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Abstract

Oleanolic acid is an analogue of pentacyclic triterpenoids. It has been used as a
hepatic drug for over 20 years in China. Currently, there are only five approved drugs
derived from pentacyclic triterpenoids including oleanolic acid (liver diseases),
asiaticoside (wound healing), glycyrrhizinate (liver diseases), isoglycyrrhizinate (liver
disease) and sodium aescinate (hydrocephalus). To understand more about the
bioactivity and functional mechanisms of oleanolic acid is able to develop potent
therapeutic agents, in particular for the prevention and treatment of heart diseases,
which are the leading cause of death for people worldwide. The primary aim of this
mini-review is to summarize concisely the new applications of oleanolic acid and its
derivatives as cardioprotective agents reported in recent years and to highlight their

therapeutic perspectives in cardiovascular diseases.

1. Introduction



Cardiovascular diseases (CVDs) generally refer to a group of disorders of heart
and blood vessels. CVDs are usually caused by a combination of risk factors [1]. With
respect to the fact sheets on CVDs released by World Health Organization (WHO) in
2017, CVDs were the number one cause of death worldwide. In 2016, an estimated
number of 17.9 million people died from CVDs (85% are due to heart attack and
stroke), which represents 31% of all global deaths. It is estimated that up to 23.6
million people may probably die from CVDs by 2030, most of which are from heart
disease and stroke [2]. However, most CVDs can be prevented by addressing
behavioral risk factors. The key recommendations from WHO to protect heart health
are to engage in physical activity for at least 30 minutes every day of the week, eat at
least five servings of fruit and vegetables a day, and limit salt intake to less than one
teaspoon a day [2]. All these habits help prevent heart attacks and strokes.

Cardioprotective drugs or therapeutics are important in the treatment of patients
with cardiovascular disease. The clinical use of pharmacologic agents and drugs such
as aspirin, statins, adrenergic f-blockers, renin-angiotensin system (RAS) blockers,
antiarrhythmic drugs, anticoagulants, thrombolytic therapy, digoxin, diuretics,
antiplatelet drugs, and calcium antagonists are vital in combating and preventing
CVDs over the last few decades [3, 4]. Moreover, estrogen (a steroid hormone) is also
demonstrated to exert cardioprotective effects against atherosclerosis [5]. In recent
years, both exercise and pharmacotherapies have been applied as modern medical
approaches to treat CVDs [6, 7]. Despite a large number of cardioprotective therapies
have been investigated regarding the methods and mechanisms of cardioprotective
interventions, the effective therapy has yet to be successfully implemented clinically.

From the COST Action (termed EU-CARDIOPROTECTION) [8], the main
challenge to develop effective therapies is to improve the translation of novel and
effective pre-clinical cardioprotective therapies into the clinical field for patient
benefit. The crucial reasons for the failure in the translation of new cardioprotective
therapies into the clinical setting are multiple and complex and a number of recent

review papers have discussed on these technical issues [9-12]. Some of the most



important issues mentioned to be addressed in the near future are as follows: (i) to
discover novel signaling pathways and therapeutic targets within and outside the
cardiomyocyte and to identify innovative strategies for cardioprotection; (ii) to
investigate combination therapy, instead of single targeted cardioprotective therapies,
directed to multiple cardioprotective pathways and targets both within and outside the
cardiomyocyte as an innovative treatment strategy for cardioprotection; (iii) to
improve the translational value of the animal myocardial infarct models and (iv) to
improve the therapies with inconsistent cardioprotective efficacy [8].

Natural product-based drug discovery over the past few years has become
another important part of the study targeted at cardioprotective therapy to develop
new compounds as drugs to treat CVDs [13]. Recent epidemiological and clinical
studies indicate that some dietary nutrients including flavonoids from citrus fruits,
pulses, red wine, tea and cocoa; omega-3 fatty acids from fish oil and fish-based
products; lycopene from tomato and its related products; resveratrol from grapes and
red wine; fisetin and its analogues from strawberry, blueberries, mangoes, apples,
persimmon, kiwi, onions, grapes and cucumber; olive oil, coffee, soy and so on, show
profound cardioprotective effects in both primary and secondary prevention of
coronary heart diseases (Scheme 1). The mechanism of action on cardioprotection
(prevention and treatment of cardiovascular disorders) derived from these dietary
nutritional supplements have also been studied and reviewed [14]. Therefore, the
phytochemicals of plant-derived small molecules appear to provide great advantages
in the treatment of various diseases. For examples, anticancer drug paclitaxel and
antimalarial agent artemisinin are phytochemicals originally extracted from plants [15,
16]. The -cardioprotective effects of plant-derived small molecules and their
mechanism of actions against doxorubicin-induced cardiotoxicity were also reviewed

in 2016 [17].
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Scheme 1. Natural product-based cardioprotective therapy: some bioactive
compounds from some dietary nutrients.

Pentacyclic triterpenoids including ursane, lupane and oleanane (Scheme 2) are a
class of naturally occurring bioactive compounds and are widely distributed in many
medicinal herbs, such as Glycyrrhiza species, Gymnema species, Centella asiatica,
Camellia sinensis, Crataegus species and Olea europaea [18]. These natural products
are commonly used in traditional medicine for the treatment of diabetes and diabetic
complications [19]. Nowadays, five drugs have been approved from the analogues of
pentacyclic triterpenoids including oleanolic acid (liver diseases), asiaticoside (wound
healing), glycyrrhizinate (liver diseases), isoglycyrrhizinate (liver diseases) and

sodium aescinate (hydrocephalus) [20-22].
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Scheme 2. Chemical structures of pentacyclic triterpenoids (Ursane, Lupine, Oleanane)
and five approved drugs from their analogues.

Among the pentacyclic triterpenes analogues, oleanolic acid is one of the most
well-known natural compounds. It has been clinically used as a hepatoprotective drug
in China for decades [23]. The natural occurrence of oleanolic acid is either in free
acid or in the form of triterpenoid saponin linked with one or more sugar chains [24].

This compound is widely found in several dietary and medicinal plants and can be
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isolated from over 1600 plant species. Its major abundance is found in ginseng roots
[25] and in olive plant (Olea europaea) [26] that is the main commercial source for the
mass production of this compound. In recent years, the diverse biological activities of
oleanolic acid including anticancer, anti-osteoporosis, anti-obesity, anti-diabetic,
anti-inflammatory, immune-regulatory, and antioxidant effects have been intensively
investigated and documented [22, 27-31]. Because oleanolic acid possesses many
merit properties and biological functions, it is therefore able to provide a readily
available and cheap traditional medicine source for the treatment of myocardial
ischemia in many developing countries. This is also an important advantage of
developing oleanolic acid to prevent and treat cardiovascular disease compared to
other traditional cardioprotective drugs. In this review, we summarized the biological
functions, pharmaceutical and medical uses of oleanolic acid and its derivatives as the
cardioprotective agents for CVDs treatment and highlighted their therapeutic

perspectives.

2. Antiatherogenic activity and hypolipidemic effect

To obtain pentacyclic triterpenes from dietary fruits and vegetables is an
important tool for the prevention of cardiovascular diseases [32]. Some studies
pointed out that thrombosis is one of the latest fatal clinical consequences of
atherosclerosis and the oxidation of low-density lipoprotein (LDL) cholesterol may
play a critical role in the early state of atherosclerosis [33]. A recent report examined
oleanolic acid and its derivatives including uvaol, erythrodiol, and maslinic acid as
antioxidant and antithrombotic agents in the potential cardioprotective activity
(Scheme 3). Their antioxidant and antithrombotic activities related to LDL particles
were evaluated in vitro [34]. The results revealed that maslinic acid, uvaol and
erythrodiol show antiatherogenic effect. Both uvaol and erythrodiol exhibited
antioxidant and antithrombotic activities while maslinic acid demonstrated the most
potent dose-dependent antioxidant effect but no antithrombotic properties. The study

illustrated that the cardioprotective effect attributed from the dietary triterpenes may



function by different mechanisms of action that are related to antioxidant and
antithrombotic activities.

The effect of oleanolic acid on atherosclerosis development and vascular
function in apolipoprotein E knockout (ApoE”") mice was also reported. The oral
treatment with the compound is able reduce atherosclerosis development in the aortic
arch and descending aorta of ApoE”" mice. The mechanism is found independent of
plasma total cholesterol and triglyceride levels and is associated with the alterations in
vascular contractile reactivity without significant changes in eNOS-mediated
acetylcholine relaxation. However, oleanolic acid is believed to reduce iNOS

expression that may alter the vascular reactivity to phenylephrine [35].

Uvaol Erythrodiol Maslinic acid

Scheme 3. Structures of Uvaol, Erythrodiol, and Maslinic acid.

3. Cardiovascular homeostasis effects

Homeostasis is a very important process that helps human body control and
maintain at the state of balance or internal equilibrium. The circulatory system, which
is responsible for transporting blood throughout our body, is one of the systems in the
homeostasis process. Cardiovascular homeostasis is to regulate of the delivery of
hormones and nutrients and also the removal of wastes through the blood stream.
Therefore, in our body, cardiovascular homeostasis is one of the interconnecting
systems accountable for maintaining stability corresponding to the changes from both
the environmental pressures such as external temperature change and the internal
issues such as hormone imbalance. The body uses these systems of homeostasis
process to retain the body function and to keep organs, muscles, nerves, and all other

tissues working properly. The circulatory systems include the heart and connected
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system of blood vessels. The cardiovascular system is responsible to regulate and
control heart rate, blood pressure, and other characteristics, and to ensure our body is
supplied with the required hormones, oxygen, and nutrients. The our body is via this
system to retain the whole body function including to keep all organs, muscles, nerves,
and tissues as well to work properly.

Oleanolic acid has been demonstrated possessing beneficial effects on the
regulation of cardiovascular homeostasis. Plasma levels, atrial synthesis, and the
secretion of atrial natriuretic peptide (ANP) are the key parameters that verify the
effects of oleanolic acid. /n vivo study in rats showed that the administration of
oleanolic acid is able to increase plasma ANP levels, atrial ANP content, and ANP
mRNA expression in a dose-related manner [36]. By the chronical treatment with
oleanolic acid (administered orally at 10-30 mg/kg/day for two weeks), the effects on
ANP secretion, atrial stretch, and muscarinic acetylcholine receptor activation to the
atria from rats were evaluated. The results compared to those treated with vehicle
show that the baseline levels of ANP secretion were higher in the atria treated with
oleanolic acid. The results indicate that oleanolic acid increases plasma ANP levels
through the enhancement of ANP synthesis and secretion in rats. It is therefore
suggested that oleanolic acid has beneficial effects on the regulation of cardiovascular
homeostasis.

An invention based on the composition containing oleanolic acid as the active
ingredient for preventing, improving or treating body fluid and cardiovascular system
homeostasis impairment disorders was disclosed in 2014 [37]. For the rats reference
to 10-30 mg/kg/daily oral administration, the atrial diuretic hormone (ANP) mRNA
levels of atrial tissue, the promotion of the synthesis and secretion of atrial diuretic
hormone, and the atrial night power were increased. Although some recent evidences
suggested that oleanolic acid possesses beneficial effects on the regulation of the
cardiovascular homeostasis, its exact role in the regulation of body fluid balance and
blood pressure homeostasis and its mechanisms involved are not very clear to-date.

In 2017, some experimental results were reported on the identification of the



effects of using oleanolic acid on the renin-angiotensin system, cardiac natriuretic
hormone (ANP) system, renal function, and blood pressure in normotensive and
renovascular hypertensive rats [38]. The parameters that change in the plasma levels
of hormones and the expressions of renin, angiotensin II receptors, ANP, natriuretic
peptide receptor-C, M2 muscarinic receptor, and GIRK4 were determined in the
kidney, heart and aorta in the rats. It was found that oleanolic acid is able to (i)
suppress plasma levels of renin activity and aldosterone; (ii) block intrarenal levels of
renin and angiotensin II type-1 receptor expression; (iii) increase angiotensin II type-2
receptor; and (iv) increase plasma levels of ANP.

The study also indicated that oleanolic acid suppressed angiotensin II type 1
receptor and natriuretic peptide receptor-C expression and increased angiotensin 11
type 2 receptor and ANP expression in the heart and aorta. These results suggested
that oleanolic acid makes urinary volume, electrolyte excretion and glomerular
filtration rate in normotensive rats more prominent and also suppresses arterial blood
pressure in hypertensive rats. Therefore, the beneficial effects of oleanolic acid on the
cardiorenal system may be closely related with its roles in the renin-angiotensin
system and cardiac natriuretic hormone system, which is rarely investigated in

literature.

4. Enhancing cardiac function by inhibiting Na*/K*-ATPase

Some Chinese medicinal herbs are able to promote blood circulation, such as the
improvement of hemodynamic, hemorheology, and removing blood stasis, to achieve
therapeutic effects for heart diseases [39]. However, there are only a few studies on
the mechanisms of using these medicinal herbs to promote or stimulate blood
circulation. The steroid-like compounds (some examples are listed in Scheme 4), in
particular cardiac glycosides such as ouabain and digoxin, have been applied in the
treatment of congestive heart failure and supraventricular arrhythmias. The
therapeutic effect of these compounds are probably attributed to their reversible

inhibition on the membrane-bound Na‘/K*-ATPase located in human myocardium.



The inhibition results in the increase of intracellular Na" concentration that activates a
Na'/Ca?" exchanger and subsequently in enriching the intracellular Ca*" concentration.
The raised-up intracellular Ca?* concentration leads to an increased inotropism that
accentuates the force of myocardial contraction by increasing the velocity and extent
of sarcomere shortening [40].

Ginsenosides with sugar moieties attached at the C-3 position of their core
four-membered ring structure are demonstrated possessing good inhibitory potency on
Na'/K'-ATPase activity [41]. Their cardiac therapeutic effects could be due to the
promotion of blood circulation. A few years ago, a study examined the use of
oleanolic acid and ursolic acid as moderate inhibitors of Na'/K'-ATPase and their
effects in the promotion of blood circulation. It was found that the polygalacic acid,
glycyrrhizin, and saikosaponin A showed weak inhibition. However, the ICso values
of oleanolic acid (94.3 pumol/L) and ursolic acid (76.7 pumol/L) were comparable to
that of ginsenoside Rh2 (37.5 pumol/L). The relatively high inhibitory potency
observed with ursolic acid and oleanolic acid is probably attributed to the formation
of hydrogen bonding between its carboxyl group at C-17 and the I1e322 residue in the
deep cavity close to the K* binding sites of Na'/K*-ATPase, as revealed by molecular
docking study [42]. Interestingly, this hydrogen-bonding interaction is not observed in
saikosaponin A, polygalacic acid, or glycyrrhizin. In addition, recent findings give
more evidences to support that Na’/K'-ATPase may be a good drug target for the

treatment of CVDs such as congestive heart failure and ischemic stroke [43].
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Scheme 4. The steroid-like compounds and cardiac glycosides used in heart diseases
treatments.
5. Vasorelaxant effects

Oleanolic acid is also found inducing prostaglandin I (PGI2) release by human
coronary vascular smooth muscle cells (SMC) in a Cyclooxygenase (Cox-2)
dependent manner [44]. The activation mechanism generally involves HDL-induced
upregulation of Cox-2, in which Mitogen-activated protein kinase (MAPK) signaling
and cAMP regulatory element-binding protein (CREB) activation are included. In
recent years, the role of Cox-2 in the vascular system has become clear. It is found
associated with the pro-inflammatory or pro-atherogenic stages due to its inducible
characters and wupregulation in monocyte-derived macrophages present in
atherosclerotic lesions. The experimental data obtained from both genetically
modified mice and wild-type animal models highlight that Cox-2 derived PGI»

prevents local thrombosis and neointima formation and also contributes to defensive
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mechanisms of the myocardium [45]. The study indicated that some synthetic
triterpenoid analogues of oleanolic acid exhibited anti-inflammatory properties
preventing the wupregulation of both inducible nitric oxide synthase and
cyclooxygenase Cox-2 in the cultures of human macrophages and mouse cells with

interferon-y stimulation [46].
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Scheme 5. The proposed mechanisms involving Cox-2 upregulation and PGI; release
by oleanolic acid in human coronary smooth muscle cells. Figure modified from ref.

[44].

The upregulation of Cox-2 with oleanolic acid through the activation of MAPK
pathways was investigated. Oleanolic acid induced the early activation of p38 MAPK
and MAPK (ERK1/2). The activation of p38 MAPK was found increased over time.
However, the activation of ERK1/2 was more transient and then decreased after
stimulation. The findings may conclude that both p38 MAPK and ERKI1/2 are
possibly involved in the upregulation of Cox-2 stimulated by oleanolic acid. The
experimental results indicated that oleanolic acid is a strong inducer of PGI; synthesis

in human coronary SMC. The activation of CREB-P (phosphorylation in Ser133)
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reached a maximal induction at 15 min with 50 mmol/L oleanolic acid. Scheme 5
outlined the pathways involved in the Cox-2 expression/PGI; release that induced by
oleanolic acid [44]. It seems that the activation of CREB is the key factor associated
with the Cox-2 transcriptional regulation.

Nitric oxide (NO) has been identified as a very critical regulator of vascular
functions in recent years and it controls blood vessel tone and blood cell interactions
with the vascular wall [47]. Clinical studies support that endothelium-derived NO is
involved in normal and pathological blood pressure regulation in humans. Therefore,
the NO/cGMP signaling relationship plays an important role in vascular smooth
muscle relaxation. The in vitro investigations into oleanolic acid and erythrodiol
(Scheme 4) as vasodilatory agents suggested an endothelium-dependent
vasorelaxation in rat aorta. The results reveal that the mechanism of relaxation is
mediated most likely by the endothelial production of nitric oxide (NO) and also
suggest that both oleanolic acid and erythrodiol may have interesting therapeutic
potentials as new vasodilator drugs to protect the cardiovascular system [48]. In
addition, ursolic acid was found to produce a significant vasodilator effect in a
concentration-dependent and endothelium-dependent manner. The mode of action is
also found related with the activation of nitric oxide synthase (NOS), followed by an
increase in NO production and release. Consequently, the guanylate cyclase (sGC), a
signal transduction enzyme that is vascular smooth muscle soluble, was activated to

form the second messenger cGMP [49].

6. Autoimmune myocarditis

Myocarditis is a serious disease, which represents the most common cause of
chronic heart failure or sudden death in people. The pathogenesis of this heart disease
is not very clear to-date. However, there are substantial evidences pointing out that the
autoimmune response to heart antigens, in particular cardiac myosin may contribute to
the disease process after viral infection [50]. The current therapeutic strategies in

myocarditis are limited and depend on the different stages of the disease, which
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include the elimination of the infecting agent, inhibition of the heart-specific
autoimmune response, reduction of inflammation and so on. The use of new
immunosuppressive agents commonly encountered serious disadvantages such as high
toxicity, high cost and limited efficacy. The identification of new compounds for the
treatment of myocarditis and dilated cardiomyopathy (DCM) with low toxicity and
cost is a big challenge.

The beneficial actions of using oleanolic acid as a potent immune-regulatory
drug in myocarditis treatment have been known for several years [51]. However, only
a few reports on this aspect can be found in literature. A comprehensive study
reported the evaluation of the effectiveness of oleanolic acid in vivo in the prevention
and treatment of experimental autoimmune myocarditis (EAM) through (i) the
administration of the compound to the cardiac a-myosin (MyHc-a614-629)-immunized
BALB/c mice from day 0 or day 21 post-immunization and (ii) the addition of the
compound to stimulated-cardiac cells in vitro. The results compared with the control
groups showed that the heart-weight per body-weight ratio and plasma levels of brain
natriuretic peptide and myosin-specific autoantibodies production were found
significantly reduced in oleanolic acid treated EAM animals. In addition, the
histological heart analysis revealed that the treatment diminished cell infiltration,
fibrosis and dystrophic calcifications. Induced by the relevant cytokines of active
myocarditis, oleanolic acid reduced the proliferation of cardiac fibroblast in vitro and
also weakened calcium and collagen deposition. Observed from the treated EAM
mice serum, both Treg cells number and IL-10 and IL-35 levels were found increased.
On the other hand, the pro-inflammatory and profibrotic cytokines were reduced.
Therefore, these results suggest that the treatment with oleanolic acid can affect the
aspects of humoral and cellular immunity against MyHCa in EAM mice. Oleanolic
acid could be utilized as a useful agent for the intervention in inflammatory
cardiomyopathies including myocarditis.

It is also known that hemodynamic overload on the myocardium triggers

compensatory hypertrophy at its early stages. The persistent severe overload could
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eventually cause malignant hypertrophy, which involves systolic and diastolic
dysfunction, heart failure, and even death [52]. The effects of using oleanolic acid to
alleviate pressure overload-induced cardiac remodeling are not very clear. A recent
study investigated the effects and addressed the underlying mechanism with mice
subjected to aortic banding [53]. After these mice had been administered with
oleanolic acid premixed in diets for eight weeks, the echocardiography and
catheter-based measurements of hemodynamic parameters were conducted to evaluate
the cardiac hypertrophy and tissue fibrosis. Evidenced by echocardiography and
catheter-based measurements, oleanolic acid is found to ameliorate the systolic and
diastolic dysfunction induced by pressure overload. In addition, oleanolic acid
decreased the mRNA expression of cardiac hypertrophy and fibrosis markers, which
is also verified by RT-PCR. It is noteworthy to mention that pressure overload may
activate the phosphorylation reaction of Akt, mTOR, p70s6k, S6, GSK3p, and
FoxO3a. Nonetheless, the treatment of oleanolic acid is able to weaken the
phosphorylation of all these proteins. Furthermore, in vitro treatment of oleanolic acid
can also inhibit hypertrophy of cardiomyocytes and fibrosis markers that are induced

by AnglI [53].

7. Ischemic heart diseases

It is a hot research area in the development of new and effective therapeutic
interventions targeted at enhancing myocardial consequences arising from
ischemia-reperfusion. Ischemic preconditioning is able to provide an endogenous
adaptive response to protect the heart against a prolonged ischemic injury [54]. Some
recent studies showed that the pretreatments with emodin and oleanolic acid protected
against ischemia-reperfusion injury in isolated rat hearts (Scheme 6) [55]. The
cardioprotection was found associated mainly with the enhancements in
mitochondrial anti-oxidant components when under ischemia-reperfusion condition.
Mitochondria are the major source of oxy-radical production in the myocardium.

Ischemic damage increases the generation of oxy-radicals during reperfusion and
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results in additional mitochondrial production and cardiomyocyte injury. Therefore,
maintaining a good anti-oxidant capacity of mitochondrial is critical to reduce or limit
the degree of ischemia-reperfusion injury [56]. By using an ex vivo rat heart model of
ischemia-reperfusion injury, the pharmacological preconditioning effect using a
chronic treatment with the combination of emodin and oleanolic acid at low dose (25
umol/kg/day x 15) and/or ischemic preconditioning (4 cycles of 5 min ischemia
followed by 5 min of reperfusion) on myocardial injury was investigated. The results
indicated that the pretreatment is able to produce cardioprotective action in a
semi-additive manner via the biochemical mechanism of enhancing mitochondrial
anti-oxidant capacity [55, 57].

The isoproterenol-induced myocardial ischemia is a widely used experimental
model to evaluate the beneficial effects of drugs and cardiac function. The protective
effect of oleanolic acid was also investigated with this model in rat myocardium. The
study showed that the changed activity of the membrane-bound phosphatases by
isoproterenol was protected by the pretreatment with oleanolic acid probably due to
its multiple functions including anti-oxidative effect, anti-hyperlipedemic and
anti-arrhythmic properties, and the membrane-stabilizing action against the reactive
oxygen species induced by isoproterenol [58]. The results suggested that oleanolic
acid is effective in reducing the level of myocardial damage by decreasing lipid
peroxidation, preventing the overloading of myocardium with lipids and its
[S-blocking activity.

Echinocystic acid is an analogue of oleanolic acid and also shows
cardioprotective effects in rat models with acute myocardial ischemia induced by
isoproterenol and vasopressin. It was found that echinocystic acid prohibited the
ST-segment depression that was induced by isoproterenol or vasopressin in a
dose-dependently manner. The mRNA expression of Bcl-2 in rats analyzed by
real-time PCR disclosed an elevation of Bcl-2 mRNA level in infarcted tissue induced
by isoproterenol. These results demonstrated that cardioprotective effect of

echinocystic acid is associated with a reduction in apoptotic cell death in myocardial
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tissue [59].

Several studies indicated that hyperglycemia-induced cardiac injury is the major
cause of mortality in people with diabetes and hyperglycemia boosts cardiac
production of reactive oxygen species and inflammatory cytokines, which harm
cardiac contractile function and induce the development of myocardial infarction,
cardiac hypertrophy and heart failure [60]. Oleanolic acid, asiatic acid and boswellic
acid (Scheme 6) are reported to retard NF-xB and MAPK activity/expression and also
reduce apoptotic stress via lowering caspase-3 activity and Bax formation [61]. The
study with these natural compounds as therapeutic agents in high glucose-treated
HO9c2 cells to attenuate oxidative damage and improve cell viability, showed that the
pre-treatment of these compounds are able to (i) reserve glutathione, maintaining the
activity and expression of GPX, GR, and catalase; (ii) reduce reactive oxygen species,
oxidized glutathione, and inflammatory cytokines generation; (iii) retain
Na'/K'-ATPase activity, (iv) suppress protein expression of NF-«kB, p-P38, Bax; and
(v) decline caspase-3 activities [62]. Some more triterpenoid saponins derivatives
isolated from Ilex cornuta (or Clinopodium polycephalum [63]) and their protective
effects against H,O»-induced myocardial cell injury were also demonstrated [64].
These results suggest that these triterpenes could be utilized as potent
cardiac-protective agents.

Some experimental evidences showed that AMP-activated protein kinase
(AMPK) has cardioprotective effect against ischemic injury. Recently, forkhead
transcription factor 3 (FOXO3) has also been identified as a downstream target of
AMPK. Oleanolic acid was demonstrated with the male C57BL/6 mice (subjected to
in vivo regional cardiac ischemia stimulated AMPK Thr172 phosphorylation) on the
protection against ischemic dysfunction of cardiomyocytes via activation of AMPK
signaling pathway [65]. The compound was found to significantly stimulate the
activation of cardiac AMPK in cardiomyocyes both in time- and dose-dependent
manners. The AMPK activation mechanism may be attributed to the loss of

mitochondrial membrane potential. Oleanolic acid also triggered FOXO3 (Ser413)
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phosphorylation in cardiomyocytes and thus protect the cells from contractile
dysfunction induced by hypoxia.

Arjunolic acid and arjunic acid are the analogues of oleanolic acid and their
effects as a non-zinc binding inhibitor of the catalytic activity of carbonic anhydrase II
(CA II) were investigated because high levels of CA II are found associated with
cardiac hypertrophy and heart failure [66]. The study demonstrated that arjunolic acid
is not cytotoxic towards cardiac myocytes at the concentration showing inhibition
potency on CA II activity (the most potent in vitro with the ICso of 9 uM). Molecular
docking results indicated that the mechanism of inhibition is most likely through the
following two pathways: (i) hydrogen-bonding interaction of the hydroxyl group (at
C2 of A-ring) of the compound with the key catalytic site residues (His64, Asn62 and
Asn67) of the enzyme involving proton transfer; and (ii) the interaction of the
gem-dimethyl group at C20 of E-ring that greatly influences the inhibitory activity.
Furthermore, arjunolic acid showed inhibitory effects on the cytosolic activity of CA

in H9¢2 cardiomyocytes as the intracellular pH was found decreased.
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Scheme 6. Natural compounds with similar therapeutic effects with oleanolic acid for

the treatment of myocardial ischemia and related heart diseases.

8. Hyperglycemia-induced contractile dysfunction

Stress-induced hyperglycemia in non-diabetic patients with acute myocardial
infarction is also associated with high in-hospital mortality. A recent study
investigated the glucose-insulin treatment in patients undergoing coronary artery
bypass grafting under normoglycemia and the results indicated that
glucose-insulin-potassium is cardioprotective and improves myocardial function as
the high blood glucose levels actually damage the cardiovascular system [67].
Oleanolic acid is found effective in the reduction of both acute and chronic

hyperglycemia-mediated pathophysiologic molecular events including oxidative stress,
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apoptosis, hexosamine biosynthetic pathway, ubiquitin-proteasome system.
Consequently, contractile function in response to ischemia-reperfusion can be
improved [68]. The long-term treatment with oleanolic acid also improved heart
functions in streptozotocin-diabetic rats. These results may indicate that oleanolic acid
could be promising in the novel therapeutic interventions to treat acute hyperglycemia
both in the non-diabetic patients and diabetic patients with associated cardiovascular
complications. In addition, these advantages of oleanolic acid show higher application
potential as a new cardioprotective agent compared to some other traditional drugs
because of its low toxicity and effectiveness.

Effects of oleanolic acid treatment on ex vivo myocardial reactive oxygen species
levels and apoptosis were investigated. Oleanolic acid is proposed to function as an
anti-oxidant with anti-apoptotic properties within an ex vivo situation. Under the
pre-ischemic conditions, the treatment with oleanolic acid did not significantly affect
myocardial superoxide dismutase activity or apoptosis. However, succeeding
ischemia oleanolic acid administration was able to reduce high glucose-induced
myocardial superoxide levels and concurrently upregulated the superoxide dismutase
activity. In addition, within the first 20 min after ischemia, oleanolic acid was found
to exert its anti-oxidant effects. From the assessment on the anti-apoptotic effects of
oleanolic acid in ex vivo perfused heart tissues, the treatment significantly increased
cardiac p-BAD/BAD and decreased caspase-3 peptide levels under high glucose
perfusion conditions. The anti-apoptotic effects began at 40 min, which suggested that
the effects happened as a result of the earlier upstream reduction of oxidative stress

[68].

9. Doxorubicin induced cardiotoxicity

Oxidative stress is one of the key factors causing myocardial infarction and other
cardiovascular diseases [69]. It is known that doxorubicin boosts the activity of
xanthine oxidase that is responsible for free radicals generation [70]. The proposed

mechanisms in doxorubicin-induced cardiotoxicity are closely related to the formation
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of mitochondrial reactive oxygen species, Ca’" overloading, oxidative damage to
membrane lipids, and activation of apoptotic factor [71]. With respect to recent
findings, more and more evidences suggest that doxorubicin can be catalyzed into a
secondary alcohol metabolite (doxorubicinol) through a two-electron carbonyl
reduction reaction [72]. In addition, the blood pressure and heart rate may be changed
by doxorubicin, which cause loss of contractility of myocardium [73]. Overexpression
of the natural antioxidant proteins, catalase, and superoxide dismutase are the new
approaches to avoid doxorubicin-induced cardiotoxicity.

The protective effect of oleanolic acid as an antioxidant agent on the oxidative
injury and cellular abnormalities in doxorubicin induced cardiac toxicity in rats has
been reported recently [74]. In the study, the cardiotoxicity was induced in Wistar rats
with single intravenous injection of doxorubicin (Dosage at 67.75 mg/kg IV for 48 h).
Doxorubicin administration caused remarkable alterations in biochemical parameters
and endogenous antioxidants. The induction of cardiotoxicity was confirmed by the
increase in systolic, diastolic, mean arterial pressures, maximal positive rate of
developed left ventricular pressure, maximal negative rate of developed left
ventricular pressure and an increase in left ventricular end-diastolic pressure. The
administration of oleanolic acid revealed maximal protection against doxorubicin
induced cardiac toxicity as indicated by the results obtained from the reduction in
blood pressure, prevention of left ventricular function and weakening of biochemical
and antioxidant parameters. From these experimental results, it is suggested that
oleanolic acid can be used as a natural and effective therapeutic agent in treating
doxorubicin induced cardiotoxicity or cancers. Moreover, doxorubicin in combination
with other cytotoxic drugs such as amifostine and oleanolic acid shows noticeable
clinical advantages [75].

10. Chronic heart failure

Heart failure is a major public health problem and is a leading cause of morbidity

and mortality in old people [76]. An estimated lifetime risk of developing heart failure

for both men and women at age 80 is 20 %. Many challenges and technical issues on
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the assessment, diagnosis and treatment of heart failure are encountered to-date.
Nonetheless, it is important to call attention that the incidence of heart failure is found
dependent on age. Some studies pointed out that the main pathogenic mechanisms of
chronic heart failure involve in agerelated myocardial hypertrophy, changes in salt
and fluid retention, and deregulation of the neurohormonal system [77]. Moreover,
over the past 20 years, many studies have proved that the inflammatory activation is
an important pathway in pathogenesis and in the progression of chronic heart failure
[78, 79]. A large number of reports also commented that the inflammation-sensitive

transcription factor (NF-«xB) is activated during chronic heart failure [80].

“OH

Ginsenoside Rg1 Protopanaxadiol Protopanaxatriol

Scheme 7. Bioactive analogues of oleanolic acid used in the treatment of chronic heart

failure.

Some studies explored the use of bioactive compounds (Scheme 7) such as
Yi-qi-fu-mai (a traditional Chinese medicine; bioactive components mainly are
ginsenosides), protopanaxadiol, protopanaxatriol, and oleanolic acid in the treatment
of chronic heart failure in rats through the anti-inflammation mechanism [81-83]. A
lot of evidence suggested that NF-kB regulates a group of inflammatory genes
including TNF-a, IL-1p, IL-6 and IL-8 and is important for the initiation and
progression of numerous pathological states [84, 85]. The four above-mentioned

natural compounds at a dose 100 mmol/L were added to TNF-a-stimulated rat cardiac
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microvascular endothelial cells. All these compounds showed inhibitory effects in the

expression of NF-xB, IL-1p, and IL-6.

Conclusion

In summary, oleanolic acid and its bioactive analogues exhibit potent cardioprotective
effects with experimental evidences against a number of heart diseases including but
not limited to anti-atherogenic activity and hypolipidemic effect, cardiovascular
homeostasis effects, inhibition on Na"/K"-ATPase and promotion of blood circulation,
vasorelaxant effects, autoimmune myocarditis, ischemic heart diseases,
hyperglycemia-induced contractile dysfunction, doxorubicin-induced cardiotoxicity
and heart failure. The mechanisms of action for some inhibitory effects are well
investigated. In addition, oleanolic acid as a pentacyclic triterpenoid is abundant in
plants of the Oleaceae family such as olive plants. In China, oleanolic acid has been
used as a hepatic drug for over 20 years. To understand more about its bioactivity is
able to develop potent therapeutic agents for the treatment and management of human
diseases, in particular for heart diseases. Furthermore, recent studies utilizing
oleanolic acid as a natural molecular scaffold have been carried out for the
development of novel semi-synthetic triterpenoids and derivatives to enhance its
solubility, bioavailability and potency and reduce toxicity for clinical applications.
Some of its derivatives have been identified in clinical trials. Bardoxolone methyl is
one of the examples. It is most likely that oleanolic acid and its derivatives may
possess certain advantages compared to other traditional cardioprotective drugs.
Therefore, it is realistic to conclude that oleanolic acid and its derivatives are a class
of important and useful natural compounds to establish alternative therapies for the
treatment of cardiovascular diseases and other related diseases with high efficacy and

low toxicity.
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