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Abstract

:

Garlic has been used for a long time in human history. Allicin, the main active compound present in freshly injured garlic, is enzymatically formed from alliin. Allicin has shown doubtless beneficial effects and even be conceived as medicine. The present review highlights allicin-associated studies. Indeed, clinical studies on healthy subjects have evidenced that standardized garlic treatment (900 mg/day) significantly reduces total cholesterol (TC) and low-density lipoprotein cholesterol (c-LDL). Besides, allicin also led to a marked improvement in mouth opening, burning sensation, and oral health-related quality of life on stage II oral submucous fibrosis patients. Interestingly, in children, allicin also has been proposed for thrush prevention and as an alternative antibiotic therapy. Nonetheless, there is particular attention to allicin bioavailability, given its high instability. Although clinical evidence has promoted allicin release from garlic powder tablets under simulated gastrointestinal conditions, garlic tablets are those that have provided less alliinase protection due to its fast disintegration, releasing low allicin amounts.
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1. Introduction


Plants have been used since the beginning of human civilization [1,2]. Some of them are able to provide remarkable biological effects [3,4,5,6,7,8] to treat several illnesses, such as psychiatric (anxiety and depression) [9] and cardiovascular disorders (acting as a vasorelaxant, and exerting direct positive effects on cardiac hypertrophy, angiogenesis, platelet aggregation, hyperlipidemia and hyperglycemia) [10], cancer [11,12,13], and even conferring a pronounced antimicrobial activity [14].



Garlic (Allium sativum L.) and other Allium species are popular due to its characteristic odor and folk medicinal uses, and recent studies have provided in-depth insights on garlic effects as a medicinal plant [15,16]. A. sativum is a member of the Alliaceae family, worldwide cultivated and selected as a valuable spice [17]. Garlic contains many substances, among them sulfur compounds (such as allicin, aliin, ajoene, allyl propyl disulfide, diallyl trisulfide, S-Allyl cysteine, vinyldithiines, S-allylmercaptocystein, among others), which also are produced by many other Allium species. Allicin (C6H10OS2) is a volatile compound present in garlic and other Allium species, like an onion (Allium cepa L.) [10]. Alliin (L-(+)-S-Allyl cystein sulfoxide) is an amino acid which, under the action of the alliinase enzyme, converts to allyl sulfenic acid (2-propenesulfenic acid) [18], an unstable and highly reactive compound at room temperature. Then, two allyl sulfenic acid molecules condense spontaneously, forming allicin with consequent water elimination (Figure 1). Multiple studies have focused on allicin therapeutic potential as an antioxidant (inducing antioxidant product production), anticancer (triggering cancer cells apoptosis and inhibiting tumor growth), antimicrobial (inhibiting toxin production and microbial activity), antifibrotic (decreasing tumor necrosis factor-alpha protein activity) and cardioprotective (decreasing angiogenesis and inducing vasorelaxation) [10,17,18,19,20]. Based on these remarkable biological effects, garlic has been increasingly exploited toward an alternative treatment for many diseases [10,15,16]. Thus, clinical evidence has increased to validate this compound as a promising drug for effective and safer therapeutic applications [19,21]. This paper aims to provide the scientific evidence on allicin-rich garlic preparations’ pharmacological effects.




2. Drifting from Molecular to Clinical Evidence


Garlic has been widely used for its cholesterol-lowering effects historically, but studies focusing on its efficacy and effectiveness has failed to prove it [22]. Additionally, in some cases, the quality of allicin-containing products is questionable, given the sources of garlic used, the preparation method.



2.1. Cardioprotective Activity


2.1.1. Atherosclerosis


There are several randomized, double-blinded, and placebo-controlled clinical trials assessing the anti-atherosclerotic activity of allicin-containing products (Table 1), such as garlic powder tablets, capsules containing AGE (aged garlic extract) and even the Allicor garlic-based drug.



Aged garlic extract supplementation with B vitamins, folic acid and L-arginine has been associated with the progression of subclinical atherosclerosis [24]. A two-year treatment with Allicor (garlic powder) exerted a direct anti-atherosclerotic effect on carotid atherosclerosis in asymptomatic men [25]. Also, the age-dependent representation of the plaque volume shows an increase between 50 and 80 years that is diminished under garlic treatment by 6–13% over 4 years. It seems important that through garlic application, the plaque volume in the whole collective remained practically constant within the age-span of 50–80 years. These results have shown that not only preventive but also therapeutic benefits in arteriosclerosis therapy (plaque regression) may be ascribed to garlic remedies [23]. Additionally, the combination of aged garlic extract and CoQ10 was independently associated with pronounced beneficial effects on vascular elasticity and endothelial function in firefighters with high occupational stress, highlighting the crucial role of both AGE and CoQ10 (Coenzyme Q10) in atherosclerosis prevention of such individuals [26].




2.1.2. Hyperlipidemia and Hypertension


Multiple clinical trials have been performed to assess the effects of garlic and its derived products on hyperlipidemia and hypertension (Table 1). A 12-week double-blind study was carried out to compare standard garlic powder tablet and placebo effects on serum lipids, lipoproteins, blood pressure, and glucose levels. During that study, 42 healthy adults (19 men, 23 women, mean age of 52 ± 12 years) were enrolled, whose serum total cholesterol (TC) was greater than or equal to 220 mg/dL [30]. All the subjects received, either standardized garlic powder in form of a tablet (dose 300 mg, 3 times/day) or a placebo, in a randomized, double-blind study design. Daily diets and physical activity were unchanged. After 12 weeks, the obtained data clearly showed a decrease in TC (262 ± 34 mg/dL to 247 ± 40 mg/dL) in the group receiving the standardized garlic powder tablet, when compared to the placebo group (276 ± 34 mg/dL to 274 ± 29 mg/dL, p < 0.01). Low-density lipoprotein cholesterol (LDL-c) levels decreased 11% in garlic-treated subjects, and only 3% in the placebo group (p < 0.05). No significant changes in serum high-density lipoprotein cholesterol (HDL-c), triglycerides, blood pressure, and glucose levels were observed. Thus, standardized garlic treatment (900 mg/day) seemed to be most effective in reducing LDL-c levels [30].



Conversely, aged garlic extract supplementation was shown to be more effective than the placebo in lowering systolic blood pressure, similar to current first-line medications, in patients with treated but uncontrolled hypertension [27]. Kwai (900 mg garlic pill/day), for instance, was effective in treating mild and moderate arterial hypertension [28]. Quite the opposite, the same preparation had no significant effects on LDL oxidation, plasma lathosterol-I-cholestero1 ratio (a measure of cholesterol synthesis), nor LDL receptor expression in lymphocytes. Therefore, it was proposed by Simons et al. (1995) that garlic ingestion did not provide pronounced effects on lipids and lipoproteins [31]. Likewise, Kwai garlic (standardized to 0.6% allicin and 1.3% alliin) supplement cannot change the oxidized LDL levels. The results of this study do not support the hypothesis that dietary garlic supplementation decreases the LDL susceptibility to oxidation, and that LDL fraction patterns in plasma might be involved. Lipoprotein levels in plasma also were unchanged, although other mechanisms of cardiovascular protection were not excluded [41]. A meta-analysis did not suggest a significant effect of garlic supplementation on lipoprotein(a) (Lp (a)) level reduction [32]. A garlic treatment with a dose of 900 mg garlic extract/tablet for 12 weeks does not affect major plasma lipoproteins and has no impact on HDL-c subclasses, Lp (a), apolipoprotein B, postprandial triglycerides or LDL-c subclass distribution [34]. Moreover, no significant effects on cardiovascular risk factors were stated in pediatric patients with familial hyperlipidemia [35], as well as being ineffective in reducing cholesterol levels [36]. Another study highlighted that a garlic powder preparation used in moderately hypercholesterolemic adults did not significantly affect plasma lipid levels, suggesting that there was no indication of a better effect by garlic doses over 0, 500, and 1000 mg/day [40]. Other authors also reported no significant changes in serum HDL-c, triglycerides, blood pressure, and glucose levels [30]. A garlic powder (800 mg/day) treatment, for example, led to a significant increase in walking distance ability and to a decrease in diastolic blood pressure, spontaneous thrombocyte aggregation, plasma viscosity, and cholesterol concentration [29]. Similarly, 900 mg of garlic powder per day for four months significantly lowered total cholesterol, triglycerides, and blood pressure [33]. Another study found treatment with a garlic powder tablet for six months led to a 10% decrease in LDL-c levels in the garlic group compared to 6% in the placebo group [37]. Additionally, 600 mg/day of a standardized dried garlic powder (1.3% allicin) led to a total cholesterol drop from 223 to 214 mg/dL after 10 weeks, triglycerides considerably decreased from 124 to 118 mg/dL, while blood pressure remained constant [38]. A standardized garlic powder (900 mg/day) also resulted in a greater reduction in serum total cholesterol and LDL-c [30], and an increase in HDL-c levels [42], and it has even been proposed that garlic (3 g of raw garlic daily) has a role in cholesterol management as an adjunctive therapy in most cases of hypercholesterolemia, thereby reducing the risk of atherosclerosis and cardiovascular events [39]. Also, a dried garlic extract preparation (600 mg/day) markedly decreased fibrinogen and fibrinopeptide A by 10%, increased by 10% streptokinase activated plasminogen and fibrinopeptide B beta 15–42 coagulation factor and decreased serum cholesterol levels, systolic and diastolic blood pressure [43]. Interestingly, one study revealed that dried garlic powder tablets (10.8 mg alliin (3-(2-propenylsulfinyl)-L-alanine)/daily) have no clinically relevant lipid-lowering and blood pressure-lowering effects in middle-aged, normolipidemic individuals. Thus, the putative anti-atherosclerotic effect of garlic may be linked to risk markers other than blood lipids [45].




2.1.3. Bodyweight Management


Distinct clinical trials were already performed using garlic and its derived components on obese patients (Table 1). Garlic powder supplementation (800 mg/daily) resulted in a significant decrease in body weight and body fat mass (p < 0.05) [44]. Although some clinical trials using garlic tablets seem to relate the beneficial effects of garlic to allicin, this fact cannot be considered valid when the test shows no effect, unless the expected release of allicin from garlic tablets has been determined under the standardized conditions of drug release [46].





2.2. Anti-Carcinogenic Activity


Looking at allicin or allicin-containing products as anti-cancer agents (Table 2), allicin has been recently studied for its effectiveness on stage II oral submucous fibrosis in a Chinese patient cohort. During this randomized clinical trial, triamcinolone acetonide (TA) (2 mg/week) or allicin (1 mg/week) were injected intralesionally for 16 weeks. Group A corresponded to the triamcinolone acetonide group and Group B to the allicin-treated group. Mouth opening, burning sensation, and oral health-related quality of life (QoL) were assessed over time. Once the study was over, net gain in mouth opening was 2.27 ± 0.84 mm in group A and 5.16 ± 1.04 mm in group B; the burning sensation improved by 2.79 ± 0.87 in group A and by 4.33 ± 1.04 in group B, while the oral health impact profile (OHIP) score improved by 4.67 ± 2.94 in group A and by 12.58 ± 9.82 in group B. Concerning the 48 subjects included in this study, no adverse effects were stated, therefore highlighting the potential use of allicin as an adjunctive therapeutic drug [19]. Iang et al. (2015) found that allicin intralesional injection improved the associated signs and symptoms with stage II oral submucous fibrosis (OSF) without notable side effects [19].



Previously, Lawson et al. (2001) analyzed the allicin release from garlic powder tablets under simulated gastrointestinal conditions and found that tablets provided less protection over allicin due to its fast disintegration, release of low allicin amounts and vice versa [46]. Besides, aged garlic extract also has shown a suppressive effect on colorectal adenomas in humans through multiple pathways, i.e., reducing cancer incidence and suppressing its growth and proliferation [47]. Actually, aged garlic administration in patients with advanced cancer of the digestive system led to an improvement of natural killer (NK) cell activity but did not cause improvement in QoL [50]. Also, the use of large doses of allitridum and microdoses of selenium have evidenced to effectively prevent gastric cancer, especially in men [49]. Garlic supplementation, however, had no beneficial effects on precancerous gastric lesion prevalence or gastric cancer incidence [48]. Thus, the main findings from clinical trials assessing the allicin or allicin-containing products’ anticancer effects have been associated with improvements at stage II oral submucous fibrosis and on natural killer cell activity, with a suppressive effect on colorectal adenomas and effective prevention of gastric cancer in humans without notable side effects. No beneficial effects, however, have been reported on precancerous gastric lesion prevalence in gastric cancer and QoL.




2.3. Antidiabetic Activity


The garlic effects on both lipid and glucose levels have been increasingly reported (Table 3) as well as its therapeutic efficacy in patients suffering from cardiovascular diseases and diabetes [51]. Actually, daily garlic allicin supplementation (0.05–1.5 g) displayed a positive and sustained role in blood glucose, total cholesterol (TC), and high/low density lipoprotein (HDL-c/LDL-c) regulation in type 2 diabetes mellitus (T2DM) management [52]. Conversely, two tablets of garlic three times/day (each tablet containing 400 mg dry garlic powder and over 1000 mg allicin) reduced fasting blood sugar (FBS) and hemoglobin A1c (HbA1c) in T2DM patients. Hence, it may be a candidate drug in the treatment of diabetes mellitus [53]. Also, a marked FBS reduction and HbA1C improvement were stated after garlic treatment at high doses (1200 mg/day) [54]. The garlic powder tablet Allicor treatment resulted in a better metabolic control due to a marked reduction in FBS, serum fructosamine and serum triglyceride levels [55]. Additionally, a combination of turmeric and garlic extracts at a dose of 2.4 g/day led to a marked reduction in FBS, 2 h postprandial glucose, HbA1C, TC, LDL-c and triglyceride levels, as well as a body mass index more than the two other dosages, without exerting side effects on kidney and liver functions [56]. A study also emphasized that garlic capsule intake (900 mg/day) led to a marked improvement in blood pressure in diabetic patients, suggesting that garlic supplementation can be useful in both treating and controlling diabetes complications in the future [57], aside from being able to decrease FBS, especially in patients suffering from both diabetes and hypercholesterolemia [58]. Double-blinded, placebo-controlled, randomized clinical trials indicated than allicin or allicin-containing products play a positive and sustained role in blood sugar, total cholesterol, and high/low density lipoprotein regulation in diabetic patients. Additionally, no side effects have been observed on kidney and liver functions.




2.4. Cytochrome Activity


The beneficial effects of garlic and its derived products also have been assessed on cytochrome activity (Table 4). Garlic oil was able to markedly decrease (39%) 6-hydroxychlorzoxazone/chlorzoxazone serum ratios, suggesting CYP2E1 (cytochrome P450 2E1) inhibition [59]. Additionally, there was a marked inter-subject variation on ritonavir pharmacokinetics after garlic application, suggesting that a combination of ritonavir with garlic may act as an inducer and inhibitor of CYP3A4 (cytochrome P450 3A4) and P-gp (P-glycoprotein) activity [60]. It also was proposed, however, that the probable intestinal P-gp or cytochrome P-450 induction by garlic or saquinavir metabolites may decrease drug availability [61]. Actually, in another study, no significant differences on cytochrome p450 2D6 and 3A4 activity were found in healthy volunteers [62].



Piscitelli and co-authors have investigated the effect of garlic supplements on the pharmacokinetics of saquinavir. They reported that AUC (area under the curve) and Cmax (maximum concentrations) decreased by 51% and 54%, respectively [61]. Found in another study, Gallicano et al. studied the effect of short-term administration of garlic supplements on single-dose ritonavir pharmacokinetics in healthy volunteers which indicated it did not significantly alter the single-dose ritonavir pharmacokinetics. The AUC and Cmax decreased by −17% and 1%, respectively [60]. Berginc and Kristl data on Michaelis–Menten kinetics showed competitive inhibition of CYP3A4, with enzyme activity reduced to 70–80% of control. They have demonstrated increased efflux of darunavir (human immunodeficiency virus protease inhibitor (HIV-PI), approved in 2006) by P-Glycoprotein (Pgp) in the presence of a garlic supplement and summarized that the garlic products with high contents of mainly sulfur-containing compounds will be expected to lead to pharmacokinetic changes [63].




2.5. Oxidative Stress Status


Oxidative stress status has been increasingly correlated with multiple oxidative stress-related disorders [64]. Indeed, some clinical studies were already performed to assess the effects of allicin or allicin-containing products/formulations on the oxidative stress status (Table 4). Garlic supplementation (600 mg/daily), for instance, markedly reduced the susceptibility of apolipoprotein B-containing lipoproteins for oxidation [65]. Additionally, after a 2-month application of coated garlic powder tablets (900 mg with alliin and allicin contents of 1.3% and 0.6%, respectively), the glutathione (GSH) concentration significantly increased in circulating human erythrocytes [66].




2.6. Preeclampsia


Several clinical trials were already developed to assess the allicin or allicin-containing products’ effects on preeclampsia (Table 4). Aalami–Harandi et al. (2015) showed that the intake of one garlic tablet (containing 400 mg garlic and 1 mg allicin) once daily led to a significant decrease in highly-sensitive C-reactive protein (hs-CRP) and increased GSH, but did not affect lipid profiles, total antioxidant capacity (TAC) and pregnancy outcomes [67]. Alternately, Ziaei et al. (2001) stated that a daily intake of a garlic tablet (800 mg) effectively reduced the occurrence of hypertension during the third trimester of pregnancy, but it was not effective in preventing preeclampsia [68].




2.7. Antimicrobial Effects


Several studies have been performed to access allicin and allicin-containing product antimicrobial effects. Zhang et al. (1992), for example, reported that the use of allicin for thrush prevention in infants led to a marked decrease in disease incidence when compared to controls, while to sodium bicarbonate no significant changes were stated. These findings suggest that both allicin and sodium bicarbonate are effective against thrush, but allicin proved to be more effective [75,76]. Other studies state that allicin may also be an alternative for antibiotics [77,78], more specifically against Helicobacter pylori infections (Table 4).




2.8. Ulcer Healing


Allicin treatment (800 mg/daily) over a period of 14 days on H. pylori infection did not lead to a complete eradication, since H. pylori was still found in all patients [69,70]. Conversely, the application of an allicin dose of 4.2 mg/daily was potentially effective in H. pylori eradication [69,71]. The eradication rate in an allicin-based therapy, with an allicin dose of 24 mg/daily, omeprazole 20 mg and amoxicillin 2000 mg/day, was 73% [72]. Additionally, the use of allicin adhesive tablets (allicin 10 mg/day) was effective in reducing ulcer size and in alleviating ulcer pain, without displaying significant side effects [21].




2.9. Others


Garlic preparations also have shown to be effective in male genital warts; indeed, the application of a 10% garlic extract for 2 months in male genital warts had similar effects when compared with cryotherapy [73]. Alternatively, an allicin-containing preparation also was tested for its ability to prevent the common cold, and the results revealed a great ability to avoid the common cold virus attack [74].





3. Conclusions


Garlic preparations have revealed promising effects for many health conditions, including hyperlipidemia, hypertension, obesity, atherosclerosis, cancer, diabetes, ulcers and even infection. While the cholesterol-lowering effects of garlic is the most widely recognized activity, it has been increasingly stated that its bioactive effects are mostly related to its content in sulphur compounds, among them allicin. It is worth noting that further studies still need to be performed to deepen the knowledge on some other crucial aspects, such as on the quality and safety parameters, purity, origin, stability, bioavailability, bioefficacy and even middle–long term side effects and toxicity. Actually, allicin instability is one of the aspects that has most limited the progress of clinical studies and their respective applications. The focus on techniques, such as encapsulation, microspheres and spray drying, as well as self-nanoemulsifying systems for the production of more effective garlic preparations have been the subject of extreme interest and dedication. Self-nanoemulsifying systems also have shown good physical attributes, besides appearing effective for drug release.
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Figure 1. Allicin chemical structure and its formation. 






Figure 1. Allicin chemical structure and its formation.



[image: Applsci 09 05555 g001]







[image: Table] 





Table 1. Clinical trials assessing cardioprotective effects of allicin or allicin containing products/formulations.
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Clinical Trial

	
Participants

	
Duration

	
Dose

	
Summary

	
References






	
Atherosclerosis




	
R, DB, PC

	
152 individuals

	
48 months

	
High-dose garlic powder

	
Plaque volume in the whole collective remained practically constant within the age-span of 50–80 years, substantiating not only a garlic preventive but possibly a curative role in arteriosclerosis (plaque regression)

	
[23]




	
R, DB, PC

	
65 individuals

	
12 months

	
Capsule containing aged garlic extract (250 mg) plus Vitamins B12 (100 μg), B9 (300 μg), B6 (12.5 mg) and L-arginine (100 mg)

	
Aged garlic extract supplemented with sulphur was associated with a favorable improvement in oxidative biomarkers, vascular function, and reduced atherosclerosis progression

	
[24]




	
R, DB, PC

	
196 asymptomatic men

	

	
Garlic-based drug Allicor (INAT-Pharma, Moscow, Russia) (300 mg/day)

	
2-year treatment with Allicor had a direct anti-atherosclerotic effect on carotid atherosclerosis in asymptomatic men

	
[25]




	
R

	
65 firefighters

	

	
Aged garlic extract (300 mg/tablet) plus CoQ10 (30 mg/tablet)

	
This combination was independently associated with significant beneficial effects on vascular elasticity and endothelial function in firefighters with high occupational stress, highlighting the important role of these substances in atherosclerotic prevention

	
[26]




	
Hypertension




	
R

	
50 individuals

	
12 weeks

	
Aged garlic extract (960 mg containing 2.4 mg S-Allyl cysteine)

	
Aged garlic extract effect was superior to placebo in lowering systolic blood pressure (similar to current first line medications) in patients with treated but uncontrolled hypertension

	
[27]




	

	
84 men

	
8 weeks

	
900 mg Kwai (garlic pills)

	
It was effective in the treatment of mild and moderate arterial hypertension

	
[28]




	
R, DB, PC

	
80 individuals

	
8 weeks

	
800 mg garlic powder

	
Increased walking distance and decreased diastolic blood pressure, spontaneous thrombocyte aggregation, plasma viscosity, and cholesterol levels

	
[29]




	
DB

	
42 healthy adults

	
12 weeks

	
900 mg standardized garlic powder

	
No significant changes in serum HDL-c, triglycerides, blood pressure and glucose levels. Garlic seemed to be mostly effective in reducing LDL-c levels

	
[30]




	
Hyperlipidemia

	

	

	

	

	




	
R, DB, PC

	
30 individuals

	
12 weeks

	
Kwai@ garlic powder tablets 900 mg/daily

	
There was no demonstrable effect of garlic on LDL oxidation, plasma lathosterol-I-cholestero1 ratio, nor on LDL receptor expression in lymphocytes

	
[31]




	
Meta-analysis

	
-

	

	
-

	
No significant effect of garlic supplementation on Lp (a) levels reduction

	
[32]




	
R, DB, PC

	
40 individuals

	
4 months

	
900 mg garlic powder

	
Significantly lowered total cholesterol, triglycerides and blood pressure

	
[33]




	
R, DB, PC

	
50 individuals

	
12 weeks

	
900 mg tablet garlic extract

	
Garlic had no effect on major plasma lipoproteins, and it has no impact on HDL-c subclasses, Lp (a), apolipoprotein B, postprandial triglycerides or LDL-c subclass distribution

	
[34]




	
R, DB, PC

	
30 pediatric patients, aged 8–18 years

	
8 weeks

	
900 mg garlic extract

	
No significant effect on cardiovascular risk factors in pediatric patients with familial hyperlipidemia

	
[35]




	
R, DB, PC

	
2 out-patient lipid clinics

	
12 weeks

	
900 mg garlic powder

	
Ineffective in lowering cholesterol levels in patients

	
[36]




	
R, DB, PC

	
52 out-patients

	
6 months

	
900 mg garlic powder tablet (Kwai) (standardized 