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ABSTRACT ARTICLE HISTORY
Cardiovascular diseases are the leading cause of death in the world and Received 24 March 2021
scientists pay a lot of attention to identify and reveal the mechanisms of their Revised 27 August 2021
occurrence. Recently, the attention of scientists is focused increasingly on Accepted 2 September 2021
plant derivatives, such as flavonoids and polyphenols, due to their specific KEYWORDS
biological effects. One of these compounds is curcumin, which has many Curcumin; curcumin analogs;
biological properties. Numerous studies have been performed to understand cardiovascular diseases;
the molecular basis of the therapeutic properties of curcumin. As a result of signaling pathways;
these studies, there is considerable evidence to suggest that curcumin may oxidative stress

affect signaling pathways associated with the cell growth, proliferation,

survival, inflammation, and gene transcription. Antioxidant and anti-

inflammatory mechanisms are the two basic mechanisms to which many of

the effects of curcumin in various conditions are attributed. Many factors

influence the development of heart disease, but one of the main culprits in

their occurrence is the inflammatory process. According to recent research,

curcumin is an ingredient that could be used in the prevention or treatment

of cardiovascular disease. Also, some studies have shown that it has bene-

ficial effects in preventing vascular damage and ischemia. Despite its bene-

ficial and biological properties, it has been proven that curcumin has

relatively low bioavailability and low stability in the human body, which

limits its therapeutic application. In this regard, several attempts have been

made to synthesize curcumin derivatives with improved bioavailability. In

this paper, we review the potential and possibilities of using curcumin and its

derivatives in the treatment of cardiovascular disease, which would signifi-

cantly reduce the mortality rate in the population. Based on all of the above,

it can be concluded that further studies of animal models and humans are

needed to verify current knowledge about the application of curcumin and

its derivatives in the treatment of cardiovascular diseases. In this way

through these studies more reliable data will be generated concerning the

effects of curcumin and its analogs on cellular and subcellular/molecular

levels. Prospectively, we believe that this will ground the basis for further

improved synthesis of curcumin-analogs, appropriate for the treatment of

cardiovascular diseases.
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Introduction

The term “cardiovascular disease” refers to a group of diseases characterized by damage to the heart
and blood vessels, ' which, in most cases, are caused by atherosclerosis, i.e., the formation of plaque
and damage to the blood vessels walls. Cardiovascular diseases are the leading cause of death in most
developed countries, as well as in many developing countries .* In developing countries, young
people are dying increasingly from these diseases. These diseases are a significant cause of low work
capacity, high costs of health care, and premature mortality. As a result of the preventive measures,
there has been a reduction in the death rate in developed countries, but despite the decrease, the
absolute number of deaths is still high, due to the aging population in most countries. Therefore, it is
necessary to develop appropriate therapeutic strategies, which will act in terms of prevention and
timely treatment of the first visible traces of diseases of the cardiovascular system .1*!

Recently, the attention of scientists is focused increasingly on herbal medicines, trying to find
remedies that are effective and inexpensive, without causing side effects, ! such as those associated
with conventional medicines, used so far in the treatment of cardiovascular disease .!*! The use of
herbal medicines as adjunctive therapy dates a long time ago in the treatment of human diseases, [
however, in highly developed countries they have become relevant in the last twenty years. Hence, in
recent years, more and more pharmacological tests have been performed on several plant derivatives,
such as flavonoids and polyphenols, due to their specific biological effects, to discover new and
effective drugs for these diseases .”) One of these compounds is curcumin (CUR), which has many
biological properties. CUR is a light yellow pigment found in the rhizomes of turmeric (Curcuma
Longa) which is a member of the ginger family (Zingiberaceae), ' with a wide range of pharmaco-
logical activities .['* In traditional Chinese and Indian medicine, CUR has been used to treat a variety
of diseases. A large body of evidence suggests that CUR has a diverse range of molecular targets,
including transcription factors, growth factors, and their receptors, cytokines, enzymes, and genes
regulating cell proliferation and apoptosis .''"

CUR in the form of (1E,6E) —1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadien-3,5-dione), also
known as diferuloylmethane, is the primary polyphenol derived from turmeric through the extraction
process .2 It is the main representative of the curcuminoids found in the spice turmeric, and the
other two curcuminoids are: dimethoxycurcumin and bis-dimethoxycurcumin (Fig. 1). Curcuminoids
are natural phenols that give turmeric its yellow color. Among these, curcumin is the most active and
present component of turmeric and it is estimated that approximately 2 to 5% of turmeric is composed
of CUR, "* while the rest is composed of minerals, carbohydrates, proteins, fats, and moisture.
Isolation of pure CUR is quite difficult, therefore, commercially available CUR consists of
a combination of the three curcuminoids, with CUR as the main ingredient (75-81%). CUR has
several tautomeric forms, including the 1,3-diketo form and two enol forms (Fig. 2). The enol form is
more stable in the solid phase and it is the dominant form .!'***! Several studies have shown that CUR
has significant biological properties, including anti-inflammatory and antioxidant, "'® antimicrobial,
7] and hepato-protective effects .'®! Antioxidant and anti-inflammatory mechanisms are the two
main mechanisms to which many of the effects of CUR in various conditions are attributed ."'**! But
despite its beneficial properties, reflected through its antioxidant and anti-inflammatory mechanisms,
its rapid metabolism and rapid elimination from the body, as well as its chemical instability!*') have
been the subject of concern among researchers. In this regard, several attempts have been made to
synthesize CUR derivatives with improved bioavailability. However, despite its low bioavailability,
several studies have shown that CUR has a protective role in suppressing the development of
atherosclerosis, heart hypertrophy, heart failure, drug-induced cardiotoxicity, myocardial infarction,
aortic aneurysm, and stroke .[*>*°!

The strong antioxidant effects of CUR at the level of the heart have already been reported in a large
number of preclinical studies .**2%! Actaully, Qin (2017) in their meta-analysis devoted to the
protective role of CUR in cardiovascular diseases, reported the protective effects of CUR on the
endogenous glutathione status as well as upon the enzymes involved in the regulation of the same
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Figure 1. Chemical structure of curcumin (diferuloylmethane), dimethoxycurcumin and bis-dimethoxycurcumin.
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Figure 2. Structural formula of curcumin.

status. The same review also reported an important role of CUR in the inhibition of histone
acetyltransferases and its inducible roles in the increasing of manganese superoxide dismutase activity
1271 From all above, it is more than clear that therapeutic significance can be attributed to CUR,
although this requires additional clinical studies with the human population as its main target. At the
same time, such studies should address broad research that will potentiate the beneficial effects of CUR
at several levels in the body.

Cardiovascular diseases

Cardiovascular diseases can be divided into diseases that affect: 1) the heart and blood vessels, 2) the
brain and the cerebrovascular system, or 3) the lower extremities (occlusive disease of the peripheral
arteries) .>>**) The basis of all these diseases is most often atherosclerosis. According to the latest
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research, vascular inflammation plays an important role in all stages of the development of the
atherosclerotic process .2>*”! In the beginning, inflammation has a protective effect, while later
inflammatory cells and mediators have harmful effects, encouraging the onset and progression of
the disease, as well as the development of its complications .**! Given that one of the main mechan-
isms in the occurrence of cardiovascular disease is inflammation and oxidative stress, it is necessary to
discover therapeutic agents that will act to reduce these processes, and thus the occurrence of
cardiovascular disease.

Cardiovascular activities of curcumin
Anti-atherosclerotic effects of curcumin

Atherosclerosis is a major cause of cardiovascular diseases, such as myocardial infarction, heart failure,
stroke, and claudication.*" Therefore, in this paper, we will first give a systematic review of the causes
of atherosclerosis and a systematic review of research and achievements from a molecular standpoint,
regarding the use of curcumin as a therapeutic tool in the treatment of atherosclerosis.

Atherosclerosis is a chronic inflammatory response of the vessel wall or vascular epithelial
dysfunction.*” Over the last few decades, preclinical and clinical studies of the cardiovascular system
have significantly improved the understanding of the pathophysiological process leading to the
formation, progression, and complications of atherosclerotic plaques.'*!! Atherosclerosis begins with
an innate immune response that takes place through the recruitment of monocytes/macrophages that
respond to the excessive accumulation of modified lipids in the arterial wall. Monocyte/macrophage
recruitment is achieved through expressed adhesion molecules (selectins, ICAM-1, VCAM, ELAM) of
activated endothelial cells. Atherosclerosis then proceeds with an acquired immune response involving
the activation of antigen-specific T lymphocytes.*? Atherosclerotic changes are rich not only in
monocytes/macrophages but also in T cells, primarily the Th1 subtype, which may play a role in
plaque formation through a cytokine cascade initiated by their activation.!**!

The endothelium, blood vessels, and smooth muscle cells are targets of proinflammatory cytokines
that, when stimulated, can produce other cytokines. Cytokines further stimulate the expression of
endothelial cell adhesion molecules, attracting new monocytes to sub-endothelial tissue, transforming
them into macrophages and foam cells; they release even more cytokines which, by a positive feedback
mechanism, lead to further progression of atherosclerosis.”*!!

Atherosclerotic plaque contains at least two stimuli for Th1 differentiation. Interleukin-12 (IL-12)
from macrophages, smooth muscle cells, and endothelial cells is important for this differentiation.
Elevated levels of IL-12 have been found in atherosclerotic plaques, while inhibition of IL-12 by the
techniques of vaccination (mechanism for a complete block of IL-12 production) has been shown to
reduce atherosclerosis in mice .1*” IL-12 production is similarly regulated in monocytes exposed to
oxidized low-density lipoprotein (ox-LDL) .**

Interferon-I (INF-I) has also been detected in atherosclerotic plaques .*? It is astrong inhibitor of
smooth muscle cell growth and collagen production, thus promoting plaque instability. In addition,
IFN-I causes the expression of secretory phospholipase A2, leading to the formation of inflammatory
lipid mediators such as lysophosphatidylcholine (LPC), platelet-activating factor (PAF), and eicosa-
noids .**! INF-I also improves antigen presentation and leads to increased production of tumor
necrosis factor-a (TNF-a) and interleukin-1 (IL-1), which contributes to the formation of atheroma-
tous plaques. Mice lacking INF-I have been shown to reduce atherosclerosis by 60% and to accelerate
the administration of INF-I to the atherosclerosis .****!

Experimental atherosclerosis in animals is an important research tool, but a careful extrapolation of
the results to the human population is necessary. Knowledge of the inflammatory components in the
process of developing atherosclerosis offers the opportunity to develop new therapeutic strategies.
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CUR has been shown to have anti-atherosclerotic activity through its anti-inflammatory and anti-
oxidant mechanisms .*") According to a study conducted on smooth muscle cells isolated from the
thoracic aorta of rats (Sprague-Dawley) and stimulated for 24 hours with Angiotensin II (Ang-II),
which plays a significant role in the development of atherosclerotic plaques, treatment with CUR
causes decrease in Ang-II induced production of proinflammatory cytokines (IL-6 and TNF-a) in
a concentration-dependent manner 361 1t also reduces the production of nitric oxide (NO) 37

Abnormal proliferation of vascular smooth muscle cells and mononuclear cells, including macro-
phages, ** monocytes, and lymphocytes, *>*°! which are among the most common immune cells in
atherosclerotic lesions, play a key role in atherosclerotic lesions, inflammation and the development of
atherosclerosis. According to studies conducted on mouse models, the protective effect of curcumin
against atherosclerosis is probably due to its modulation by macrophages, vascular smooth muscle
cells, and endothelial cells ."” In a study investigating the anti-proliferative effects of curcumin on
mononuclear cells in human blood, it was shown to inhibit neutrophil activation .!*!! The same study
also examined the anti-proliferative effect of curcumin on vascular smooth muscle cells in rabbits and
shown CUR-induced inhibition in both cases serum-induced proliferation and platelet-derived
growth factor (PDGF)-dependent proliferation of vascular smooth muscle cells .1*!! According to
another study conducted in rats, the anti-proliferative effect of CUR upon vascular smooth muscle
cells is due to its stimulation of peroxisome proliferator-activated receptor y (PPAR-y) activity, and
suppression of NADPH oxidase-mediated intracellular production of reactive oxygen species (ROS)
' a study of mouse fibroblast cells, CUR suppressed c-Jun/AP-1 activity, *! which is known to
activate variety of mitogens .[**! The potential preventive role of CUR in the process of atherosclerosis
is further supported by its inhibitory effect upon the migration of aortic smooth muscle cells ."**! This
inhibitory effect is associated with decreased TNF-a stimulated production of ROS and inhibition of
matrix metallopeptidase-9 (MMP-9) expression and activation of nuclear factor-KB (NF-KB) a4l

By using “arterial balloon injury” (an important methodology in studying the molecular and
cellular mechanisms involved in vascular smooth muscle cell differentiation, neo-intima formation,
and vascular remodeling) in male Sprague-Dawley rat models, it was found that CUR significantly
i[nhib]its all mentioned processes as key elements in the pathogenesis of atherosclerotic processes

45,46

The vascular anti-proliferative effect of CUR was additionally demonstrated by using a model of
LDL knockout mice. In this model CUR caused heme oxygenase-1 activation (HO-1), ! an enzyme
that is important regulator in reducing the growth of vascular smooth muscle cells .**! Induction of
HO-1 results in a reduction in atherosclerotic lesions in the LDL receptor of knockout mice .1**) CUR
is thought to induce HO-1 by activating the Nrf2-dependent antioxidant in various cells of the
cardiovascular system (such as vascular endothelial cells, vascular smooth muscle cells, and human
aortic smooth muscle cells) .1*~**) Hence, the anti-proliferative effect of CUR is significantly related to
its ability to induce HO-1 .1**!

According to some in vitro studies, CUR caused inhibition of the platelet activating factor (PAF),
and adenosine diphosphate-induced platelet aggregation .*°**! In another study conducted on
a mouse model with thrombosis, it was reported that CUR-induced inhibition of platelet activation
13 These studies suggest that the antiplatelet properties of CUR may be partly responsible for some of
its anti-atherosclerotic activities, but further research is needed to be confirmed .[**!

Low-density cholesterol (LDL) oxidation, also plays an important role in the development of
atherosclerosis. CUR has also been shown to be an effective antioxidant by preventing the oxidation
and modification of LDL .1** Using a rabbit model on a high-fat diet, it was found that CUR effectively
prevented LDL oxidation and reduced cholesterol and triglyceride levels .**! Actually, the last study
has shown that CUR-supplementation, caused significant reduction in the level of oxidative stress and
the development of atherosclerotic lesions in the thoracic and abdominal aorta .[°®!

In knockout mice for apolipoprotein E (apoE) and LDL receptor (apoE/LDLR), on oral CUR-
administration, reduced formation of atherosclerotic lesions was reported .*”! In vascular smooth
muscle cells isolated from the same kind of mice, treatment with CUR causes inhibition of ox-LDL
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cholesterol-induced accumulation, probably via regulation of the sterol-responsive-element-binding
protein (SREBP-1/caveolin-1) signaling pathway .1 According to recent research, based on the fact
that atherosclerosis is a chronic inflammatory disease associated with increased oxidative stress in
vascular smooth muscle cells, researchers believe that the anti-atherogenic effects of the CUR may be
due to its antioxidant and anti-inflammatory properties, by suppressing the NF-KB, ** and reducing
the production of pro-inflammatory cytokines such as IL-6 and TNF-a .**! In addition to anti-
inflammatory effects, recent investigations suggest that it also has anti-proliferative effects on vascular
smooth muscle cells through its ability to inhibit proliferative and migratory signaling pathways .1*°’
Based on its anti-platelet properties, it is proposed that CUR can be used as a supplementary agent for
patients with atherosclerosis. From the analysis of the research done so far, it can be concluded that it
is necessary to conduct additional preclinical and clinical research in animal models and humans in
direction of structuring new CUR-analogs, that even could surpass its supplementary role in the
condition of atherosclerotic processes .**!

Anti-Hypertensive effect of curcumin

Arterial hypertension is a complex syndrome in which etiopathogenesis is interwoven with numerous
interactions of various endogenous and exogenous factors. Hypertension is a risk factor for some
cardiovascular diseases and organ damage .°”! Patients with arterial hypertension are classified
according to the etiology of primary or essential hypertension and secondary hypertension. Arterial
pressure homeostasis and arterial disorders are influenced by genes that regulate the reabsorption of
salt and water in the renal tubules. Essential hypertension is most often caused by inherited genetic
defects in salt homeostasis. The greatest influence on blood pressure values was observed in the
angiotensinogen gene polymorphism .**) The renin-angiotensin-aldosterone (RAA) system is the
major regulator of salt and water metabolism in the body and the most important endocrine system in
controlling blood pressure . The disturbed balance of this system, as a result of the factors for the
reabsorption of water and salts in the organism, '®"! leads to vasospasm, thrombosis, atherosclerosis,
and restenosis after invasive procedures. Increased hypercoagulability has been reported in patients
with essential hypertension, which is one of the most important risk factors for cardiovascular disease.
Obesity and insulin resistance are important hypertensive factors that increase the risk of cardiovas-
cular complications .*!

There is clear evidence that polymorphisms in renin, angiotensinogen, and angiotensin-converting
enzyme loci affect both blood pressure and hypertension .!*"! Because pathological increases in blood
pressure occur due to abnormal expression of multiple genes, the molecular basis of hypertension is
relatively unknown yet .[°?

Some researchers believe that oxidative stress plays a role in the development of hypertension .
Excessive production of free radicals causes reduced NO bioavailability. Eventually, this causes an
increase in total peripheral resistance and leads to endothelial dysfunction .!°*) Recent research has
shown that inflammation also plays a role in the development of hypertension, ‘* but it is not clear
yet, how activated immune cells lead to the development of hypertension. With the development of
new experimental methods, progress has been made in the mechanisms by which inflammation leads
to hypertension and cardiovascular disease, but further research is needed ./l Changes in humoral
and cellular immunity have been reported in both hypertensive patients and animal models .[°* In
some studies, inflammation has been associated with decreased endothelial-dependent relaxation,
a process associated with changes in NO bioavailability .[°**”) In this direction there is considerable
evidence of an association between endothelial dysfunction and essential and gestational hypertension
as well .[®! In addition, some studies have shown that oxidative stress, inflammation, and the immune
system are involved in the development of hypertension .[*”)

The effect of CUR on hypertension has not been studied in details yet. In one study, the protective
effect of CUR on endothelial dysfunction, vascular remodeling, and oxidative stress in hypertensive
male rats was demonstrated .”" In the same study, CUR was shown to reduce oxidative stress and

[63]
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vascular remodeling by increasing plasma endotracheal encephalitis, endothelial NO synthase (eNOS),
decreased expression of p47 f-oxide NADPH oxidase and decreased production of superoxide anion in
the vascular tissues ./ The overall findings from the literature suggests that the mechanisms
responsible for the antihypertensive effect of CUR are due to improve NO bioavailability and reduced
oxidative stress .”%! In another study, CUR was found to significantly reduce hypertension, and cause
a reversible vascular response to Nw-nitro-L-arginine methyl ester (L-NAME)-induced hypertension
in rats ."*®”!! Improvement of vascular dysfunction has been associated with increased eNOS expres-
sion in aortic tissue and plasma nitrate/nitrite .l”") In addition, CUR has been found to reduce the level
of vascular superoxide anion production, thereby reducing the level of oxidative stress.

The beneficial effect of CUR has been demonstrated in a clinical trial in patients with renal disease -
lupus nephritis, "2 but according to another animal study in rat hypertrophy with renal failure, the
CUR did not affect the nephritis-induced increase in systolic blood pressure .*”*! Hence, we can
summarize that more research is needed to shed light on the molecular mechanisms that lead to
hypertension, to find an appropriate therapeutic agent (CUR-based analog) that will be used in the
therapy of patients with hypertension, as well as the implementation of further studies in animal
models and patients regarding the antihypertensive effects of CUR .[°]

Antidiabetic effects of CUR in relation to diabetic cardiovascular complication

Diabetes is a major risk factor for cardiovascular disease, and the association between them is complex
and multifactorial .”* A large percentage of patients with diabetes have dyslipidemia, which leads to
atherosclerosis .”*! People with diabetes have lower levels of high-density lipoprotein (HDL) choles-
terol and higher levels of triglycerides and LDL cholesterol. Oxidized-LDL has pro-atherogenic
properties, and as such, causes abnormal biological responses such as the attraction of leucocytes to
the intima of vessels, stimulation of leucocytes to ingest lipids and differentiate into foam cells,
stimulation of cell proliferation, and stimulation of leukocyte proliferation and smooth muscle cells,
leading to the formation of atherosclerotic plaques 176 people with diabetes have been found to have
decreased bioavailability of NO, (a potent vasodilator), and increased secretion of vasoconstrictor
endothelin-1 .””) Decreased NO bioavailability in diabetics occurs due to insulin deficiency or
defective insulin signaling (insulin resistance) in endothelial cells .[°**”) Hyperglycemia also acutely
inhibits NO production in arterial endothelial cells .’®! Decreased NO production and increased
secretion of endothelin-1 are associated with vasoconstriction and the release of proinflammatory
cytokines .”?! Proinflammatory cytokines increase vascular permeability, cause programmed cell
death (apoptosis), recruit invasive leucocytes, and cause increased production of ROS. Oxidative
stress, in turn, plays a key role in the pathophysiology of cardiovascular complications in diabetic
patients 174

Research concerning the antidiabetic effects of CUR began after the publication of the first study
in 1972, which described the effect of CUR on lowering blood glucose in only one diabetic person
189 The studies that were conducted subsequently were mostly on animal models, and only a few of
them were clinically oriented .*'! One of the most widely used animal model for examining the
effects of CUR, is the model for study the effects upon blood glucose levels .'**! In alloxan-induced
diabetic rats, streptozotocin (STZ)-induced diabetic rats and STZ-nicotinamide-induced diabetic
rats, 1®* oral administration of different doses of CUR has been shown to prevent weight loss,
glucose, hemoglobin, and glycosylated hemoglobin (HbA1C) increase, ! and improved insulin
sensitivity .!**) Also, CUR has been shown to lower blood glucose levels in diabetic models of KK-Ay
mice %) CUR, was also effective in lowering blood glucose levels of hemoglobin and hemoglobin
A1C (HbAIC) in models of STZ-induced diabetic mice .’*”! In some studies, the effect of CUR on
lowering blood glucose has been linked to an increase in NO bioavailability, **! (which is reduced
by diabetes), suggesting that CUR play pivotal role in the prevention of cardiovascular complica-
tions from diabetes .!**
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According to recent studies, one of the functions of CUR in the process of hyperglycemia is the
reduced levels of TNF-a!®*! and NF-KB, ! (ie CUR treatment reduces their expression, activation, or
function) .®" The treatment with CUR also has been associated with decreased levels of IL-6 and
monocyte chemoattractant protein-1 (MCP-1) in streptozotocin-diabetic mice and in monocytes
treated with high glucose concentration .°2) CUR has been shown also to have the ability to activate
peroxisome proliferator-activated receptor y (PPAR-y) activity in diabetic models of KK-Ay mice .5
Some studies have shown that CUR also can increase plasma insulin levels and increase lipoprotein
lipase (LPL) activity .!”*) Using models of streptozotocin-induced diabetic mice, CUR cause reduced
expression of protein kinase C (PKC) and lead to reduced ROS production .”*! However, according to
some studies, CUR had no significant effects on blood glucose levels .*>°! The reason for the opposite
results from these studies may be due to the use of different models of induced diabetic rodents or
different administration of CUR .[*

From the published studies, we can conclude that the protective effect of CUR on the cardiovascular
system in diabetic cases is due to its ability to reduce oxidative stress and inflammatory processes, ¢!
which occur in diabetes. It needs to be taken that most of these results have been obtained by
experiments performed on animal models, so further clinical trials are needed, '**! to confirm the
potential of CUR in the treatment of diabetes induced cardiovascular complications.

Cardio-protective effects of CUR on myocardial infarction

Myocardial infarction is considered to be one of the major cardiovascular diseases with a high rate of
morbidity and mortality worldwide .°”! The most common cause of myocardial infarction is narrow-
ing of the coronary arteries, which leads to the complete cessation of blood flow to the heart .17 It
usually occurs suddenly, due to blockage of the coronary artery or its branches by a thrombus that
gradually forms at the base of the blood vessels damaged by atherosclerosis. Atherosclerotic plaques
narrow the diameter of the coronary artery, creating a base on which a clot can easily form and clogs
the lumen (cavity) of the coronary artery .[*®!

The inflammatory process plays a key role in the formation of atherosclerotic plaque and in the
progression of plaque to an unstable state, resulting in myocardial infarction .!**! Myocyte death due to
myocardial infarction triggers a temporary inflammatory response by activating toll-like receptors >’
In some rodent models of myocardial infarction, increased expression of pro-inflammatory cytokines
has been observed: TNF-a, IL-1P, and IL-6, after only a few hours to a day after the occurrence of
myocardial infarction ") An increased role in the activation of inflammatory responses is played by
the increased production of ROS due to ischemia of the heart muscle .

Risk factors for the onset and development of atherosclerosis include hypertension, diabetes
mellitus, and dyslipidemia ."'°" Recent findings suggest that atherosclerosis is a partially inflammatory
condition .["*! Currently available methods for relieving myocardial infarction are surgical approach
and antithrombotic therapy .["®*! Scientists today are increasingly examining herbal remedies as an
alternative approach to treating various diseases, associated to the occurrence of myocardial infarc-
tion 1104

Herbal medicine has been examining CUR extensively, as alternative medicine in the treatment of
myocardial infarction. According to some studies, CUR causes a significant reduction in plasma levels
of cardiac enzyme markers: lactate dehydrogenase - LDH and creatine kinase - CK in rat models of
infarction, treated with CUR at doses of 50 mg/kg body weight, few days after infarction, indicating its
potential to reduce infarct injury at the onset of infarction .'°*) Hong et al. demonstrated the same
scenario with these enzymes in the rat models treated with 75 mg/kg/day CUR for 3 days .!"°! They
also reported that CUR caused different expressions of different genes compared to the control non-
CUR-treated groups. These genes play a role in the inflammatory processes, proving the anti-
inflammatory effect of CUR and its protective role against myocardial infarction .["**'°”) Garvin
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et al. found that CUR has a modulating effect on the rate of immune cell filtration and cause
impr([)ve]ment in the mitochondrial function in injured cardiomyocytes, thereby reducing the infarct
rate .['%

Numerous studies have shown that the nuclear factor (NF), play a key role in the pathophysiology
of myocardial infarction, ischemic remodeling, apoptosis, and heart failure .!"! NF is thought to
contribute significantly to the occurrence of heart injury by generating cardiac inflammatory processes
M1 Ty et al. in a rat model of infarction, in which they ligated the anterior left descending artery,
found that treatment with 150 mg/kg CUR per day after ligation significantly reduced NF-expression
and increased PPAR-y expression. The potentiation in PPAR-y expression is very important in
indu?tioln of the anti-inflammatory signaling, thus contributing to the reduction of the infarct
size .M

According to some studies, CUR is also effective in the prevention of the ischemic-reperfusion
injury in the heart, which can lead to cardiomyocyte death .'*? Liu et al. demonstrated that CUR
induces prevention of the myocardial ischemic-reperfusion injury in a rat model by reducing serum
LDH and CK enzymes and inhibiting the NF-signaling pathway ."** In a rabbit model of myocardial
ischemic reperfusion injury during cardiopulmonary bypass, Saeidinia et al. reported that CUR
inhibited NF-activation in the cardiomyocyte nucleus, thereby reducing levels of TNF-a and IL-6 in
blood, which is the reason for inhibition of monocyte apoptosis 114 yeh et al,, found that CUR can
also inhibit cardiomyocyte apoptosis by reducing NF-activation, leading to decreased pro-
inflammatory cytokines"** and impaired neutrophil activation in the heart .[''!

Other studies have shown that CUR activates the JAK2/STAT3 signaling pathway, leading to
inhibition of reperfusion injury .!"'*!*) Initial growth response protein-1 (EGR-1) also plays a key
role in the pathophysiology of acute and chronic cardiovascular disease and is associated with
induction of TNF-a and IL-6 expression .[''”! The same group have shown that preventive treatment
with CUR (150 mg/kg/day, for 5 days) improves ischemic reperfusion injury of the heart, inducing
down-regulation of the EGR-1 and inflammatory factors such as TNF-q, IL-6, P-selectin, and inter-
cellular adhesion molecule 1 (ICAM-1), and causing reduction of the size of infarction M7 respect
to data from all previously mentioned studies for the use of CUR in the prevention and treatment of
myocardial infarction, its cytotoxic effects and toxicological data from preclinical and clinical studies
should be considered to determine the exact dose and time of drug administration .['*"!

Toxicological data about cur

An important feature of CUR is that although it has been consumed for centuries, it has not been
shown to cause toxicity in the body .["'® The results of preclinical and clinical studies showed that
CUR is extremely well-tolerated. Most preliminary toxicological data about CUR have been obtained
from cancer patients in whom CUR has been tested as an anticancer or chemo-preventive agent .''*!
According to these studies, CUR is found to be well tolerated in humans when administered daily
(even in doses up to 8 g per day; doses over 8 g are unpleasant) over several months (up to 3 years in
small studies) and no dose-limiting toxicity was observed .['*"!

However, there have been occasional reports of gastrointestinal side effects of CUR, including
nausea and diarrhea, during the first month of use, and rare abnormal increases in serum alkaline
phosphatase and lactate dehydrogenase levels have been reported ."'**) Another study of older people
(mean age 73.5 years) with Alzheimer’s disease who were given 4 g of CUR per day for 24 weeks
showed that CUR is generally well tolerated, although three of them withdrew due to gastrointestinal
symptoms L2l

Despite extensive preclinical data on CUR, the pharmacokinetic properties of CUR in humans are
not yet fully understood .""** In a clinical study in which healthy subjects took 2 g of pure CUR
powder, serum levels of CUR were almost undetectable 1221 1 another study, analyses of serum and
urine samples, in which subjects were administered with 3.6 g CUR per day, showed a definite
presence of CUR and its conjugates in both types of samples .!'*") Also, some studies suggested that
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at higher concentrations, CUR may show antioxidant, anti-inflammatory, and anti-lipid properties
1119 Co-administration of CUR with piperine has also been shown to increase the bioavailability of
CUR in humans by 2000% .['2°!

On the other hand, several studies have shown that CUR has a relatively low bioavailability,
which occurs primarily due to poor gastrointestinal absorption, insolubility in water, 2712 rapid
metabolism, and rapid elimination from the body, as well as its molecular instability. Therefore,
a thorough evaluation of the potential side effects of CUR when used in high concentrations for
chronic treatments is essential. Because of this need, researchers’ efforts are focused on developing
CUR analogs and CUR conjugates with greater therapeutic potential, better solubility and intestinal
absorption.

[123]

Newly synthesized cur derivatives in the treatment of cardiovascular disease

Due to the low bioavailability of CUR, researchers are focused on improving its pharmacological
activities. Recently, enormous approach was made in direction of generation of CUR derivatives with
improved bioavailability, and it has been found that reducing the functional dicarboxylic group to
monocarboxylic acid, significantly improves its bioavailability and stability .["*” These so-called
monocarbonate CUR analogs (MACs) have been studied extensively and possess a variety of beneficial
biological properties. The different types of CUR derivatives are already tabulated in different research
studies .**>7) We will list the newly synthesized ones, which are intended for cardiovascular
applications.

Among the monocarbonyl CUR analogs tested for cardiovascular applications is compound C66
(2E,6E)-2,6-bis [(2-trifluoromethyl) benzylidene]-cyclohexanone which has shown significantly better
chemical stability and pharmacokinetic characteristics .!'**! According to several studies, '2”"'** on
the use of compound C66, it has been established that this compound has a favorable pharmacological
effect on complications that occur in diabetes due to its anti-inflammatory action .**! C66 has also
been found to have a protective effect on pathogenic aortic changes caused by diabetes in experimental
animal models of male mice aged 6-8 weeks. Treatment with C66 prevented the progression of
diabetes-induced aortic inflammation, oxidative damage, apoptosis, and fibrosis 11301 The researchers
also found that C66 had a beneficial effect on diabetic nephropathy through mitogen-activated protein
kinase (MAPK)-dependent anti-inflammatory or anti-ACE (angiotensin-converting enzyme)
mechanism .'*!! Furthermore, the same authors have shown that C66 at a relatively low dose of
5 mg/kg/day protects against diabetic heart damage by inhibiting Janus N-terminal kinase (JNK
kinase) .'?*! According to researchers Ren and Sowers, this compound can also be used in diabetic
cardiomyopathy 2! Figure 4 shows the possible mechanisms of action of C66, reporting for the
beneficial effect of this CUR analog in diabetic/hyperglycemic abnormalities and cardiac function
retention. C66 inhibits JNK activation to stop inflammation and apoptosis during the early and late
stages of diabetes/hyperglycemia. In addition, C66 preserves the level of metallothionein (heavy metal
scavenger) by inhibiting JNK kinase. IKBa (nuclear factor kappa light polypeptide gene enhancer in
B-cells, inhibitor alpha) is a regulatory protein that inhibits NF-KB by complexing it and trapping it in
the cytoplasm 211 However, compound C66 has been shown to have poor antioxidant activity in both
in vitro and in vivo conditions ."'*?!

The structure of C66 (Figs. 3 and 6) has vertical symmetry and contains two trifluoromethyl groups
that may contribute to its anti-inflammatory activity. Recent research has confirmed that the intro-
duction of bromine may enhance the antioxidant activity of the compound .!"** Thus, to modify the
antioxidant activity of C66, one of the trifluoromethyl groups was substituted with bromine to
produce a new compound (2E, 6E) —2- (2-bromobenzylidene) —6-((2-trifluoromethyl)-benzylidene)
cyclohexanone (so-called Y-20) (Figs. 5 and 6). Additional research has shown that Y-20 has better
antioxidant properties compared to C66 and is safe for use, without side effects .!"**! According to
Cooper and colleagues, the beneficial properties of Y20 are related to the ability of this compound to
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Figure 6. Curcumin and monocarbonyl curcumin derivatives with strong biological properties (antioxidant and anti-inflammatory).

increase Nrf2 expression and inhibit NF-KB activation. Research has shown that this compound has
the potential to treat overweight-induced heart disease by using Nrf2 and NF-KB as targets for the
treatment of obesity-related diseases .!'**!

Encouraged by these studies, it can be logically concluded that the replacement of other
trifluoromethyl groups of Y20 can further improve the antioxidant properties of this compound,
without reducing its anti-inflammatory properties, resulting in a new compound (2E,6E)-2,6-bis
(2-bromobenzylidene) cyclohexanone B2BrBC. Our research!'**) about the antioxidant properties of
noncarbonated CUR analogs C66 and B2BrBC in isoproterenol-induced cardiac damage in rats,
showed that both compounds have maximum unique antioxidant properties and the ability to
withdraw electrons (i.e., activation of B-olefinic carbon), and on the other hand, the ability to release
electrons necessary for their antioxidant activity .[°*®”) In this study, reliable results were obtained
for the preventive effects of the newly synthesized compound B2BrBC and its role in preventing
oxidative damage at three levels (enzymatic, protein and lipid) in early myocardial hypertrophy .[***!
Several other studies testing the antioxidant and anti-inflammatory effects of C66 and B2BrBC, in
conditions of cardiac hypertrophy in rats, support the potential of these compounds in the treat-
ment of the progression of cardiac hypertrophy ."**! In general, B2BrBC has shown significant
antioxidant and anti-inflammatory effects, while C66 deficiencies are associated with poor antiox-
idant regulation .I"**) Hence, it can be summarized that by structural change in CUR, researchers
have synthesized new CUR derivatives with better bioavailability and comparable or better phar-
macodynamic properties than CUR; however, toxicological data on these derivatives are lacking.
Therefore, further preclinical and clinical trials, with larger sample sizes and optimized doses, are
needed to verify current knowledge of CUR and its derivatives in the treatment of cardiovascular
disease.

Conclusion

According to research conducted so far, scientists believe that the main mechanisms for the
occurrence of cardiovascular disease are increased oxidative stress and the occurrence of inflam-
matory responses and that the cardioprotective properties of CUR are due to its antioxidant and
anti-inflammatory properties [. The mechanisms by which CUR exerts its anti-inflammatory effects
are by suppressing the activation of NF-KB and reducing the increased production of proinflam-
matory cytokines, such as IL-6 and TNF-a. CUR also enhances the bioavailability of NO to improve
endothelial function. In addition to anti-inflammatory effects, recently published data suggests that
it has antiproliferative effects on vascular smooth muscle cells through its ability to inhibit pro-
liferative and migratory signaling pathways. Along with its antioxidant effects, by preventing the
oxidation and modification of LDL, reducing the production of superoxide, increasing the catalase
activity, reducing the NADPH oxidative activity and its anti-platelet properties, researchers have
shown that it has the potential to be used as a therapy in treating of cardiovascular disease. However,
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based on clinical trials conducted mainly in patients receiving anticancer therapy, it can be
concluded that the efficacy of CUR in the treatment of cardiovascular disease in humans has not
been well studied yet, nor has the exact dose needs to be administered to patients to achieve its
cardio-protective effects been determined. In addition, the use of CUR is limited in clinical practice
due to its low bioavailability, which is likely to be caused by poor absorption and rapid metabolism.
With the structural modification of CUR, the researchers designed CUR analogs with better
bioavailability, some of which have comparable and better pharmacodynamic properties than
CUR, but toxicological investigations are still lacking. Based on all of the above, it can be concluded
that further studies of animal models and humans are needed to verify current knowledge about the
application of CUR and its derivatives in the treatment of cardiovascular diseases. In this way
through these studies more reliable data will be generated concerning the effects of CUR and its
analogs on cellular and subcellular/molecular levels. Prospectively, we believe that this will ground
the basis for further improved synthesis of CUR-analogs, appropriate for the treatment of cardio-
vascular diseases.
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