosphory- [130]
apoptosis lation
STZ-induced diabetic | | BP; 1 eNOS mRNA and protein expression; 1 cGMP and NO concen- [131]
rat model trations; Attenuated Ach-induced vasorelaxation impairment
| LV mass, LV mass/BW ratio, IVSd and LVPWd; 1 Cardiomyocyte
viability; | Caspase-3 and Bax expression and Bax/Bcl-2 ratio; 1 Bcl-2
Hypertension-induced | expression; | MDA levels and 1 SOD activity; | Interstitial collagen
left ventricular hyper- | content; MMP-2 protein expression; T TIMP2 expression; | MMP- [132]

trophy

2/TIMP2 ratio; 1 bFGF and c-Myc protein expression; | TGF-1f, Foxhl
and p-Smad3 protein expression; 1 Plasma apelin levels; | APJ protein
expression
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eNOS mRNA and protein expression; T cGMP and NO concentra-
HG-treated human . . .
- . tions; T eNOS mRNA and protein half-life; 1 eNOS dimer/monomer
umbilical vein o . - ) . [131]
ndothelial cells ratio; | Diabetes-induced O, increase; 1 Ser1177 phosphorylation; L.
¢ PP2A-A membrane translocation; | PP2A-A/eNOS complex formation
Hypoxia-induced | HIF-1a expression (1.1 vs. 1.7-fold increase); | Cell death and
ngg di uee ; caspase-3 activity; | Mitochondrial membrane hyperpolarization; Inhib- [91]
i ¢~ cardiomyocyte ited cytC translocation; 1 Bcl-2 and Bcl-x1 expression; | Bak and Bax
Jury expression
H,0,-induced HU- 1 Cell viability; | LDH release; | % Apoptotic cells; | p5S3 Expression; [133]
VEC injury | Caspase-3 activity; T ATF-3 mRNA expression
I/R rat model | % Apoptotic cells [125]
ent-18-OH- | KCI- and NA-induced contraction; Attenuated ACh- and SNAP-
Trachyloban-3-one induced relaxation
Isolated rat aortic 134
sni-Trachyloban- rings | KCI- and NA-induced contraction, Inhibited cytosolic calcium in- [134]
TZ _15_ dciozeo crease in a dose-dependent manner; Attenuated ACh- and SNAP-
’ induced relaxation
. . . Ameliorated echocardiographic parameters; 1pHi, ATP and pCr levels;
rSaI;f-lnduced diabetic 1 p38 MAPK expression and protein levels; Attenuated myocardial [135]
filament degeneration
STZ-induced T2DM | LVEDD, LVESD, total collagen, Col I, Col III, macrophages and T [136]
Triptolide model lymphocytes accumulation, cardiac inflammation; 1 LVEF, FS
Prevented cardiomegaly and improved cardiac function; | Inflammatory
ISO-induced cardiac cells, collagen fibres and collagen I expression; | Collagen volume frac- [137]
remodelling model tion and perivascular collagen area as well as HYP concentration; |
TGF-1pB, Smad3 and p38 MAPK protein and mRNA levels
TRITERPENES
Acanthopanax sentico- H202—lqduced isolated Pseudopodia induced by H,0; in a concentration-dependent manner; 1
P rat cardiomyocyte . . [138]
sides B unjury Cell viability; | MDA levels; 1 LDH, SOD, GPx and CAT activity
ISn”l(;ﬁéllnduced T2bM Ameliorated serum biochemical parameters [139]
B-Amyrin palmitate -
?}lgﬁnr;llgg;ced Ameliorated serum biochemical parameters [139]
TGF-1pB-induced hy-
perltr;)%hlc resptoln ::tm | ANP mRNA expression; | Cardiomyocytes size; |p38 and ERK1/2
i/sé)n?rieculr; erocr;i(?io— phosphorylation; | NF-kB activity
myocytes [140]
Py . | HW/BW ratio; | IVSD and LVPWD; 1 LVEDD and %FS; | Cross-
Asiatic acid }”ll"ACrtlnduhc ed c.ardlac sectional area; | ANP mRNA expression in myocardium; | TGF-1
H?/p; erp y mice mRNA and protein expression; | p38 and ERK1/2 phosphorylation; |
ode NF-kB activity
gg?f akizaki T2DM | FBG, Fasting insulin, fibronectin mRNA; Prevented islet fibrosis [141]
STZ-induced diabetic | 1 Insulin and | BG; | TG, TC, VLDL, LDL, FFA, PL and atherogenic [142]

rats

index; T HDL
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Prevented body weight loss (18.6 g/mouse vs. 12.8 g/mouse); | Feed
(3.4 vs. 5.8 g/mouse/day) and water (4.0 vs. 6.1 ml/mouse/day) intake; |
Plasma glucose (17.1 vs. 28.2 mM), HbAlc (6.5 vs. 12.1%), 1 Insulin
levels (7.4 vs. 5.3 nM), | CPK (113.5 vs. 202.2 IU/L) and LDH (90.3 vs.
166.4 TU/L) activities; | vVWF (267 vs. 411%), fibrinogen (3.91 vs. 5.08
g/L) levels and FVII (225 vs. 313 %) and PAI-1 (19.0 vs. 20.2 kU/L) [143]
activity; Retained AT-III (105 vs. 68%) and protein C (79 vs. 54%) ac-
tivity; T GSH levels (15.2 vs. 8.8 nmol/mg protein), | ROS levels (0.63
vs. 1.25 RFU/mg protein); | Glycative factors; | MCP-1 (41.6 vs. 79.5
pg/mL), IL-6 (47.8 vs. 92.1 pg/mL) and TNF-a (52.6 vs. 108.6 pg/mL),
NF-kB p65, p-p38 and p50 and pERK1/2 cardiac expression
1 Cell viability and | LDH release; | ROS and GSSH and 1 GSH, GPx,
HG-induced H9c2 GR and CAT levels/activity; | IL-6, TNF-a and MCP-1 levels; 1 N"/K"- [144]
cardiomyoblast injury | ATPase activity; | Caspase-3 activity; | NF-kB and MAPK expres-
sion/activity; T Bcl2 protein expression and | Bax protein expression
Hypoxia-induced 1 Cell viability (72.1% vs. 54.2%); | LDH and CK levels; | % Apop-
cardiomyocyte apop- totic cells (17.5% vs. 31.2%); 1 Akt and CREB phosphorylation; 1 [145]
tosis Bcl2/Bax ratio (1.17 vs. 0.22); | Caspase-3 activity
1 Survivability; | CK-MB (708.31 vs. 1107.54 U/L), GOT (260.37 vs.
413.64 U/L), LDH (1912.24 vs. 3311.59 U/mL) and cTnT (2.87 vs. 4.61
ng/mL); T CAT (9.80 vs. 6.53 U/mg protein), GPx (89.94 vs. 53.49
X . U/mg protein) and SOD (3.09 vs. 1.93 U/mg protein); | MDA (10.46 vs.
Asperosaponin VI ?rilillnduced cardiac 12.98 nmol/mg protein); 1 SDH (383.13 vs. 299.64 nmol/min/mg pro-
Jury tein), ICDH (539.94 vs. 359.27 nmol/h/mg protein), MDH (222.31 vs.
130.55 nmol/min/mg protein), a-KCDH (99.25 vs. 64.82 nmol/h/mg [146]
protein), ATP (2.49 vs. 1.67 nmol/mg protein); | Ca*" (9.12 vs. 12.12
nmol/mg protein)
H,0;-induced isolated | 1 Cell viability in a dose-dependent manner; | ROS (38.13 vs. 71.16
rat cardiomyocytes FD), LDH (225.15 vs. 417.47 U/L) and MDA (1.98 vs. 2.66 nmol/mg
injury protein); T SOD (62.49 vs. 32.64 U/mg protein)
Isolated vascular | CN activity and PHE-induced CN activation; | LPS-induced MAPKS8 [147]
smooth muscle cells phosphorylation
Hypoxia-induced s . .
isolated rat cardio- i Cell V1ab11.1ty.and | MDA levels; 1 SOD-1 activity, mRNA and pro- [148]
tein expression; | ROS levels
myocyte damage
HG-induced prolifera- . . . .
tion of VSMCs | Cell proliferation; T Apoptosis; | MMP; 1 a-SMA [149]
Human umbilical | ACE activity [147]
veins
ADR-stimulated in-
. Jury n 1solat§d neona- | LDH release; T Bcl2/Bax ratio [147]
Astragaloside IV tal mice cardiomyo-
cytes
| LVEDP; 1 LVSP, +d,/dimax and -d,/dimax; | HW/BD and LVW/BW
ratios; | Heart thickness; | ANP and BNP mRNA levels; 1 ATP/AMP [150]
) ) ratio; | FFA concentration; T ATP5D expression; | Nuclear p65 expres-
ISO-induced cardiac sion; T Cytosolic p65 expression and PGC-1a
hypertrophy
| HMI and LVMI; | ANP mRNA expression; Inhibited ISO-induced
morphological changes; | TLR4 mRNA expression; T IkBa and | p65 [151]
protein expression; | TNF-a and IL-6 expression
1 LVSP, +dp/dt and -dp/dt in both left and right ventricule; | LVEDP,
Isoprenaline-induced RVSP and RVEDP; Ameliorated cardiac function; | Ionic calcium and [152]

ischemic injury

total calcium in heart tissue; T Ca and Na pump activity; Improved myo-
cardial ultrastructure
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ISO-treated isolated | Cell surface area, ANP and BNP mRNA levels and protein content; 1
neonatal mice ven- ATP/AMP ratio; | FFA concentration; T ATP5D expression; | Nuclear [150]
tricular myocytes p65 expression; T Cytosolic p65 expression and PGC-1a
. 1 Cell viability (50.4% at 50 uM); | LDH release and apoptotic index; 1
Pr1mary neonatal rat HIF-10 and iNOS protein levels; 1 Bcl2 protein levels; | Caspase-3
cardiomyocytes .
protein levels
1 HR, LVDP, CF and +dP/dt; | Infarct area and apoptotic cardiomyo- [153]
Langendorff-perfused | ¢ytes; | LDH release
rat heart 1 iNOS mRNA levels; 1 HIF-1a, iNOS and Bcl2 protein levels; |
Caspase-3 protein levels
| FPG and HbAlc; 1 NO and eNOS content; Attenuated morphological
STZ-induced diabetic | changes in abdominal aorta endothelium; | Ox-LDL presence in serum; [154]
rats | TNF-o and MCP-1 mRNA levels; | TNF-a, MCP-1 and NF-kB p65
protein levels;
| Infarct area; Attenuated MBF loss; | LVDP, LVEDP and -dp/dtmax
and 1 +dp/dtmax; 1 ¢Tnl in myocardial tissue and | ¢Tnl in serum; [155]
I/R-induced myocar- both ATP/AMP and ATP/ADP; | % Apoptotic cells and Bax/Bcl2 ratio
dial damage | Infarct area and apoptosis; | Caspase-3 and Bax and 1 Bcl2 protein
expression; | TLR4 mRNA and protein expression; | p65 Nuclear ex- [156]
pression; | TNF-a and IL-1f serum levels
NA pre-contrac?ed Induced vasorelaxation (E,,x = 79.01%) in a concentration-dependent
Betulinic acid isolated rat aortic _ ax ) [157]
. manner (ECsy = 58.46 uM)
rings
Spontaneously hyper- |\ \yap (1729 reduction) and 1 HR (41.2% increase)
tensive rats
6p-OH-Betulinic acid
Platelet aggregation | ADP- (61.6% aggregation), AA- (89.1% aggregation) and collagen-
assay (32.5% aggregation) induced platelet aggregation
Spontaneously hyper- |\ \1ap (60.19% reduction) and 1 HR (11% increase) [158]
68,30-DiOH-Betulinic | tensive rats
acid Platelet aggregation | ADP- (22.9% aggregation), AA- (87.5% aggregation) and collagen-
assay (18.5% aggregation) induced platelet aggregation
6p3,30-DiOH-Betulinic | Platelet aggregation | ADP- (90.6% aggregation), AA- (49.5% aggregation) and collagen-
acid Glu ester assay (13.6% aggregation) induced platelet aggregation
1 Cell viability and | LDH release; | ROS and GSSH and 1 GSH, GPx,
Boswellic acid HG-induced H9c2 GR and CAT levels/activity; | IL-6, TNF-a and MCP-1 levels; 1 N"/K'- [144]
cadiomyoblast injury ATPase activity; | Caspase-3 activity; | NF-kB and MAPK expres-
sion/activity; T Bcl2 protein expression and | Bax protein expression
| Infarct area and LDH activity; 1 GPx and MPO activity; | TNF-a
11-keto-B-Boswellic Myocardial I/R rat content; | ICAM-1, 5-LOX, COX-2 and NF-kB mRNA expression; [159]
acid model TNrf2 and HO-1 mRNA expression; | % Apoptotic cells and DNA
fragmentation
Hypox1a—1pduced Activate PI3K/Akt and ERK1/2 pathways dependent on ROS signalling;
H9c2 cardiomyoblast . S e
. oL Induces HSF1 protein activation; 1 Cell viability
ischemic injury [160]

Celastrol

MI animal model

1 HO-1 expression; 1 LVEF and LVES; | Infarct area; | aSMA protein
expression; | Fibrosis; | TGF-3f, collagen I and III expressions; Attenu-
ated global heart damage; | Macrophage infiltration

oxLDL-induced oxi-
dative stress in RAW
264.7

| Foam cell formation; | LOX-1 mRNA and protein expression; | ROS
generation; | p47 Phosphorylation and MPO activity; 1 GSH/GSSG
ratio; | NF-kB p65 expression, IkBo phosphorylation and degradation;
| INOS expression; | NO production

[161]
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?j;?;?g?ﬁg ?ESFO_ | Atherosclerotic lesion; | Superoxide levels; | LOX-1 expression,
mice P plasma oxLDL, TNF-a and IL-6 levels and NF-kB activity
Chikusetsu saponin STZ-NA-induced | BG, TG, FFA, LDL-c [162]
IVa T2DM model | FBG; 1 Fasting insulin [163]
KK-Ay mice | BG and plasma insulin [164]
| Atherosclerotic lesion in aortic valve (11.36% vs. 17.52%), aortic arch
(21.19% vs. 40.11%) and abdominal aorta (6.16% vs. 46.56%); T BW
gain (13.37g vs. 12.23g); | TG (2.47 mM vs. 3.14 mM), glucose (4.86
ApoE'/' mice mM vs. 6.79 mM) and MDA (20.39 mM vs. 27.28 mM); 1 SOD levels

Corosolic acid

(277.51 U/mL vs. 147.06 U/mL); | MCP-1 protein levels in serum

(1.21-fold) and aortic supernatant (1.30-fold); | MCP-1 mRNA levels [165]
(4.61-fold) and CCR-2 mRNA levels (2.08-fold)
¥ : | MCP-1 mRNA levels; | p65 (1.61-fold), p50 (2.75-fold) and RelB
]c“el;lss induced THP-1 (1.76-fold) activation; 1 c-Rel (1.23-fold) and p52 (1.39-fold); | Mono-
cyte adhesiveness and migration
Cycloart-23-ene-3p, STZ-NA-induced | Acute and chronic serum glucose; Normalized hematologic parame- [166]
25-diol T2DM model ters
g}é?}?}rl?zzl::rnm E ?azrgf(;i?l(}ilﬁzictle}i[r?jcuzry 1 Cell viability in a dose-dependent manner (89.34% at 200 uM) [167]
208,24R-cpoxy- 1SO-induced K and LDH activity and MDA levels; 1 SOD and GPx activity, T
Dammarane-3p S.O—.m. uced myocar- | | CK an activity an evels; 1 SOD and GPx activity, T- [168]
6a,12B 25—tetra(;1 dial injury AOC levels; | Myofibrillar degeneration
Dehydroeburicoic acid ISn”l(;ﬁéllnduced T2DM | BG, TG, TC, leptin; 1 Insulin, adiponectin [169]
16p3,22:160,30-
Diepoxydammar-24-
ene-3f,20-diol and H,0,-induced neona-
16B,23:160,30- tal rat cardiomyocyte 1 Cell viability in a dose-dependent manner [170]
Diepoxydammar-24- injury
ene-3f,20-diol het-
erosides
190,23-Dihydroxyurs- .
12-en-28-oic acid es- ?azrgf(;i?l(}ilﬁzictle}i[r?jcuzry 1 Cell viability in a dose-dependent manner (74.42 - 91.29% at 200 pM) | [167,171]
ters
3B,190-diOHurs- .
1220(21)-diene-28-oic Isnf)ﬁ;lnduced T2DM | BG, TG, TC, LDL-c, VLDL-c [172]
acid
¥ 1 Cell viability; | Mitochondrial ROS; 1 Mitochondrial membrane po-
Elatoside C g/rf({ﬁgﬁugid tI:?rﬁl tential; | GRP78, p-JNK, cleaved caspase-12 and CHOP expression [173]
yoeyte myuty levels; 1 Bcl2/Bax ratio; T pSTAT3/STATS3 ratio
Ic\gfiffaﬁg‘fednrfg‘%z 1 HR, MAP and RPP; | Infarct area (42.3% vs. 51.3%); | LDH, CK- (174
induced cfiarge tic rats MB and caspase-3 activity;| % Apoptotic cells; T pAKT
Ginsenoside Rb1 HFD-induced obesity | | Body fat, diabetic symptoms; 1 PI3K/Akt [175]
gf;l_ lﬁldsce?nrré}:l?zc?r_ 1 IS, LDH and CK levels, MDA levels, myocardial injury; 1 SOD lev- [176]
induc eJ q r”l}“IZDM model els, NO production, eNOS expression
In vitro myocardial | % Apoptotic and dead cells; | NF-kB activation and Ik-Ba phos-
Ginsenoside Rb3 /R-in ducgd HO2 phorylation; | p65 Nuclear translocation; | NF-kB binding activity; | [177]

cardiomyocyte injury

IL-6, MCP-1, MMP-2, MMP-9 and TNF-o. mRNA levels; | JNK phos-
phorylation
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Alloxan-induced dia- .
betes model | BG; 1 Islets area [178]
| LDH and CK activity; | Granulocyte infiltration and myocardial dis-
¥ organization; T LVSP (105.3 vs. 83.5 mmHg); | LVEDP (6.1 vs. 9.7
[80-induced MI mmHg); 1 + dp/dt (2734 vs. 2002 mmHg/s) and - dp/dt (2829 vs. 1919 [179]
mmHg/s); 1 CAT and SOD activity; | MDA levels
JR-induced myocar- | Infarct size; | CK-MB and LDH activity; | Granulocyte infiltration
dial infu 4 and myocardial disorganization; | MDA levels; 1 SOD activity; | Endo- [180]
Jury thelin and AngllI levels
Ischemic hind limb in . . . )
STZ-induced T2DM 1 0Foot perﬁJs.lon, vascular density, VEGF expression, p-eNOS; [181]
. . del | % Apoptotic cells
Ginsenoside Rgl mode
STZ-induced T2DM | FBG, TC, TG, c¢Tnl, CK-MB, MDA, % Apoptotic cells, caspase-3 [182]
model levels; T CAT, GSH, SOD, Bcl-xL levels
Myocardial I/R rat | LVSP and LVEDP; 1 +dp/dtmax and -dp/dtmax; | Infarct size and
model CK, LDH levels and caspase-3 activity and apoptotic index
Ginsenoside Rd Simulated I/R in neo- | 1 Cell viability; | LDH leakage and apoptotic index; | ROS production; [183]
natal rat cardiomyo- T MMP; | CytC cytosolic translocation and caspase-3 and 9 activation;
cytes 1 Bcl-2 protein expression; T Akt and GSK-3f phosphorylation
Isolated and Langen- . . o . .
dorff perfused rat Induced negative ionotropic and lusitropic effects; T HR; Caused vaso- [184]
hZ; rtsper sedra dilatation (1072 M to 10"7 M) and vasoconstriction (10 °* M and 10> M)
STZ-induced T2DM | BG, TC, TG, LDL-c, VLDL-c, FFA, PL in serum; | TC, TG, FFA, PL [185]
model in heart; 1 HLD-c
Glycyrrhetinic acid -
STZ-induced T2DM || 55 fpA e 1 Insulin, Hb [186]
model
. At5 uM: | cytC and AIF release induced by Ca®"; | Ca®" transport; 1
Isolated rat heart mi- | 166G ratio: 1 %GSH: 1 % Reduced thiol groups; | MPT induced [187]
tochondria Pk
by Ca
| Myocardial fibre disruption and infarct area size; | TpT, AST and
I/R-induced myocar- LDH plasma levels: | HGMBI, IL-6 and TNF-o serum concentrations; [188]
dial injury | % Apoptotic cells, caspase-3 activity, Bax mitochondrial and cytC
cytosol concentration; | p-JNK/t-JNK ratio
Glycyrrhizin Isolated and Langen-
dorff perfused rat Induced positive ionotropic and lusitropic effects; 1 HR and CP [184]
hearts
I/R-induced myocar- | Infarct area (13% vs. 27.5% of left ventricle area); | MPO activity [189]
dial injury (36.3%)
H,0;-induced injury
Jujuboside A in neonatal rat car- 1 Cell viability in a dose-dependent manner [170]
diomyocytes
HFD-induced hyper- | TC and LDL while 1 HDL levels in serum; | Atherogenic index and [190]
methyl-33-OH- lipidaemia in rats coronary risk index
Lanosta-9,24-dien-21- -
oate Isnf)ﬁ;nduced T2DM | BG. MDA; 1 SOD, CAT, antioxidant status [191]
. . p38 MAPK activation " o
Limonin in HASMCs 1 p38 MAPK activation (19%) [192]
Maslinic acid Vascular smooth mus- | T HO-1 protein and mRNA levels and activity; 1 pAkt levels; 1 Nrf2 [193]

cle cells

expression; 1 Cell viability in H,O,-induced injury
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NA-contracted rat In mixture with Salvin A induced relaxation (63.57%, ECs5o = 1.999 [194]

STZ-induced diabetic

Prevented body weight loss (19.2 g/mouse vs. 12.8 g/mouse); | Feed
(3.2 vs. 5.8 g/mouse/day) and water (3.7 vs. 6.1 ml/mouse/day) intake; |
plasma glucose (16.0 vs. 28.2 mM), HbAlc (7 vs. 12.1%), 1 insulin
levels (7.7 vs. 5.3 nM), | CPK (109.6 vs. 202.2 TU/L) and LDH (96.8 vs.
166.4 TU/L) activities; | vVWF (198 vs. 411%), fibrinogen (4.04 vs. 5.08

tension in rats

centration

rats g/L) levels and FVII (208 vs. 313 %) and PAI-1 (19.1 vs. 20.2 kU/L) [143]
activity; Retained AT-III (107 vs. 68%) and protein C (77 vs. 54%) ac-
tivity; T GSH levels (14.7 vs. 8.8 nmol/mg protein), | ROS levels (0.59
vs. 1.25 RFU/mg protein); | glycative factors; | MCP-1 (38.3 vs. 79.5
pg/mL), IL-6 (45.2 vs. 92.1 pg/mL) and TNF-a (48.6 vs. 108.6 pg/mL),
NF-kB p65, p-p38 and p50 and pERK1/2 cardiac expression
NA pre-contrac?ed Induced vasorelaxation (E,x = 73.75 and 92.01%%) in a concentration-
isolated rat aortic d dent ECe. =94.19 and 16.11 uM [157]
Morolic and Moronic rings ependent manner (ECso = 94.19 an 11 M)
acids
STZ-NA-induced o o
diabetes model 1 BG (39.18% and 29.20% decrease) [195]
Dyslipidemic ham- | TG, TC, glycerol; 1 HDL-c [196]
Nicotinic acid deriva- sters
tive of lupeol ¥
STZ-induced T2DM | BG [196]
model
Nomilin p38 MAPK activation | | p38 MAPK activation (38%); | TNF-a-induced p38 MAPK activation [192]
om in HASMCs (31% at 6h)
Deacetyl nomilin and p38 MAPK activation i o o .
Defuran nomilin in HASMCs | p38 MAPK activation (19% and 17%, respectively) [192]
1 Cell viability; T ER, expression; | Apoptotic cells and caspase-3 ac-
LPS-stimulated H9c2 | tivity; | NF-kB p65 phosphorylation and I-kBa degradation and nuclear [197]
cardiomyocytes translocation of NF-kB; | IL-1p and IL-6 expression; | TNF-a expres-
sion TNF-a-induced cell apoptosis and caspase-3 activation
Notoginsenoside R1 | Atherogenic lesion in aorta root; | Lipid accumulation in lesion;
HFD diet-induced | Fibrosis in aorta root intima layer; 1 SOD, GSH levels in serum; |
atherosclerosis in MDH; | TC, TG, LDL and ox-LDL serum levels; T HDL serum levels; [198]
ApoE”" mice | IL-2, IL-6, TNF-o and IFN-y levels; 1 miRNA-21, miRNA-26a ex-
pression and | miRNA-20 expression
1 Cell viability and | LDH release; | ROS and GSSH and 1 GSH, GPx,
HG-induced H9c2 GR and CAT levels/activity; | IL-6, TNF-a and MCP-1 levels; t N"/K"- [144]
cadiomyoblast injury ATPase activity; | Caspase-3 activity; | NF-kB and MAPK expres-
sion/activity; T Bcl2 protein expression and | Bax protein expression
HFD-induced obesity | TG, TC, visceral fat, BG, ALT, AST, ALP; fInsulin [199]
STZ-NA-induced o
diabetes model | BG (21.92% decrease) [195]
Oleanolic acid H9c2 cardlomyocyt.e | Oxidative stress, % Apoptotic cells [200]
under hyperglycemia
Isolated rat heart un- 1 Cardiac function, SOD levels; | IS, 022- levels, caspase-3 level and [200]
der hyperglycemia activity
S$TZ-induced T2DM |+ 1¢ B cardiac function; | HB, SBP, DBP [200]
model
Dexa-induced hyper- | SBP (126 vs. 149 mmHg); | Lipid peroxidation; T NOx plasma con- [201]
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(Table 2) contd...

Terpene Study Model Cardiovascular Effect/Mechanism of Action References
Insulin-resistant hy- | BG, TC, LDL and TG levels; 1 HDL levels and GPx and SOD activ- [202]
pertension model ity; Prevented hypertension and induced bradycardia

. oxLDL-treated HU- | MDA levels; T NO levels; | VCAM-1 and ICAM-1 mRNA expres-
Platycodin D VEC sion; | Monocyte adhesion [203]
. ISO-induced myocar- | | CK and LDH activity and MDA levels; 1 SOD and GPx activity, T-

20(8)-Protopanaxatriol dial injury AOC levels; | Myofibrillar degeneration [168]

Rubiarbonol C HepG2 cell culture | TG levels (45.0% inhibition at 100 uM) [204]

Rubiarbonone C HepG?2 cell culture | TG levels (48.1% inhibition at 100 uM); 1 Glucose uptake [204]
NA pre-contracted . _ . .

3,4-seco-Olean-18-ene- | . lated rat aorti Induced vasorelaxation (E, = 66.17%) in a concentration-dependent [157]

3,2,8-dioic acid Eggas cd rat aortic manner (ECso = 141.23 pM)

. . NA-contracted rat . o _

B-Sitosterol glycoside aortic rings Induced relaxation (52.43%, ECso=1.178 mg/L) [194]

Triterpenic acid Isnf)ﬁzlnduced T2DM | | BG, FMN, MDA, NO, NOS activity; 1 SOD [205]
Insulin-resistant hy- | BG, TC, LDL and TG levels; 1 HDL levels and GPx and SOD activ- [202]
pertension model ity; Prevented hypertension and induced bradycardia
STZ-NA-induced o
diabetes model 1 BG (38.01% decrease) [195]
STZ-lnduced T2DM 1 Survivability; | BG, TC, TG, % Atherosclerotic lesion, macrophage
in LDL-R-/- infiltration [206]
C57BL/6J mice
NA pre-contrac?ed Induced vasorelaxation (E,,x = 72.59%) in a concentration-dependent
isolated rat aortic _ [157]

. manner (ECso=11.7 pM)
rings
Ursolic acid
foticact WD-fed New Zealand | | TC, TG and LDL plasma levels; Prevented neointimal hyperplasia in [69]
rabbits aorta root; T KLF-2 and | VCAM-1 protein levels
| Glucose, fructosamine and glycated haemoglobin levels; | AGEs lev-
STZ-induced diabetic | els; | TNF-a and MDA serum levels; | Aortic injury; | RAGE protein [207]
rats expression; | p22phox Expression| NF-kB activation and nucleus trans-
location
Heat exposure- 1 +dp/dt and -dp/dt; Attenuated apoptosis; | Troponin I plasma levels; |
ind dpm ar- cytC, cleaved caspase-3 and -9; | PERK and elF2a phosphorylation and
di uee tous‘e ca CHOP activation; | Puma expression and 1 Mcll expression; T GSH [208]
tomyocytes i vivo levels and GSH/GSSH ratio; | GSSH levels; | MDA and LDH plasma
damage 1
evels

Ursolic acid and de- | STZ-induced T2DM | | pp5 7 TG, LDL-c: 1 Insulin, albumin, total protein, HDL-c [209]

rivatives model
H,0;-induced neona-

Zizyphus saponin 11 tal rat cardiomyocyte 1 Cell viability in a dose-dependent manner [170]
injury

5-LOX - 5-lipoxygenase; A/R - Anoxia/reperfusion; AA - Arachidonic acid; ACACA - acetyl-CoA carboxylase; ACE- Angiotensin converting enzyme; Ach -
Acetylcholine; ACP - Acid phosphatase; DP - Adenosine 5'-diphosphate; ADR - Adriamycin; AGE - Advanced glycation endproducts; Al - Atherogenic index;
AIF - Apoptosis inducing factor; AKT - Protein kinase B; ALP - Alkaline phosphatase; ALT - Alanine aminotransferase; AMPK - 5' adenosine monophos-
phate-activated protein kinase; Angll - Angiotensin II; ANP - Atrial natriuretic peptide; APD - Action potential duration; Api - Apiofuranosyl; APJ - Apelin
receptor; Arab - Arabinopyranosyl; As(II) - Arsenic (III); AST - Aspartate aminotransferase; ATF-3 - Activating transcription factor; AT-III - Antithrombin-
III; ATP - Adenosine triphosphate; ATPSD - Mitochondrial ATP synthase subunit delta; Bax - bcl-2-like protein 4; Bcl-2 - B-cell lymphoma 2 protein; Bel-xL
- B-cell lymphoma-extra large protein; bFGF - Basic fibroblast growth factor; BG - Blood glucose; BNP - Brain natriuretic peptide; BP - Blood pressure; BW -
Body weight; CaCl, - Calcium chloride; Caf - Caffeine; CAT - Catalase; CBS - cystathionine 3 synthetase; CCR2 - C-C chemokine receptor type 2; cGMP -
Cyclic guanosine monophosphate; CHOP - CCAAT/enhancer binding protein homologous protein; CICR - Ca2+-induced Ca2+ release; CK or CK-MB -
Creatine Kinase; Cn - Calcineurin; Col I - Collagen I; Col III - Collagen III; COX-2 - cyclooxygenase 2; CPK - Creatine phosphokinase; CRP - C-reactive
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protein; CSE - cystathionine y lyase; ¢Tnl - cardiac troponin I; Cx43 - Connexin 43; CytC - cytochrome c; DBP - Diastolic blood pressure; DOCA - Deoxycor-
ticosterone-acetate; EF - Ejection fraction; elF2a - Initiation factor 2-alpha; eNOS - Endothelial nitric oxide synthase; ERK1/2 - Extracellular-signal-regulated
kinase 1/2; FBG - Fasting blood glucose; FFA - Free fat acid; FMN - frutoseamine; Foxhl - Forkhead box H1; FoxP3 - Forkhead/winged helix transcription
factor 3; FS - Fraction shortening; FVII - Coagulation factor VII; Glu - Glucopyranosyl; Gluc - Glucuronopyranosyl; GPx - Glutathione peroxidase; GR - Glu-
tathione reductase; GSH - Glutathione oxidase; GSSH - Reduced glutathione; H2S - Hydrogen sulphide; HB - heart beat; Hb - Hemoglobin; HbAlc - Hemoglo-
bin Alc; HCC - High cholesterol chow; HDL - High-density lipoprotein; HDL-c - High-density lipoprotein cholesterol; HFD - High fat diet; HG - High glu-
cose; HGMB-1 - High-mobility group box 1; HIF-1a - Hypoxia-induced factor lo; HMGCR - 3-hydroxy-3-methylglutarylcoenzyme-A reductase; HMI - Heart
mass index; HO-1 - Hemeoxigenase-1; HR - Heart rate; Hs(II) - Mercury (II); HW - Heart weight; HYP - Hydroxyproline; I/R - Ischemia/reperfusion; ICAM-1
- Intercellular Adhesion Molecule 1; ICDH - Isocitrate dehydrogenase; IFN-y - Interferon gamma; IKKf - Inhibitor of nuclear factor kappa-B kinase subunit
beta; IL-1B/6 - Interleukin 1f/6; iNOS - Inducible nitric oxide synthase; IS - infarct size; ISO - Isoproterenol; IVSd - Interventricular septal thickness at end
diastole; JNK - Janus kinase; KCI - Potassium chloride; KLP-2 Kriippel-like Factor 2; LCAT - Plasma lecithin cholesterol acyl transferase; LDH - Lactate
dehydrogenase; LDL - Low-density lipoprotein; LDL-c - Low-density lipoprotein cholesterol; L-NAME - L-NG-Nitroarginine methyl ester; L-NAME - No-
Nitro-L-arginine methyl ester hydrochloride; LOX-1 - Lectin-like oxidized low density lipoprotein receptor-1; LPL - Plasma lipoprotein lipase; LPS - lipopoly-
saccharide; LV - Left ventricular; LVEDD - Left ventricular end diastolic diameter; LVEDP - Left ventricular end diastolic pressure; LVESD - Left ventricular
end systolic pressure; LVMI - Left ventricular mass index; LVP - Left ventricular parameters; LVPWd - Left ventricular posterior wall thickness at end dias-
tole; LVSP - Left ventricular systolic pressure; MAP - Mean arterial blood pressure; MAPK - Mitogen activating protein kinase; MBF - Myocardial blood
flow; MCP-1 - Monocyte chemoattractant protein-1; MDA - Malondialdehyde; MDH - Malate dehydrogenase; MEK - Mitogen-activated protein kinase; MI -
Myocardial injury; MMP - Mitochondrial membrane potential; MMP-2/9 - Matrix metalloproteinase 2/9; MPO - Myeloperoxidase; MPT - Mitochondrial per-
meability transition; mPTP - Mitochondrial permeability transition pore; mTOR - Mammalian target of rapamycin; NA - Noradrenaline; NAFTc - Cal-
cineurin/nuclear factor of activated T cells; NF-kB - Nuclear factor kappa B; NO - Nitric oxide; NOS - nitric oxide synthase; NOX2/4 - NADPH oxidase 2/4;
Nrf2 - Nuclear factor (erythroid-derived 2)-like 2; OGD/R - Oxygen-glucose deprivation/recovery; OH - hydroxyl; Ox-LDL - oxidized low-density lipoprotein;
PAI-1 - Plasminogen activator inhibitor-1; pAKT - phosphorylated AKT; pAMPK - phosphorylated AMPK; Pb(Il) - plumb (II); pCr - Phosphocreatine; PDGF
- Platelet-derived growth factor; p-eNOS - phosphorylated eNOS; PERK - PKR-like eukaryotic initiation factor 2o kinase; PGC-1la - Peroxisome proliferator-
activated receptor-y coactivator la; PHE - Phenylephrine; pHi - Intracellular pH; PI3K - Phosphoinositide 3-kinase; PKD-1 - 3-phosphoinositide dependent
protein kinase-1; PL - Phospholipids; pPDK-1 - phosphorylated PKD-1; p-p38 - phospho p38 mitogen-activated protein kinase; PS - Peak shortening; RAGE -
Membrane-anchored AGE receptor; Rham - Rhamnopyranosyl; ROS - Reactive oxygen species; RPP - Rate pressure product; RV - Right Ventricule; RVEDP -
Right ventricular end diastolic pressure; RVSP - Right ventricular systolic pressure; SBP - Systolic blood pressure; SDH - Succinate dehydrogenase; SHR -
spontaneously hypertensive rats; Smad3 - Drosophila mothers against decapentaplegic protein 3; SOD - Superoxide dismutase; SR - Sarcoplasmic reticulum;
SRF - Serum response factor; STAT3 - Signal transducer and activator of transcription 3; STZ - Streptozotocin; TIDM - type 1 diabetes mellitus; T2DM - type
2 diabetes mellitus; TAC - Transaortic constriction; TAG - Triacylglycerol; TC - Total cholesterol; TG - Total triglyceride; TGF-1B - Transforming growth
factor beta 1; TIMP2 - Tissue inhibitor of matrix metalloproteinases type 2; TLR4 - Toll-like receptor 4; TNF-a - Tumor necrosis factor alpha; TpT - Plasma
troponin-T; TXB2 - Thromboxane B2; VCAM-1 - Vascular cell adhesion molecule 1; VEGF - Vascular endothelial growth factor; VLDL - Very low density
lipoprotein; VSMC - Vascular smooth muscle cells; vVWF - von Willebrand factor; WD - Western Diet; Xyl - Xylospyranosyl; a-KCDH - o-ketoglutarate dehy-
drogenase; a-SMA - alpha-smooth muscle actin; B-MHC - f-myosin heavy chain

anti-inflammatory properties. Anti-apoptotic effects
focus on the levels of caspase-3, pro-apoptotic factor
Bax and apoptosis regulator Bcl-2 as well as the inhibi-
tion of the opening of the mitochondrial permeability
transition pore (mPTP) (Table 2).

Indirect cardiovascular effects occur via modulation
of major risk factors, such as cholesterol and diabetes.
Elevated cholesterol in the blood, builds up in the walls
of arteries, causing atherosclerosis. To study the inhibi-
tion of atherosclerosis development, the apolipoprotein
E knockout mice is a well-accepted model. Inhibition
of atherosclerosis occurs via lipids regulation as well as
immunoregulation. Regarding lipids regulation several
parameters are considered namely hepatic lipid pro-
files, e.g. levels of triglyceride (TG), total cholesterol
(TC), phospholipids (PL) and free fatty acid (FFA) and
high density lipoprotein cholesterol (HDL-c); lipid me-
tabolizing enzymes such as lecithin cholesterol acyl-
transferase (LCAT), lipoprotein lipase (LPL) and 3-
hydroxy 3-methylglutaryl coenzyme A reductase
(HMG-CoA). Diabetes mellitus associated with chronic
hyperglycaemia, dyslipidaemia and oxidative stress is
another relevant risk factor [25] which leads to several
comorbidities such as ischemic heart disease and stroke
[26]. Animal studies in which the antidiabetic effects of

terpenes are assessed upon drug induced diabetes, are
mostly carried out on streptozotocin-induced diabetes
for mimicking type 2 diabetes or alloxan-induced dia-
betes for simulating type 1 diabetes [27]. In addition,
some spontaneously diabetic in vivo models are avail-
able, including KK-Ay mice and Goto-Kakizaki rats.
Due to the importance of dyslipidaemia in diabetes-
associated comorbidities, some studies induce hyper-
lipidaemia on diabetic animals using high-fat diet, after
which the effect of terpenes on haematological (blood
glucose, insulin, lipid profile) and haemodynamic pa-
rameters (blood pressure, heart rate) as well as the anti-
oxidant profile (enzymatic and non-enzymatic antioxi-
dant agents) are evaluated (Table 2).

1.3.2. Synthetic and Semi-synthetic Terpenes

In addition to the use of naturally occurring terpe-
nes, the cardioprotective effect of synthetic or semi-
synthetic ones has also been assessed, in order to ex-
plore new directions for the development of terpene-
based drugs. For example, Hipolito and colleagues
[210] synthetized and investigated the vascular and
blood pressure effects of a semi-synthetic derivative of
kaurenoic acid (ent-16a-methoxykauran-19-oic acid).
The authors showed that this compound significantly
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inhibited the contractions induced by KCIl and de-
creased both the maximal effect (E.,x) generated by the
agonist and pD, (—log EC50) in a dose-dependent
manner on phenylephrine-induced contractions in both
endothelium-intact and endothelium-denuded rings. It
was demonstrated that this compound diminished
CaCl,-induced contractions in a Ca®’-free medium con-
taining phenylephrine or KCl. When comparing the
activity of the synthetic derivative with that of the natu-
rally occurring compound, it was concluded that the
derivative had a more pronounced effect.

Another example includes the synthetic derivatives
of trachylobane-type diterpenes that have been assessed
for their vasorelaxant activity [211]. Chemical modifi-
cations of these compounds, including the presence of
an extra carbonyl or hydroxyl group at C-3 or the halo-
genation at C-3 or the presence of a less polar function-
ality at C-15, decreased the vasorelaxant activity of
these compounds. On the other hand, the addition of a
bromide at C-18 or a carbonyl group at C-14, showed a
slight positive effect on the vasorelaxant activity.

Several derivatives of oleanolic and ursolic acids
have been synthetized in order to improve their bio-
logical properties. The most effective modifications
have been performed at the C-17 position of 2-cyano-
3,12-dioxooleana-1,9(11)-dien-28-0oic acid (CDDO),
imidazolide (CDDO-Im), nitrile (di-CDDO, TP-225),
or amides (methyl amide - CDDO-MA, ethyl amide -
CDDO-EA or trifluoroethyl amide - CDDO-TFEA)
[212]. CDDO-Im, the imidazolide derivative of CDDO
has been described as being able to improve the cardiac
function of the right ventricle (RV) after cigarette
smoke exposure, by avoiding the increase on RV end
systolic pressure (RVESP) and isovolumetric relaxa-
tion time (IVRT) and the decrease on RV ejection frac-
tion (RVEF) [213]. The synthetic terpenoid, dihydro-
CDDO-trifluoroethyl amide (dh404) was able to reduce
the oxidative stress induced by angiotensin II in car-
diomyocytes by suppressing the formation of superox-
ide and peroxynitrite. In addition, it was able to induce
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) acti-
vation in cardiomyocytes and murine hearts [214], in-
hibit the hypertrophic growth and cell death in a pri-
mary culture of rat cardiomyocytes as well as the pro-
liferation of cardiac fibroblasts. In addition, it was able
to inhibit the pathological remodeling and dysfunction
induced by transverse aortic arch constriction (TAC) as
well as the associated mortality. It was also able to in-
crease Nrf2 levels in the myocardium and its nuclear
translocation [215]. Bardoxolone methyl, the methyl
ester derivative of CDDO, was able to ameliorate the
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pathological modifications on the heart induced by
high fat diet in mice namely, decrease heart weight,
increase myocyte count, decrease lipid droplets and
decrease the macrophage inflitration [216]. Impor-
tantly, this compound is now under a phase II clinical
trial as a therapeutic agent for pulmonary arterial hy-
pertension (LARIAT, identification =~ number:
NCT02036970).

The presented results using synthetic oleanolic acid
derivatives demonstrated that the cardioprotection ex-
erted by these compounds is mediated by the activation
of Nrf2, an important mediator in the endogenous anti-
oxidant system. Therefore, future research on the de-
velopment of new synthetic oleanolic acid derivatives
with cardioprotective effects should be conducted envi-
sioning the activation of Nrf2 or the inhibition of Nrf2
antagonists. Similarly, the derivatization of kaurenoic
acid at C-16 with a a-methoxy group seems to improve
the vasorelaxant activity of this compound by a more
preeminent blockade of Ca” influx and activation of
nitric oxide / cyclic guanosine monophosphate pathway
(NO-cGMP). Thus, future studies on synthetic or semi-
synthetic compounds with a kaurenoic acid skeleton
should focus on a stronger Ca>" blocking effect and/or
NO-cGMP activating effect.

1.3.3. Terpenes vs. Conventional Drugs

Some terpenes show similar or even enhanced car-
dioprotective effects than commercial drugs. For ex-
ample, two lupane-type triterpenoids, 6f,30-dihydroxy-
betulinic acid and 6B-hydroxybetulinic acid, isolated
from Licania cruegeriana were able to decrease arterial
pressure and increase heart rate being the former more
potent than losartan and the latter similar to the refer-
ence drug [158]. Two terpenes isolated from Salvia
syriaca, ferruginol and 3B-hydroxystigmast-5-en-7-
one, showed hypotensive effects similar to that of two
conventional drugs, propranolol and regitine, without
affecting the heart rate [99]. Similarly, five diterpenes
isolated from Salvia eriophora, 4,14-dihydroxysapro-
rthoquinone, aethiopinone, ferruginol, 4,12-dihydroxy-
sapriparaquinone and 6,7-dehydroroyleanone demon-
strated similar effects to that of propranolol and
regitine [84]. Opposing, citronellol and linalool, two
monoterpene alcohols found in several aromatic plants,
have been described as hypotensive with responses
weaker than those of nifedipine, a reference drug for
hypertension [43, 49].

Some studies comparing the effect of terpenes to
reference drugs have focused on risk factors, such as
dyslipidemia, atherosclerosis and diabetes. For exam-
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ple, catalpol was more effective than atorvastatin, a
cholesterol-lowering drug, in decreasing the atheroscle-
rotic lesion in a rabbit model. The terpene also showed
a stronger effect than the reference compound concern-
ing the attenuation of neo-intimal hyperplasia and regu-
lation of lipid disorder induced by high cholesterol diet
and its consequent oxidative stress [38]. The triterpene,
methyl-3p3-hydroxylanosta-9,24-dien-21-oate, isolated
from the bark of Protorhus longifolia, demonstrated an
hypolipidemic effect stronger than that of the anti-
hyperlipidemic drug lovastatin [190] in an high fat diet.
Triptolide was able to maintain the cardiac function
and decrease cardiac fibrosis in rats similarly to capto-
pril, an antihypertensive drug [137]. Asiatic acid, a
triterpenoid isolated from Centella asiatica, showed
antidiabetic and antihyperlipidemic effects similar to
that of glibenclamide, an antidiabetic drug [142]. Wang
and colleagues [69] demonstrated that artesunate and
ursolic acid decreased plasma triglycerides to values
similar to that of atorvastatin but failed to do so on total
cholesterol and LDL levels. Astragaloside IV attenu-
ated the vascular endothelial dysfunction induced by
type 2 diabetes with a performance close to that of met-
formin, an antidiabetic drug [154]. Geraniol, a terpene
found in the essential oils of several aromatic plants,
has been described as hypolipidemic showing an effect
at 100 mg/kg of body weight (BW) similar to that of
simvastatin at 50 mg/kg BW [46]. The compound, de-
hydroeburioic acid, was able to decrease blood glucose,
triglycerides, total cholesterol while increasing insulin
and adiponectin with a more preeminent effect than
those of metformin and fenofibrate, two reference an-
tidiabetic drugs [169]. The diterpenoid, marrubiin, sig-
nificantly reduced the diabetic symptoms on an obese
rat model with an activity more potent than that of an-
tidiabetic drugs, sulphonylurea and metformin [112].
The sesquiterpene, B-caryophyllene, attenuated the
oxidative and inflammatory stresses induced by hyper-
glycemia in a diabetic rat model with an activity simi-
lar to that of glibenclamide [26]. Similarly, asiatic acid
demonstrated an antidiabetic activity similar to that of
glibenclamide [141]. The triterpene, methyl-3[3-
hydroxylanosta-9,24-dien-21-oate, isolated from Pro-
torhus longifolia stem bark showed an antihyperglice-
mic activity similar to that of metformin [191]. Carvac-
rol, a monoterpene widely distributed in nature, had an
antidiabetic effect similar to that of rosiglitazone, an
antidiabetic reference drug [36]. The terpenoid, B-
amyrin palmitate, significantly demonstrated antidia-
betic effects on both type 1 and type 2 diabetes animal
models with values close to those of insulin and
glibenclamide [139]. The triterpene, oelanolic acid has
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been described as an anti-obesity agent by de Melo and
colleagues [199] with an activity similar to that of
sibutramine, the synthetic reference drug. Badole and
colleagues [166] have described the antidiabetic activ-
ity of cycloart-23-ene-3f3,25-diol which was similar to
that of glibenclamide. The diterpene, dehydroabietic
acid, has been described as being able to improve the
diabetes and hyperlipidaemia in an obese diabetic
model with activity similar to two reference drugs,
bezafibrate and pioglitazone [92]. The aglycone of gly-
cyrrhizin, 18B-glycyrrhetinic acid, demonstrates an an-
tihyperglycaemic and hypolipidaemic effect similar to
that of glibenclamide [185, 186]. The terpenoid, cos-
tunolide, has demonstrated a normo-glycemic and a
hypolipidemic effect close to that of glibenclamide on a
diabetic animal model [72]. Astragaloside IV improves
the vasculature in hyperglycaemic conditions with re-
sults similar to those of rosiglitazone [149]. The ses-
quiterpenes glycoside, nerolidol-3-O-a-L-rhamnopyra-
nosyl(1-4)-a-L-rhamnopyranosyl(1-2)-[a-L-rhamnopy-
ranosyl(1-6)]-B-D-glucopyranoside, had an hypogly-
caemic activity close to that described for gliclazide
[77]. A nicotinic acid derivative of lupeol has been de-
scribed as antihyperglycemic and antidyslipidemic with
a slightly weaker activity than that of metformin and
fenofibrate [196]. Despite the significant antihypergly-
cemic and hypolipidemic properties of Chikusetsu
saponin [Va, the biological activity is weaker than
glibenclamide [162]. Four pentacyclic acid triterpe-
noids, ursolic, oleanolic, morolic and moronic acids,
have been described as having antidiabetic activity,
however all compounds present weaker effects than
glibenclamide [195]. Zhang and colleagues [87] have
described the hypoglycaemic effect of andrographolide
in a diabetic animal model however weaker than that of
glibenclamide.

Some studies evaluated in vitro effects of terpenes
and compared the results to those of reference drugs.
Terpinen-4-ol demonstrated a relaxant activity on high-
KCI induced contraction similar to that of nifedipine
[60]. A naturally occurring diterpene, ent-18-hydroxy-
trachyloban-3-one, and a synthetic diterpene of similar
structure, ent-trachyloban-14,15-dione, attenuated ace-
tylcholine-induced contraction with a similar behavior
to that described for verapamil [134]. Geraniol inhib-
ited the contraction on electro stimulated guinea pig
atria however it’s effect was weaker than nifedipine
[48]. Marrubenol and marrubiin isolated from Marru-
bium vulgare inhibited the aortic contraction induced
by high KCI although both are less potent than vera-
pamil, an antihypertensive drug [114]. Three ent-
kaurane type diterpenes isolated from Oyedaea ver-



26 Current Medicinal Chemistry, 2016, Vol. 23, No. 35

besinoides, ent-kaur-16-en-19-al, ent-15B-angeloyloxy-
9a-hydroxy-kaur-16-en-19-oic acid and ent-kaur-160-
ol, were able to inhibit PHE-induced contractions in
aortic rings to a less extent than the response induced
by nifedipine [89]. A diterpenoid isolated from Andro-
graphis paniculata, 14-deoxyandrographolide, inhib-
ited PHE and KCI pre-contracted aortic rings with a
lower extent than that of verapamil [97]. Stevioside, a
glucoside derivative of steviol, decreased the contrac-
tion induced by vasopressin to lower extent than that
attained by nifedipine [124].

Despite the promising results presented, more stud-
ies need to be done in order to ensure the safety and
efficacy of these compounds to further exploit their
pharmacological application.

1.3.4. Side-effects

As presented on Table 3, some terpenes have been
assessed for their side effects on humans. Although
some side effects were pointed out, in the majority of
the studies it was not conclusive if the reported side
effect was due to the consumption of the terpenes.
Moreover, the usage of ginsenosides and carotenoids
have been around for millennia, thus side effects of
these compounds are scarce or absent.

1.3.5. Clinical Trials

In what concerns the cardiovascular effect of terpe-
nes, very few clinical trials have been performed, with
primary focus on steviol glycosides, namely stevioside
[220-224] and rebaudioside A [218, 219], ginsenosides
obtained from Panax spp. [225, 226] and several caro-
tenoids [227-237]. Overall randomized, double-blinded
and placebo controlled studies are performed.

Briefly, steviol glucosides have been tested for their
hypotensive effects. In a multicenter, two-year study,
168 individuals with mild essential hypertension were
medicated twice a day with capsules containing 500 mg
of stevioside powder during 2 years. A significant de-
crease in systolic and diastolic blood pressure was ob-
served and patients showed good tolerability to the
compound with only eight of them demonstrating ad-
verse effects that vanished after one week of treatment
[222]. Similarly, in another study with 106 hyperten-
sive subjects, capsules containing 250 mg stevioside
were administrated twice a day. Three months follow-
ing the first administration the systolic and diastolic
blood pressure significantly decreased and stabilized
until the end of the trial. Overall good tolerability was
registered with only eight patients showing side effects,
with this number decreasing to four after a week of
treatment [220]. Another long-term study, including
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individuals with type 1 diabetes, type 2 diabetes and
normotensive healthy subjects, demonstrated that the
administration of capsules with 250 mg stevioside
twice a day had no effect on blood pressure [221]. Ge-
uns and colleagues [223] using 9 healthy volunteers
demonstrated that stevioside presented a good tolerabil-
ity without affecting systolic and diastolic blood pres-
sure. Maki and colleagues evaluated the hypotensive
effects of rebaudioside A, a steviol glycoside that dif-
fers from stevioside by an extra glucose moiety [218],
on two different studies using the same concentration
(1000 mg/day) on healthy individuals for 4 weeks
[219] and on patients with type 2 diabetes for 16 weeks
[218] and concluded that the compound has no hy-
potensive effect.

Another class of compounds that have been tested in
humans is the ginsenosides obtained from ginseng root
(Panax spp.). In an acute crossover design, 16 healthy
participants were administered capsules containing 105
mg of a ginsenoside mixture (Rbl, Rb2, Rc, Rd, Rg3,
Rgl, Re, Rf) and assessed for endothelial function. The
results showed that the mixture was able to increase the
maximal vasodilation as assessed for flow-mediated
vasodilatation (FMD) while having no effect on the
brachial blood pressure and showing no adverse or side
effects [225]. Another study demonstrated that the ad-
ministration of capsules containing a ginsenoside mix-
ture was able to significantly decrease the augmenta-
tion index but had no visible effect on the blood pres-
sure [226].

Carotenoids have also been evaluated for their ef-
fect on CVDs risk factors such as dyslipidemia. In a
study with moderately hypertriglyceridemic subjects, it
was shown that the administration of 6 and 12 mg/day
of the carotenoid astaxanthin was able to increase
HDL-cholesterol concentration while the doses of 12
and 18 mg/day decreased triglycerides and increased
adiponectin in subjects with mild hyperlipidemia [232].
In another trial, the effect of lutein on carotid intima-
media thickness was evaluated in Chinese subjects with
subclinical atherosclerosis. Results show that increas-
ing the serum levels of lutein, the thickness of carotid
intima-media decreases [227]. Lutein supplementation
on healthy nonsmoker individuals was able to increase
serum lutein, total antioxidant capacity while decreas-
ing malondialdehyde and C-reactive protein [229]. On
individuals with early atherosclerosis lutein supple-
mentation significantly decreases IL-6, MCP-1 serum
levels as well as the LDL-cholesterol and triglycerides
while having no significant effect on ApoE levels
[234]. The Beijing Atherosclerosis study demonstrated
that high levels of serum lutein decreased the
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Table 3. Human side effects reported for terpenes.
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Terpene Patients Dosage Adverse Effect” References
Ginsenoside-Rd | Patients with 10 mg Urinary tract infection (1/65) [217]
ischemic stroke Myocardial infarction (1/65)
Infusion reaction (1/65)
20 mg Liver dysfunction (1/67)
Hypertension (1/67)
Pulmonary infection (1/67)
Rebaudioside A | Patients with type 1 1000 mg Individuals that experienced side effects (27/60): [218]
or2 diabetes Gastroenteritis (5%)
Upper respiratory tract infection (10%)
Influenza-like symptoms, namely gastrointestinal hemorrhage
and cyst
Patients with normal 1000 mg Individuals that experienced side effects (16/50): [219]
gier;(;l;rrr;al/low blood Vagal response to blood draw (1/16)
Stevioside Patients with hyper- 750 mg/day Individuals that experienced side effects (7/60) of which con- [220]
tension tinuous experience (3/7), disappeared after 1 week (4/7):
Abdominal fullness, muscle tenderness, nausea and asthenia
Type 1 or 2 diabetes Side effects (3/36): [221]
;)Orvf/l%ﬁl;lj/g?gz; Abdominal fullness, headache, dizziness, nausea and asthenia
individuals (irrelevant after 1 week)
Patients with mild 1500 mg/day | Abdominal fullness (2/85) [222]
:is(fﬁnﬁal hyperten- Nausea (2/85)
Asthenia (1/85)
Dizziness (1/85)
Headache (1/85), myalgia (1/85)

* Numbers in parenthesis represent the number of individuals with the side-effects / total number of individuals analyzed.

carotid intima-media thickness on individuals with
early atherosclerosis [235]. The same results were cor-
roborated by the Los Angeles Atherosclerosis study on
healthy individuals [236]. In a single-blind, randomized
controlled intervention trial with healthy and moder-
ately overweight middle-aged volunteers the consump-
tion of lycopene at doses of 10 mg/day for 12 weeks
had no effect on CVDs risk factors [228]. Opposing,
another single-blind, randomized controlled study in-
volving moderately overweight healthy individuals,
lycopene consumption (225-300 mg/day or 70 mg/day)
improved HDL functionality while reducing systemic
and HDL-associated inflammation [230]. Lycopene
supplementation effect on individuals with statin-
treated CVDs or healthy individuals was assessed. The
results demonstrated that improves endothelial

function on CVDs patients but has no effect on healthy
patients [231]. In the Rotterdam study, the consump-
tion of lycopene decreased the risk of progression of
atherosclerosis and on individuals with aortic athero-
sclerosis, this effects is more preeminent on current and
former smokers [237].

Some of these trials provide strong evidence on the
potential of terpenes in the medical field. Nevertheless
further studies to monitor long-term adverse effects and
assess additional safety and efficacy data are warranted
for the development of new drugs. Moreover, many
terpenes are rapidly absorbed and metabolized through
cytochrome P450 being excreted as conjugated me-
tabolites by the kidney. Therefore, strategies that im-
prove terpenes stability and bioavailability such as
nanoencapsulation should also be considered.
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1.4. Structure -Activity Relationship

As previously referred terpenes are a diverse group
of compounds suitable for drug discovery [238]. For
this reason, structure-activity relationships (SARs) are
very important as they allow the identification of
chemical entities and/or structural adaptations respon-
sible for the activity or inactivity of the compound.
Moreover, SARs allow the identification of terpenes
safety profile [238, 239], an important step to consider
in the design of efficacious molecules for the preven-
tion and/or treatment of CVDs. In fact, several investi-
gators have analysed the structural hallmarks that ex-
plain the activity of different terpenic compounds, in-
cluding monoterpenes [42, 240], phenolic derivatives
[32], ginkgolides [103], hesitine-type Cyp-diterpenoid
alkaloids [105], aconitine-type Co-diterpenoid alka-
loids [83], kaurane-type diterpenoids [106, 241], li-
monoids [192], pentacyclic triterpenoids [157], lupane-
type triterpenoids [158], 20(S)-protopanaxatriol and
epimers [168] and ursane-type triterpenoid saponins
[171].

Briefly, it seems that the key structural requirements
for cardioprotective effects of cyclic monoterpenes are
associated with the position of the double bond and/or
epoxy group. Also, the chirality and the stereochemis-
try are relevant for the cardiovascular activity of these
compounds [42, 240]. For example, comparing the ef-
fect on both the mean arterial blood pressure and heart
rate of (+)-a-pinene (-35% and 13%, respectively [42])
and (-)-B-pinene (-46% and 16%, respectively [42]), it
seems that the exocyclic double bond found on the later
compound contributes to the stronger hypotensive ac-
tivity of this compound (Table 4). Also, the chiral dif-
ferences at the carbon 1 and 5 influences the cardiovas-
cular action of these compounds [42]. Regarding
acyclic monoterpenes, it has been described that pri-
mary alcohols are responsible for more hypotensive
effects than tertiary ones [42]. In fact, as shown in Ta-
ble 4, (+)-citronellol has a more potent effect on mean
arterial blood pressure and heart rate (-48% and 21%,
respectively [42]) than (%)-linalool (-40% and 19%,
[42, 43, 49]. Similarly to cyclic monoterpenes, the
chirality also influences the effect of both linalool
enantiomers, with S-(+)-linalool increasing the blood
pressure as well as the heart rate, while its enantiomer
R-(-)-linalool decreases heart rate and has no effect on
blood pressure [50] (Table 4). Also, comparing the su-
pressing activity of carvacrol and thymol which differ
by the distance between the hydroxyl group and the
hydrophobic tail, it was shown that carvacrol (with a
greater distance between bothO substituents) exhibits a

Alves-Silva et al.

stronger activity (Table 4). This suggests that the
greater the distance between the hydroxyl moiety and
the hydrophobic tail, greater the supressing activity on
mean arterial blood pressure and heart rate [32].

Diterpenoids have distinct key features that are re-
sponsible for their cardioprotective effect. For example,
gingkolides, diterpenic trilactones isolated from Ginkgo
biloba, have specific characteristics required for their
anti-platelet-activating factor (PAF) effect, as schema-
tized in Table 4. Namely, a tert-But substituent at C-8
is essential for PAF antagonism. Conversely, the pres-
ence of polar substituents (e.g. OH at C-7) decreases
the anti-PAF properties as they weaken the linkage be-
tween the tert-But group and the hydrophobic zone of
the PAF membrane receptor (Table 4). Stereochemistry
also influences the PAF antagonism of ginkgolides
since the inversion of the configuration at C-7 slightly
increases the anti-PAF activity of these compounds.
Moreover, structural modifications at secondary C-1
and/or C-10 yield ginkgolides with stronger anti-PAF
activity [103]. For example, in an ischemic-reperfused
isolated rat heart, 7-O-(4-methylphenyl) ginkgolide C
(7.89 IU CK/mg protein and 3.81 IU LDH/mg protein,
[103]) had a stronger activity than both 7-a-O-(4-
methylphenyl) ginkgolide C (6.82 IU CK/mg protein
and 3.14 IU LDH/mg protein, [103]) and ginkgolide C
(6.61 IU CK/mg protein and 3.11 IU LDH/mg protein,
[103]). Also, in the same model, the malondialdehyde
(MDA) content was decreased significantly by both
methylated derivatives, although 7-O-(4-methylphenyl)
ginkgolide C still showed a stronger activity (30% de-
crease vs. 16% decrease) [103]. For the anti-PAF effect
of ginkgolide C and its derivatives, it has been ascribed
that 7-0-O-(4-methylphenyl) ginkgolide C has a more
potent anti-PAF effect when compared to the gink-
golide C (ICsp =8.2 pM vs. 17.1 uM, [103]).

Other cardioprotective diterpenoids belong to the
hesitine-type Cyo-diterpenoid alkaloids. It has been
shown that higher number of acetyl moieties at C-2, C-
11 and C-13 (Table 4) are responsible for the increas-
ing Na'-current blockade of hesitine (ICsp = 75.72 uM,
[105]), Guan-Fu base A (ICsp = 41.17 uM, [105]) and
Guan-Fu base G (ICsp =23.81 uM, [105]). On the other
side, the presence of a cyclic double bond between C-
15 and C-16, found in Guan-Fu base N (ICso > 100
puM, [105]) has no effect on the current supressing ac-
tivity of hesitine-type C,o-diterpenoid alkaloids. Con-
trarily, a double bond between C-2 and C-3, present in
Guan-Fu base S (IC5o = 3.48 uM, [105]) strongly in-
creases the blocking potential of these compounds, as
represented in Table 4. C,o-Diterpenoid alkaloids can
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be divided into six types: aconitine-type, lycoctonine-
type, pyro-type, lactone-type, 7,17-seco-type and rear-
ranged-type [242]. The first two are the most abundant
and can be distinguished by the presence (lycoctonine-
type) or absence (aconitine-type) of an oxygen-
containing functionality at C-7 [242]. In addition, in the
first type the oxygen-containing moiety at C-6 has B-
orientation, while in the latter it has a-orientation
[242]. Lycoctonine-type compounds lack any cardiac
activity, while aconitine-type ones show cardiac effects
that are mainly controlled by the presence or absence
of an ester group [83]. In compounds without an ester
group, several structural modifications help to improve
the cardiac function. Conversely, the presence of an
ester group removes the cardiac activity. Moreover, in
aconitine-type compounds, the presence of a hydroxyl
group at C-15 and C-8 greatly improves the cardiac
function, as shown in Table 4 for aconine (21% ampli-
tude increase [83]). Also, N-methylation in this group
of compounds greatly increases their cardiac effect as
shown in Table 4 for mesaconine (82% amplitude in-
crease [83]). Also, the presence of an N-ethyl group
gives the compound protective cardiac effects however,
these are weak or of short duration. Conversely, the
presence of either N-deethyl groups or N-ethyl-N-
methyl groups confers strong cardiac effect, e.g. N-
deethylaconine (28% amplitude increase [83]). Com-
paring the activity of compounds differing by the pres-
ence of 1a-OMe and/or 1a-OH the investigators high-
lighted the importance of these functional groups as
their absence diminishes the cardiac effect of the com-
pounds (e.g. Compound 28) [83] as outlined in Table 4.
In addition, by comparing 15a-hydroxylneoline (38.5%
amplitude increase, [83]) and 15B-hydroxylneoline (0%
amplitude increase, [83]), it was suggested that the
presence of a 150-OH moiety is a key factor for the
cardiac effect of these compounds [83], as schematized
in Table 4. The different activity of both N-deethyla-
conine (28% amplitude increase, [83]) and mesaconine
(82% amplitude increase, [83]) suggests that the pres-
ence of an N-methyl group instead of two N-ethyl
groups improves the cardiac effects of this type of
diterpenoid alkaloids. Liu and colleagues [90] de-
scribed mesaconine as having cardioprotective effects
including improved ionotropic effect and left ventricu-
lar diastolic pressure. Shifting the 30-OH to a 3f-OH
the cardiac effect of mesaconine greatly decreased
(82% vs. 45% amplitude increase, [83]), thus suggest-
ing that 3a-OH bond improves the protective effects of
aconitine-type diterpenoid alkaloids without ester
groups as schematized in Table 4.
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Kaurane-type diterpenoids are also described as
having protective cardiac effects. In fact, Ambrosio and
colleagues [106] compared the activity of kaurenoic
acid and its methylated derivative, enf-methyl-kaur-16-
en-19-oate, on several cardiac parameters, e.g. relaxant
effect on PHE-pre-contracted aortic rings (73.06% vs.
53.68% relaxation, [106]). These results suggested that
the methylation of the carboxylic group at C-19 de-
creased the vasorelaxant activity of ent-kaur-16-en-19-
oic acid (Table 4). Despite the importance of the car-
boxylic group at C-19 [106, 241], other findings have
shown that compounds lacking this group also exert
relaxative effects [89]. For example, Muller and col-
leagues [89] described that ent-kaur-16B-ol induced
maximal relaxation after 60 min of incubation, whereas
other kaurane-type diterpenoids lacking the carboxylic
group at C-19 (ent-kaur-16-en-19-al) were able to
achieve maximal relaxation after 45 min. However,
when the carboxylic group is present at C-19, the
maximal relaxation was achieved on a much lower time
lapse, e.g. ent-15B-angeloyloxy-9a-hydroxy-kaur-16-
en-19-oic acid which achieved that value after 5 min
incubation.

Plants from the genus Citrus are a source of several
compounds including limonoids and tetranorterpe-
noids, responsible for the bitterness of these plants
[192]. Amongst their health benefits, the inhibition of
p38 MAPK activation is reported. Of the tested limon-
oids, defuran limonin and methyl nomilinate showed
no effect on the phosphorylation of p38 subunit while
obacunone, which has a double bond in C-1 in the A
ring, promoted the phosphorylation. In opposition,
nomilin, limonin, deacetyl nomilin and defuran
nomilin, inhibited p38 phosphorylation by 38, 19, 19
and 17%, respectively [192]. These results suggested
that the inhibition is mainly affected by the seven-
membered A ring with an acetoxy group and the furan
moiety. In addition, it appears that saturation of the A
ring with an acetyl group seems to change the confor-
mation of the structure thus leading to p38 phosphory-
lation inhibition by nomilin [192], as schematized in
Table 4.

Triterpenoids are also well-known cardioprotective
agents. For example, pentacyclic triterpenoid acids iso-
lated from Phoradendron reichenbachianum have
shown vasorelaxant effects on aortic rings [157]. The
tested compounds included ursolic acid (ECsp = 11.7
uM, [157]), moronic acid (ECso = 16.11 uM, [157]),
morolic acid (ECsp = 94.19 uM, [157]), betulinic acid
(ECsp = 58.46 uM, [157]) and 3,4-seco-Olean-18-ene-
3,2,8-dioic acid (ECso = 141.23 uM, [157]). Structural
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Table 4. Key structural requirements for terpenes cardiovascular effects.
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Chemical Differences Stronger Activity Weakest Activity
MONOTERPENES
Exocyclic double bond e @\
(—)-B-Pinene (+)-o-Pinene
Primary alcohols Ho
OH HO

()-Citronellol

(#)-Linalool

S-enantiomer

S-(+)-Linalool

R-(-)-Linalool

Greater distance between the hydroxyl moi-
ety and the hydrophobic tail

OH

Carvacrol

OH

Thymol

DITERPENOIDS

tert-But substituent at C-8

Absence of polar substituents at C-7

..
OHHY
OH

Ginkgolide C

Number of acetyl moieties at C-2, C-11 and
C-13

Guan Fu base G

Guan Gu base N
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Chemical Differences Stronger Activity Weakest Activity
Cyclic double bond between C, and C;
Guan Fu base S Guan Fu base A
Absence of a ester groups and presence of OH  _OCH, OH  oCH;
L Loan|
hydroxyl groups at Cg and C5 OCH; ' OCH; "
‘/\/,"\ OBz (\,"\ N OBz
Et\:_Q:N SRS Et:,\:,N Lo
HO )~ OH “OH HO™ )~ OAc  “OH
OCHj; K OCH3
Aconine Aconitine
N-methylation OH  JoCH, OH  OCH;
QCH3 L (_)CH3 S|
¥ ; 3 T OBz ~2 T OBz
HSC\T":N y “u H-.-Q-/N ol
) ’ N\ ’,
HO™ 2 OH OH HO™ )~ OH ‘OH
OCHj3; OCH3;
Mesaconine N-Deethylaconine
Presence of 1a-OCH OH  JocH OH  JocH
3 \AOCH Lol 3 S| 3
b 3
(\,/"\ e]:>2 K\ T OBz
H3C:<”’:N X LTI H3C:‘_(;N QUL
HO™ - OH  “OH HO™ . . OH  “OH
OCHs OCHj
Mesaconine Compound 28
- OCH OH
Presence of 10-OH \%H o s ol OCHs
ﬁ, ""HHIHOH (\/ ‘”””””OBZ
HC o el HC N ol
S “OH HO™ OH  “OH
OCHj OCH;
Compound 7 Compound 28
Stereochemistry at 150-OH OH  oCH;, OH  OCH,3
OH --ulllr ""'”r
‘A, Tl /\ iOH
- ’ E - ’
Et '\//N ~---|||l|l||‘u, ! ! y
e OH  “OH P OH
OCHj; OCHg
150-Hydroxyneoline 15-Hydroxyneoline
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(Table 4) contd....
Chemical Differences Stronger Activity Weakest Activity
Stereochemistry at 3a -OH OH L oCH, on OH  _OCH,
"l O "l
K\("\ ..... "10Bz (‘\/, VN Lo OBz
Hsc\:f(;, A wl, H3C;'\','N ol
HO™ - OH ‘OH HO® ~ OH “/OH
OCH3; OCH3;

Mesaconine (3a-OH)

Compound 24 (33-OH)

Absence of methylation at C-19

Seven-membered A ring with and acetoxy
ring and a furan moiety

Nomilin

Defuran Limonin

TRITERPENOIDS

Preservation of pentacyclic skeleton

Presence of hydrogen bound acceptor at Cy

Moronic acid

Morolic acid

Preservation of carboxylic group at Cy

HO,

o)

OH

. 4

OH

6p,30-Dihydroxybetulinic acid

HO,

OGlc

HO
OH

6p,30-Dihydroxybetulinic acid glu-
copyranosyl ester
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20S,24R-epoxy-Dammarane-3,6a,12f3,25-
tetraol

(Table 4) contd....
Chemical Differences Stronger Activity Weakest Activity
Configuration of Cy4 at furan ring

OH
\i/

,, z
7 =

20S,24S-epoxy-Dammarane-3f3,6a,12f3,25-
tetraol

Esterification of glucuronic acid

HO

HO

OArab

3B-O-[o-L-arabinopyranosyl-(1—2)-p-D-
glucuronopyranoside-6-O-methyl ester]-
190-hydroxyurs-12-en-28-oic acid 28-O-f-
D- glucopyranosyl ester

HO

HO [e)
OArab

3B-O-[o-L-arabinopyranosyl-(1—2)-p-D-

glucuronopyranosyl]-19a-hydroxyurs-12-

en-28- oic acid 28-0O-B-D-glucopyranosyl
ester

requirements for the vasorelaxant activity of these
compounds are shown in Table 4 and can be summa-
rized as follows: (i) preservation of the pentacyclic
skeleton (e.g. morolic acid vs. 3,4-seco-olean-18-ene-
3,28-dioic acid); (ii) five- or six-membered E ring; (iii)
integrity of rings; (iv) presence of a hydrogen bound
acceptor at C-3 (e.g. ketone in moronic acid) and (v)
small lipophilic groups at C-19 and C-20 [157].

Lupane-type triterpenoids isolated from Licania
cruegeriana have also been tested on hypertensive rats
[158]. The triterpenoids 6f3,30-dihydroxybetulinic acid
glucopyranosyl ester (1), 6p,30-dihydroxybetulinic acid
(2) and 6B-hydroxybetulinic acid (3) were assessed for
their effect on mean arterial blood pressure (MABP)
and HR. Only (2) and (3) were able to decrease mean
arterial blood pressure (60.1 and 17.2%, respectively,
[158]) and increase heart rate (11.0 and 41.2%, respec-
tively, [158]). The structure-activity relationship analy-
sis carried out suggested than the esterification of the
carboxylic acid with a glycoside greatly decreases the
cardiovascular effects, whereas the hydroxylation of
the betulinic moieties at C-6 and C-30 augments the
hypotensive effect [158], as shown in Table 4. Damma-
rane-type tetracyclic triterpenoids have also been as-
cribed as having cardiovascular effects. Namely, 20(S)-

protopanaxatriol and its epimeric derivatives have been
tested for their cardiovascular activity on a model of
heart ischemia/reperfusion induced by isoproterenol
[168]. Of the three tested compounds only 20(S)-
protopanaxatriol and 20S,24R-epoxy-dammarane-3f3,
6a,12B,25-tetraol had significant activity thus suggest-
ing that the configuration of C-24 at furan ring is in-
volved in the pharmacological effect of these type of
compounds (Table 4). Finally, ursane-type triterpenoid
saponins, namely 3B-O-[a-L-arabinopyranosyl-(1—2)-
B-D-glucuronopyranosyl]-19a-hydroxyurs-12-en-28-oic
acid 28-0-B-D-glucopyranosyl ester (80.95% viability
at 200 uM, [171]) and 3PB-O-[a-L-arabino-pyranos-
yl-(1—2)-B-D-glucuronopyranoside-6-O-methylester]-
190-hydroxyurs-12-en-28-oic acid 28-O-B-D-glucopy-
ranosyl ester (89.33% viability at 200 uM, [171]) have
been described as protective of H9¢c2 cardiomyocytes
under the effect of H,O,. The results suggest that the
esterification of glucuronic acid (Table 4) augments the
protective effect of these compounds [171].

CONCLUSION

This review highlights the high potential of terpenes
as cardioprotective compounds, bringing new insights
for the development of effective and innovative pre-
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ventive and/or therapeutic cardiovascular agents that
could attenuate the burden of CVDs. In fact, robust
evidence from the literature, in the last years, including
in vitro and in vivo studies have pointed out the cardio-
protective effects of these compounds. Indeed, effects
on both the vascular system and heart as well as indi-
rect effects through modulation of major risk factors
have demonstrated the wide array of terpene’s effects
on CVDs.

Overall, some of the most effective terpenes include
citronellol, linalool, 6B-hydroxybetulinic acid, 6f,30-
dihydroxybetulinic acid, ferruginol, 3p-hydroxy-stig-
mast-5-en-7-one, 4,14-dihydroxysaprorthoquinone, aet-
hiopinone, 4,12-dihydroxysapriparaquinone, 6,7-dihyd-
roroyleanone as potential agents for the treatment of
hypertension; (+)-nootkatone and caryophyllene oxide
for the prevention of thrombosis and triptolide to pre-
vent or ameliorate myocardial infarction. In addition,
catalpol showed potential to treat atherosclerosis,
methyl-3p-hydroxylanosta-9,24-dien-21-oate, artesu-
nate, ursolic acid and geraniol to ameliorate dyslipide-
mia, and asiatic acid and astragaloside IV to prevent
the CVDs associated with diabetes. Some clinical trials
have also provided strong evidence on the potential of
terpenes in the medical field with primary focus on
steviol glycosides, ginsenosides and carotenoids.
Moreover, the cardioprotective effect of synthetic or
semi-synthetic terpenes have pointed out potential car-
diovascular drugs and the herein depicted structure-
activity relationships brings new insights towards the
design of more effective cardiovascular agents.

Markedly, the research carried out in the field gave
rise to international patents. Indeed, the joined search
for “terpenoid and cardiovascular” held six patents on
Espacenet (European Patent Office) and 9 on WIPO
(World Intellectual Property Organization) for terpe-
noids and cardiotherapeutic formulations, which un-
derpins the interest of the scientific and medical com-
munity in these compounds.
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