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Abstract: In recent years, allicin has received extensive attention in the field of neuroprotection. This mini-review summarizes the
extraction, detection, synthesis, toxicity, novel drug delivery systems of allicin and its research progress in neurological diseases. We
found that allicin can exert neuroprotective effects in Alzheimer’s disease, Parkinson’s disease, traumatic brain injury, cerebral
ischemia-reperfusion injury, cerebral hemorrhage, and subarachnoid hemorrhage by inhibiting oxidative stress, neuroinflammation,
and apoptosis, regulating mitochondrial function, and improving blood-brain barrier integrity. However, current studies are mostly
limited to animal experiments and lack high-quality clinical research evidence. Additionally, the unstable chemical properties and low
bioavailability of allicin have limited its clinical translation. In the future, more randomized controlled clinical trials should be
conducted and new delivery systems should be developed to improve its stability and targeting. This mini-review aims to provide
a theoretical basis for further research and application of allicin in neurological diseases.
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Introduction

Garlic is a plant with a long history (Figure 1). It is documented that garlic has been cultivated in Mediterranean countries since
3000 BC." Ancient Egypt, Rome, and Greece had many areas where garlic was grown.' In the 16th century, the great Chinese
medical scientist Shi Zhen Li described the effects of garlic in his book “Compendium of Materia Medica”* In the 19th
century, Louis Pasteur (the great French medical scientist) discovered that garlic has anti-bacterial activity.® As a perennial
herb, garlic thrives in mild regions and can be grown all year. Its stem is divided into 6 to 12 bulblets (garlic cloves), which are
held together by a fine shell (garlic head). The roots of garlic can grow to a depth of 80 cm closer to the plant’s base. Its leaves
are morphologically long, narrow, and flat. The tip, however, is cylindrical and sharp. The flowers are tiny and whitish purple.
A 70-80 cm height characterizes the garlic plant; several leaves are 13—15, the weight of the bulb is 50 g with a diameter of
5 cm, and the number of cloves is 12—13. As a popular plant, garlic can be used not only to treat diseases but also to cook food.
Meanwhile, garlic is also used as a spice in many Asian countries, such as India, Pakistan, Nepal, and Iran.* As a valuable food
additive and spice, garlic contains many nutrients and chemicals. These substances mainly include sulfur compounds, volatile
oils, amino acids, and glycosides. At present, more than 30 sulfur compounds have been found in garlic, and these sulfur-
containing compounds are mainly divided into water-soluble and oil-soluble sulfur compounds.” Among these compounds,
alliin, allicin, diallyl trisulfide (DATS), diallyl disulfide (DADS), diallyl monosulfide (DAMS), and diallyl tetrasulfide
(DATTS) are common® (Table 1). Amino acids in garlic are mainly divided into two categories: protein amino acids and non-
protein amino acids. Protein amino acids mainly include cysteine, histidine, lysine, alanine, arginine, aspartic acid, aspartate,
leucine, methionine, phenylalanine, proline, serine, threonine, tryptophan, cystine and valine. The main non-protein amino
acids are alliin, deoxyalliin, S-methyl-L-cysteine, and y-L-glutamyl-S-allyl-L-cysteine.® Among them, alliin is a special
sulfur-containing amino acid in garlic. There are many glycosides in garlic. These glycosides include scordinin A1, scordinin
A2, scordinin A3, scordinin B1, scordinin B2, scordinin B3, protoeruboside B, astivoside B1, et al’ In addition, garlic also
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Figure | The botany (A) and geographical distribution (B) of garlic.

contains vitamin A, vitamin B, vitamin C, selenium, calcium, magnesium, manganese, selenium, potassium, zinc, sulfur, and
phosphorus.® Allicin is a compound isolated from garlic bulbs (Table 2). As shown in Figure 2, allicin has been reported to
possess a wide range of pharmacological activities, including cardioprotective activity, antimicrobial activity, antidiabetic
activity, lung protection, neuroprotective activity, renal protection, anticancer activity, and hepatoprotective activity. Among
them, many of the mechanisms related to anti-inflammatory, antioxidant, and immune regulation provide the basis for its
potential pharmacological activities. Based on the existing literature, this mini-review systematically reviews the research
progress and potential mechanisms of allicin in improving Alzheimer’s disease and other neurological disorders. Meanwhile,
this mini-review also summarizes the extraction, synthesis, detection, toxicity, and new delivery systems of allicin. It is worth
noting that the reported biological effects in this review are attributable specifically to allicin, rather than garlic or garlic

extracts.
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Table 1 Major Active Compounds of Garlic
Active Compounds Molecular Formula | Molecular Weight Structure
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Table | (Continued).

Active Compounds Molecular Formula | Molecular Weight Structure
2-Vinyl-4H-1,3-dithiin C¢HsS, 144.26
| SY\
S
Diallyl sulfide (DAS) CeH\0S 114.21 .
\/\S/\/
Diallyl disulfide (DADS) CeH 052 146.27
/\/S\S/\/
Diallyl trisulfide (DATS) C¢H\0S3 178.34
\/\S,S\S/\/
Allyl methyl sulfide (AMS) C4HgS 88.17
\S/\/
Table 2 The Properties of Allicin
Melting Point | Boiling Point Color Water Solubility | Molecular Formula | Molecular Weight
25°C 259°C Colorless to light yellow 24g/L(10°C) CeH /008, 162.27

Extraction, Detection, and Synthesis of Allicin

The extraction of allicin is the key to analyzing its structure and biological properties. Therefore, it is very important to
investigate the extraction technology of allicin. At present, the extraction methods of allicin mainly include steam
distillation method, organic solvent extraction method, and supercritical CO, extraction method. The steam distillation
method has the advantages of simple equipment, low cost, and good stability.® Its principle is to pass water vapor into
a volatile organic substance that is insoluble in water so that the organic substance is distilled together with water vapor
at a temperature below 100°C, and then further separated to obtain a purer substance.® The main components obtained by
this method are small molecule thioether compounds such as allyl trisulfide and allyl disulfide.” However, due to the
relatively high distillation temperature, allicin content is lost.” The principle of the organic solvent extraction method is
that garlic oil is slightly soluble in water, but easily soluble in ethanol, ethyl acetate, ether, and other organic solvents. It
is worth noting that the selection of solvent is crucial for this method. The selected solvent needs not only a low boiling
point, little residue, and good solubility, but also no toxicity and undesirable odor. At present, ethanol extraction is the
most common solvent extraction method. Its advantage is that the temperature of soaking and vacuum distillation is not
high, and the content of allicin is high.'® Supercritical CO, extraction is a novel extraction method. Its principle is to use
the physical properties of CO, in the supercritical state to achieve effective extraction of target components. The
advantage of this method is its high extraction yield."' Some studies have shown that the content of allicin extracted
by the supercritical CO, extraction method is significantly higher than the solvent extraction method and steam
distillation method.'> However, the shortcoming of this method is that the required equipment investment is large and
the production efficiency is low.'' At present, there are many methods to detect allicin, including gas chromatography,
liquid chromatography, thin-layer chromatography, high-performance liquid chromatography, infrared spectroscopy, and
ultraviolet spectroscopy.'* Among these methods, high-performance liquid chromatography is the best method to detect
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Figure 2 The pharmacological activity of allicin.

the active ingredients of garlic. A large number of studies have detected the content of allicin in fresh garlic, dry powder,
and various garlic products by high-performance liquid chromatography. Not surprisingly, these studies have yielded
good results."* Although these methods have been used in the detection of allicin. However, these methods still have
some defects, such as low sensitivity, cumbersome processes, and expensive equipment.'® In the future, exploring other
methods that can detect allicin content has broad prospects. According to the above content, the extraction of allicin can
obtain a high yield and high quality allicin. However, compared with the industrial production of allicin, the extraction of
allicin has insurmountable defects, including waste of raw materials, complexity of equipment, and high extraction cost.
Therefore, the synthesis of allicin will be extremely important. Previous studies have shown that the synthesis of active
ingredients (diallyl trisulfide) in garlic has been used in industrial production. Ultrasound, microwaves, different solvents,
and high temperatures can accelerate the synthesis of allicin.'® There are many methods to synthesize allicin, including
the oxidation of diallyl disulfide with hydrogen peroxide in acid medium, the oxidation of diallyl disulfide with m-
chloroperbenzoic acid in chloroform, the oxidation of diallyl disulfide with magnesium monoperoxyphthalate and

17,18

tetrabutylammonium hydrogen sulfate’ " °(Figure 3). All of these methods are performed at low temperatures (from

zero to room temperature). Depending on the purification method used, different purities of allicin can be obtained.

Toxicity of Allicin

It is well known that the side effects of natural medicines often limit their clinical application. Therefore, understanding the
side effects of natural medicines is of great significance for the improvement and application of natural medicines in the future.
At present, no studies have reported the presence of known toxic compounds in garlic and its extracts.'*° Some early studies
investigated the toxicity of garlic. Although the U.S. Food and Drug Administration considers garlic safe for humans, eating
garlic can cause some mild side effects in humans, including nausea, vomiting, diarrhea, and bloating.?' Since the discovery of
allicin in 1944, its toxicity has been studied at the cellular and animal levels. Liu C et al wanted to investigate the toxicity of
allicin in mice.?” They divided 24 male BALB/c mice into a control group and two allicin groups (15 mg/kg and 30 mg/kg).
After six weeks of treatment, the toxicity of allicin was evaluated by observing morphology and detecting serum liver and
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Figure 3 The structure (A) and synthesis (B) of allicin.

kidney function. The results showed that allicin (30 mg/kg) had no obvious hepatotoxicity and nephrotoxicity in vivo. On the
one hand, there were no significant changes in liver function parameters and kidney function parameters. On the other hand,
there was no tissue damage, cell swelling, and obvious pathological changes in the liver and kidney of mice. Notably, no
animal deaths or adverse reactions were observed in this study. Zeynel Oztiirk et al wanted to investigate the effects of allicin
on nasal mucosa. They found that allicin does not have adverse effects on rabbit nasal mucosa, and it does not lead to mucosal
bleeding, congestion, inflammation, and calcification.”® Based on currently available preclinical evidence, allicin appears to
have a favorable safety profile in animal models. However, given the lack of long-term safety data and clinical studies, its
safety in humans cannot be concluded at this stage. More rigorous toxicological evaluations are needed. But even so, doctors
should carefully ask patients about their allergy history before using allicin. Patients with allergies should avoid allicin. If the
patients develop an allergic reaction, the allicin should be stopped immediately and anti-allergic treatment should be given
promptly. Therefore, more studies are needed to investigate the toxicity of allicin in the future.

New Delivery System of Allicin

Allicin is an important compound, and the development of its preparations or products warrants consideration. At present, the
main reasons for limiting the development of preparations or products are as follows: first, the unique odor of allicin is difficult
to accept by patients. Second, allicin is chemically unstable, and it is very difficult to separate and extract. Third, allicin has
chemical residue. Allicin is mainly synthesized from propylene chloride. However, propylene chloride is a strong irritant.
Long-term exposure to propylene chloride can cause harm to the respiratory system. These issues limit the promotion and
application of allicin. The commonly used allicin preparations include tinctures, pills, tablets, liquors, nasal drops, capsules,
and injections. Although these preparations have been improved, there are still many problems. On the one hand, the
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composition of the preparations is complex and the content of effective ingredients is low, which cannot reach the clinical
effect. On the other hand, the preparations will cause irritation to the gastrointestinal tract, skin, mucous membranes, and blood
vessels, which affects the efficacy of allicin and the patient’s medication compliance. Therefore, it is of great significance to
develop new allicin preparations. Currently, new allicin preparations include the following: Liposomes are spherical vesicles
ranging in size from 0.025 pm to 2.5 pm. In general, liposomes are composed of phospholipids, cholesterol, PEG, and other
components. As a drug carrier, liposomes have the advantage of improving drug stability and reducing drug toxicity. Allicin
liposomes have the advantages of targeting, low toxicity, and sustained release. Nanoparticles are nanoscale materials (1-100
nm) that provide high loading capacity and stability.?* Many studies have shown that beta-lactoglobulin, PEGylated Lecithin-
Chitosan-Folic Acid Nanoparticles, and polybutylcyanoacrylate nanoparticles can be used as nanotransporters for allicin. >
Compared with pure allicin, these nanotransporters have high encapsulation efficiency and large drug loading capacity, which
greatly improves the bioavailability and stability of allicin. In addition to liposomes and nanoparticles, gels, micelles, and
gelatin films are also new allicin preparations®”** These preparations usually have good lubricity and scalability. This will

help allicin to enter the cell membrane to exert pharmacological effects.

Allicin and Neurological Disorders

Over the past few decades, an increasing number of neurological disorders have led to premature death or disability. The
pathogenesis of these diseases is complex and involves multiple pathological processes such as neuroinflammation,
oxidative stress, mitochondrial dysfunction, and apoptosis. Currently, the treatment options for nerve injury are limited,
so finding safe and effective neuroprotective drugs holds significant clinical importance. Here, we introduce the research
progress and potential mechanisms of allicin in improving Alzheimer’s disease and other neurological disorders
(Figure 4).
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Figure 4 The potential mechanisms of allicin in improving Alzheimer’s disease and other neurological disorders.
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Alzheimer’s Disease

Alzheimer’s Disease (AD) is the most common neurodegenerative disorder. Oxidative stress, neuroinflammation,
abnormal deposition of B-amyloid protein (amyloid-p, AB), and excessive phosphorylation of tau protein are the key
factors in its pathogenesis. In the APP/PS1 mouse model, allicin can improve the cognitive function of mice, reduce the
expression level of AP, alleviate oxidative stress, and enhance mitochondrial dysfunction. Mechanistically, allicin exerts
neuroprotective effects by blocking the c-Jun N-terminal kinase (JNK) signaling pathway.*® In the endoplasmic reticulum
stress model induced by tunicamycin (TM), allicin significantly improves cognitive deficits, reduces excessive phos-
phorylation of tau protein and AP deposition, and enhances antioxidant enzyme activity.*® Increasing studies have shown
that metal elements (copper, aluminum) play a promoting role in the occurrence and development of AD. In AD rats
induced by trichloroaluminum and copper sulfate, allicin improves the abnormal deposition of AP and the levels of pro-
inflammatory factors (TNF-o, IL-6, IL-1p)."!

Parkinson’s Disease

As the second most common neurodegenerative disease, Parkinson’s disease (PD) has also become a main global health
burden. The cause of PD is related to the degeneration of dopaminergic neurons in the substantia nigra and the reduction
of dopamine secretion, but the exact cause is not yet fully clear. The high-risk population mainly consists of elderly
people over 60 years old, with slightly more men than women. Mitochondrial dysfunction is closely linked to the
pathogenesis of PD. Allicin regulates mitochondrial fusion, fission, and biogenesis, stabilizing mitochondrial structure
and function, and exerting neuroprotective effects.*> Mechanistically, it upregulates the expression of peroxisome
proliferator activated receptor gamma coactivator-1 (PGC-1), nuclear respiratory factor 1 (NRF-1), and mitochondrial
transcription factor A (TFAM), and downregulates the expression of mitochondrial fission protein 1 (Fis-1) and
mitochondrial dynamic-related protein 1 (Drp-1). Kumar found that allicin has inhibitory effects on acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE), with ICsq values of 0.01 mg/mL (61.62 pM) and 0.05 mg/mL (308.12 uM),
respectively. By inhibiting cholinesterase activity, allicin can increase the level of acetylcholine (ACh) in the brain,
improve cognitive function and memory impairment, providing a new strategy for the treatment of PD.>

Traumatic Brain Injury

Traumatic brain injury is a significant cause of neurological dysfunction. Cheng et al discovered that allicin can significantly
reduce tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p), IL-6, reactive oxygen species (ROS), NLRP3 inflammasome,
and Toll-like receptor 4 (TLR4) proteins in the Controlled Cortical Impact (CCI) model.** Behavioral experiments showed
that allicin could significantly improve the motor function and cognitive ability of CCI mice. In the rotarod test and Morris
water maze (MWM) test, the allicin treatment group exhibited better motor coordination and spatial learning ability.>*
Additionally, allicin exerts neuroprotective effects by regulating the nitric oxide synthase (NOS) pathway. In traumatic
brain injury rat models, allicin reduces motor function deficits and cortical neuron apoptosis. Mechanistically, allicin inhibits
the expression of inducible nitric oxide synthase (iNOS), enhances the phosphorylation of endothelial nitric oxide synthase
(eNOS), but has no significant effect on neuronal nitric oxide synthase (nNOS).*’ Further studies have shown that allicin
mediates anti-inflammatory and antioxidant activities through the Akt/eNOS signaling pathway. Akt inhibitors (LY294002) or
eNOS inhibitors (L-NIO) can partially reverse the protective effect of allicin.*®

Ischemia-Reperfusion Brain Injury

Ischemia-Reperfusion Brain Injury (IRBI) is the main pathological process of ischemic stroke. In the model of transient middle
cerebral artery occlusion (MCAOQ), allicin can significantly reduce the volume of cerebral infarction and improve neurological
function.’” Moreover, allicin can also significantly alleviate brain edema and reduce the permeability of the blood-brain
barrier.®*° Mechanistically, allicin exerts its brain-protective effect by inhibiting the increase in blood viscosity and improving
hemorheological indicators. Additionally, oxidative stress is the core mechanism of ischemia-reperfusion injury. Allicin can
significantly reduce oxidative stress, lower the activity of nicotinamide adenine dinucleotide phosphate oxidase (NADPH
oxidase), alleviate inflammatory responses and mitochondrial respiratory chain dysfunction, and inhibit cell apoptosis. At the
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same time, allicin enhances the activity of endogenous antioxidant enzymes (CAT, SOD, GPX, GST), and promotes angiogenesis
in the infarcted area.’” Zhuang et al further confirmed that allicin activated the GPX1-Src-Akt-ERK signaling pathway, inhibited
astrocyte apoptosis and lipid peroxidation, and improved the functional recovery of ischemic stroke.*’

Cerebral Hemorrhage and Subarachnoid Hemorrhage

Cerebral hemorrhage and subarachnoid hemorrhage both belong to the bleeding types of cerebral stroke, but there are
significant differences in their occurrence sites, causes, symptoms, and treatment methods. Cerebral hemorrhage is the
bleeding of blood vessels in the brain parenchyma, which is commonly seen in hypertension or vascular malformations.
Subarachnoid hemorrhage is the rupture of blood vessels on the brain surface, which is often caused by an aneurysm rupture or
trauma. Shao et al found that allicin alleviates brain edema and blood-brain barrier dysfunction after subarachnoid hemor-
rhage. Mechanistically, allicin inhibits the expression of cleaved caspase-3, reduces the degree of neuronal degeneration,
lowers the proportion of apoptotic neurons, and simultaneously reduces the level of malondialdehyde (MDA), increases
glutathione (GSH) and SOD levels.*' Atef et al confirmed in a mouse model of intracerebral hemorrhage that allicin increases
the number of surviving neurons around the hematoma. In addition, allicin downregulates the mRNA expression of pro-

inflammatory factors IL-6 and CXCL2 in the brain, promoting the recovery of sensory and motor functions.*?

Discussion

In conclusion, as a natural active ingredient, allicin has demonstrated extensive neuroprotective effects in various preclinical
models of nerve injury. Its mechanism involves inhibiting oxidative stress, inflammation, and apoptosis, regulating mitochon-
drial function, improving the integrity of the blood-brain barrier, and regulating neurotransmitters. However, current research
on the neuroprotective effects of allicin still has some limitations. Firstly, most studies focus on animal models, with a lack of
clinical research evidence. Secondly, the unstable chemical properties of allicin limit its clinical application. Thirdly, the doses
and administration regimens used in different studies vary greatly, lacking a unified standard. Fourthly, there is insufficient
data on the safety of long-term use. Therefore, future research should conduct high-quality randomized controlled clinical
trials to verify the efficacy and safety of allicin in neurological diseases, and developing new drug delivery systems for allicin
(nanoparticles, prodrugs) to improve its bioavailability and targeting ability are essential.
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