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Abstract: One in every three deaths worldwide is caused by cardiovascular diseases (CVDs), estimat-
ing a total of 17.9 million deaths annually. By 2030, it is expected that more than 24 million people
will die from CVDs related complications. The most common CVDs are coronary heart disease,
myocardial infarction, stroke, and hypertension. A plethora of studies has shown inflammation
causing both short-term and long-term damage to the tissues in many organ systems, including the
cardiovascular system. In parallel to inflammation processes, it has been discovered that apopto-
sis, a mode of programmed cell death, may also contribute to CVD development due to the loss
of cardiomyocytes. Terpenophenolic compounds are comprised of terpenes and natural phenols
as secondary metabolites by plants and are commonly found in the genus Humulus and Cannabis.
A growing body of evidence has shown that terpenophenolic compounds exhibit protective proper-
ties against inflammation and apoptosis within the cardiovascular system. This review highlights
the current evidence elucidating the molecular actions of terpenophenolic compounds in protecting
the cardiovascular system, i.e., bakuchiol, ferruginol, carnosic acid, carnosol, carvacrol, thymol and
hinokitiol. The potential of these compounds is discussed as the new nutraceutical drugs that may
help to decrease the burden of cardiovascular disorders.

Keywords: terpenophenolics; terpenes; phenolics; cardiovascular diseases (CVDs); atherosclerosis;
inflammation; apoptosis; oxidative stress

1. Introduction

According to the World Health Organization (WHO), cardiovascular diseases (CVDs)
are the leading cause of death globally, comprising 17.9 million in 2019 and expected to
surge up to 23 million by 2030. CVDs such as heart attack and stroke are responsible for 85%
of these deaths. CVDs accounted for 38% of the 17 million premature deaths attributed to
noncommunicable diseases (NCDs) in 2019 [1]. As highlighted by the Centers for Disease
Control and Prevention (CDC) in 2022, NCDs, mainly CVDs, are a major burden to the US
economy, with over $216 billion spent on the healthcare system and $147 billion in losses
due to the increasing rate of absenteeism in the workplace and the resulting decreased
productivity [2].

CVDs includes many disorders, such as cardiac muscle diseases and vascular dys-
functions that disrupt the blood supply to the heart, brain, and other major organs. The
most prevalent causes of CVD mortality and morbidity are ischemic heart disease, stroke,
congestive heart failure, and rheumatic heart disease [3]. There are two categories of risk
factors contributing to the development of CVDs: modifiable and non-modifiable. Among
the modifiable risk factors are smoking, excessive intake of alcohol, lack of physical activity,
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obesity, and poor diet. Physiological risk factors, such as hypertension, diabetes, and
dyslipidemia, also fall within the category of modifiable risk factors [4]. Socioeconomic
status (SES) is also one of the modifiable risk factors for CVDs, where more significant
socioeconomic disparities and lower levels of income, education, and employment status
lead to such issues as less manageable living expenses, higher stress levels, poor dietary
habits, and insufficient physical activity [5]. In contrast, non-modifiable risk factors for
heart disease include age, gender, ethnic background, and family history.

To date, the use of traditional herbs and plant-derived extracts is emerging as alterna-
tive and complementary therapy in preventing and treating CVDs. Among the benefits of
using natural compounds as nutraceutical agents are their inexpensive cost and relatively
safety [6]. Natural compounds such as terpene exhibited effective pharmacological effects,
which could be attributed to their ability to scavenge free radicals, enhance the antioxidant
system, and alter redox signaling. Terpene compounds are secondary metabolites primarily
found in plants as constituents of essential oils. They are biosynthesized in the mevalonate
pathway from C5 isoprenoid building blocks that bond sequentially as (C5)n structures.
The structure of the isoprenoids is used to classify them into the following groups: hemiter-
penes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25),
triterpenes (C30), and tetraterpenes (C40) [7]. Other functional groups, such as alcohols,
aldehydes, and phenols, may also be used, forming a highly diverse and complex class
of secondary metabolites [8]. Terpenophenolic compounds are terpene units consisting
of phenol moiety (i.e., aromatic benzene ring with hydroxyl group). Accumulating evi-
dence has shown the role of terpenophenolics in attenuating major risk factors of CVDs,
such as high levels of low-density lipoprotein, cholesterol, hyperglycemia, and hyperten-
sion [9–11]. However, clinical trials with plant extract or plant-derived compounds have
centered mostly on cancer and neurological diseases, with limited investigations into their
cardioprotective effects. Presently, there are no clinical studies being conducted focusing
on the pharmacological effects of terpenophenolic compounds in circumventing CVDs.
Hence, this review provides proof of concept for translational medicine of terpenophenolic
compounds in preclinical studies.

Considering the significance of plant metabolites as primary compounds and the enor-
mous burden of CVDs, this review aims to present recent findings on the pharmacological
activities of terpenophenolic compounds as cardioprotective agents by targeting oxidative
stress, inflammation, and apoptosis pathway. The literature search was conducted in the
PubMed, Web of Science (WOS) and ScienceDirect databases, which covered the time
frame from 2017 to 2022. Search strings used were: terpenophenolic; terpene; terpenoid;
heart failure; cardiovascular disease; cardiac dysfunction; atherosclerosis; inflammation;
apoptosis; oxidative stress. We summarized the articles and incorporated the literature
search according to the search results.

2. The Role of Inflammation and Apoptosis in Cardiovascular Diseases

The main culprit of CVDs is the impairment of the vascular system [12]. Vascular
dysfunction is characterized by the narrowing of the arterial lumen, activation of platelet,
impaired vasomotion and vascular tone, thrombosis, vascular permeability, and vascular
fibrosis [13]. The progression of vascular dysfunction is highly associated with hyper-
glycemia, dyslipidemia, and hypertension. Vascular endothelial cell dysfunction affects not
only the heart [14], but also the brain [15] and kidneys [16].

Inflammation has been demonstrated to play a significant role in the onset of vascular
dysfunction, especially in the fundamental steps during the pathogenesis of atherosclerosis,
coronary vasoconstriction, and myocardial ischemia [17]. Numerous studies have shown
the substantial role of inflammation in CVD development, such as atherosclerosis, endothe-
lial dysfunction, myocardial infarction, high blood pressure, and heart failure. In the event
of atherosclerosis plaque formation, pro-inflammatory cytokines have been found to mod-
ify the low-density lipoprotein (LDL) into more highly oxidized LDL (ox-LDL) molecules
and exacerbate the endothelial dysfunction. Other than that, inflammation also triggers the
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expression of adhesion molecules, such as the intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), and selectins [18]. In the vascular wall, infil-
trated monocytes differentiate into macrophages and form foam cells with ox-LDL, then
release various pro-inflammatory cytokines such as interleukin (IL)-1, IL-3, IL-8, and IL-18,
and tumor necrosis factor alpha (TNF-α) [19,20].

The signaling pathway that was found to be responsible for the progression of heart
failure mediated by inflammation response and apoptotic factors could be related to the
mitogen-activated protein kinase (MAPK) pathway, as summarized in Figure 1 [21–23].
Persistent dyslipidemia, hyperglycemia, and hypertension can significantly drive reac-
tive oxygen species (ROS) production and set off inflammatory responses and apoptosis
signalling pathways [24,25]. Apoptosis has been widely known to be involved in both
acute and chronic loss of cardiomyocytes in ischemia-reperfusion (I/R) injury, myocardial
infarction, and progression of heart failure [26,27]. Several studies demonstrated that apop-
tosis plays a pivotal role in cardiomyocyte loss in human and rodent models with heart
failure. In addition, the increase of pro-inflammatory cytokines expression and apoptotic
factors have been noted in the cardiotoxicity rat model. Furthermore, previous studies
revealed that both extrinsic and intrinsic apoptosis pathways coincide in executing the
metabolic changes and morphological structure. The extrinsic pathway involves the acti-
vation of death receptors or tumor necrosis factor receptors (TNFR) that are triggered by
stimuli such as TNF-α. Meanwhile, the intrinsic pathway involves mitochondria-mediated
apoptosis, which is caused by the direct effect of excessive production of ROS in the heart.
Nevertheless, both pathways eventually meet up with the same effector caspase, such as
caspase-3 [28].

The development of myocardial fibrosis is an adaptive mechanism characterized by
a scarring event where apoptotic cells are replaced in the myocardium to preserve the
integrity of the heart structure [29]. Dead cardiomyocytes are replaced with fibrotic tissue
deposition, including collagen I and collagen III, in the extracellular matrix (ECM) space.
Due to the characteristics of stiff collagen tissue, the heart shows an abnormality in its
functioning, such as reduced force in contractility as well as myocardial hypertrophy [22].
Uncontrolled myocardial fibrosis leads to the onset of diastolic and systolic dysfunction,
which in turn leads to the progression of heart failure.

The loss of cardiomyocytes becomes a determinant of morbidity and mortality fol-
lowing myocardial infarction; hence, minimizing the loss of cardiomyocytes becomes
essential in delaying the progression of heart failure. Terpenophenolic compounds have
been revealed to alleviate cardiovascular-related complications such as high blood pressure,
atherosclerosis, and heart function through modulation of inflammation and apoptosis via
the MAPK pathway.



Int. J. Mol. Sci. 2023, 24, 5339 4 of 22Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 23 
 

 

 

Figure 1. Summary of the signalling pathways involved in the development of heart failure. Hyper-

lipidemia, hypertension, and hyperglycemia trigger the generation of reactive oxygen species 

(ROS), which induces oxidative stress in the cardiomyocytes. ROS also induces inflammation re-

sponses and cell apoptosis mediated by the mitogen-activated protein kinase (MAPK) pathway. As 

a compensation mechanism to maintain the structural integrity of the heart, apoptotic cardiomyo-

cytes were degraded and then replaced by myocardial fibrosis. On the contrary, the alteration in the 

architecture of the heart creates malfunction in both the systolic and diastolic flows, ultimately re-

sulting in heart failure. 

3. Terpenes and Their Subclasses 

Terpenes, also known as isoprenoids, are secondary metabolites primarily found in 

plants as constituents of essential oils. Terpenes form a large and structurally diverse fam-

ily of natural products derived from C5 isoprene units that are joined in a head-to-tail 

fashion [30]. Terpenes are made up of the isoprene unit (building blocks), and each iso-

prene unit contains five carbon atoms; one of the carbon atoms is linked by a double bond 

[31]. Isoprene was identified as a degradation by-product of different natural cyclic 

Figure 1. Summary of the signalling pathways involved in the development of heart failure. Hyper-
lipidemia, hypertension, and hyperglycemia trigger the generation of reactive oxygen species (ROS),
which induces oxidative stress in the cardiomyocytes. ROS also induces inflammation responses and
cell apoptosis mediated by the mitogen-activated protein kinase (MAPK) pathway. As a compensation
mechanism to maintain the structural integrity of the heart, apoptotic cardiomyocytes were degraded
and then replaced by myocardial fibrosis. On the contrary, the alteration in the architecture of the
heart creates malfunction in both the systolic and diastolic flows, ultimately resulting in heart failure.

3. Terpenes and Their Subclasses

Terpenes, also known as isoprenoids, are secondary metabolites primarily found in
plants as constituents of essential oils. Terpenes form a large and structurally diverse
family of natural products derived from C5 isoprene units that are joined in a head-to-
tail fashion [30]. Terpenes are made up of the isoprene unit (building blocks), and each
isoprene unit contains five carbon atoms; one of the carbon atoms is linked by a double
bond [31]. Isoprene was identified as a degradation by-product of different natural cyclic
hydrocarbons and was proposed as the basic building blocks for these hydrocarbons, also
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termed “isoprenoids”. Therefore, the classification of terpenes is based on the number of
isoprene units (C5H8)n present in their molecular structure; i.e., hemiterpenes (C5, n = 1),
monoterpenes (C10, n = 2), sesquiterpenes (C15, n = 3), diterpenes (C20, n = 4), sesterterpenes
(C25, n = 5), triterpenes (C30, n = 6), and tetraterpenes (C40, n = 8) as shown in the Table 1. As
these naturally occurring hydrocarbons are progressively isolated and identified, additional
subclasses are introduced to the existing classes. The subclasses are outlined according
to the number of rings in the structure of terpenes, i.e., acyclic (open structure/no ring),
monocyclic (one ring), bicyclic (two rings), tricyclic (three rings), tetracyclic (four rings),
as shown in Table 2 [32]. Natural terpenoids follow the simple arrangement of a linear
chain of isoprene units from head to tail, such as geraniol (C10), farnesol (C15) and geranyl-
geraniol (C20). Most of the terpenoids are further transformed by cyclization reactions;
however, the arrangement of the isoprene unit from head to tail can be distinguished, such
as menthol, bisabolene, and taxadiene. Consequently, the diversity of terpenoid struc-
tures has contributed to the re-arrangement of the existing linear arrangement of isoprene
units, which is due to the ionization capability of these isoprene units into various types
of carbocations. Furthermore, the carbocation re-arrangement is followed by ornamental
reactions where other functional groups such as alcohols, aldehydes, ketones, ethers, esters,
phenol, and lactones will be added [33], thus “terpenoids” terminology is used instead of
“terpenes”, which refers to unsaturated hydrocarbons. Ultimately, terpenoids constitute
a group of secondary metabolites that is highly diverse and complicated; in most cases,
post-rearrangement reactions give rise to difficulty in isoprene units identification, and
there is the possibility that several carbons have been relocated or missing from the isoprene
units. In terms of construction, these compounds exhibit high structural diversity related
to their wide range of functions and biological activities, making them more attractive as
possible drug candidates for preventive and therapeutic purposes [34].

Table 1. Classification of Terpenes.

Terpene Number of Isoprene Units Number of Carbon Atoms

Hemiterpenes, C5H8 1 5
Monoterpenes, C10H16 2 10
Sesquiterpenes, C15H24 3 15

Diterpenes, C20H32 4 20
Sesterterpenes, C25H40 5 25

Triterpenes, C30H48 6 30
Tetraterpenes, C40H64 8 40

Polyterpenes Many <40

Table 2. Sub-classification of Terpenes.

Molecular Structure Name

Chain, no ring acyclic
One ring cyclic
Two rings bicyclic

Three rings tricyclic
Four rings tetracyclic

Terpenes are the most abundant secondary metabolites, with approximately 1000 monoter-
penes and 3000 sesquiterpenes identified [35]. However, there are only around 50 phenyl-
propanes that contain benzene rings. Terpenes are generated via the mevalonic pathway.
Meanwhile, phenylpropanes, which have a benzene ring in their molecular structure, are
synthesized via the shikimic pathway. The mevalonic pathway depends on mevalonic
acid, a chemical intermediate made by the plant. The plant converts mevalonic acid to
a five-carbon structure (with the isoprene arrangement), which is the defining feature of
all terpenes. Meanwhile, the shikimic pathway uses an enzyme known as phenylalanine
ammonia-lyase (PAL) to generate phenolic compounds containing benzene rings [36]. This
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pathway synthesized terpenophenolic compounds like bakuchiol and ferruginol. Ter-
penophenolic compound is characterized by a hydroxyl group attached to a benzene ring.
Unlike all terpenes whose name ends in “-ene”, this compound name ends in –“ol”. There
are only two common terpenophenolic compounds found in essential oils: thymol and
carvacrol. Benzene, which is composed of aromatic rings, can be simply derived from
aliphatic (non-benzene) rings; on the other hand, the reverse reaction takes place very
rarely. Figure 2 represents the chemical structure of terpenophenolic compounds obtained
by a search engine that has the potential to function as cardioprotective agents.
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Figure 2. Chemical structures of the terpenophenolic compounds with potential to be used in the
development of novel medications to treat cardiovascular diseases.

Terpenes are widely used in industry as flavour enhancers, scent additives in shampoo
and soaps, and products such as disinfectants and detergents [37,38]. Since terpenes are
the core constituent that is found in many essential oils, they are also highly valued in
aromatherapy. Aromatherapy makes use of terpenes as a constituent due to the distinctive
smell they offer. In the world of aromatherapy, terpene is called terpenoids due to the
presence of oxygen molecules in their molecular structure [8]. Although terpenoids is not
a chemical term, they can be used to differentiate between terpene molecules that consist
of oxygen or not. In the pharmaceutical industry, terpenes have shown their potency as
new therapeutic agents to treat or prevent cancer, malaria, inflammation, pain, CVDs, and
various infectious diseases [39]. In particular, mono- and sesquiterpenes have been used as
a complex in delivery systems such as liposomes, nanocapsules and cyclodextrins due to
their low solubility and high volatility in the aqueous system [40,41]. Table 3 summarizes
the terpenophenolic compounds that exhibit cardioprotective effects.
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Table 3. Summary of cardioprotective effects exerted by terpenophenolic compounds published between 2017 and 2022.

Terpenophenolics Terpenophenolics
Subclasses Study Design Dose Findings Conclusion References

Bakuchiol Meroterpenoids

In vivo & in vitro;
C57BL6 male mice (20–25

g) & H9c2 cells

60 mg/kg/day;
2, 5, 10 µM

- Bakuchiol inhibited the synthesis of
fibrosis-associated protein in diabetic
myocardium by reducing gene expression of
α-SMA and Smad3.

- Bakuchiol ameliorated oxidative stress in
diabetic myocardium by increasing SOD,
and GSH-Px.

- Bakuchiol attenuated cardiomyocyte apoptosis
in high glucose-treated H9c2 cells by decreasing
TUNEL-positive nuclei and apoptotic ratio.

Protective effect of
bakuchiol in limiting the
synthesis fibrosis,
preventing oxidative
damage and cell death in
diabetic myocardium may
be via the SIRT1 and Nrf2
signalling pathway.

[42]

In vivo & in vitro;
C57BL/6J mice & NRCM

cells

10 mg/kg/day;
1, 5, 10 µM

- Bakuchiol ameliorated the cardiomyocyte
hypertrophy by reducing gene expression of
ANP, BNP and β-MHC and inhibited the
enlargement of cardiomyocytes in NRCM.

- Bakuchiol ameliorated the cardiomyocyte
fibrosis and inflammatory responses by reducing
gene expression of collagen 1 & 3 and CGTF,
protein and gene expression of TNF-α, IL-6 and
MCP-1.

- Bakuchiol treatment showed no significant
difference in the fraction of apoptotic cells
compared to the control group.

Bakuchiol exerts
antihypertrophy effects by
modulating synthesis of
fibrosis and inflammatory
responses may be via the
NF-κB pathway.

[43]

Ferruginol Diterpenoids
In vivo;

Wistar rats 50 mg/kg/day

- Ferruginol attenuated cardiac injury in
myocardial infarction by reducing cTnT, cTnI,
CK, CK-MB.

- Ferruginol ameliorated oxidative damage in
myocardial infarction by reducing
malondialdehyde and improving SOD, GPx,
CAT and GSH.

- Ferruginol attenuated inflammation in
myocardial infarction by limiting the secretion of
TNF-α, IL-6, and NF-κB.

Cardioprotective effect of
ferruginol against
myocardial infarction via
modulation of
inflammatory response and
upregulation of antioxidant
enzymes.

[44]
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Table 3. Cont.

Terpenophenolics Terpenophenolics
Subclasses Study Design Dose Findings Conclusion References

In vivo & in vitro;
C57BL/6 mice (20 ± 2) &

H9c2 cells
20 mg/kg/day; 0.1 µM

- Ferruginol attenuated the reduced ejection
fraction and fractional shortening induced by
DOX treatment.

- Ferruginol ameliorated the tissue injury marker
by reducing the level of LDH and CK-MB caused
by DOX treatment.

- DOX caused the increase of ROS production,
while ferruginol mitigated it.

- TUNEL assay demonstrated that DOX caused
increasing in apoptotic cells meanwhile
ferruginol alleviated the progression of
apoptosis.

The cardioprotective action
of ferruginol is proven by
preserving the
mitochondrial from the
production of ROS, limiting
damage to heart function
and attenuating the
apoptotic process, possibly
via the SIRT1 pathway that
mediates mitochondrial
biogenesis and fatty
acid oxidation.

[45]

Carnosic Acid Diterpenoids

In vivo;
C57BL/6 mice 0.02%

- Carnosic acid diminished the gene expression of
adipocyte differentiation and fat accumulation in
white adipose tissue by reducing aP2, PPAR-γ
and LPL.

- Carnosic acid ameliorated inflammation in white
adipose tissue by reducing TNF-α, and IL-6.

- Carnosic acid reduced the size of abdominal fat
adipocytes.

Carnosic acid exhibit
antiobesity effect by
improving hormone
homeostasis and reduced
genes expression of liver
lipogenesis possibly via the
PPAR-γ pathway.

[46]

In vivo;
C57BL/6 mice 50 mg/kg

- Carnosic acid alleviates cardiac hypertrophy by
reducing gene expression ANP, BNP, and
β-MHC and limiting the enlargement of the
cardiomyocyte area.

- Carnosic acid attenuated the development of
cardiac fibrosis by reducing gene expression of
Col 1 & 3, CTGF and α-SMA.

- Carnosic acid suppressed the oxidative damage
by increasing the SOD level and decreasing the
MDA level and NAPDH activity. Protein and
gene expression of NOX 2 & 4 are also reduced
by carnosic acid.

- Carnosic acid inhibited myocardial apoptosis by
upregulating Bcl-2 and downregulating Bax and
caspase-3.

Cardioprotective of carnosic
acid against myocardial
remodelling by modulation
oxidative stress and
apoptosis via the
AKT/GSK3β/NOX 4
signalling pathway.

[47]
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Table 3. Cont.

Terpenophenolics Terpenophenolics
Subclasses Study Design Dose Findings Conclusion References

In vivo & in vitro;
C57BL/6 mice & H9c2

cells
5 mg/kg; 10 µM

- Carnosic acid ameliorated cardiac injury in
cardiotoxicity rats by reducing CK-MB and
remarkably preventing the enlargement
of cardiomyocytes.

- Carnosic acid attenuated the myocardial
hypertrophy in cardiotoxicity rats by reducing
the gene expression of ANP, BNP and β-MHC.

- Carnosic acid mitigated the oxidative damage in
cardiotoxicity rats by upregulating the
antioxidant enzymes; SOD, CAT and GSH and
downregulating the lipid peroxidation (MDA).

- Carnosic acid suppressed inflammation in
cardiotoxicity rats by reducing protein
expression of p-NF-κB, IL-1β and IL-18.

- Carnosic acid inhibited myocardial apoptosis
and autophagy in cardiotoxicity rats by
upregulating Bcl-2 and downregulating
caspase-3. Autophagy associated-molecules;
LC3BII, ATG-5, and ATG-7 suppressed by
carnosic acid.

Carnosic acid protects the
heart against toxicity by
suppression of oxidative
damage, inflammation,
apoptosis, and autophagy.

[48]

Carnosol Diterpenoids

In vitro;
H9c2 cells 5, 10, 20 µM

- Carnosol ameliorated inflammation in H9c2 cells
by reducing protein and gene expression of
TNF-α, IL-1β, IL-6 and COX-2.

The protective effect of
carnosol against
inflammation in the
cardiomyoblasts may be via
the NF-κB
signalling pathway.

[49]

In vitro;
MAPC cells 0.2 µM

- Carnosol inhibited the production of ROS and
apoptosis by downregulating caspase-3 activity.

- Carnosol limit oxidative damage by
upregulating the antioxidant enzyme, GSH, GST,
and CAT and protein expression of Nrf-2.

Carnosol promotes vascular
health by regulating redox
status and downregulating
inflammation and
apoptosis.

[50]
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Table 3. Cont.

Terpenophenolics Terpenophenolics
Subclasses Study Design Dose Findings Conclusion References

Carvacrol Monoterpenoids

In vivo & in vitro;
Wistar rats & NRCM cells

25, 50, 100 mg/kg; 0.6
mM

- Carvacrol significantly reduced the infarct
volume in myocardial I/R injury rats and
suggested that it was dose-dependent.

- Carvacrol alleviated the lipid peroxidation
marker, MDA in myocardial I/R injury rats.

- Carvacrol attenuated the apoptosis protein in
mitochondrial injury induced by I/R by
upregulating Bcl-2 protein levels and
downregulating Bax and cleaved-caspase protein
levels.

Carvacrol was found to
possess cardioprotective
properties, which may be
related to its antioxidant
and antiapoptotic
properties in myocardial
I/R injury through
activation of MAPK/ERK
and Akt-eNOS
signalling pathways.

[51]

In vivo;
Wistar rats 5, 10, 25, 50 mg/kg

- Carvacrol improved the MAP in the myocardial
hypertrophy group in a dose-dependent manner.

- Carvacrol ameliorates apoptosis in myocardial
hypertrophy by upregulating gene expression of
Bcl-xL and Bcl-2 and downregulating Bad.

Protective effect of carvacrol
against myocardial
hypertrophy by improving
blood pressure and
inhibiting apoptosis via
regulation of the Bcl-2
family protein.

[52]

Thymol Monoterpenoids
In vivo;

Wistar rats 24 mg/kg

- Thymol attenuated the lipid profile in
hypercholesterolemic rats by improving total
cholesterol and oxidized LDL.

- Thymol mitigated oxidative damage by
upregulating the antioxidant enzymes; GSH-Px
and TAC and limiting the lipid peroxidation.

- Thymol ameliorated apoptosis in
hypercholesterolemic rats by reducing protein
expression of caspase-3 and phospho-p38 and
upregulating Bcl-2 protein.

Thymol preserves carotid
tissue by reducing
apoptosis and
inflammation, which may
be a result of its direct
antioxidant properties.

[53]
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Table 3. Cont.

Terpenophenolics Terpenophenolics
Subclasses Study Design Dose Findings Conclusion References

In vivo;
Albino Wistar rats 15, 30, 60 mg/kg

- Thymol ameliorated cardiac injury in myocardial
infarction rats by reducing CK levels and
improving cardiomyocyte structure in a
dose-dependent manner.

- Thymol attenuated oxidative damage in
myocardial infarction rats by upregulating
antioxidant enzyme GSH and limiting the lipid
peroxidation.

- Thymol mitigated inflammation in myocardial
infarction rats by reducing protein expression of
NF-κB and IL-1β in a dose-dependent manner.

- Thymol attenuated apoptosis in myocardial
infarction rats by reducing protein expression of
caspase-3 and enhancing Bcl-2 protein.

Thymol has been revealed
to have a cardioprotective
effect against myocardial
infarction via modulating
oxidative stress,
inflammation, and
apoptosis.

[54]

Hinokitiol Monoterpenoids

In vitro;
SEVC4-10 cells and A7r5

cells
4, 12 µM

- Hinokitiol mitigated the inflammation-induced
cell adhesion molecules in SEVC4-10 cells by
reducing protein expression of E-selectin,
sICAM-1, and sVCAM-1.

- Hinokitiol inhibited the promotion of
atherosclerosis by reducing protein expression of
MMP-2 and MMP-9.

Hinokitiol exerts a
protective effect against
atherosclerosis through
modulating cell adhesion
molecules and members of
the matrix
metalloproteinase (MMP)
family.

[55]

In vitro;
AC16 cells 20 µM

- Hinokitiol mitigated autophagy flux in
cardiomyocytes from oxidative damage by
decreasing LC3B-II/I ration, enhancing p62
protein and reducing Beclin-1 protein.

- Hinokitiol attenuated apoptosis in
cardiomyocytes from oxidative damage by
upregulating protein expression of p21.

- Molecular docking of hinokitiol found that it
inhibited the GSK3β signalling pathway through
its phosphorylated at the Ser9 site.

Hinokitiol protects
cardiomyocytes from
oxidative damage by
regulating apoptosis and
autophagy, probably
through the GSK3β
signalling pathway.

[56]
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4. Role of Terpenophenolic Compounds on Inflammation and Apoptosis in
Cardiovascular Diseases
4.1. Bakuchiol

Bakuchiol (1) is the main bioactive meroterpene isolated from the seeds and leaves
of Psoralea corylifolia, a member of the Leguminosae plant family [57]. Indian and Chinese
people have traditionally used bakuchiol to treat various diseases [58]. A cell viability assay
was conducted on H9c2 cells exposed to bakuchiol at a dose ranging from 2–10 µM and
the results showed no toxicity effects [42]. In 2020, a study revealed the potential of baku-
chiol as a cardioprotective agent for improving heart function in hyperglycemia-induced
diabetic cardiomyopathy rats. Bakuchiol alleviated the decrease of ejection fraction (EF)
and fractional shortening (FS) of the left ventricle and increased end-systolic and end-
diastolic volume. Bakuchiol regulated the redox status by facilitating the suppression of
silent information regulator 1 (SIRT1) and nuclear factor erythroid 2-related factor 2 (Nrf2)
gene expression, which are the primary factors in producing antioxidant enzymes. Baku-
chiol remarkably aggravated the superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) production and reduced the production of reactive oxygen species (ROS) in
diabetic myocardium tissue [42]. Moreover, bakuchiol protected the heart from hyper-
trophy by modulating the hypertrophy markers, i.e., atrial natriuretic peptide (ANP),
alpha-myosin heavy chain (α-MHC), brain natriuretic peptide (BNP), and beta-myosin
heavy chain (β-MHC). In addition, bakuchiol also mitigated the increase of ANP, BNP
and β-MHC gene and protein expression, and significantly increased the α-MHC protein
level. Histological findings of cross-sectional left ventricle myocytes have shown that
bakuchiol attenuated the increase of cardiomyocyte size. Another study by Wang et al. [43]
corroborated the latest findings that bakuchiol possessed an anti-hypertrophic effect in
neonatal rat cardiomyocytes (NRCM) induced by angiotensin II (Ang II). Other than that,
the authors also revealed that bakuchiol improved cardiac dysfunction and reduced the
enlargement of cardiomyocytes induced by pressure-overload.

Furthermore, bakuchiol alleviated myocardial fibrosis by limiting the collagen 1 & 3
depositions in the diabetic myocardium cells. In addition, bakuchiol inhibited the gene
expression level of α-SMA and suppressed mothers against decapentaplegic 3 (Smad3),
which played a role in the development of fibrosis. In a study where H9c2 cells were
induced by a high glucose concentration with the presence of SIRT1 inhibitor, it was
revealed that bakuchiol reversed its pharmacological effects. Hence, the author postulated
that bakuchiol exerts its cardioprotective effect via activation of the SIRT1 pathway [42].

In overload pressure-induced hypertrophy in rats, bakuchiol modulates the inflam-
matory response by suppressing the release of pro-inflammatory cytokines: tumor necro-
sis factor alpha (TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant protein-1
(MCP-1) [43]. Protein expression of phosphorylated IkappaB kinase (IKKβ), IKBα, and
p65 levels increased in the hypertrophied rat induced by overload pressure; however,
bakuchiol attenuated these changes. The author postulated that the nuclear factor kappa
B (NF-κB) pathway is possibly the main culprit in mediating cardiac hypertrophy. An
in vitro study using NRCM in the presence of Ang II corroborated the finding in an in vivo
study that bakuchiol suppressed the activation of the NF-κB pathway. PDTC, a selective
NF-κB inhibitor, was used in NRCMs with Ang II and has shown that enlargement of
cardiomyocytes was blocked. Wang et al. [43] concluded that bakuchiol’s anti-hypertrophy
effect largely depends on inhibiting the NF-κB pathway.

4.2. Ferruginol

Ferruginol (2) is a naturally occurring diterpenoid that is mostly found in the Salvia
plant species [59]. A toxicity study found that exposure to ferruginol at a higher concen-
tration of 5 µM had a deleterious effect on the H9c2 cells. Despite that, ferruginol at a
dose varying from 0.1–0.5 µM gives optimum therapeutic effect on H9c2 cells. Ferruginol
effectively attenuated myocardial injury caused by overdosed isoprenaline hydrochloride
by reducing cardiac injury markers: cardiac troponin-T (cTnT), cardiac troponin-I (cTnI),
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creatine kinase (CK), and creatine kinase-MB (CKMB) in myocardial infarction model [44].
This finding supports the latest study by Li et al. [45] that demonstrated that ferruginol
reduced cardiac injury markers in the doxorubicin (DOX)-induced cardiotoxicity model.
Furthermore, ferruginol exerted its antioxidant properties in the reduction of lipid peroxi-
dation markers and malondialdehyde (MDA) and upregulated the antioxidant enzymes
SOD, GPx, catalase (CAT), and glutathione (GSH). Induction of overdosed isoprenaline
caused alteration in sodium-potassium pump (ATPases) activity, which is associated with
contraction and relaxation of cardiac muscle. However, ferruginol was capable of restoring
ATPases activity and revive mitochondrial function as it may protect against oxidative
stress by inhibiting membrane lipid peroxidation [44].

Moreover, ferruginol attenuated inflammation by reducing the release of inflammatory
cytokines, namely TNF-α, IL-6, and NF-κB. This result is supported by the histoarchitecture
of cardiomyocytes, where ferruginol significantly prevented intense cardiac fiber with
inflammatory cells [44]. In addition, observation under a transmission electron microscope
demonstrated that attenuated the loose arrangement of the mitochondrial and a significant
reduction in the number of mitochondria caused by DOX treatment [45]. To support
these findings, an in vitro study has shown that the decreased adenosine triphosphate
(ATP) content in DOX treatment was mitigated by ferruginol. A study by Ulubelen [60]
discovered that ferruginol exhibits the same antihypertensive effect as propranolol (beta-
blocker) by decreasing the systolic blood pressure, mean arterial pressure (MAP) and
heart rate. Besides, ferruginol improved ventricular function by alleviating the decrease in
ejection fraction (EF) and fractional shortening (FS) in DOX-induced cardiotoxicity [45].

In hypoxia/reoxygenation (H/R)-subjected H9c2 cardiomyoblasts, pretreatment of
ferruginol was able to preserve cell viability and reduce the percentage of apoptotic cells.
It also reduced cardiac injury and the production of ROS. Li et al. [45] suggested that
ferruginol exerts cardioprotective effects against DOX-induced cardiotoxicity by preserving
the mitochondrial from the production of ROS, limiting damage to heart function and
attenuating the apoptotic process by upregulating mRNA level of SIRT1 and peroxisome
proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α).

4.3. Carnosic Acid

Carnosic acid (3) is a naturally occurring diterpenoid compound mainly found in rose-
mary (Rosmarinus officinalis), Greek sage (Salvia fruticosa), and holy basil (Ocimum sanctum).
All these plants are members of the Lamiaceae family and are native to the Mediterranean
region [61]. A cell viability assay has been conducted on the H9c2 cells exposed to the
carnosic acid ranging from 0.1 µM to 10 µM, and it has been shown to exert a protective
effect in a dose-dependent manner [62]. In 2018, Lee et al. [46] revealed that carnosic
acid exhibits an anti-obesity effect by lowering body weight and the percentage of fat
tissues in ovariectomized rats with a high-fat diet. In addition, carnosic acid reduced
the elevated levels of the hormone leptin and insulin, as well as total glycerides and
free fatty acids. Moreover, carnosic acid attenuated lipogenic genes, sterol regulatory
element-binding protein-1c (SREBP1c), and fatty acid synthase (FAS), which were elevated
in ovariectomized with high-fat diet rats. Following that, carnosic acid also decreased the
fatty acid synthesis and stimulated β-oxidation genes by increasing the messenger RNA
(mRNA) level of peroxisome proliferator-activated receptor gamma (PPAR-γ) and carnitine
palmitoyltransferase 1 (CPT-1).

Furthermore, in ovariectomized and high-fat diet rats, there is an increasing trend
in the gene expression level of adipocyte differentiation and fat accumulation associated
genes in white adipose tissue (WAT), PPAR-γ, adipocyte protein 2 (aP2) and lipoprotein
lipase (LPL); interestingly, carnosic acid was able to restore all these changes. Histological
observation of WAT supported the biochemical findings whereby carnosic acid markedly
ameliorated the increase of adipocyte sizes. Carnosic acid also reduced the inflammatory
mediators TNF-α and IL-6 that were raised in white adipose tissue in the ovariectomized
with high-fat diet rats [46].
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A study by Wei et al. [47] demonstrated that carnosic acid exerted its cardioprotective
effect by alleviating the progression of cardiac hypertrophy in overload pressure-induced
myocardial hypertrophy in rats. Carnosic acid reduced the rise of protein and gene ex-
pression of hypertrophic markers, i.e., ANP, BNP and β-MHC. In addition, microscopic
observation found that carnosic acid mitigated the enlarged cardiomyocyte area induced
by pressure overload. Besides that, carnosic acid also exhibited antioxidant properties by
regulating the redox status, increasing the SOD levels, and suppressing the MDA and nicoti-
namide adenine dinucleotide phosphate (NADPH) activity. Carnosic acid also reduced
the protein and gene expression of NAPDH oxidase 2 (NOX 2) and NOX 4, which played
a role in the generation of free radicals. Previous evidence by Zhang et al. [48] showed
consistency in the role of carnosic acid in alleviating oxidative stress in DOX-induced
cardiotoxicity in rats. The author postulated that carnosic acid possessed antioxidant
properties by activating the Nrf2 pathway. Furthermore, both authors demonstrated that
carnosic acid improved cardiac function by elevating the EF of the left ventricle.

Carnosic acid plays a role in the modulation of the inflammation response in DOX-
induced cardiotoxicity rats by reducing the release of pro-inflammatory cytokines: nitric
oxide, TNF-α, IL-6, and COX-2 [48]. H9c2 cells treated with DOX revealed that carnosic
acid suppressed the increased protein expression of p-NF-κB, IL-1β and IL-18. Moreover,
carnosic acid was able to regulate the apoptosis and autophagy signalling pathways by
upregulation of B-cell lymphoma 2 (Bcl-2) protein, downregulation of cleaved caspase-3
protein, and suppressing the autophagy associated-molecules: light chain 3B II (LC3BII),
autophagy-related genes-5 (ATG-5), and ATG-7. In addition, carnosic acid also regulates
the apoptotic protein in DOX-treated H9c2 cells.

4.4. Carnosol

Carnosol (4) is a naturally occurring diterpenoid compound and one of the main
components of the extract of Rosmarinus officinalis L., a woody perennial herb, that belongs
to the Lamiaceae family. This plant has been used as a traditional remedy for alleviating
headaches, stomach aches, and rheumatic pain [63]. In the laboratory setting, carnosol
has been proven to exert a cardioprotective effect by increasing the cell viability of H9c2
cardiomyoblast cells in the presence of lipopolysaccharides (LPS) [49]. This result is
consistent with a previous study by Ou et al. [50], which revealed that carnosol improved
the viability of rats’ multipotent progenitor cells (MAPCs) induced by hydrogen peroxide
(H2O2).

Carnosol ameliorated the decrease of protein expression of Nrf-2 induced by H2O2 and
regulated redox status by upregulating the GSH, glutathione S-transferases (GST) and cata-
lase (CAT) levels and suppressing the excessive production of ROS. A study by Li et al. [64]
also indicated that carnosol increased the gene expression of Nrf-2 and cytoprotective
proteins such as heme oxygenase-1 (HO-1) and endothelial nitric oxide synthase (eNOS) in
human microvascular endothelial cells (HMVECs). Carnosol significantly alleviated the
decrease of the endothelial differentiation markers: octamer-binding transcription factor-4
(OCT-4), fetal liver kinase-1 (Flk-1), and cluster of differentiation 31 (CD-31) caused by
H2O2. Lack of these markers leads to failure of migration and proliferation of endothelial
progenitor cells to the injury site for endothelial repair, which results in cardiac dysfunction.

Furthermore, carnosol exhibits anti-inflammatory properties by downregulating the
pro-inflammatory cytokines, TNF-α, IL-1β, IL-6 and COX-2 in H9c2 cells induced by LPS.
The author postulated that carnosol exerted its anti-inflammatory effect in LPS-induced
H9c2 by inhibiting the NF-κB pathway [49]. Moreover, carnosol displayed an anti-apoptosis
effect by downregulating the proapoptosis protein and caspase-3 activity and reducing the
apoptotic percentage in MAPCs induced by H2O2.

4.5. Carvacrol

Carvacrol (5) is a monoterpenoid compound which is abundant in the essential oils
of aromatic plant species, including Origanum, Thymus, and pepperwort [65]. It is most
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prevalent in Nigella sativa L., an annual flowering plant with green-to-blue flowers and
black seeds that is a member of the Ranunculaceae family [66]. A toxicology study using the
caco-2 cell line derived from human colorectal carcinoma revealed a toxic effect of carvacrol
dependent on time and concentration. Exposure to carvacrol with a dose of 115 µM for 24 h
on the cell line did not give any cytotoxic effect. However, as the dose increases, a shorter
time is taken to alter the morphology of the cells [67]. Carvacrol at a lower concentration
exhibited a protective effect on the cell against H2O2 damage. In addition, an in vivo study
revealed that a combination of carvacrol and thymol at (10–20 mg/kg/body weight) or
higher concentration did not adversely affect Wistar-Albino testes and kidneys [68]. In 2017,
Chen et al. [51] revealed that carvacrol exhibits a cardioprotective effect against myocardial
I/R injury by suppressing electrocardiogram ST segment elevation and reducing infarcted
volume in a dose-dependent manner. In another study, carvacrol was found to restore blood
pressure to the normal level [52]. In response to myocardial I/R stress, carvacrol attenuated
lipid peroxidation by reducing the MDA levels [51]. In DOX-induced cardiotoxicity model,
carvacrol alleviated the release of cardiac injury markers: lactate dehydrogenase (LDH),
aspartate aminotransferase (AST), CK-MB, and troponin-I and significantly increased the
antioxidant enzymes: GSH, SOD and CAT [69].

Moreover, carvacrol demonstrated anti-apoptosis activity by alleviating the percentage
of apoptotic cells in myocardial I/R injury. These findings were corroborated by an in vitro
study that showed that carvacrol dose-dependently increased the cell viability and attenu-
ated apoptosis in H9c2 cardiomyoblast induced by H/R injury [51]. Sadeghzadeh et al. [52]
proved that carvacrol modulated apoptosis signalling pathways by upregulating the gene
expression of Bcl-2 and Bcl-xL, and downregulating gene expression of Bax and Bad in
hypertrophied rat hearts. In H/R-induced H9c2 cells, carvacrol increased the protein
expression of Bcl-2, and suppressed the protein expression of Bax and cleaved caspase-3.
Histoarchitecture preservation of cardiomyoblast strengthened the evidence that carvacrol
could protect the heart by preventing the development of collagen deposition in hypertro-
phied hearts [52]. Chen et al. [51] postulated that carvacrol mediated its cardioprotection by
modulation of apoptosis signalling via the MAPK/ERK pathway, where carvacrol down-
regulated protein expression of phosphorylated-p38 (p-p38) and phosphorylated c-Jun
N-terminal kinase (p-JNK) and upregulated phosphorylated extracellular signal-regulated
kinase (p-ERK).

4.6. Thymol

Thymol (6) is a natural monoterpenoid compound and one of the primary active con-
stituents in the essential oil of Thymus vulgaris, a flowering plant belonging to the Lamiaceae
family [70]. In the pharmaceutical industry, thymol has been used as an active ingredient
in mouthwash to kill bacteria. According to the Environmental Protection Agency, thymol
has no known toxic effects when used in animals and humans. The United States Food and
Drug Administration has classified thymol as Generally Recognized As Safe (GRAS) for
use as a food additive; thus, it is deemed safe with little toxicity [71]. In a preclinical setting,
thymol has shown the potential to be a cardioprotective agent by exerting its biological
activities in the modulation of lipid profiles of hypercholesterolemic rats [53]. Thymol
suppresses the increment of total cholesterol and oxidized LDL, which is attributed to the
progression of atherosclerosis. Moreover, thymol has been revealed to prevent the develop-
ment of atherosclerosis by suppressing inflammatory mediators: IL-1β, IL-6, TNF-α, and
TNF-β and adhesion molecules: vascular cell adhesion molecule-1 (VCAM-1), MCP-1, and
matrix metalloproteinase 9 (MMP-9) in hyperlipidemic rabbits. Histological observation
was in parallel with the biochemical data, whereby thymol was shown to reduce the lipid
lesion in the intimal surface of the thoracic aorta [72]. In hypercholesterolemia-induced
oxidative stress, thymol attenuated the lipid peroxidation marker, MDA and significantly
increased GPx. Another study by El-Marasy et al. [54] supported these findings; thymol
was able to improve antioxidant status in an adrenaline-induced myocardial injury model.
Following that, thymol decreased the release of tissue injury markers: LDH, AST and CK.
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Histoarchitecture analysis revealed that thymol prevented the alteration of cardiomyocyte
structure in a dose-dependent manner.

El-Marasy et al. [54] has proven that thymol can improve heart function by increasing
the heart rate to the normal level, ameliorating the ST segment elevation and RR intervals
in adrenaline-induced myocardial injury. The author proposed that thymol protects the
heart by acting as an anti-inflammatory, anti-apoptosis, and antioxidant agent. Thymol
suppressed the release of pro-inflammatory cytokines, NF-κB, and IL-1β and pro-apoptotic
protein, activated caspase-3 and increased the protein expression of Bcl-2. The outcome
is consistent with previous studies by Bayatmakoo et al. [53], whereby thymol decreased
apoptosis on rat carotid tissue induced by hypercholesterolemia via upregulation of protein
expression of Bcl-2 and downregulation of caspase-3 and phosphorylated-p38.

4.7. Hinokitiol

Hinokitiol (7) or also known as β-thujaplicin is a monoterpenoids compound that
constitutes a volatile oil that is abundantly found in Thujopsis dolabrata belonging to the
cypress family. This plant, also named Hiba arborvitae, is a dense, slow-growing, pyramidal,
evergreen conifer native to the humid forested regions of central Japan [73]. In industries,
hinokitiol has been widely used as an active ingredient in hair tonics, toothpaste, cosmetics,
and food as an antimicrobial agent [74]. Cell viability assay has been tested on hinokitiol
concentrations varying from 2 to 12 µM, and the result showed no cytotoxicity on SEVC
4–10 endothelial cells and A7r5 VSMC. Nonetheless, when the concentration was greater
than 24 µM, toxicity was detected in both cell lines, and 80% of the cells reported were
alive [55]. Hinokitiol dose-dependently exhibits its anti-atherogenic effect by ameliorating
the release of adhesion molecules: sICAM-1, sVCAM-1, and E-selectin in LPS-induced
inflamed endothelial cells [55,56]. Increased circulating adhesion molecules will contribute
to the progression of atherosclerosis, which manifests as CVDs such as coronary heart
disease. Besides, hinokitiol played a role in the modulation of gene related to the progres-
sion of atherosclerosis; MMP-2 and MMP-9. In DHEP-exposed vascular smooth muscle
cells (VSMC), the gene and protein expression of MMP-2 and MMP-9 were increased, and
hinokitiol successfully inhibited those markers.

In H2O2-induced oxidative damage in the human cardiomyocyte cell line (AC16),
hinokitiol markedly limited the inhibition of cell proliferation in a dose-dependent manner.
Histological examination revealed that the AC16 cells became round and shrunk after
exposure to H2O2, and hinokitiol prevented those morphological changes [56]. Other than
that, it attenuated apoptosis in H2O2-exposed AC16 cells by 13.12% reduction. Hinokitiol
also prevented the AC16 cells from a decrease in the number of cells with condensed
chromatin and the formation of apoptotic bodies.

Besides that, hinokitiol is responsible for attenuating the autophagy flux by remarkably
decreasing the LC3B-II/I ration and Beclin-1 protein, while increasing the level of p62 [65].
In silico study further corroborated the evidence in the preclinical setting. The molecular
docking analysis of hinokitiol revealed that it bonded to the molecular GSK-3β pathway
through its phosphorylated-Ser9 site to mediate the autophagy flux. In addition, hinokitiol
exerted an anti-apoptosis effect by significantly increasing p21 protein in H2O2-induced
AC16 cells.

5. Prospective of Terpenophenolics Compound Playing a Critical Role in
Cardiovascular Diseases

Excessive reactive oxygen species and oxidative stress is the main culprit contributing
to heart failure development. Nowadays, combating oxidative stress has been popular in
the research field, and many researchers are interested in exploring nutraceutical agents as
a potential intervention in the oxidative stress mechanism. Terpenophenolic compounds
are the potential candidates due to their characteristics as potent antioxidants. Recent
preclinical studies have collectively demonstrated the optimistic direction for future clinical
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studies and revealed that terpenophenolic compounds might have promising potential for
the treatment of cardiovascular diseases.

Administrating terpenophenolic compounds as a treatment for cardiovascular research
is still new. To date, there is still no current clinical trial using terpenophenolic compounds
to explore their potentials effects in circumventing cardiovascular diseases. However, some
of the terpenophenolic compounds such as bakuchiol, carvacrol, and thymol are undergoing
clinical trial for treating wrinkles and photoaging [75], COVID-19 acute respiratory distress
syndrome [76], and obesity [77]. This clearly indicate their high potency as antioxidants
and anti-inflammatory agents.

6. Conclusions

In this review, we have summarised the evidence on the potential pharmacological
activities of terpenophenolic compounds in regulating inflammation and apoptosis asso-
ciated with CVDs. Treatment of various classes of terpenophenolic compounds has been
shown effective in preventing and limiting the progression of heart failure (Figure 3). In
addition, all terpenophenolics seem to be potent antioxidants, which are proven to upregu-
late the Nrf2 pathway and increase the endogenous antioxidant level. These may be due
to their chemical structures, which consist of a hydroxyl group attached to the aromatic
benzene rings. Although numerous preclinical studies have revealed the cardioprotective
potential of terpenophenolic compounds, there is no clinical evidence of terpenophenolic
compounds documenting their efficacy in the treatment of CVDs. Moreover, the underlying
mechanisms driving the pharmacological effects of terpenophenolic compounds on inflam-
mation and apoptosis in the treatment of cardiovascular complications are still uncertain.
Therefore, additional research and clinical trials are required to corroborate the efficacy of
terpenophenolic compounds as a potential treatment of CVDs.
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Abbreviations

AKT Serine/threonine kinase
ANP Atrial natriuretic peptide
aP2 Adipocyte protein 2
ATG-5 Autophagy-related genes-5
Bad Bcl-2 associated death
Bax Bcl2-associated X protein
Bcl-2 B-cell leukemia/lymphoma 2
Bcl-xL B-cell lymphoma-extra large
BNP Brain natriuretic peptide
CAT Catalase
CGTF Connective tissue growth factor
CK Creatine kinase
CK-MB Creatine kinase-MB
Col 1 Collagen 1
COX-2 Cyclooxygenase-2
cTnI Cardiac troponin I
cTnT Cardiac troponin T
DOX Doxorubicin
E-selectin Endothelial-selectin
eNOS Endothelial nitric oxide synthase
ERK Extracellular signal-regulated kinase
GSH Glutathione
GSH-Px Glutathione peroxidase
GSK3β Glycogen synthase kinase 3β
GST Glutathione S-transferases
H/R Hypoxia/Reoxygenation
HMVEC Human microvascular endothelial cell
I/R Ischemia/Reperfusion
IL-6 Interleukin-6
LC3BII Light chain 3B II
LDH Lactate dehydrogenase
LDL Low-density lipoprotein
LPL Lipoprotein lipase
MAP Mean atrial pressure
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
MDA Malondialdehyde
MMP Matrix metalloproteinase
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor kappa B
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NOX NAPDH oxidase
NRCM Neonatal rat cardiomyocytes
Nrf2 Nuclear factor erythroid 2-related factor 2
p-p38 Phosphorylated p38
PPAR-γ Peroxisome proliferator-activated receptor gamma
ROS Reactive oxygen species
Ser9 Serine 9
sICAM-1 Soluble intercellular adhesion molecule-1
SIRT1 Silent information regulator 1
Smad3 Suppressor of mothers against decapentaplegic 3
SOD Superoxide dismutase
sVCAM-1 Soluble vascular cell adhesion molecule-1
TAC Total antioxidant capacity
TNF-α Tumor necrosis factor alpha
TUNEL Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
α-SMA Alpha smooth muscle actin
β-MHC Beta myosin heavy chain
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