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Abstract: Cardiovascular diseases (CVDs) are a group of diseases in which the common denominator
is the affection of blood vessels, heart tissue, and heart rhythm. The genesis of CVD is complex and
multifactorial; therefore, approaches are often based on multidisciplinary management and more
than one drug is used to achieve the optimal control of risk factors (dyslipidemia, hypertension,
hypertrophy, oxidative stress, endothelial dysfunction, inflammation). In this context, allicin, a sulfur
compound naturally derived from garlic, has shown beneficial effects on several cardiovascular
risk factors through the modulation of cellular mechanisms and signaling pathways. Effective
pharmacological treatments for CVD or its risk factors have not been developed or are unknown
in clinical practice. Thus, this work aimed to review the cellular mechanisms through which allicin
exerts its therapeutic effects and to show why it could be a therapeutic option for the prevention or
treatment of CVD and its risk factors.

Keywords: allicin; cardiovascular disease; risk factors; dyslipidemia; hypertension; hypertrophy;
inflammation; oxidative stress; endothelial dysfunction

1. Introduction

The cardiovascular system (CS) supplies oxygen and nutrients to cells and tissues
of the body and, it also removes metabolic waste products. CS includes heart and blood
vessels (veins, arteries, arterioles, and capillaries). Alterations in the structure or function
of CS components lead to the development of a group of diseases that affect blood vessels,
heart, and heart rhythm. Because these diseases share several characteristics concerning
their onset and pathophysiology, as well as prognosis and treatment, these entities are
collectively denominated as cardiovascular diseases (CVDs) [1].

Nowadays, CVD is one of the major causes of morbidity and mortality both at the
regional level and worldwide [2,3]. Moreover, several studies have predicted an increase in
the incidence for years to come [2–4]. In Latin America and Mexico, CVDs are the first cause
of mortality (20.8%), followed by COVID-19 (15%) and diabetes mellitus (14.6%), without
significant differences associated with gender [1,4,5]. The World Health Organization
(WHO) reported that heart diseases are the leading cause of mortality for the last 20 years,
reaching 19 million deaths in 2019. This significant death toll represents 16% of deaths from
all other causes [2,3,6].

The pathogenesis of CVD is multifactorial, complex, and progressive, and develops
due to the interaction of several factors (environmental, dietary, race, and metabolic),
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secondary to other diseases (hypertension, diabetes, metabolic syndrome, etc.), and may
also be of genetic origin, or caused by birth defects [7,8]. CVDs with genetic or congenital
background represent a lower percentage (30%) as a cause, compared to CVDs originated
by the interaction of other factors (70%) [9]. The factors associated with the pathogenesis of
CVD are known as risk factors) and have been classified as modifiable and non-modifiable.
The modifiable risk factors are also called susceptible to modification or control and include
hypertension, dyslipidemia, metabolic syndrome, diabetes, obesity, smoking, alcoholism,
diet, and sedentary lifestyle. The non-modifiable risk factors include age, sex, and ethnic or
hereditary factors (Figure 1) [9–11].
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Figure 1. Cardiovascular diseases: classification of risk factors, physiological effects and strategies
for prevention and treatment.

CVD includes entities that affect the entire circulatory system (Figure 1); thus, different
organs and tissues are affected and consequently, there are various clinical subtypes, based
on the injured tissue as well as the symptoms/signs manifestation (Table 1) [1,2,7–9]. CVD
develops early in life and progresses slowly, so it often progresses unnoticed for a long time
before the first symptoms become clinically apparent. Chronic exposure to risk factors pro-
motes cellular and biochemical responses, as well as intracellular defense mechanisms that
trigger reactive oxygen species (ROS) formation, endothelial dysfunction, inflammation,
fibrosis, apoptosis, vascular remodeling, and hypertrophy. These alterations induce tissue
remodeling and dysfunction that if left untreated, progress to advanced stages.

Table 1. Classification of cardiovascular diseases based on the affected organ, system, or tissue.

Type Affection Clinical Manifestation

Cerebrovascular Disease
Alterations in blood vessels and circulation that
supply blood to the brain [1,2,7]

Embolism
Thrombosis

Ischemic Stroke
Intracerebral hemorrhage
Transient ischemic attack
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Table 1. Cont.

Type Affection Clinical Manifestation

Coronary Heart Disease Impaired flow in the blood vessels that supply blood
to the heart [1,2,7]

Hypertensive diseases
Myocardial infarction

Heart failure
Sudden death

Atherosclerotic heart disease
Pulmonary arterial hypertension

Peripheral Arterial Disease The narrowing of the blood vessels reduces blood
flow to the arms and legs [1,2,7]

Atherosclerosis
Aneurysm

Arterial thrombosis
Deep vein thrombosis
Acute limb ischemia

Arrhythmias Alteration in rate or rhythm of the heartbeat [2,7]

Tachycardia
Bradycardia

Premature contractions
Atrial fibrillation

Rheumatic Heart Disease Damage to the muscle and valves in the heart [1,2,7] Rheumatic fever

Congenital Heart Defects Malformations of the heart or great vessels present
at birth [2,9]

Abnormal heart valves
Septal defects

Patent ductus arteriosus
Atresia

Pulmonary arterial hypertension
Coarctation of aorta

Besides being one of the main causes of mortality worldwide, CVDs cause the dis-
bursement of significant amounts of money for the management of the disease in the
short, medium, and long term. The treatment of CVD is primarily focused on the control
of modifiable risk factors [12,13], combining pharmacological treatment and changes in
lifestyle [14,15]. However, due to the complexity of CVD pathogenesis, the treatments are
usually approached with multidisciplinary management, and more than one drug is used to
achieve the optimal control of risk factors. Despite the government’s efforts, the incidence
of CVDs continues as high as before and their incidence is still far from decreasing.

One of the non-pharmacological therapeutic strategies to reduce risk factors involves
changes in lifestyle (modifying eating habits and physical activities) (Figure 1). On the other
hand, proactive functional medicine is a growing strategy that displays not only health-
promoting activities but therapeutic potential as well [16–18]. In this context, preclinical and
clinical studies have reported that the intake of vegetables and some types of fruits, herbs,
and spices provide elements and micronutrients with cardioprotective properties [18]. The
main properties that have been described for nutrients include anti-inflammatory, anti-
diabetic, anti-hypertensive, and anti-oxidant activities (Figure 1) [18–20]. Furthermore, it is
well known that many drugs have been obtained or derived from plants, vegetables, fruits
or other natural origins [19,21].

Garlic is a spice commonly used as a condiment, but since ancient times activities
such as anti-microbial (parasites, bacteria, and fungi), anti-diabetic, anti-hypertensive, and
cardioprotective have been reported [22]. Garlic is especially rich in sulfur-containing
compounds; thus, many of these compounds can be responsible for its therapeutic effects.
Recent studies have shown that allicin, a garlic-derived sulfur compound, has beneficial
effects on different cell types that could be useful for the management of CVD or its risk
factors. Therefore, in the present work, we review the preclinical and clinical studies and
summarize the cellular and molecular mechanisms by which allicin exerts its beneficial
activities and place it as a potential therapeutic option in the treatment of CVD.
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2. Allicin
2.1. Garlic as a Natural Source of Allicin

Garlic is useful in the treatment of CVD, mainly due to its anti-inflammatory, anti-
hypertensive, anti-platelet, and anti-diabetic effects [21–25]. However, recent studies
suggest that the biological activities in garlic can be attributed to allicin, the compound
formed in high proportion when a garlic clove is cut, macerated, or crushed. Therefore,
it has been hypothesized that allicin is the main compound responsible for the beneficial
effects of garlic consumption.

Raw garlic water content is approximately 50%, the rest consists of carbohydrates,
lipids, proteins, fiber, vitamins, free amino acids, and minerals, and it is especially rich in
sulfur compounds (Table 2) [22–24,26].

Garlic is odorless until the alliin compound [(+)-S-(2-propenyl)-L-cysteine sulfoxide]
and the alliinase enzyme react. These components in intact garlic bulbs are stored in
vesicles or vacuoles independently until mechanical stimuli such as cutting or maceration
break it, thus, alliin and alliinase are released and the catalysis for allicin formation takes
place (Figure 2A) [26]. There are other sulfur compounds in raw garlic, but the proportion
of these is lower compared to the alliin.
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Figure 2. Chemical reactions for allicin synthesis in crushed garlic cloves and substrate formation for
chemical synthesis: (A) Compartmentalization of alliin and alliinase in the intact garlic bulb; (B) First
reaction in allicin formation; (C) Second reaction for the allicin formation.

The highest percentage of sulfur compounds in garlic is represented by γ-L-glutamyl-
S-(2-propenyl)-L-cysteine (GSAC) an alliin precursor, which is transformed into alliin the
substrate in the allicin synthesis reaction [26]. For the synthesis of allicin, alliin is hydrolyzed
by the enzyme alliinase into allyl sulfenic acid and dehydroalanine (Figure 2B) [27]. Allicin
is formed by the reaction from two allyl sulfenic acid molecules, resulting in allicin and one
water molecule as a final product (Figure 2C).

The allicin synthesized represents 60 to 80% of all sulfur compounds (Table 2) and it
gives the characteristic odor and hence is considered the active compound in garlic [24].
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Furthermore, in spite of the fact that alliin and allicin have similar chemical residues, alliin
does not show the biological activity of allicin [28,29]. In fact, a recent study assessed the
effect of alliin on experimental obesity resulting in modest beneficial effects [29]. The latter
supports the hypothesis that allicin is the active compound responsible for the biological
activities in garlic.

Table 2. Composition of raw garlic (Allium sativum).

Substance or Compound Percent in 100 g Dry Weight

Water 50%

Carbohydrates 30%

Proteins 10%
Alliinase 10 mg/gr

Free amino acid 1.0%

Lipids 3.5%

Fiber 1.0%

Kilocalories 149 Kcal

Vitamins
B1 0.16 mg
B2 0.02 mg
B6 0.32 mg

Nicotinic Acid 0.12 mg
Ascorbic Acid 14 mg

Minerals
Potassium 446 mg

Phosphorous 134 mg
Sodium 19 mg
Calcium 17 mg

Iron 1.2 mg
Magnesium 24.1 mg

Zinc 1.1 mg
Iodine 4.7 µg

Selenium 2 µg

Sulfur compounds 3.5%
γ-glutamyl peptides: 80–85%

γ-L-glutamyl-S-(2-propenyl)-L-cysteine (GSAC) 40–60%
γ-L-glutamyl-S-(trans-1-propenil)-L-cysteine (GSPC) 10–18%

γ-L-glutamyl-S-methyl-L-cysteine (GSMC) 10–18%

Sulfoxides produced by the allinase
action:

(+)-S-(2-propenyl)-L-cysteine sulfoxide (alliin) 60–80%
(+)-S-(trans-1-propenil)-L-cysteine sulfoxide (isoalline)

(+)-S-methyl-L-cysteine sulfoxide (methiine)
(1S, 3R, 5S) -5-methyl-1, 4-thiazan-3-carboxylic acid

1-oxide (cycloaliine).

The content of garlic compounds is approximately considering the available scientific literature [22,24,26,30–32].

2.2. Synthetic Allicin

Allicin can also be obtained by chemical synthesis by a reverse process from the garlic
decomposition cascade of natural synthesis. Briefly, diallyl disulfide dissolved in acetic
acid is mixed with hydrogen peroxide to form allyl sulfenic acid, which, as described
above, is the substrate for spontaneous condensation producing allicin (Figure 2C) that is
further extracted from water with a polar organic solvent as dichloromethane. Through this
synthetic procedure, allicin can be obtained with a high purity ranging from 90–92% [33].
Due to its hydrophobic nature, allicin can easily diffuse the phospholipid bilayer in cell
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membranes. Furthermore, it is known that allicin rapidly reacts with the free thiol or
sulfhydryl groups of amino acids such as cysteine and the proteins on the cell membrane,
as well as with other proteins in the cell compartments [34,35]. These characteristics could
be important for the induction of the biological activities attributed to allicin.

3. Effects of Allicin on Cardiovascular Risk Factors
3.1. Dyslipidemia and Obesity

Atherogenic dyslipidemia [High levels of triglycerides (HTG), low high-density
lipoprotein cholesterol (HDL-C), and high proportion of small and low-density lipoprotein
cholesterol (LDL-C)], and obesity are two risk factors closely associated with the progres-
sion of CVD. Therefore, the control of both CVRF is one of the most important goals to
achieve in the management of CVD, even in the premature stages [15]. In this regard,
preclinical and clinical studies have shown that allicin has important beneficial effects
on dyslipidemia and obesity. In this sense, in experimental models of hyperlipidemia,
allicin improved the lipid profile (decreased TG, total cholesterol (TC), and LDL-C), and
decreased hyperinsulinemia. In contrast, the allicin treatment increases HDL-C [36–40].
Additionally, other studies in hyperlipidemic rats reported that allicin prevented increased
body weight and blood pressure [41,42]. Interestingly, in patients with type 2 diabetes,
allicin reduced TC, and LDL-C, while HDL-C values were increased [25]. Moreover, in
healthy subjects, the administration of allicin for 10 weeks reduced the concentrations of
TC and TG [43,44]. In light of these observations, the beneficial effects of allicin on the lipid
profile in dyslipidemia are convincing.

On the other hand, dyslipidemia is associated with poor vascular function. In this
regard, in experimental hyperlipidemia high fat diet-induced, allicin reduced TG, TC,
LDL-C, as well as alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
activities, while serum nitric oxide (NO) levels and relaxation degrees of thoracic aorta
rings were increased [45]. Allicin-fenofibrate combination showed synergistic effects on the
regulation of blood lipids and the improvement of endothelial function [45].

Moreover, dysregulated lipid metabolism signaling has long been known to be
pathogenic in several CVD and can be caused by alterations in the metabolism of lipids
and carbohydrates. In this context, the beneficial effects of allicin involved the modulation
of signaling pathways underlying the synthesis or degradation of lipids and carbohydrates.
Thus, allicin increased the phosphorylation of adenosine monophosphate-activated protein
kinase (AMPK), protein kinase A (PKA), and the AMP response element-binding protein
(CREB) in a cell culture of hepatic lipotoxicity (HepG2) [46]. In contrast, allicin decreased
the expression of the sterol regulatory element-binding protein 1 (SREBP-1) and the protein
SREBP-2. These proteins play a key role in the regulation of the metabolism of cholesterol,
fatty acid synthesis, and insulin resistance [46]. Additionally, in an experimental model
of nonalcoholic fatty liver disease (NAFLD) allicin reduced the lipid accumulation in the
liver. This effect was related to the increase in PPARα and FABP6 expressions and to
the down-regulation of PPARγ and FABP4 [47]. These allicin-induced effects contributed
to the reduction in TG and TC accumulation in the cells of models of dyslipidemia and
NAFLD [46,47].

In an experimental model of obesity high fat diet-induced, the allicin treatment in-
creased the expression of genes involved in lipolysis [hormone-sensitive lipase (HSL),
adipose triglyceride lipase (ATGL), and lipoprotein lipase (LPL)], and insulin signaling
pathway [insulin receptor substrate 1 (IRS-1) and IRS-2]. In contrast, allicin decreased
the expression levels of genes involved in lipogenesis [SREBP1, acetyl-CoA carboxylase
(ACC), fatty acid synthase (FASN), stearoyl-CoA desaturase-1 (SCD-1), and peroxisome
proliferator-activated receptor γ (PPARγ)] [48]. Finally, the allicin treatment reduced body
weight gain and fat accumulation (visceral and subcutaneous), and improved the glucose
tolerance test, insulin response, and lipid profile [48].

On the other hand, the beneficial effects of allicin include the modulation of metabolic
organs such as brown adipose tissue (BAT), which is described as energy-consuming fat.
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Thus, the activation of BAT has been proposed as a therapeutic option in obesity [49–51].
Further, thermogenesis and glucose homeostasis are associated with BAT [52,53]. In relation
to this, UCP1, PGC1a and PRDM16 are genes involved in thermogenesis, while KLF15
stimulates the expression of UCP-1 [54]. In adipocyte cell culture, allicin increased the
expression of uncoupling protein-1 (UCP1), PPARγ co-activator 1α (PGC1α), PR-domain
containing 16 protein (PRDM16), and Krüppel-like factor 15 (KLF-15) in a concentration-
dependent manner [54]. In mice with a high-fat diet, the allicin treatment induced a
decrement in the hepatic accumulation of cholesterol and TG, and lower serum TC, LDL-C,
TG, and free fatty acids [54]. It is possible that the browning effect induced by allicin
favors lipolysis and lipid oxidation and consequently improvements in the lipid profile
and eventually the reduction in body weight, this may be beneficial in diseases such as
obesity, insulin resistance, which are associated with overweight and dyslipidemia.

In this line, the allicin treatment reduced body weight gain, fat accumulation (visceral
and subcutaneous), improved glucose tolerance test and insulin response, and the lipid
profile. Additionally, it augments whole-body energy expenditure by activation of BAT
(increase in UCP1 and OXPHOS-related proteins (ATP5A and NDUFB8)), increase in
thermogenic genes (PGC1α/β and CPT1α/β) and mitochondrial biogenic transcription
factors (NRF1, NRF2, and TFAM). Another important effect of allicin was the beiging of
subcutaneous white adipose tissue (WAT) (increase in CD137, TMEM26, and TBX1), as
well as the increase in expression of fatty acid oxidation (Sirt1, PGC1α, CPT1, and CPT1β)
and lipolysis related genes (PPARα, HSL, and ATGL) in the liver, while reducing the
related with fatty acid synthesis (SREBP1, ACC, FASN, and PPARγ). All of these effects
contribute to relieving hepatic steatosis and inflammation in an experimental model of
obesity diet-induced [55].

In patients, a randomized, double-blind, placebo trial, reported that C-reactive protein,
and systolic, diastolic, and mean blood pressures decreased in NAFLD patients treated
with allicin 3 mg/day [56].

In summary, through the modulation of key proteins associated with the metabolism
of lipids and carbohydrates allicin prevents body weight gain, maintains glucose home-
ostasis, and improves lipid profile, adiposity, and hepatic steatosis as observed in vitro and
in vivo assays, as well as in patients with dyslipidemia (Figure 3). Therefore, allicin could
contribute to the treatment of CVD through its effects on dyslipidemia, which is a common
risk factor in obesity, metabolic syndrome, hepatic steatosis, and type 2 diabetes.

3.2. Atherosclerosis

Atherosclerosis is a gradual process of lipid accumulation, thickening, and hardening
of arteries that occurs throughout a lifespan. These processes involve the formation of a
plaque composed of lipids, fibrous tissue, and the activation and participation of inflamma-
tory mechanisms (infiltration of cells and secretion of proinflammatory cytokines) [1]. Over
time, plaques narrow arteries and that eventually will be destabilized releasing fragments
of plaque that may block small vessels and capillaries interrupting the blood supply. The
obstruction of arteries limits the flow of oxygen to the brain, heart, and lower extremities,
increasing the risk of ischemic events [1]. HTG, hypercholesterolemia, and elevated levels
of LDL-C and lipoprotein (a) (LPa), a specialized form of LDL-C, have shown to be the
major triggers of atherosclerosis. In this context, it was demonstrated that allicin reduces
the formation of fatty streaks and LDL-C oxidation in murine experimental models of
atherosclerosis cholesterol-rich diet-induced [57,58]. Additionally, allicin decreased TG, TC,
very-low-density lipoprotein cholesterol (VLDL-C), and LDL-C, while the HDL-C values
were increased [58]. The beneficial effects of allicin on atherosclerosis were mediated by
their antioxidant effects, lipoprotein modification, and the inhibition of LDL-C uptake
and degradation by macrophages [58]. In addition, another protective effect of allicin
is related to the modulation of inducible nitric oxide synthase (iNOS) expression in the
cell culture of macrophages, iNOS promotes peroxynitrite formation and is expressed in
atherosclerotic injury in humans [59]. Furthermore, allicin reduced hyperhomocysteinemia,
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TG, TC, and the intima-media thickness (IMT) of the carotid artery which is a marker of
systemic atherosclerosis used in experimental models and in patients with coronary artery
disease (CAD) [44,60].
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scription factors that regulate the expression of genes associated with lipid oxidation, thermogenesis,
fatty acid synthesis and proinflammatory cytokines in the liver and adipose tissue improving the lipid
profile. The red arrows indicate the close association between liver and adipose tissue dysfunction
and its influence on the serum levels of the lipid profile and glycemia. The green arrows indicate the
beneficial effects of allicin at the intracellular level in adipose and liver tissue and the final effect at
the systemic level. Abbreviations: acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), AMP
response element-binding protein (CREB); Sterol regulatory element-binding protein 1 (SREBP-1)
and SREBP-2; Peroxisome proliferator-activated receptor alpha (PPARα); PPAR gamma (PPARγ);
Pparγ coactivator 1α (Pgc1α); hormone-sensitive lipase (HSL); Adipose triglyceride lipase (ATGL);
Uncoupling protein-1 (Ucp1); PR-domain containing 16 protein (Prdm16); low-density lipoprotein
cholesterol (LDL-C); high-density lipoprotein cholesterol (HDL-C).

Another study reported that allicin ameliorates experimental atherosclerosis, through
modulation of gut microbiota and trimethylamine-N-oxide (TMAO) [61]. In healthy volun-
teers, allicin reduced TMAO in plasma and urine. The increase in blood TMAO has been as-
sociated with increased major adverse cardiovascular events and all-cause mortality [62,63].

On the other hand, vascular calcification (VC) affects arteries and valves of the heart
and includes intimal and medial calcification in arteries. VC augments the risk for adverse
cardiovascular events and is associated with atherosclerosis, obesity, diabetes, metabolic
syndrome, hypertension, and mainly chronic kidney disease (CKD) and end-stage re-
nal diseases (ESRD) [64]. In this context, allicin reduced the expression of osteoblast
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markers RUNX2 and BMP2 in vascular smooth muscle cells of the calcified aorta, while
calponin and SM22 were increased. Additionally, allicin treatment increased GRP78,
GRP94, and CHOP (endoplasmic reticulum stress markers), and prevented activation
of the PERK/eIF2α/ATF4 signaling pathway, which is involved in apoptosis and osteoblast
differentiation. Taken together, these effects contributed to preventing the progression of
vascular calcification and aortic stiffness in an experimental model [65].

In short, allicin is anti-atherogenic throughout its antioxidant and anti-dyslipidemic
effects with a plausible reduction in ischemic events. Furthermore, the evidence suggests
that allicin can prevent vascular calcification and atherosclerosis, thus decreasing the risk
of major adverse cardiovascular events and all-cause mortality.

3.3. Endothelial Dysfunction and Oxidative Stress

The endothelium is the inner cell lining of blood vessels (arteries, veins, and cap-
illaries), thus it directly contacts the blood and circulating cells. The functions of the
endothelium include the transport of nutrients and the regulation of vascular tone in re-
sponse to vasoactive substances. However, the endothelium also has secretory capacities,
thus it is considered an endocrine organ. Changes in blood components such as lipids, in-
flammatory cytokines, and free radicals directly target endothelial cells causing endothelial
dysfunction. Moreover, it has been described that alterations in endothelial function may
be a factor that triggers or contributes to CVD.

In this scenario, the imbalance between the formation and removal of ROS and free
radicals are relevant features in the progression of CVD and could be caused by the interac-
tion of risk factors such as dyslipidemia, insulin resistance, hypertension, and inflammation
among others (Figure 4) [66]. Oxidative stress plays a key role in the development, mainte-
nance, and progression of CVD. Oxidative stress decreases the bioavailability of NO and
reduced glutathione (GSH), while it accelerates the oxidation of serum LDL-C and favors
the lipid and protein oxidation in cells, which results in endothelial dysfunction, inflamma-
tion, fibrosis, and apoptosis (Figure 4) [66]. In addition, as described in the next sections,
oxidative stress contributes to cell death during reoxygenation after ischemia. Hence, the
modulation of oxidative stress is a useful maneuver in the treatment of CVD. Accord-
ingly, in cell cultures, allicin protects cardiomyocytes and endothelial cells from apoptosis
through inhibition of intracellular ROS production in a dose-dependent manner [67–69]. In
endothelial cells and cardiomyocytes cultures, allicin reduced malondialdehyde (MDA)
and increased NO release and endothelial NOS (eNOS) expression [70]. Moreover, it modu-
lates the activity of caspase-3, NADPH oxidase (NOX), phase II detoxifying antioxidants
enzymes, and protected from apoptosis through the regulation of poly(ADP-ribose) poly-
merase (PARP), pro-Caspase-3 and BCL2 associated X apoptosis regulator (Bax) [68–70].
Studies on healthy subjects reported that after two months of administration of garlic
powder tablets (900 mg with contents of alliin and allicin at 1.3% and 0.6%, respectively),
the GSH concentration increased in circulating erythrocytes [71]. In an experimental model
of chronic kidney disease (CKD), allicin upregulated nuclear factor erythroid 2—related
factor 2 (Nrf2), catalase (CAT), superoxide dismutase (SOD), and heme oxygenase-1 (HO-1),
which was associated to decrements in oxidized proteins and lipid peroxidation in kidney
tissue, improving the renal function [72].

On the other side, it has been described that endothelial dysfunction may be an early
marker of atherosclerosis and a key factor in the progression of hypertrophy and heart
failure. In primary cultures of endothelial progenitor cells (EPCs) obtained from CAD
patients, it was observed that allicin increased EPCs proliferation in a dose-dependent
manner, suggesting an improvement in endothelial function, even promoting neovascu-
larization in patients with CAD [73]. In line with this, allicin may improve endothelial
function in a dose-dependent manner through the increase in EPCs migration, these cells
play a key role in neovasculogenesis and cardiac myocytes regeneration [11].
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Figure 4. Allicin, through the stimulation of transcription factors, counteracts the deleterious effects
of the imbalance between the formation and elimination of ROS in cardiovascular diseases. Abbre-
viations: angiotensin II receptor type 2 (AT2R); BCL2 associated apoptosis regulator (Bax); B-cell
lymphoma 2 (Bcl-2); catalase (CAT); collagen I/III (Col I/III); connective tissue growth factor (CTGF);
chronic kidney disease (CKD); cytochrome C (Cyt-c); cyclic guanosine monophosphate (cGMP);
endothelin-1 (ET-1); endothelium-derived hyperpolarizing factor (EDFH); endothelial nitric oxide
synthase (eNOS); glutathione peroxidase (GPx); γ-glutamyl cysteine synthase (γ-GCS); nuclear factor
erythroid 2–related factor 2(Nrf2); heme oxygenase-1 (HO-1); high-density lipoprotein-cholesterol
(HDL-C); hydrogen sulfide (H2S); endothelial nitric oxide synthase (eNOS); inducible nitric oxide
synthase (iNOS); interleukin 1 beta (IL-1β); interleukin 6 (IL-6); interleukin 18 (IL-18); low-density
lipoprotein-cholesterol (LDL-C); nitric oxide (NO); nuclear factor kappa B (NF-κB); oxidized lipids
(Lox); poly(ADP-ribose) polymerase (PARP); pulmonary arterial hypertension (PAH); reactive oxygen
species (ROS); reduced glutathione (GSH); superoxide dismutase (SOD); alpha-smooth muscle actin
(α-SMA); transforming growth factor beta (TGF-β); tumor necrosis factor-alpha (TNF-α).

Altogether, these observations point out that allicin improves the total antioxidant
status through the modulation of antioxidant enzymes and intracellular thiol pools reducing
the deleterious effects of oxidative stress (inflammation and apoptosis), therefore leading
to improvement in the endothelial function (Figure 4).

3.4. Myocardial Infarction

Myocardial infarction is produced by the arterial obstruction of one or more areas of
the heart, subsequently resulting in a decrease or block in blood flow and oxygen supply,
which causes the death of muscle cells and affects cardiac function. In line with this, in
experimental myocardial ischemia-reperfusion (MI/R), allicin reduced myocardial injury
and improved systolic and diastolic function in the heart. Other effects included decreased
serum markers of heart damage, cardiac troponin, lactate dehydrogenase (LDH), crea-
tine kinase (CK-MB), interleukin 6 (IL-6), IL-18, and tumor necrosis factor-alpha (TNF-α).
Moreover, allicin provoked a reduction in lipid oxidation, while the activity of antioxidant
enzymes (SOD, CAT, and glutathione peroxidase (GPx)) was shown to be increased [74,75].
Additionally, allicin reduced the infarct area, apoptotic index, and alleviated the pathologi-
cal changes in the myocardium through the reduction in the phosphorylation of p38 and
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Bax. Concomitantly, the expression of the antiapoptotic B-cell lymphoma 2 (Bcl-2) protein
was increased [74,75] On the other hand, using experimental models of ischemia in vivo
and in vitro, allicin decreased intracellular calcium concentrations and Bax expression, in
contrast, Bcl-2 was increased, resulting in the increase in cell viability and reduction in
apoptotic index [76].

In hypoxia/reoxygenation conditions using cardiomyocyte cultures, allicin improved
the cellular viability and reduced apoptosis, ROS generation, and the loss of mitochondrial
membrane potential. Allicin downregulated the expression of proapoptotic Bax, cleaved
caspase-3, cytochrome C (Cyt-c), IL-6, TNFα, hypoxia-inducible factor 1-alpha (HIF-1α),
nuclear factor-kappa B (NF-κB), Nox4, protein kinase C (PKC), endothelin-1 (ET-1), and
transforming growth factor-beta (TGF-β), while the expressions of Bcl-2, PGC1-α and eNOS
were increased [77,78].

Other studies reported that allicin improved cardiac function, and reduced the myocar-
dial infarct area, fibrosis, degeneration, necrosis and inflammatory cell infiltration in my-
ocardial tissue as shown in experimental models of ischemia-reperfusion injury [77,79–81].
The cardioprotection induced by allicin was mediated by restoring the levels of SOD, CAT,
GPx, and MDA in the myocardial tissue of rats [79]. Furthermore, in rats and mice with
myocardial infarction allicin modulated the gene expression programs associated with the
activation of signaling pathways involved in cell death and apoptosis by up-regulating the
expression of eNOS, Bcl-2, phosphorylated phosphoinositide 3-kinase (p-PI3K), and phos-
phorylated protein kinase B (p-Akt) [77,79]. On the other hand, allicin down-regulated the
expression of iNOS, p-eNOS/eNOS, Cyt-c, caspase-3, and caspase-9, Bax, phosphorylated
Jun-amino-terminal kinase (p-JNK), phosphatidylinositol-4; 5-bisphosphate 3-Kinase cat-
alytic subunit alpha PI3KCA(PI3K), and the phosphorylated G protein-coupled receptor ki-
nase 2 (p-GRK2), Ca2+/calmodulin-dependent protein kinases (p-CaMKII), phospholipase
C-gamma (p-PLC-γ), and inositol 1,4,5-triphosphate receptor (p-IP3R) [77,79]. Other stud-
ies in MI/R in mice showed that allicin, through modulation of the miR-19a-3p/PI3K/AKT
pathway, can stimulate angiogenesis and thus revascularization of infarcted areas [81].
Moreover, it has been demonstrated that allicin improved coronary vascular reactivity in
MI/R in rats through the production of hydrogen sulfide (H2S) and the regulation of Ca2+

homeostasis [80]. The beneficial effects of allicin on ischemia-reperfusion have been well-
known and demonstrated using cell cultures as well as in vivo in experimental models.

The cardioprotective effects of allicin have also been evidenced at histologic, bio-
chemical, molecular and functional levels and were exerted through its antioxidant, anti-
inflammatory, antifibrotic, and antiapoptotic properties in the cardiotoxicity drug-induced,
such as Trastuzumab- and Adriamycin-induced cardiotoxicity in rats [82,83]. Allicin was
able to relieve the deleterious effects of reperfusion and it was mainly via modulation of
oxidative stress, inflammation and apoptosis, which are common events during heart and
kidney transplantation [84,85]. Noteworthy, the effects of allicin improved renal function
and reduced the pathologic changes in renal tissue from rats with ischemia-reperfusion
injury, while in cell cultures decreased apoptosis [84,85].

Thus, based on the clinic and experimental evidence, it can be summarized that allicin
protects cardiac function and the cardiomyocytes against ischemia-reperfusion damage
(myocardial infarction) mainly through the production of vasodilator substances and the
modulation of pathways associated with apoptosis, oxidative stress, inflammation, and
fibrosis (Figure 4).

3.5. Hypertension and Cardiac Hypertrophy

Hypertension is one of the main CVRF and the most common cause of cardiovascular
morbidity and mortality. Because there are no easy-to-identify symptoms during hyper-
tension, it is often called a “silent killer”, thereby people may have the problem without
knowing it. At the onset of hypertension, the pressure inside the vessels (arteries) elevates
over the physiological range, so the heart must work and pump harder against this pressure,
causing hypertrophy of heart muscle (Figure 4) [86]. Therefore, cardiac hypertrophy is
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developed as a compensatory response to biomechanical stress (pressure and volume) and
neurohormonal stimuli (angiotensin II, endothelin, and NO) (Figure 4). In patients with
hypertension, left ventricular hypertrophy leads to heart failure and sudden death [86].
Moreover, hypertension also accelerates the development of atherosclerosis, systolic and
diastolic dysfunction of the left ventricle, ischemic heart disease, and ventricular and
supraventricular arrhythmia. Thus, the optimal control of blood pressure is a common
therapeutic goal in the treatment of CVD.

In this respect, allicin induces antihypertensive effects in vivo in hypertensive rats,
while in vitro showed concentration-dependent and endothelium-dependent vasorelaxant
effects in vascular smooth muscle cells, such effects were mediated by the production of
H2S. Allicin increased the levels of cyclic guanosine monophosphate (cGMP), cyclic adeno-
sine monophosphate (cAMP), and endothelium-derived hyperpolarizing factor (EDHF)-
mediated relaxation [87]. In hypertensive diabetic rats, allicin reduced hyperglycemia
and hypertension by a mechanism related to the opening of an ATP-dependent potas-
sium channel (KATP channel) with the participation of the type 2 sulfonylurea receptor
(SUR2) [88]. On the other hand, in experimental CKD, allicin reduced hypertension, ox-
idative stress, and improved renal function. The anti-hypertensive effects of allicin were
associated with the upregulation of angiotensin II receptor type 2 (AT2R) and eNOS as
vasodilators [72]. In silico analysis suggested a potential site of interacting residues between
allicin and the angiotensin II receptor type 1 (AT1R), which was similar to the interaction
site between losartan and AT1R [72]. These data suggest that the antihypertensive effect
of allicin could be partially mediated by the blockade of AT1R. Another study showed
that allicin has similar therapeutic efficacy compared to the antihypertensive enalapril (an
angiotensin-converting enzyme inhibitor) [36,37].

In hypertensive patients treated with allicin, a reduction in systolic and diastolic
pressures after three and six months of allicin treatment was observed. However, the
greatest antihypertensive effect was observed after six months of treatment [89]. Another
study reported that the antihypertensive effect of allicin is observed between 5–14 h after
the administration of a garlic preparation containing 1.3% allicin [90].

In cardiac hypertrophy established by abdominal aortic constriction (AAC) in rats,
allicin improved cardiac function by inhibiting the hypertrophy through the inhibition of au-
tophagy. The cellular mechanisms were dose-dependent and through phosphatidylinositol
3 kinase/serine threonine kinase/mammalian target of rapamycin (PI3K/Akt/mTOR) and
mitogen-activated protein kinase/extracellular signal-regulated kinase/mTOR (MAPK/
ERK/mTOR) axis [91]. Another study reported that in cardiac hypertrophy angiotensin-
induced the cardioprotection of allicin was conferred by the suppression of oxidative
stress, inflammation, and fibrosis. Moreover, allicin improved cardiac function, and sys-
tolic pressure, and prevented cardiac hypertrophy. The cellular mechanisms relied on the
regulation of ERK1/2, JNK, AKT, NF-κB, and Smad 2/3 signaling pathways [92]. Other
studies in rats with cardiac hypertrophy reported that the cardioprotective effects of allicin
have been associated with the upregulation of the detoxifying enzymes regulated by the
Nrf2/Keap 1 pathway (NADPH: quinone oxidase reductase 1 (NQO1), HO-1, γ-glutamyl
cysteine synthase (γ-GCS), CAT, GPX, and SOD), and the inhibition of profibrotic proteins
(collagen I/III) [93,94]. Additionally, the inhibitory effects of allicin on cardiac hypertrophy
in rats can also be mediated by the inhibition of apoptosis and the stimulation of angio-
genesis [95]. In cell cultures of cardiomyocyte allicin increase the expression of PPARα,
PPARγ, and Bcl-2, and downregulate Bax, Fas, and Fax-L, these effects were induced by
Angiotensin II stimulation and suggested that allicin can regulate apoptosis and ventricular
remodeling [96].

In the case of pulmonary arterial hypertension (PAH), a progressive disease, it is
thought to be a consequence of alterations in the function of the right ventricle (RV). In
fact, the clinical outcome in PAH patients is determined by the response of RV to the
increased afterload and is used as an indicator of PAH severity [97]. Thus, improving PAH
will invariably impact RV structure and function. In this context, studies in experimental
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models of PAH characterized by pulmonary vascular remodeling, cardiac hypertrophy,
and coronary endothelial dysfunction, have shown interesting data about the role of allicin
on this subtype of CVD. Using an experimental model of PAH monocrotaline-induced
(MCT) was observed that allicin improved the RV pressure and the function of the coronary
endothelium PAH [98]. Another study reported that the allicin treatment prevented RV hy-
pertrophy, pulmonary artery medial wall thickness, and fibrosis in the lungs. Furthermore,
allicin decreased IL-1β, IL-6, TNF-α, Cd68, NF-κB, alpha-smooth muscle actin (α-SMA),
and TGF-β in lungs and RV [99]. This suggests that through the improvement in coronary
endothelial function, vasoreactivity, fibrosis, and inflammation allicin protects against
cardiac hypertrophy in PAH. Thus, in PAH, allicin may be a therapeutic option to provide a
better quality of life in patients through the improvement of heart and lung function which
are closely related (Figure 4).

In summary, through its effects on blood pressure, oxidative stress, inflammation,
autophagy, apoptosis, endothelial function, and ultimately through its favored activity
on lungs, allicin provides protection in CVD from the deleterious effects of hypertension,
cardiac hypertrophy, and PAH (Figure 4).

3.6. Diabetic Cardiomyopathy and Arrhythmias

Diabetes is one of the major causes of CVD and the leading cause of CKD worldwide.
In fact, the CVD morbidity and mortality are 2–4 folds higher in patients with diabetes as
compared with non-diabetic individuals [2]. Diabetic cardiomyopathy is characterized by
alterations in cardiac structure (hypertrophy, fibrosis, remodeling, and apoptosis) and func-
tion, mainly mediated by hyperglycemia, hyperinsulinemia, and insulin resistance [100].

In experimental diabetes, allicin improved cardiac function and decreased hyper-
glycemia and intracellular calcium overload. Moreover, it protected the heart from diabetes-
induced apoptosis through the increase in the expression of Bcl-2 and decrease in Fas.
Furthermore, decreased fibrosis via the down-regulation of connective tissue growth fac-
tor (CTGF) and TGF-β in myocardial tissue [101]. In coronary artery endothelial cells
obtained from healthy or diabetic donors, allicin stimulated NO production and eNOS
expression [102]. This result suggests that allicin improved diabetes-induced coronary
endothelial cell dysfunction.

The normal function of the heart is the contraction or beating, which occurs in response
to electrical stimuli that control the atria and ventricles to contract in a synchronic and
rhythmic manner. Any alterations in cardiac contractions are denominated arrhythmia
and cause cerebral infarction and heart failure. Through in vitro and in vivo assays, it
was shown that allicin regulates cardiac muscle contractions via modulation of the action
potential and the expression of ion channels. The administration of allicin to diabetic rats
delayed the onset of ventricular arrhythmia, reduced the score of arrhythmia, and shortened
the action potential duration (APD) through inhibition of L-type calcium current (ICa-L)
and enhancement of inward rectifier potassium current (IK1) [103]. Concurrently, in diabetic
rats, the allicin treatment decreased the expression of L-type calcium channel protein (α1C)
and increased the potassium channels protein (Kir2.1) mRNA in ventricular tissue [103].
In line with this study, in mouse ventricular myocytes, allicin gradually inhibited the
transient outward potassium currents (Ito) in a dose-dependent fashion. Furthermore, the
high concentration of allicin accelerated the voltage-dependent inactivation of Ito, which
produced a significant effect on negative potential and cardiac repolarization [104]. In
the primary cell culture of cardiomyocytes, allicin inhibited the translocation of the l-type
calcium (Cav1.2) channel, from the endoplasmic reticulum to the cell membrane. In this
system, Cav1.2 provides a pivotal substrate for cardiac electrophysiological activities [105].
The congenital long QT syndrome type 3 (LQT3) a hereditary arrhythmia is associated
with mutations in the Nav1.5 channels, such as ∆KPQ. In cell culture, allicin reduced the
late Na+ current (INa,L) of the cardiac Na+ channel ∆KPQ-SCN5A, related to the dynamics
of channel steady-state inactivation (SSI) and intermediate-state inactivation (ISI) by the
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drug, thus reducing the window current, which suggests that allicin may be useful in LQT3
therapy [106].

It is well known that loss or gain in ionic function channels in patients is associated
with cardiac arrhythmias. In this manner, the results from experimental studies suggest that
allicin may be useful in the treatment of arrhythmias, due to its effects on the expression
and function of ionic channels.

4. Discussion

The treatment for CVD is mainly focused on controlling risk factors [12,13] and com-
monly includes pharmacological approaches and changes in lifestyle [14,15]. Until now,
this type of intervention has been unsuccessful, because two or more drugs are required
for optimal control of risk factors and usually have undesirable secondary effects. For this
reason, the search for therapeutic options that contribute to preventing or delaying the
progression of CVD continues.

CVD has a multifactorial origin, which makes its treatment difficult, thus the objective
of the present study was to collect the available information on allicin and its beneficial
effects on cardiovascular risk factors. In summary, data from experimental and clinical
studies show that allicin decreases hypertension, inflammation, platelet aggregation, hyper-
glycemia, fibrosis, oxidative stress, and apoptosis and improves lipid profile, arrhythmias,
and endothelial and cardiac function. For those reasons, and its low toxicity [25,26,56,90]
allicin may be a reliable option for the treatment of the different clinic manifestations of
CVD and its risk factors.

Allicin is an oily liquid, bright yellow in color, unstable, and with a short half-life [27].
However, due to its hydrophobic nature, it can be readily absorbed through cell membranes
without inducing any damage to the phospholipid bilayer [107]. In this context, it has been
reported that allicin is able to cross the erythrocyte cell membrane [35]. Possibly in this way,
allicin can be distributed to various cell types, organs, and systems, including the CS to
exert its beneficial effects. On a molecular level, the primary effect of allicin seems to be as
an antioxidant and the multiple downstream effects described could be due to an indirect
effect, since it can act as a bifunctional antioxidant. Due to its structure, allicin can act as a
direct antioxidant by reacting directly with free radicals and ROS, acting as a substrate for
glutathione synthesis, reacting with glutathione to produce S-Allyl-mercaptan glutathione,
with L-cysteine to produce S-Allyl-mercaptan cysteine or other molecules that also can act
as antioxidants [108,109]. On the other hand, allicin as an indirect antioxidant modulates
the expression of cytoprotective genes. It is known that allicin reacts rapidly with the free
thiol or sulfhydryl groups of the proteins in the cell membrane or in the different cell com-
partments [34,35]. It is likely that through this mechanism, allicin modifies proteins, second
messengers, or transcription factors implicated in the regulation of gene expression. The
regulation in the expression of antioxidant enzymes related to the Nrf2/Keap1 signaling
pathway is possibly one of the well-known mechanisms through which allicin exerts antiox-
idant effects and has been considered an indirect mechanism [93,94,110,111]. Furthermore,
it is tempting to hypothesize that the anti-inflammatory mechanisms of allicin related to
the NF-κB/IκB-dependent pathway could be associated with activation or inhibition via
the modification of sulfhydryl groups. However, further studies are required to confirm or
discard the presence of sulfhydryl groups derivatives by allicin as the responsible mecha-
nism involved in the regulation of cytoprotective gene expression. The antihypertensive
effects of allicin may be exerted through the improvement of endothelial function and
the modulation of proteins and substances associated with vasoactive responses (eNOS,
angiotensin II receptors type 1 and type 2 (AT1R and AT2R), ET-1, cGMP, angiotensin,
NO, and H2S). Through in vitro assays, it was demonstrated that allicin decreased the
vascular reactivity to angiotensin II, and AT1R overexpression in the heart [94]. Another
antihypertensive effect of allicin was demonstrated by its effects on the stimulation of the
AT2R expression in renal tissue in CKD [72]. Moreover, the antioxidant effects of allicin
could contribute to increasing the half-life of the vasoactive metabolites such as NO, and
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therefore to the maintenance of the vasodilatory actions. Additionally, the cardioprotective
effects of allicin have been evidenced in the prevention of apoptosis of ischemic areas, as
well as the induction of angiogenesis, which could be useful for the treatment of myocardial
infarction, one of the first death causes worldwide [2,3,75,77,79,81]. The antiapoptotic and
angiogenic activities of allicin may be useful to restore blood flow inducing recovery of
injured areas and the effects on the modulation of expression and function of ion channels
open the possibility of the use of allicin as an antiarrhythmic agent and pro-angiogenic.

A possible disadvantage of allicin is its poor stability and half-life. Thus, to improve
the stability and half-life of allicin, a group of researchers conjugated allicin and captopril
producing S-allylmercaptocaptopril (CPSSA). This compound was more stable and showed
antihypertensive, lipid-lowering, and homocysteine-reducing effects, leading to the pro-
posal of the use of this new conjugated molecule as a therapeutic option for the treatment of
CVD [112,113]. Another study using an allicin-fenofibrate combination reported synergistic
effects on the regulation of blood lipids and the improvement of vascular endothelial
function [45]. For improving the stability and half-life of allicin, and for improving delivery
and releasing, investigations have reported delivery systems including emulsion gels, nano
emulsions, liposomes, microcapsules, and enteric-coated tablets [26,70,114,115].

Regarding the dose or concentration of allicin needed to obtain cardioprotective
effects, allicin has demonstrated beneficial effects at low doses such as 8 mg/kg/day in
experimental models [88]. The clinical studies have been carried out in patients with
cardiovascular disease and healthy volunteers aged 20 years or older and the doses used
a range from 10 to 48 mg/kg/day. No side effects, included bad smell, were reported in
short-term or long-term studies [25,26,44,56,90]. However, healthy volunteers reported
abdominal discomfort and stomachache subsequent to the administration of 48 mg of
allicin once a day during dinner for 1 week on an empty stomach [63]. The intake of allicin
from some garlic presentations has caused bad body odor and breath, possibly because
quantities greater than one gram of garlic are necessary to obtain allicin in >0.6 mg [26].
To our knowledge, no study has used allicin in pediatric or children’s populations. A
report assessed garlic extract therapy at 300 mg, 3 times a day/8 weeks, and no significant
effect was observed on CVD risk factors in pediatric patients (8–18 years) with familial
hyperlipidemia [116]. However, in adolescents, the garlic dry extract is recommended as
a single dose (100–200 mg) once or twice a day, and the use in children under 12 years of
age is not recommended [31]. Further studies are needed and will provide information
about the safety, care, efficacy, and recommendations for the use of allicin in sensitive
populations such as infants and children. Therefore, controlled clinical studies and trials
with younger and pediatric patients are recommended to provide information about side
effects or further data to support the use of allicin as a pharmacological option for the
treatment of risk factors, pathogenic mechanisms, and clinical manifestations of CVD.

Garlic is a spice that has been attributed to beneficial effects on CV risk factors even
since ancient times [30], but, so far, it is not used as a therapeutic option mainly because
there are no standardized data on dosage, there are no specified garlic-derived compounds,
or controlled studies on pharmacokinetics and pharmacodynamics, that allows replicating
the beneficial effects. Recently, research has focused on studying the purified garlic com-
pounds, showing important effects on various diseases [117,118]. Garlic has several sulfur
compounds and depending on the species, maturation, processing method, or presenta-
tion, the quantity of one type of compound or another predominates [32]. In this context,
allicin a garlic-derived compound has been isolated, purified or synthesized, quantified,
characterized, and used in different dosages for the treatment of several cardiovascular
diseases [26,107]. Despite the possible disadvantage of its poor stability [107] and half-life,
the scientific literature provides convincing data that allicin alone or combined with anti-
hypertensive [36,41,112,113] or anti-dyslipidemia drugs [45] may provide cardioprotective
effects. In this sense, the use of delivery systems may be useful to increase absorption,
bioavailability and efficacy, thus the biological activities and health benefits [26]. Allicin
has shown beneficial effects on several metabolic alterations, risk factors, and cell injury.
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These effects have been observed in various organs, systems, and cell types (i.e., heart,
endothelium, liver, and kidney). Therefore, this work provides a landscape of the scientific
literature focusing on the beneficial effects of allicin on risk factors of CVD, as well as the
cellular and molecular mechanisms involved. Various experimental and clinical studies
used garlic instead of allicin and the therapeutic effects observed were attributed to allicin.
However, patient data of scarce background, or studies involving garlic preparations from
presentations (powder, aged, dry, black garlic, etc.) where allicin purity was not addressed,
were not included in this review. Finally, in this review, the beneficial effects of allicin were
examined, so this is intended to promote its use as an active ingredient, but not the use of
garlic as a source of allicin. However, we consider important to describe the natural source
of this interesting molecule.

5. Conclusions

CVDs are chronic, progressive, and have a multifactorial, and complex origin; there-
fore, more than one drug is required to achieve optimal control. Allicin exerts beneficial
effects on various CVD risk factors, through the regulation of intracellular signaling path-
ways and mechanisms that improve cardiovascular structure and function, and in spite
of the fact that few studies demonstrating its clinical utility have been reported, the evi-
dence available to date suggests that allicin alone or in co-therapy may be an option in the
treatment of CVD.

Author Contributions: Conceptualization: H.O.-A., J.L.S.-G. and A.S.A.-B.; literature search:, J.G.J.-R.
and F.E.G.-A.; writing—original draft preparation: H.O.-A., F.E.G.-A., R.A.-G. and L.G.S.-L.; figures
preparation: J.L.S.-G., A.S.A.-B., J.G.J.-R. and F.S.-M.; writing—review and editing: H.O.-A., J.G.J.-R.,
R.A.-G., F.E.G.-A., F.S.-M. and L.G.S.-L. supervision: L.G.S.-L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: José L. Sánchez-Gloria is a recipient of a fellowship from the National Council
of Science and Technology (CONACYT 824231). Open access funding for this article was supported
by Instituto Nacional de Cardiología Ignacio Chavez, México.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sarre-Álvarez, D.; Cabrera-Jardines, R.; Rodríguez-Weber, F.; Díaz-Greene, E. Enfermedad cardiovascular aterosclerótica. Revisión

de las escalas de riesgo y edad cardiovascular. Med. Int. Méx 2018, 34, 910–923. [CrossRef]
2. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin,

E.J.; Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990–2019: Update From the GBD 2019
Study. J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [CrossRef] [PubMed]

3. Amini, M.; Zayeri, F.; Salehi, M. Trend analysis of cardiovascular disease mortality, incidence, and mortality-to-incidence ratio:
Results from global burden of disease study 2017. BMC Public Health 2021, 21, 401. [CrossRef] [PubMed]

4. Pereira-Rodriguez, J.; Peñaranda-Flores, D.; Reyes-Saenz, A.; Caceres-Arevalo, K.; Cañizares-Perez, Y. Prevalence of cardiovascular
risk factors in Latin America: A review of the published evidence 2010–2015. Rev. Mex. De Cardiol. 2015, 26, 125–139.

5. Inegi. Comunicado de Prensa Inegi, NÚM. 61/21 27 de Enero de 2021 PÁGINA 1/4. 2021, 61, 45. Available online: https://www.
inegi.org.mx/contenidos/saladeprensa/boletines/2021/EstSociodemo/DefuncionesRegistradas2020_Pnles.pdf (accessed on 21
January 2022).

6. Available online: https://www.who.int/es/news/item/09-12-2020-who-reveals-leading-causes-of-death-and-disability-
worldwide-2000-2019 (accessed on 21 January 2022).

7. Cui, Z.; Dewey, S.; Gomes, A.V. Cardioproteomics: Advancing the discovery of signaling mechanisms involved in cardiovascular
diseases. Am. J. Cardiovasc. Dis. 2011, 1, 274–292. [PubMed]

8. International Diabetes Federation. Diabetes and Cardiovascular Disease: Brussels, Belgium. Int. Diabetes Fed. 2016.

http://doi.org/10.24245/mim.v34i6.2136
http://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
http://doi.org/10.1186/s12889-021-10429-0
http://www.ncbi.nlm.nih.gov/pubmed/33632204
https://www.inegi.org.mx/contenidos/saladeprensa/boletines/2021/EstSociodemo/DefuncionesRegistradas2020_Pnles.pdf
https://www.inegi.org.mx/contenidos/saladeprensa/boletines/2021/EstSociodemo/DefuncionesRegistradas2020_Pnles.pdf
https://www.who.int/es/news/item/09-12-2020-who-reveals-leading-causes-of-death-and-disability-worldwide-2000-2019
https://www.who.int/es/news/item/09-12-2020-who-reveals-leading-causes-of-death-and-disability-worldwide-2000-2019
http://www.ncbi.nlm.nih.gov/pubmed/22254205


Int. J. Mol. Sci. 2022, 23, 9082 17 of 21

9. Cruz Robles, D.; de la Peña Díaz, A.; Arce Fonseca, M.; García Trejo, J.J.; Pérez Méndez, Ó.A.; Vargas Alarcón, G. Genética y
biología molecular de las cardiopatías congénitas y adquiridas. Arch. Cardiol. Méx. 2005, 75, 467–482.

10. Mahmood, S.S.; Levy, D.; Vasan, R.S.; Wang, T.J. The Framingham Heart Study and the epidemiology of cardiovascular disease: A
historical perspective. Lancet 2013, 383, 999–1008. [CrossRef]

11. Oktaviono, Y.H.; Amadis, M.R.; Al-Farabi, M.J. High Dose Allicin with Vitamin C Improves EPCs Migration from the Patient
with Coronary Artery Disease. Pharmacogn. J. 2020, 12, 232–235. [CrossRef]

12. Corrigendum to: European Society of Cardiology: Cardiovascular Disease Statistics 2019. Eur. Heart J. 2020, 41, 4507. [CrossRef]
[PubMed]

13. Jorge-Galarza, E.; Martínez-Sánchez, F.D.; Javier-Montiel, C.I.; Msc, A.X.M.; Posadas-Romero, C.; Rd, M.C.G.; Osorio-Alonso, H.;
Msc, A.S.A.; Juárez-Rojas, J.G. Control of blood pressure levels in patients with premature coronary artery disease: Results from
the Genetics of Atherosclerotic Disease study. J. Clin. Hypertens. 2020, 22, 1253–1262. [CrossRef] [PubMed]

14. Gooding, H.C.; Gidding, S.S.; Moran, A.E.; Redmond, N.; Allen, N.B.; Bacha, F.; Burns, T.L.; Catov, J.M.; Grandner, M.A.; Harris,
K.M.; et al. Challenges and Opportunities for the Prevention and Treatment of Cardiovascular Disease Among Young Adults:
Report From a National Heart, Lung, and Blood Institute Working Group. J. Am. Heart Assoc. 2020, 9, e016115. [CrossRef]
[PubMed]

15. Medina-Urrutia, A.X.; Martínez-Sánchez, F.D.; Posadas-Romero, C.; Jorge-Galarza, E.; Martínez-Alvarado, M.D.R.; González-
Salazar, M.D.C.; Osorio-Alonso, H.; Juárez-Rojas, J.G. Metabolic control achievement in a population with premature coronary
artery disease: Results of the genetics of atherosclerotic disease study. Ther. Adv. Endocrinol. Metab. 2020, 11, 1–10. [CrossRef]
[PubMed]

16. Santini, A.; Tenore, G.C.; Novellino, E. Nutraceuticals: A paradigm of proactive medicine. Eur. J. Pharm. Sci. 2017, 96, 53–61.
[CrossRef] [PubMed]

17. Garcia, R.A. Catechins as Emerging and Promising Antiparasitic Agents. Biomed. J. Sci. Tech. Res. 2020, 30, 23084–23088.
[CrossRef]

18. Sánchez-Gloria, J.L.; Osorio-Alonso, H.; Arellano-Buendía, A.S.; Carbó, R.; Hernández-Díazcouder, A.; Guzmán-Martín, C.A.;
Rubio-Gayosso, I.; Sánchez-Muñoz, F. Nutraceuticals in the Treatment of Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2020,
21, 4827. [CrossRef]

19. Chang, X.; Zhang, T.; Zhang, W.; Zhao, Z.; Sun, J. Natural Drugs as a Treatment Strategy for Cardiovascular Disease through the
Regulation of Oxidative Stress. Oxidative Med. Cell. Longev. 2020, 2020, 5430407. [CrossRef]

20. Sharifi-Rad, J.; Rodrigues, C.F.; Sharopov, F.; Docea, A.O.; Can Karaca, A.; Sharifi-Rad, M.; Kahveci Karıncaoglu, D.; Gülseren, G.;
Özçelik, B.; Demircan, E.; et al. Diet, Lifestyle and Cardiovascular Diseases: Linking Pathophysiology to Cardioprotective Effects
of Natural Bioactive Compounds. Int. J. Environ. Res. Public Health 2020, 17, 2326. [CrossRef] [PubMed]

21. Yuan, H.; Ma, Q.; Ye, L.; Piao, G. The Traditional Medicine and Modern Medicine from Natural Products. Molecules 2016, 21, 559.
[CrossRef] [PubMed]

22. Suleria, H.A.R.; Butt, M.S.; Khalid, N.; Sultan, S.; Raza, A.; Aleem, M.; Abbas, M. Garlic (Allium sativum): Diet based therapy of
21st century–a review. Asian Pac. J. Trop. Dis. 2015, 5, 271–278. [CrossRef]

23. Bose, S.; Laha, B.; Banerjee, S. Anti-inflammatory activity of isolated allicin from garlic with post-acoustic waves and microwave
radiation. J. Adv. Pharm. Educ. Res. 2013, 3, 512–515.

24. Villamiel, M.; Corzo-Martinez, M.; Soria, A.C. A comprehensive survey of Garlic functionality. Garlic Consum. Health 2010, 5,
642–649.

25. Ashraf, R.; Aamir, K.; Shaikh, A.R.; Ahmed, T. Effects of garlic on dyslipidemia in patients with type 2 diabetes mellitus. J. Ayub
Med Coll. Abbottabad JAMC 2005, 17, 60–64. [PubMed]

26. Lawson, L.D.; Hunsaker, S.M. Allicin Bioavailability and Bioequivalence from Garlic Supplements and Garlic Foods. Nutrients
2018, 10, 812. [CrossRef]

27. Ilic, D.; Nikolic, V.; Nikolic, L.; Stankovic, M.; Stanojevic, L.; Cakic, M. Allicin and related compounds: Biosynthesis, synthesis
and pharmacological activity. Facta Univ.-Ser. Phys. Chem. Technol. 2011, 9, 9–20. [CrossRef]

28. Zhai, B.; Zhang, C.; Sheng, Y.; Zhao, C.; He, X.; Xu, W.; Huang, K.; Luo, Y. Hypoglycemic and hypolipidemic effect of S-allyl-
cysteine sulfoxide (alliin) in DIO mice. Sci. Rep. 2018, 8, 3527. [CrossRef]

29. Sánchez-Sánchez, M.A.; Zepeda-Morales, A.S.M.; Carrera-Quintanar, L.; Viveros-Paredes, J.M.; Franco-Arroyo, N.N.; Godínez-
Rubí, M.; Ortuño-Sahagun, D.; López-Roa, R.I. Alliin, an Allium sativum Nutraceutical, ReducesMetaflammation Markers in
DIO Mice. Nutrients 2020, 12, 624. [CrossRef]

30. Bayan, L.; Koulivand, P.H.; Gorji, A. Garlic: A review of potential therapeutic effects. Avicenna J. Phytomed. 2014, 4, 1–14.
[CrossRef]

31. Redondo, G.L.M.; Gutiérrez, A.L.; Barrantes, J.B.; Navarro, M.P.; Monge, M.C.O.; Vargas, M.J.C. Aspectos generales del Allium
sativumuna revisión. Ars Pharm. 2021, 62, 471–481. [CrossRef]

32. Cardelle, A.; Soria, A.; Corzo, N.; Villamiel, M. A Comprehensive Survey of Garlic Functionality; Nova Science Publishers, Inc.: New
York, NY, USA, 2010; pp. 1–60.

33. Argüello-García, R.; Medina-Campos, O.N.; Pérez-Hernández, N.; Pedraza-Chaverrí, J.; Ortega-Pierres, G. Hypochlorous Acid
Scavenging Activities of Thioallyl Compounds from Garlic. J. Agric. Food Chem. 2010, 58, 11226–11233. [CrossRef]

http://doi.org/10.1016/S0140-6736(13)61752-3
http://doi.org/10.5530/pj.2020.12.35
http://doi.org/10.1093/eurheartj/ehaa062
http://www.ncbi.nlm.nih.gov/pubmed/32049279
http://doi.org/10.1111/jch.13942
http://www.ncbi.nlm.nih.gov/pubmed/32644257
http://doi.org/10.1161/JAHA.120.016115
http://www.ncbi.nlm.nih.gov/pubmed/32993438
http://doi.org/10.1177/2042018820943374
http://www.ncbi.nlm.nih.gov/pubmed/32782778
http://doi.org/10.1016/j.ejps.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27613382
http://doi.org/10.26717/BJSTR.2020.30.004895
http://doi.org/10.3390/ijms21144827
http://doi.org/10.1155/2020/5430407
http://doi.org/10.3390/ijerph17072326
http://www.ncbi.nlm.nih.gov/pubmed/32235611
http://doi.org/10.3390/molecules21050559
http://www.ncbi.nlm.nih.gov/pubmed/27136524
http://doi.org/10.1016/S2222-1808(14)60782-9
http://www.ncbi.nlm.nih.gov/pubmed/16320801
http://doi.org/10.3390/nu10070812
http://doi.org/10.2298/FUPCT1101009I
http://doi.org/10.1038/s41598-018-21421-x
http://doi.org/10.3390/nu12030624
http://doi.org/10.22038/AJP.2014.1741
http://doi.org/10.30827/ars.v62i4.20843
http://doi.org/10.1021/jf102423w


Int. J. Mol. Sci. 2022, 23, 9082 18 of 21

34. Fujisawa, H.; Suma, K.; Origuchi, K.; Seki, T.; Ariga, T. Thermostability of Allicin Determined by Chemical and Biological Assays.
Biosci. Biotechnol. Biochem. 2008, 72, 2877–2883. [CrossRef]

35. Miron, T.; Rabinkov, A.; Mirelman, D.; Wilchek, M.; Weiner, L. The mode of action of allicin: Its ready permeability through
phospholipid membranes may contribute to its biological activity. Biochim. Biophys. Acta-Biomembr. 2000, 1463, 20–30. [CrossRef]

36. Elkayam, A.; Mirelman, D.; Peleg, E.; Wilchek, M.; Miron, T.; Rabinkov, A.; Sadetzki, S.; Rosenthal, T. Allicin Enalapril on Blood
Pressure, Insulin and Triglycerides Levels in Fructose-Induced Hyperinsulinemic-Hyperlipidemic Hypertensive Rats. Am. J.
Hyperten. 2000, 14, 377–381.

37. Elkayam, A.; Mirelman, D.; Peleg, E.; Wilchek, M.; Miron, T.; Rabinkov, A.; Sadetzki, S.; Rosenthal, T. The effects of allicin and
enalapril in fructose-induced hyperinsulinemic hyperlipidemic hypertensive rats. Am. J. Hypertens. 2001, 14, 377–381. [CrossRef]

38. Lu, Y.; He, Z.; Shen, X.; Xu, X.; Fan, J.; Wu, S.; Zhang, D. Cholesterol-Lowering Effect of Allicin on Hypercholesterolemic ICR
Mice. Oxidative Med. Cell. Longev. 2012, 2012, 489690. [CrossRef]

39. Eilat, S.; Oestraicher, Y.; Rabinkov, A.; Ohad, D.; Mirelman, D.; Battler, A.; Eldar, M.; Vered, Z. Alteration of lipid profile in
hyperlipidemic rabbits by allicin, an active constituent of garlic. Coron. Artery Dis. 1995, 6, 985–990.

40. Faisal, A.N.; Almoussawi, Z.A. The Role of Allicin in Regulating Insulin and Glycemic Level in White Mice with Induced Insulin
Resistance. Ann. Rom. Soc. Cell Biol. 2021, 25, 10921–10928.

41. Elkayam, A.; Mirelman, D.; Peleg, E.; Wilchek, M.; Miron, T.; Rabinkov, A.; Oron-Herman, M.; Rosenthal, T. The effects of allicin
on weight in fructose-induced hyperinsulinemic, hyperlipidemic, hypertensive rats. Am. J. Hypertens. 2003, 16, 1053–1056.
[CrossRef]

42. Ali, M.; Al-Qattan, K.; Al-Enezi, F.; Khanafer, R.; Mustafa, T. Effect of allicin from garlic powder on serum lipids and blood
pressure in rats fed with a high cholesterol diet. Prostaglandins Leukot. Essent. Fat. Acids 2000, 62, 253–259. [CrossRef]

43. Saradeth, T.; Seidl, S.; Resch, K.; Ernst, E. Does garlic alter the lipid pattern in normal volunteers? Phytomedicine 1994, 1, 183–185.
[CrossRef]

44. Liu, D.; Wang, S.; Li, J.; Liang, E.; Yan, M.; Gao, W. Allicin improves carotid artery intima-media thickness in coronary artery
disease patients with hyperhomocysteinemia. Exp. Ther. Med. 2017, 14, 1722–1726. [CrossRef]

45. Li, W.; Wang, D.; Song, G.; Zuo, C.; Qiao, X.; Qin, S. The effect of combination therapy of allicin and fenofibrate on high fat
diet-induced vascular endothelium dysfunction and liver damage in rats. Lipids Health Dis. 2010, 9, 131. [CrossRef]

46. Lu, J.; Cheng, B.; Fang, B.; Meng, Z.; Zheng, Y.; Tian, X.; Guan, S. Protective effects of allicin on 1,3-DCP-induced lipid metabolism
disorder in HepG2 cells. Biomed. Pharmacother. 2017, 96, 1411–1417. [CrossRef]

47. Cheng, B.; Li, T.; Li, F. Use of Network Pharmacology to Investigate the Mechanism by Which Allicin Ameliorates Lipid
Metabolism Disorder in HepG2 Cells. Evid.-Based Complement. Altern. Med. 2021, 2021, 3956504. [CrossRef]

48. Shi, X.; Zhou, X.; Chu, X.; Wang, J.; Xie, B.; Ge, J.; Guo, Y.; Li, X.; Yang, G. Allicin Improves Metabolism in High-Fat Diet-Induced
Obese Mice by Modulating the Gut Microbiota. Nutrients 2019, 11, 2909. [CrossRef]

49. Peirce, V.; Carobbio, S.; Vidal-Puig, A. The different shades of fat. Nature 2014, 510, 76–83. [CrossRef]
50. Zhou, J.; Wu, N.-N.; Yin, R.-L.; Ma, W.; Yan, C.; Feng, Y.-M.; Zhang, C.-H.; Zhao, D. Activation of brown adipocytes by placental

growth factor. Biochem. Biophys. Res. Commun. 2018, 504, 470–477. [CrossRef]
51. Kajimura, S.; Spiegelman, B.M.; Seale, P. Brown and Beige Fat: Physiological Roles beyond Heat Generation. Cell Metab. 2015, 22,

546–559. [CrossRef]
52. Wu, J.; Cohen, P.; Spiegelman, B.M. Adaptive thermogenesis in adipocytes: Is beige the new brown? Genes Dev. 2013, 27, 234–250.

[CrossRef]
53. Lee, P.; Bova, R.; Schofield, L.; Bryant, W.; Dieckmann, W.; Slattery, A.; Govendir, M.A.; Emmett, L.; Greenfield, J.R. Brown

Adipose Tissue Exhibits a Glucose-Responsive Thermogenic Biorhythm in Humans. Cell Metab. 2016, 23, 602–609. [CrossRef]
54. Lee, C.G.; Rhee, D.K.; Kim, B.O.; Um, S.H.; Pyo, S. Allicin induces beige-like adipocytes via KLF15 signal cascade. J. Nutr. Biochem.

2018, 64, 13–24. [CrossRef]
55. Zhang, C.; He, X.; Sheng, Y.; Xu, J.; Yang, C.; Zheng, S.; Liu, J.; Li, H.; Ge, J.; Yang, M.; et al. Allicin Regulates Energy Homeostasis

through Brown Adipose Tissue. Science 2020, 23, 101113. [CrossRef]
56. Soleimani, D.; Moosavian, S.P.; Zolfaghari, H.; Paknahad, Z. Effect of garlic powder supplementation on blood pressure and

hs-C-reactive protein among nonalcoholic fatty liver disease patients: A randomized, double-blind, placebo-controlled trial. Food
Sci. Nutr. 2021, 9, 3556–3562. [CrossRef]

57. Abramovitz, D.; Gavri, S.; Harats, D.; Levkovitz, H.; Mirelman, D.; Miron, T.; Eilat-Adar, S.; Rabinkov, A.; Wilchek, M.;
Eldar, M.; et al. Allicin-induced decrease in formation of fatty streaks (atherosclerosis) in mice fed a cholesterol-rich diet. Coron.
Artery Dis. 1999, 10, 515–520. [CrossRef]

58. Gonen, A.; Harats, D.; Rabinkov, A.; Miron, T.; Mirelman, D.; Wilchek, M.; Weiner, L.; Ulman, E.; Levkovitz, H.;
Ben-Shushan, D.; et al. The Antiatherogenic Effect of Allicin: Possible Mode of Action. Pathobiology 2005, 72, 325–334.
[CrossRef]

59. Dirsch, V.M.; Kiemer, A.K.; Wagner, H.; Vollmar, A.M. Effect of allicin and ajoene, two compounds of garlic, on inducible nitric
oxide synthase. Atherosclerosis 1998, 139, 333–339. [CrossRef]

60. Liu, D.-S.; Gao, W.; Liang, E.-S.; Wang, S.-L.; Lin, W.-W.; Zhang, W.-D.; Jia, Q.; Guo, R.-C.; Zhang, J.-D. Effects of allicin on
hyperhomocysteinemia-induced experimental vascular endothelial dysfunction. Eur. J. Pharmacol. 2013, 714, 163–169. [CrossRef]

http://doi.org/10.1271/bbb.80381
http://doi.org/10.1016/S0005-2736(99)00174-1
http://doi.org/10.1016/S0895-7061(00)01298-X
http://doi.org/10.1155/2012/489690
http://doi.org/10.1016/j.amjhyper.2003.07.011
http://doi.org/10.1054/plef.2000.0152
http://doi.org/10.1016/S0944-7113(11)80062-0
http://doi.org/10.3892/etm.2017.4698
http://doi.org/10.1186/1476-511X-9-131
http://doi.org/10.1016/j.biopha.2017.10.125
http://doi.org/10.1155/2021/3956504
http://doi.org/10.3390/nu11122909
http://doi.org/10.1038/nature13477
http://doi.org/10.1016/j.bbrc.2018.08.106
http://doi.org/10.1016/j.cmet.2015.09.007
http://doi.org/10.1101/gad.211649.112
http://doi.org/10.1016/j.cmet.2016.02.007
http://doi.org/10.1016/j.jnutbio.2018.09.014
http://doi.org/10.1016/j.isci.2020.101113
http://doi.org/10.1002/fsn3.2307
http://doi.org/10.1097/00019501-199910000-00012
http://doi.org/10.1159/000091330
http://doi.org/10.1016/S0021-9150(98)00094-X
http://doi.org/10.1016/j.ejphar.2013.05.038


Int. J. Mol. Sci. 2022, 23, 9082 19 of 21

61. Panyod, S.; Wu, W.-K.; Chen, P.-C.; Chong, K.-V.; Yang, Y.-T.; Chuang, H.-L.; Chen, C.-C.; Chen, R.-A.; Liu, P.-Y.; Chung, C.-H.; et al.
Atherosclerosis amelioration by allicin in raw garlic through gut microbiota and trimethylamine-N-oxide modulation. NPJ
Biofilms Microbiomes 2022, 8, 4. [CrossRef]

62. Tang, W.H.W.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal Microbial Metabolism of
Phosphatidylcholine and Cardiovascular Risk. N. Engl. J. Med. 2013, 368, 1575–1584. [CrossRef]

63. Schiattarella, G.; Sannino, A.; Toscano, E.; Giugliano, G.; Gargiulo, G.; Franzone, A.; Trimarco, B.; Esposito, G.; Perrino, C. Gut
microbe-generated metabolite trimethylamine-N-oxide as cardiovascular risk biomarker: A systematic review and dose-response
meta-analysis. Eur. Heart J. 2017, 38, 2948–2956. [CrossRef]

64. Ren, S.-C.; Mao, N.; Yi, S.; Ma, X.; Zou, J.-Q.; Tang, X.; Fan, J.-M. Vascular Calcification in Chronic Kidney Disease: An Update
and Perspective. Aging Dis. 2022, 13, 673. [CrossRef] [PubMed]

65. Wang, Q.; Lin, P.; Feng, L.; Ren, Q.; Xie, X.; Zhang, B. Ameliorative effect of allicin on vascular calcification via inhibiting
endoplasmic reticulum stress. Vascular 2021. [CrossRef]

66. Scioli, M.G.; Storti, G.; D’Amico, F.; Guzmán, R.R.; Centofanti, F.; Doldo, E.; Miranda, E.M.C.; Orlandi, A. Oxidative Stress and
New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential Diagnostic Biomarkers and Therapeutic Targets. J. Clin.
Med. 2020, 9, 1995. [CrossRef] [PubMed]

67. Chan, J.Y.-Y.; Tsui, H.-T.; Chung, I.Y.-M.; Chan, R.Y.-K.; Kwan, Y.-W.; Chan, S.-W. Allicin protects rat cardiomyoblasts (H9c2 cells)
from hydrogen peroxide-induced oxidative injury through inhibiting the generation of intracellular reactive oxygen species. Int.
J. Food Sci. Nutr. 2014, 65, 868–873. [CrossRef] [PubMed]

68. Deng, X.; Yang, P.; Gao, T.; Liu, M.; Li, X. Allicin attenuates myocardial apoptosis, inflammation and mitochondrial injury during
hypoxia-reoxygenation: An in vitro study. BMC Cardiovasc. Disord. 2021, 21, 200. [CrossRef]

69. Chen, X.; Pang, S.; Lin, J.; Xia, J.; Wang, Y. Allicin prevents oxidized low-density lipoprotein-induced endothelial cell injury by
inhibiting apoptosis and oxidative stress pathway. BMC Complement. Altern. Med. 2016, 16, 133. [CrossRef]

70. Lu, Q.; Lu, P.-M.; Piao, J.-H.; Xu, X.-L.; Chen, J.; Zhu, L.; Jiang, J.-G. Preparation and physicochemical characteristics of an allicin
nanoliposome and its release behavior. LWT Food Sci. Technol. 2014, 57, 686–695. [CrossRef]

71. Grune, T.; Scherat, T.; Behrend, H.; Conradi, E.; Brenke, R.; Siems, W. Influence of Allium sativum on oxidative stress status—A
clinical investigation. Phytomedicine 1996, 2, 205–207. [CrossRef]

72. Trejo, E.M.G.; Buendía, A.S.A.; Reyes, O.S.; Arroyo, F.E.G.; Garcia, F.; Mendoza, M.L.L.; Tapia, E.; Lozada, L.G.S.; Alonso, H.O.
The Beneficial Effects of Allicin in Chronic Kidney Disease Are Comparable to Losartan. Int. J. Mol. Sci. 2017, 18, 1980. [CrossRef]

73. Oktaviono, Y.H.; Pikir, B.S.; Alzahra, F.; Al-Farabi, M.J.; Putri, A.Y. Garlic Extract (Allicin) Improves the Proliferation of Endothelial
Progenitor Cell (EPC) from Patients with Stable Coronary Artery Disease. Open Access Maced. J. Med. Sci. 2020, 8, 65–69. [CrossRef]

74. Liu, S.; He, Y.; Shi, J.; Liu, L.; Ma, H.; He, L.; Guo, Y. Allicin Attenuates Myocardial Ischemia Reperfusion Injury in Rats by
Inhibition of Inflammation and Oxidative Stress. Transplant. Proc. 2019, 51, 2060–2065. [CrossRef] [PubMed]

75. Ma, L.-N.; Li, L.-D.; Li, S.-C.; Hao, X.-M.; Zhang, J.-Y.; He, P.; Li, Y.-K. Allicin improves cardiac function by protecting against
apoptosis in rat model of myocardial infarction. Chin. J. Integr. Med. 2016, 23, 589–597. [CrossRef] [PubMed]

76. Ma, L.; Chen, S.; Li, S.; Deng, L.; Li, Y.; Li, H. Effect of Allicin against Ischemia/Hypoxia-Induced H9c2 Myoblast Apoptosis
via eNOS/NO Pathway-Mediated Antioxidant Activity. Evid.-Based Complement. Altern. Med. 2018, 2018, 3207973. [CrossRef]
[PubMed]

77. Gao, T.; Yang, P.; Fu, D.; Liu, M.; Deng, X.; Shao, M.; Liao, J.; Jiang, H.; Li, X. The protective effect of allicin on myocardial ischemia-
reperfusion by inhibition of Ca2+ overload-induced cardiomyocyte apoptosis via the PI3K/GRK2/PLC-γ/IP3R signaling
pathway. Aging 2021, 13, 19643–19656. [CrossRef]

78. Wang, S.-L.; Liu, D.-S.; Liang, E.-S.; Gao, Y.-H.; Cui, Y.; Liu, Y.-Z.; Gao, W. Protective effect of allicin on high glucose/hypoxia-
induced aortic endothelial cells via reduction of oxidative stress. Exp. Ther. Med. 2015, 10, 1394–1400. [CrossRef]

79. Xu, W.; Li, X.-P.; Li, E.-Z.; Liu, Y.-F.; Zhao, J.; Wei, L.-N.; Ma, L. Protective Effects of Allicin on ISO-Induced Rat Model of
Myocardial Infarction via JNK Signaling Pathway. Pharmacology 2020, 105, 505–513. [CrossRef] [PubMed]

80. Cui, T.; Liu, W.; Yu, C.; Ren, J.; Li, Y.; Shi, X.; Li, Q.; Zhang, J. Protective Effects of Allicin on Acute Myocardial Infarction in Rats
via Hydrogen Sulfide-mediated Regulation of Coronary Arterial Vasomotor Function and Myocardial Calcium Transport. Front.
Pharmacol. 2022, 12, 752244. [CrossRef]

81. Liu, M.; Yang, P.; Fu, D.; Gao, T.; Deng, X.; Shao, M.; Liao, J.; Jiang, H.; Li, X. Allicin protects against myocardial I/R by accelerating
angiogenesis via the miR-19a-3p/PI3K/AKT axis. Aging 2021, 13, 22843–22855. [CrossRef] [PubMed]

82. Mousa, A.M.; Soliman, K.E.; Alhumaydhi, F.A.; Almatroudi, A.; Allemailem, K.S.; Alsahli, M.A.; Alrumaihi, F.; Aljasir, M.;
Alwashmi, A.S.; Ahmed, A.A.; et al. Could allicin alleviate trastuzumab-induced cardiotoxicity in a rat model through antioxidant,
anti-inflammatory, and antihyperlipidemic properties? Life Sci. 2022, 302, 120656. [CrossRef] [PubMed]

83. Al-Thubiani, W.S.; Abuzinadah, O.A.H.; El-Aziz, G.S.A. Betanin and Allicin Ameliorate Adriamycin-Induced Cardiotoxicity in
Rats by Ameliorating Cardiac Ischemia and Improving Antioxidant Efficiency. J. Pharm. Res. Int. 2021, 33, 39–56. [CrossRef]

84. Shan, Y.; Chen, D.; Hu, B.; Xu, G.; Li, W.; Jin, Y.; Jin, X.; Jin, X.; Jin, L. Allicin ameliorates renal ischemia/reperfusion injury via
inhibition of oxidative stress and inflammation in rats. Biomed. Pharmacother. 2021, 142, 112077. [CrossRef] [PubMed]

85. Li, M.; Ning, J.; Huang, H.; Jiang, S.; Zhuo, D. Allicin protects against renal ischemia–reperfusion injury by attenuating oxidative
stress and apoptosis. Int. Urol. Nephrol. 2021, 54, 1761–1768. [CrossRef]

http://doi.org/10.1038/s41522-022-00266-3
http://doi.org/10.1056/NEJMoa1109400
http://doi.org/10.1093/eurheartj/ehx342
http://doi.org/10.14336/AD.2021.1024
http://www.ncbi.nlm.nih.gov/pubmed/35656113
http://doi.org/10.1177/17085381211035291
http://doi.org/10.3390/jcm9061995
http://www.ncbi.nlm.nih.gov/pubmed/32630452
http://doi.org/10.3109/09637486.2014.925428
http://www.ncbi.nlm.nih.gov/pubmed/24945597
http://doi.org/10.1186/s12872-021-01918-6
http://doi.org/10.1186/s12906-016-1126-9
http://doi.org/10.1016/j.lwt.2014.01.044
http://doi.org/10.1016/S0944-7113(96)80043-2
http://doi.org/10.3390/ijms18091980
http://doi.org/10.3889/oamjms.2020.3968
http://doi.org/10.1016/j.transproceed.2019.04.039
http://www.ncbi.nlm.nih.gov/pubmed/31399184
http://doi.org/10.1007/s11655-016-2523-0
http://www.ncbi.nlm.nih.gov/pubmed/27412589
http://doi.org/10.1155/2018/3207973
http://www.ncbi.nlm.nih.gov/pubmed/29849702
http://doi.org/10.18632/aging.203375
http://doi.org/10.3892/etm.2015.2708
http://doi.org/10.1159/000503755
http://www.ncbi.nlm.nih.gov/pubmed/32784309
http://doi.org/10.3389/fphar.2021.752244
http://doi.org/10.18632/aging.203578
http://www.ncbi.nlm.nih.gov/pubmed/34607973
http://doi.org/10.1016/j.lfs.2022.120656
http://www.ncbi.nlm.nih.gov/pubmed/35605695
http://doi.org/10.9734/jpri/2021/v33i731200
http://doi.org/10.1016/j.biopha.2021.112077
http://www.ncbi.nlm.nih.gov/pubmed/34426252
http://doi.org/10.1007/s11255-021-03014-2


Int. J. Mol. Sci. 2022, 23, 9082 20 of 21

86. Saheera, S.; Krishnamurthy, P. Cardiovascular Changes Associated with Hypertensive Heart Disease and Aging. Cell Transplant.
2020, 29, 0963689720920830. [CrossRef] [PubMed]

87. Cui, T.; Liu, W.; Chen, S.; Yu, C.; Li, Y.; Zhang, J.-Y. Antihypertensive effects of allicin on spontaneously hypertensive rats via
vasorelaxation and hydrogen sulfide mechanisms. Biomed. Pharmacother. 2020, 128, 110240. [CrossRef]

88. Dubey, H.; Singh, A.; Patole, A.M.; Tenpe, C.R.; Ghule, B.V. Allicin, a SUR2 opener: Possible mechanism for the treatment of
diabetic hypertension in rats. Rev. Bras. de Farm. 2012, 22, 1053–1059. [CrossRef]

89. Bhardwaj, K.; Verma, M.; Verma, N.; Bhardwaj, S.; Mishra, S. Effect of long term supplementation of active garlic allicin in
reducing blood pressure in hypertensive subjects. Int. J. Adv. Med. 2015, 2, 231–234. [CrossRef]

90. McMahon, F.G.; Vargas, R. Can garlic lower blood pressure? A pilot study. Pharmacother. J. Hum. Pharmacol. Drug Ther. 1993, 13,
406–407.

91. Ba, L.; Gao, J.; Chen, Y.; Qi, H.; Dong, C.; Pan, H.; Zhang, Q.; Shi, P.; Song, C.; Guan, X.; et al. Allicin attenuates pathological
cardiac hypertrophy by inhibiting autophagy via activation of PI3K/Akt/mTOR and MAPK/ERK/mTOR signaling pathways.
Phytomedicine 2018, 58, 152765. [CrossRef] [PubMed]

92. Liu, C.; Cao, F.; Tang, Q.-Z.; Yan, L.; Dong, Y.-G.; Zhu, L.-H.; Wang, L.; Bian, Z.-Y.; Li, H. Allicin protects against cardiac
hypertrophy and fibrosis via attenuating reactive oxygen species-dependent signaling pathways. J. Nutr. Biochem. 2010, 21,
1238–1250. [CrossRef]

93. Li, X.-H.; Li, C.-Y.; Xiang, Z.-G.; Hu, J.-J.; Lu, J.-M.; Tian, R.-B.; Jia, W. Allicin Ameliorates Cardiac Hypertrophy and Fibrosis
through Enhancing of Nrf2 Antioxidant Signaling Pathways. Cardiovasc. Drugs Ther. 2012, 26, 457–465. [CrossRef] [PubMed]

94. García-Trejo, E.M.A.; Arellano-Buendía, A.S.; Argüello-García, R.; Loredo-Mendoza, M.L.; García-Arroyo, F.E.; Arellano-Mendoza,
M.G.; Castillo-Hernández, M.C.; Guevara-Balcázar, G.; Tapia, E.; Sánchez-Lozada, L.G.; et al. Effects of Allicin on Hypertension
and Cardiac Function in Chronic Kidney Disease. Oxidative Med. Cell. Longev. 2016, 2016, 3850402. [CrossRef] [PubMed]

95. Shi, P.; Cao, Y.; Gao, J.; Fu, B.; Ren, J.; Ba, L.; Song, C.; Qi, H.; Huang, W.; Guan, X.; et al. Allicin improves the function of
cardiac microvascular endothelial cells by increasing PECAM-1 in rats with cardiac hypertrophy. Phytomedicine 2018, 51, 241–254.
[CrossRef]

96. Liu, Q.; Fu, Q.; DU, J.; Liu, X. Experimental study on the role and mechanism of Allicin in ventricular remodeling through PPARα
and PPARγ signaling pathways. Food Sci. Technol. 2022, 42, e31121. [CrossRef]

97. Rosenkranz, S.; Howard, L.S.; Gomberg-Maitland, M.; Hoeper, M.M. Systemic Consequences of Pulmonary Hypertension and
Right-Sided Heart Failure. Circulation 2020, 141, 678–693. [CrossRef]

98. Sun, X.; Ku, D.D. Allicin in garlic protects against coronary endothelial dysfunction and right heart hypertrophy in pulmonary
hypertensive rats. Am. J. Physiol. Circ. Physiol. 2006, 291, H2431–H2438. [CrossRef]

99. Sánchez-Gloria, J.L.; Martínez-Olivares, C.E.; Rojas-Morales, P.; Hernández-Pando, R.; Carbó, R.; Rubio-Gayosso, I.; Arellano-
Buendía, A.S.; Rada, K.M.; Sánchez-Muñoz, F.; Osorio-Alonso, H. Anti-Inflammatory Effect of Allicin Associated with Fibrosis in
Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2021, 22, 8600. [CrossRef] [PubMed]

100. Borghetti, G.; von Lewinski, D.; Eaton, D.M.; Sourij, H.; Houser, S.R.; Wallner, M. Diabetic Cardiomyopathy: Current and Future
Therapies. Beyond Glycemic Control. Front. Physiol. 2018, 9, 1514. [CrossRef]

101. Liu, Y.; Qi, H.; Wang, Y.; Wu, M.; Cao, Y.; Huang, W.; Li, L.; Ji, Z.; Sun, H. Allicin protects against myocardial apoptosis and
fibrosis in streptozotocin-induced diabetic rats. Phytomedicine 2012, 19, 693–698. [CrossRef]

102. Horuzsko, D.; LaCavera, M.; Ma, H.; Wu, Y.; Zhu, S.; White, R. Allicin Reverses Diabetes-Induced Dysfunction of Human
Coronary Artery Endothelial Cells. FASEB J. 2019, 33, lb500. [CrossRef]

103. Huang, W.; Wang, Y.; Cao, Y.-G.; Qi, H.-P.; Li, L.; Bai, B.; Liu, Y.; Sun, H.-L. Antiarrhythmic effects and ionic mechanisms of
allicin on myocardial injury of diabetic rats induced by streptozotocin. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2013, 386, 697–704.
[CrossRef]

104. Cao, H.; Huang, C.; Wang, X. Allicin inhibits transient outward potassium currents in mouse ventricular myocytes. Exp. Ther.
Med. 2016, 11, 1896–1900. [CrossRef] [PubMed]

105. Han, D.; Xu, L.; Liu, P.; Liu, Y.; Sun, C.; Yin, Y. Allicin disrupts cardiac Cav1.2 channels via trafficking. Pharm. Biol. 2019, 57,
245–249. [CrossRef] [PubMed]

106. Chen, Y.; Huang, Y.; Bai, J.; Liu, C.; Ma, S.; Li, J.; Lu, X.; Fu, Z.; Fang, L.; Li, Y.; et al. Effects of Allicin on Late Sodium Current
Caused by ∆KPQ-SCN5A Mutation in HEK293 Cells. Front. Physiol. 2021, 12, 636485. [CrossRef]

107. Chan, J.Y.-Y.; Yuen, A.C.-Y.; Chan, R.Y.-K.; Chan, S.-W. A Review of the Cardiovascular Benefits and Antioxidant Properties of
Allicin. Phytother. Res. 2013, 27, 637–646. [CrossRef]

108. Trio, P.Z.; You, S.; He, X.; He, J.; Sakao, K.; Hou, D.-X. Chemopreventive functions and molecular mechanisms of garlic
organosulfur compounds. Food Funct. 2014, 5, 833–844. [CrossRef]

109. Pedraza-Chaverrí, J.; Barrera, D.; Maldonado, P.D.; Chirino, Y.I.; Macías-Ruvalcaba, N.A.; Medina-Campos, O.N.; Castro, L.;
Salcedo, M.I.; Hernández-Pando, R. S-allylmercaptocysteine scavenges hydroxyl radical and singlet oxygen in vitro and attenuates
gentamicin-induced oxidative and nitrosative stress and renal damage in vivo. BMC Clin. Pharmacol. 2004, 4, 5. [CrossRef]

110. Buendía, A.S.A.; González, M.T.; Reyes, O.S.; Arroyo, F.E.G.; García, R.A.; Tapia, E.; Lozada, L.G.S.; Alonso, H.O. Immunomodu-
latory Effects of the Nutraceutical Garlic Derivative Allicin in the Progression of Diabetic Nephropathy. Int. J. Mol. Sci. 2018,
19, 3107. [CrossRef] [PubMed]

http://doi.org/10.1177/0963689720920830
http://www.ncbi.nlm.nih.gov/pubmed/32393064
http://doi.org/10.1016/j.biopha.2020.110240
http://doi.org/10.1590/S0102-695X2012005000046
http://doi.org/10.18203/2349-3933.ijam20150550
http://doi.org/10.1016/j.phymed.2018.11.025
http://www.ncbi.nlm.nih.gov/pubmed/31005720
http://doi.org/10.1016/j.jnutbio.2009.11.001
http://doi.org/10.1007/s10557-012-6415-z
http://www.ncbi.nlm.nih.gov/pubmed/22990325
http://doi.org/10.1155/2016/3850402
http://www.ncbi.nlm.nih.gov/pubmed/27990229
http://doi.org/10.1016/j.phymed.2018.10.021
http://doi.org/10.1590/fst.31121
http://doi.org/10.1161/CIRCULATIONAHA.116.022362
http://doi.org/10.1152/ajpheart.00384.2006
http://doi.org/10.3390/ijms22168600
http://www.ncbi.nlm.nih.gov/pubmed/34445305
http://doi.org/10.3389/fphys.2018.01514
http://doi.org/10.1016/j.phymed.2012.04.007
http://doi.org/10.1096/fasebj.2019.33.1_supplement.lb500
http://doi.org/10.1007/s00210-013-0872-1
http://doi.org/10.3892/etm.2016.3116
http://www.ncbi.nlm.nih.gov/pubmed/27168824
http://doi.org/10.1080/13880209.2019.1577469
http://www.ncbi.nlm.nih.gov/pubmed/30929547
http://doi.org/10.3389/fphys.2021.636485
http://doi.org/10.1002/ptr.4796
http://doi.org/10.1039/c3fo60479a
http://doi.org/10.1186/1472-6904-4-5
http://doi.org/10.3390/ijms19103107
http://www.ncbi.nlm.nih.gov/pubmed/30314265


Int. J. Mol. Sci. 2022, 23, 9082 21 of 21

111. Horev-Azaria, L.; Eliav, S.; Izigov, N.; Pri-Chen, S.; Mirelman, D.; Miron, T.; Rabinkov, A.; Wilchek, M.; Jacob-Hirsch, J.;
Amariglio, N.; et al. Allicin up-regulates cellular glutathione level in vascular endothelial cells. Eur. J. Nutr. 2008, 48, 67–74.
[CrossRef]

112. Miron, T.; Rabinkov, A.; Peleg, E.; Rosenthal, T.; Mirelman, D.; Wilchek, M. Allylmercaptocaptopril: A new antihypertensive drug.
Am. J. Hypertens. 2004, 17, 71–73. [CrossRef]

113. Oron-Herman, M.; Rosenthal, T.; Mirelman, D.; Miron, T.; Rabinkov, A.; Wilchek, M.; Sela, B.-A. The effects of S-
allylmercaptocaptopril, the synthetic product of allicin and captopril, on cardiovascular risk factors associated with the
metabolic syndrome. Atherosclerosis 2005, 183, 238–243. [CrossRef]

114. Ma, C.; Li, S.; Yin, Y.; Xu, W.; Xue, T.; Wang, Y.; Liu, X.; Liu, F. Preparation, characterization, formation mechanism and stability of
allicin-loaded emulsion gel. LWT 2022, 161, 113389. [CrossRef]

115. Wang, Y.-F.; Shao, J.-J.; Wang, Z.-L.; Lu, Z.-X. Study of allicin microcapsules in β-cyclodextrin and porous starch mixture. Food Res.
Int. 2012, 49, 641–647. [CrossRef]

116. McCrindle, B.W.; Helden, E.; Conner, W.T. Garlic Extract Therapy in Children with Hypercholesterolemia. Arch. Pediatr. Adolesc.
Med. 1998, 152, 1089–1094. [CrossRef] [PubMed]

117. Ansary, J.; Forbes-Hernández, T.Y.; Gil, E.; Cianciosi, D.; Zhang, J.; Elexpuru-Zabaleta, M.; Simal-Gandara, J.; Giampieri, F.;
Battino, M. Potential Health Benefit of Garlic Based on Human Intervention Studies: A Brief Overview. Antioxidants 2020, 9, 619.
[CrossRef]

118. Asdaq, S.M.B.; Yasmin, F.; Alsalman, A.J.; Al Mohaini, M.; Kamal, M.; Al Hawaj, M.A.; Alsalman, K.J.; Imran, M.; Sreeharsha, N.
Obviation of dyslipidemia by garlic oil and its organosulfur compound, diallyl disulphide, in experimental animals. Saudi J. Biol.
Sci. 2021, 29, 2520–2525. [CrossRef]

http://doi.org/10.1007/s00394-008-0762-3
http://doi.org/10.1016/S0895-7061(03)01035-5
http://doi.org/10.1016/j.atherosclerosis.2005.03.009
http://doi.org/10.1016/j.lwt.2022.113389
http://doi.org/10.1016/j.foodres.2012.09.033
http://doi.org/10.1001/archpedi.152.11.1089
http://www.ncbi.nlm.nih.gov/pubmed/9811286
http://doi.org/10.3390/antiox9070619
http://doi.org/10.1016/j.sjbs.2021.12.025

	Introduction 
	Allicin 
	Garlic as a Natural Source of Allicin 
	Synthetic Allicin 

	Effects of Allicin on Cardiovascular Risk Factors 
	Dyslipidemia and Obesity 
	Atherosclerosis 
	Endothelial Dysfunction and Oxidative Stress 
	Myocardial Infarction 
	Hypertension and Cardiac Hypertrophy 
	Diabetic Cardiomyopathy and Arrhythmias 

	Discussion 
	Conclusions 
	References

