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Abstract

G

arlic is one of world’s oldest medicines that have been employed not only for flavouring but
also as a medical herb for its prophylactic and therapeutic actions. Most of garlic beneficial
effects are due to the presence of the organosulphate molecule allicin. Allicin is a highly
unstable molecule and, during processing, is rapidly transformed into a variety of organosulfur
components. The enzyme alliinase, which is responsible for the conversion of alliin to allicin, is
irreversibly destroyed at the acidic environment of stomach. This is the reason why most garlic
supplements contain garlic powder or granules, but do not contain allicin itself. Garlic alliinase
could be encapsulated and coated with materials which would protect it in the harsh conditions
of the stomach. The objective of this chapter is to summarize the most important garlic health
benefits and to discuss promising encapsulation/stabilization approaches.

Introduction

Garlic (Allium sativum L.) is a perennial, erect bulbous herb, 30‑60 cm tall which is native to
the Mediterranean regions of Africa and Europe. The underground portion consists of a bulb with
numerous fibrous rootlets. The bulb contains numerous cloves and gives rise above ground to a
number of narrow, grass‑like leaves (Fig. 1). Although formally classified in the family Liliaceae,
represented by 280 separate genera and 4000 species, recent taxonomic revisions have seen members
of the genus Allium placed in the family Alliaceae. Originated from Central Asia, garlic has been
used as a spice, food and folklore medicine for over 5000 years and is the most widely researched
medicinal plant. Through trade, garlic spread its popularity throughout Asia and eventually to
Egypt and Europe. There are various ancient medical texts from Greece, Egypt, Rome, China
and India each prescribing medical applications for garlic. Excavations of ancient Greek temples
have unearthed garlic and the palace of Knossos in Crete, dating to 1400‑1800 BC, contained
well‑preserved garlic when it was excavated.1 The Codex Ebers, an Egyptian medical papyrus
translated in 1937, contained over 800 medical formulations, 22 of which contained garlic. The
Romans also extolled the virtues of garlic. Pliny the elder, a roman naturalist, described in his
Historia Naturalis how garlic could be used for gastrointestinal disorders, dog and snake bites,
scorpion stings, asthma, madness, convulsions and tumours. Dioscorides, physician to the Roman
army in first century A.D., also recommended garlic to be used as a vermifuge. Use of garlic has
been recorded by Hippocrates, the father of modern medicine, as a laxative and a diuretic and also
by Aristophanes and Galenal for the treatment of uterine tumours.
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Figure 1. Allium sativum bulbs.

The majority of garlic supplements sold today contain either a garlic powder or granules. Garlic
powder can serve as an important nutritional supplement. However if garlic powder is stored for
long periods, active ingredients present in freshly ground garlic are often eliminated or otherwise
rendered inactive.
Most of garlic beneficial effects are due to allicin. Allicin is produced during the crushing of
garlic cloves by the enzyme alliinase. Once formed, allicin begins reacting with itself, resulting
in more stable organosulfur compounds. This is the reason that no garlic supplement actually
contains allicin itself.
In this mini review we summarize the most important garlic health benefits and we discuss
promising encapsulation/stabilization approaches.

Garlic Chemical Compounds

Numerous chemical substances are present in fresh garlic. Some of them are: ajoene, allicin,
alliin, allyl disulfides, allyl sulfides, allyl trisulfides, cycloalliin, cysteine, cysteine sulfoxides,
cystine, diallyl sulfides, dimethyl sulfides, disulfides, glutathione, methionine, methyl sulfides,
pseudoscordinine, scordinine, sulfanes, tetrathiol, thiosulfinates and trisulfides.2,3 Garlic is known
to contain high levels of phosphorous, calcium and iron. Vitamins like riboflavin, thiamine, nico‑
tinic acid and vitamin‑C are also present. In addition, garlic contains the minerals selenium and
germanium. Garlic also contains linalool, citral, α‑phellandrene, geraniol, propionic aldehyde,
valeraldehyde.4 These phytochemicals can be useful for the treatment or prevention of a number
of diseases, including cancer, coronary heart disease, obesity, hypercholesterolemia, diabetes type
2, hypertension, cataract and disturbances of the gastrointestinal tract (e.g., colic pain, flatulent
colic and dyspepsia).
The health benefits of garlic are derived from a wide variety of components and from the
different ways it is administered. It is possible that such a variety of effects partly depends on the
processing of garlic extract preparations.5 There are many garlic product processes; those used
more frequently are shown in (Table 1).6 The oil obtained by the maceration of garlic contains
2‑vinyl‑[4H]‑1,3‑dithiin and 3‑vinyl‑[4H]‑1,2‑dithiin, allyl sulfides and ajoene. Steam‑distilled
garlic oil contains diallyl disulfide and diallyl trisulfide. The lipid‑lowering effects of some
oil‑soluble sulfur compounds observed in vitro are associated with cytotoxicity.7 Water‑soluble
garlic extracts are not cytotoxic.8 Moreover, the oil‑soluble organosulfur compounds of garlic,
such as allicin, ajoene and their intermediate products, are not found in urine or blood even after
consumption of a large amount of garlic because alliinase, the enzyme that transforms alliin in
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Method

Characteristics

Freeze‑drying

No change in chemical composition, the resulting product
is often used for culinary purposes.

Low Temperature Drying

This process involves drying sliced fresh cloves at 50˚C for
3‑4 days. Some allicin is formed due to the slicing process.

Distillation

Steam‑distilled garlic contains mainly allyl sulfides. Allicin
is probably lost or converted to the allyl sulfide degradation
compounds.

Maceration in Oil

Chopped garlic is homogenized and slowly extracted in
soybean or another vegetable oil. Such products contain
vinyldithins, allyl sulfides and ajoene.

Hydroalcoholic Short Extraction

The stability of the constituents in fluid and dry extracts and
their final chemical content could be variable.

Hydroalchoholic Long Maceration

Sliced garlic is placed in 20% ethanol and macerated for a
long period, filtered and subsequently concentrated. Allicin
is completely converted to allyl sulfides, which are largely
all volatilized or converted to other compounds.

allicin, is inactivated by the low pH in the stomach.9 The water‑soluble compounds, besides be‑
ing more stable, appear to have a higher bioavailability and appear to be able to enter the blood
and reach target organs. In fact, after garlic consumption, a water‑soluble compound, such as
N‑acetyl‑S‑ally‑cysteine, was found in human blood and urine.10 Raghavan et al, reported that
drying the garlic and converting it to powder results in 30‑35% loss of volatile flavour.11 Garlic
powder could be stabilized with respect to flavour and colour by mixing it with encapsulated
garlic oil.12,13

Garlic Biological Activities

A variety of biological activities have been reported for garlic extracts.14,15 The most important
ones are summarized below.
		
Antimicrobial. Garlic is regarded as a natural antibiotic, effective against a wide number
of microorganisms.16,17
		
Antibacterial. Garlic extracts have been demonstrated to inhibit bacterial growth. Sulfur
compounds in garlic are known to destroy thiol groups in bacterial enzymes. Garlic prepara‑
tions have been shown to exhibit antibacterial activity against Helicobacter pylori, Shigella
dysenteriae, Shigella flexneri, Shigella sonnei and Escherichia coli.18 Garlic has been found to
be effective against clinical strains of Staphylococcus, Escherichia, Proteus, Pseudomonas and
Klebsiella bacteria.19
		
Antiparasitic. Garlic has been found to be effective against gastrointestinal parasites
of humans and animals.20 In addition, it is effective against Entamoeba histolytica,
Hymenolepsis nana and Giardia lamblia.21 Garlic can be used as an alternative treatment
against nematode parasites in humans.22 Nok et al, also investigated the garlic induced
death of protozoans.23
		
Antifungal. Garlic extracts have a strong antifungal effect and inhibit the formation of
mycotoxins like the aflatoxin of Aspergillus parasiticus.24 Davis et al, reported that garlic
extract displayed significant in vitro fungicidal and fungistatic activity against 3 different
isolates of Cryptococcus neoformans.25
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Antiviral. Garlic extracts have an antifungal effect against human cytomegalovirus,
influenza B, herpes simplex virus type 1, herpes simplex virus type 2, parainfluenza
virus type 3, vaccinia virus, vesicular stomatitis virus and human rhinovirus type 2.26
Weber et al, reported the efficacy of allicin and its various transformation products
against Herpes simplex virus 1 and 2, Vesicular stomatitis virus, Vaccinia virus and
Parainfluenza virus.27
		
Anti‑carcinogenic. Garlic can be use as a preventive against stomach, colon and other
types of cancers, due to possible immune enhancing and antitumorigenic effects of its
sulfur containing compounds.28‑30 Allyl sulfur and other garlic compounds can slow or
prevent the growth of tumor cells.31,32 Aqueous extracts of garlic are reported to cause
significant improvement in prostate cancer patients.33 Some researchers have stated
that garlic’s potential anticancer effects may be due to its content of the trace mineral
selenium.34
		
Anti‑inflammatory. Garlic promotes an anti‑inflammatory environment by cytokine
modulation as well as bringing in modulation in human blood that leads to an overall
inhibition of NF‑κB activity in surrounding tissue.35,36
		
Anti‑thrombotic. Several studies have indicated that whole garlic and garlic aqueous
extract have an antiplatelet action.37‑39 This property is due in part to the compounds
alliin and ajoene, which have fibrinolytic activity. Ajoene inhibits thromboxane synthesis
through the inhibition of the cyclo‑oxygenase and lipoxygenase enzymes.40 Garlic extract
can be used as a potential treatment against atherosclerosis.41
		
Cholesterol lowering. Garlic and its constituents inhibit key enzymes involved in choles‑
terol and fatty acid synthesis in cultured rat hepatocytes and human HepG2 cells.7,42 Garlic
treatment reduces circulating triglycerides and cholesterol.43‑45 Anim‑Nyame et al, have
shown that garlic will increase peripheral blood flow mediated by interleukin‑6, an im‑
portant property attributed to be beneficial for persons with cardiovascular diseases.46
		
Garlic and diabetes. Garlic was effective in reducing blood glucose in streptocin‑induced
as well as alloxan‑induced diabetes mellitus in rats and mice models.47‑49 Kasuga et al, have
reported that treatment with aged garlic extract is effective against adrenal hypertrophy,
hyperglycemia and production of elevated levels of corticosterones in stress induced hyper‑
glycemic mice.50 Due to its hypoglycemic effect garlic may be useful as coadjuvant therapy
in the treatment of type 2 diabetes and some of its physiological complications.51,52
		
Antioxidant. The antioxidant properties of garlic and different garlic preparations are
well documented.53‑57 The high antioxidant properties of garlic presents evidence that it
may either prevent or delay chronic diseases associated with aging. Among garlic‑derived
products, aged garlic extract is the preparation with higher antioxidant activity. Aged
garlic extract is obtained by storage at room temperature of sliced and soaked, in a water/
ethanol mixture, garlic for longer than 10 months.58 The potent antioxidant activity is
due to the extraction procedure which increases stable and highly bioavailable water‑sol‑
uble organo‑sulphur compounds content, such as SAC and S‑allylmercaptocysteine.59
This garlic preparation has other compounds with antioxidant effect, such as stable
lipid‑soluble allyl sulphides, as diallyl polisulphides, tetrahydro‑b‑carboline derivatives,
which are formed during the natural aging process, flavonoids; saponins; and essential
micronutrients (selenium, Se) and macronutrients, as lectins, whose antiperoxide effect
has been demonstrated in the liver, kidney and heart of rats.10,60 Another recently identi‑
fied antioxidant compounds of aged garlic extract are N‑fructosyl glutamate, N‑fructosyl
arginine.61‑62 Garlic extract can be used as a prophylactic treatment against the common
cold and in the treatment of sickle‑cell anemia,63,64 to treat hypertension and reduce the
risk of other cardiovascular diseases62,65,66 and against heavy metal poisoning.67 Garlic
compounds may also have neuroprotective effects.68,69 Garlic possesses a mild diuretic
action70,71 and can be used as a renoprotective agent. It has been also found that the
aged garlic extract can be a potential protective regimen for arsenic mediated toxicity.72
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Figure 2. Effect of garlic crude extract on Saccharomyces cerevisiae culture. Inhibition zone
of A) 50 µl of garlic extract and B) 10 µg of miconazole.

In our laboratory we have demonstrated the inhibitory action of garlic extract against
Saccharomyces cerevisiae. The antibiogram method was used for measuring the diameter
of the garlic extract zone of inhibition (Fig. 2).

Alliin and Allicin

Alliin ((+)‑S‑allyl‑L‑cysteine sulfoxide) and allicin (S‑(+)‑2‑propenyl‑L‑cysteine sulfoxide)
are two important sulfur‑containing compounds found in garlic (Fig. 3). Both alliin and allicin
are known as “organosulfur” compounds. Many medicinal organosulfur compounds are found in
the Alliums, but garlic contains the highest concentration of them. Alliin is further classified as a
“cysteine sulfoxide”. Garlic contains other cysteine sulfoxides, but alliin is the most abundant of
these, as well as the most abundant sulfur compound in garlic overall. The amounts of alliin pres‑
ent in different strains of garlic were studied by numerous investigators. Considerable variations
have been reported, ranging from 2.8 to 7.7 mg g–1.

Figure 3. Molecular formulas of: A) alliin and B) allicin.
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Alliin demonstrates a variety of important activities. It reduces serum glucose and serum enzyme
levels.73 Alliin at levels of 200 mg kg−1 body weight can significantly reduce the blood glucose level
in diabetic mice, rats and rabbits.50 Alliin has an inhibitory effect upon key enzymes involved in
cholesterol biosynthesis; it also possesses an antioxidant activity.59,74 Kim and Kyung demonstrated
that alliin has an antifungal activity.75 Alliin was found to be the stable precursor. When garlic
is cut, chopped or crushed, the clove’s membrane disrupts and alliin is transformed enzymati‑
cally into allicin by allinase (Fig. 4).76 The transformation of alliin into the biologically active
allicin molecule upon crushing of a garlic clove is very rapid and is complete in seconds. Garlic
cloves are odour‑free until crushed or processed when garlic supplements are manufactured and
cross‑section studies have indicated that the substrate alliin and the enzyme alliinase are located
in different compartments. This organization suggests that it is designed as a potential defence
mechanism against microbial pathogens in the soil. Invasion of the cloves by fungi and other soil
pathogens causes the interaction between alliin and alliinase that rapidly produces allicin, which
in turn inactivates the invader. The produced reactive allicin molecules have a very short half‑life,
as they react with many of the surrounding proteins, including alliinase. Allicin is often thought
of as the “active ingredient” in garlic and has been the subject of numerous scientific studies, but
many of its transformation products have medicinal properties as well.
Allicin, which is classified as a “thiosulfinate”, is responsible for the typical odor of garlic.
Thiosulfinates contain two sulfur atoms bonded together, one of which is also bonded to an
oxygen atom. Allicin accounts for about 70‑80% of total thiosulfinates in garlic. The total al‑
licin yield has been determined as 2.5 mg g–1 of fresh crushed garlic or about 5‑20 mg per clove.
Allicin is unstable and converts readily into mono‑, di‑ and trisulfides and other compounds such
as ajoene.9 Further transformation of organosulfur compounds can occur after interaction with
free sulfhydryl groups, including those present in cysteine, glutathione or proteins.
Allicin possesses a variety of important activities. It has a high antioxidant activity and has
been reported to induce caspase mediated apoptosis in cancer cells.77‑79 The antibacterial action
of garlic is mainly due to allicin.16 Yamada and Azuma demonstrated that pure allicin is effective
in vitro against species of Candida, Cryptococcus, Trichophyton, Epidermophyton and Microsporum
at low concentration.80 Allicin may be an effective therapeutic candidate to control the pain,
promote ulcer healing and prevent the recurrence of recurrent aphthous ulcer.81 Garlic antiath‑
erosclerotic properties are mainly attributed to allicin.82 Many of allicin transformation products
have medicinal properties as well.83

Garlic Alliinase

Alliinase (Aliin lyase) (EC 4.4.1.4) is a homodimeric glycoprotein found in many plants of the
genus Allium such as garlic (Allium sativum), onion (Allium cepa) and Chinese chives (Allium
tuberosum). The three‑dimensional structure of the garlic alliinase has been obtained at 1.5 Å
resolution.84 The active enzyme is a pyridoxal‑5′‑phosphate‑dependent protein and belongs to the
class I family of pyridoxal‑5′‑phosphate‑dependent enzymes. In garlic, each alliinase subunit consists
of 448 aminoacids accounting for a molecular weight of 51,500 Da, four putative N‑glycosylation
sites and one pyridoxal 5‑phosphate (PLP) molecule as a cofactor.85 Alliinase belongs to the family
of mannose‑rich glycoproteins with an estimated carbohydrate content of about 5.5‑6.0% and can
form a stable complex with garlic lectins.86 The lectin‑alliinase complex offers a high stability to the
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Garlic Supplements

Garlic supplements vary widely in their chemical composition, depending on the age of the garlic
and how it is processed. Significant amounts of alliin and alliinase can survive the drying and process‑
ing necessary to manufacture garlic supplements. Freeze‑drying, for example, preserves higher levels
of these phytochemicals compared to other types of drying, but it is an expensive process. When
dried garlic powder is added to water, alliin and alliinase quickly react and allicin is produced. Most
of garlic supplements found in the market do not contain allicin. Some products are standardized to
contain a certain amount of alliin and to have an uncertain allicin yield (amount of allicin generated
inside the human body). No allicin was detected in human blood after oral intake of commercially
available products standardized for allicin potential or allicin yield.10,87 Even if the supplements con‑
tain plenty of alliin and active alliinase, they must be enteric‑coated to protect alliinase from the low
pH in the stomach, to reach small intestine, where it can act on the alliin and convert it to allicin.87
Enteric‑coated garlic products resist human stomach conditions in order to prolong the shelf life
and protect alliinase activity and deliver allicin directly into the intestinal tract. Enteric coatings are
cellulose or poly(acrylic acid) esters that are acid‑resistant but readily dissolve at neutral pH. Garlic
extract can be also encapsulated.88,89 In a similar manner alliinase and/or alliin can be encapsulated.
Encapsulation enables alliinase and/or alliin to maintain their viability for extended periods of time
protecting, for example, from ions or free radicals. Capsule structure is divided into the core and
the coating material. The coating material is the external layer or layers that cover the core material.
Coating substances are basically film forming materials that can be selected from a wide variety of
natural or synthetic polymers, depending on the material to be coated and the characteristics desired
to the final capsules.90 An effective coating material should have good rheological properties at high
concentration and easy manipulation during the process of encapsulation. It should be selected so
that it produces a stable emulsion with the active ingredient and does not react or degrade the active
material during process and storage. The interior content of the capsules can be released under dif‑
ferent mechanisms, like diffusion, dissolution, fracturation and biodegradation.
Two of the most promising encapsulation materials are layered double hydroxides and alginate
gels. These materials are useful because they are biocompatible inorganic matrices that are cheap
and easy to work with.91‑94

Layered Double Hydroxides

Layered double hydroxides (LDH), also known as hydrotalcite‑like compounds, belong to a class
of lamellar compounds that enables the incorporation of several species by guest‑host chemistry.95
LDH structure can be described by considering the brucite‑like structure, Mg(OH)2, in which the
Mg(II) cations are in the center of edge‑sharing octahedra, with hydroxyl groups in their vertices,
resulting in a planar structure (Fig. 5). The chemical composition of this class of intercalation
compounds can be expressed by the general formula [M2+1–x M3+x(OH)2]x+Am–x/m nH2O: where M2+
and M3+ are respectively the divalent and trivalent cations in the brucite‑like layers and Am− is the
charge balancing interlayer anion. The specific charge of the layer is directly related to the exchange
ratio [x in the general formula, x = M3/(M2+ + M3+)]. Thus, a wide variety of LDHs can be obtained
by varying the M2+ and M3+ cations species and their ratio, as well as the intercalated anion Am−,
which can be exchanged by an ion‑exchange process.95 Due to their properties, several new LDHs
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enzyme and its enzymatic activity. Alliinase catalyses the production of allicin from alliin (Fig. 4). The
reaction catalyzed by alliinase is categorized as α,β‑elimination reaction and involves an aminoacryl
intermediate bound to PLP. Alliinase converts the substrate alliin to allylsulfenic acid and amino‑
acrylate. Two molecules of allylsulfenic acid condense spontaneously to form the sulfur containing
volatile, allicin. The aminoacrylate is lysed from the PLP and spontaneously decompose to pyruvate
and ammonia. The Km of alliinase is 1.1 mM, its pH optimum 6.5 and its isoelectric point is 6.35.
Alliinase is present in large amounts in garlic cloves: at least 10% of the total protein content (10 mg
g–1 fresh weight). With its C‑S lyase activity, alliinase is able to cleave the Cb‑Sc bond of sulfoxide
derivatives of the amino acid cysteine thus giving rise to all the garlic sulfur compounds.
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Figure 5. Schematic planar structure of layered double hydroxides.

compounds have been prepared with potential technological applications, such as heterogeneous
catalysis, host structures for photoactivation and photocatalysis and ion exchange.96,97 Inorganic
layered double hydroxides can be also used as nonviral vectors.98 Enteric‑coated layered double
hydroxides can be used as a controlled release drug delivery system.93

Alginates

Alginate is the term usually used for the salts of alginic acid. Alginate is present in the cell
walls of brown algae as the calcium, magnesium and sodium salts of alginic acid. Alginates
constitute a family of unbranched binary copolymers of 1‑4‑linked β‑D‑mannuronic acid (M)
and a‑L‑guluronic acid (G). The monomers are arranged in a pattern of blocks along the chain,
with homopolymeric regions (termed M and G blocks) (Fig. 6). The way in which these M and
G units are arranged in the chain and the overall ratio, M/G, of the two units in a chain can
vary from one species of seaweed to another.
The uses of alginates are based on three main properties. The first is their ability, when dissolved
in water, to thicken the resulting solution. The second is their ability to form gels; gels form when a
calcium salt is added to a solution of sodium alginate in water. The gel forms by chemical reaction,
the calcium displaces the sodium from the alginate, holds the long alginate molecules together and
a gel is the result. No heat is required and the gels do not melt when heated. The third property of
alginates is the ability to form films of sodium or calcium alginate and fibres of calcium alginates.
Alginates are used in a wide variety of foodstuff such as pet food chunks, onion rings, stuffed olives,
low fat spreads, sauces and pie fillings. Alginates are used as food additives to improve, modify and
stabilize the texture of foods. The fact that alginates belongs to EU‑approved additives makes it an
ideal support material. Alginates are widely used to immobilize cells or enzymes.99,100

Figure 6. Chemical structures of alginic acid.
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Figure 7. Alginate bead with (A) and without (B) entrapped alliinase. The yellow color is due
to the presence of the alliinase cofactor PLP. A color version of this image is available at www.
landesbioscience.com/curie.

In a series of immobilization experiments we managed to stabilize purified alliinase from
garlic by entrapping it in calcium alginate beads (3 mm diameter, 1.5 mg protein per 1g beads)
(Fig. 7). The entrapped enzyme was highly active and efficiently converted alliin to allicin
(manuscript in preparation).

Conclusion

Garlic contains a lot of volatile organosulfur compounds with a vast variety of biological
functions. Most of garlic beneficial effects are due to the presence of alliin and allicin. Allicin
is a very unstable molecule and this is the reason most of garlic supplements in the market do
not contain this important molecule.
Alliinase and alliin are present in high quantities in garlic and are easily isolated in pure and
active forms. The garlic enzyme alliinase can be stabilized in its active form into biocompatible
materials, like layered double hydroxides or alginate beads. The immobilized enzyme along with
purified alliin can be used in garlic nutraceutical products. An enteric‑coating of the immobilized
molecules, would allow them to bypass the acidic environment of the stomach and thus result
to the production of allicin in the human intestine.
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